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Abstract

Doping of carbon generally results in a reduction of its chemical reactivity during hydrogen ion bombardment. Due
to preferential sputtering of carbon, the dopants may be enriched at the surface, resulting in an additional reduction of
the erosion yield. Dopants in the form of sub-um precipitates with a very homogeneous distribution lead to in a more
effective reduction of both chemical erosion processes, Yiem and Yy,r. However, dopants may degrade the thermal
conductivity of graphite, which has to be avoided. First results on the development of carbon materials doped with
different carbides and with optimized microstructure and thermomechanical properties show that VC acts as an effective
catalyst for graphitization causing an improvement of the thermal conductivity. It leads further to a reduction of both,
the Yiperm and the Y,r chemical erosion processes, which is partly attributed to surface enrichment but is also the result

of a chemical influence. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The use of graphite or carbon fiber composite (CFC)
materials for those areas of the vessel walls receiving the
highest plasma loads, i.e. at limiters and divertor plates,
appears to be indispensable for operation in future fu-
sion devices such as ITER [1] due to their unequalled
thermomechanical properties. A critical point is its rel-
atively large erosion during hydrogen bombardment
from the fusion plasma. In addition to physical sput-
tering, carbon shows enhanced erosion by chemical
sputtering, i.e. the formation and release of hydrocar-
bons (see e.g. [2-5]). This represents a limitation on
component lifetime, and leads to plasma dilution with
impurities. Besides, the enhanced erosion is correlated
with the production of co-deposited layers, representing
a major concern in view of the high tritium inventory
trapped in these layers [6]. Possible alternatives to this
concern regarding the material choice would be:
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e To restrict the use of carbon materials to the few sur-
face areas receiving extreme heat loads.

e To develop improved carbon-based materials with
reduced chemical erosion, optimized thermomechan-
ical properties, and with reduced hydrogen retention.

In the last decades several investigations have been

performed on the effect of dopants, i.e. of small addi-

tions (several at.%) of other elements to carbon, on the
chemical erosion [7-23] and on the hydrogen retention

[8,15,24-27]. Recent investigations [22] suggest that,

besides the dopant elements, also microstructure effects,

such as dopant distribution, dopant particle size and
porosity, play also a very critical role.

On the other hand, the thermal conductivity and the
large thermal shock resistance of carbon-based materials
should not be degraded but rather be improved by
doping. It is known that some metals and carbides act as
catalyst for the graphitization of amorphous carbon [28—
30] resulting in a higher thermal conductivity. This holds
for dopants with no or very little solubility in the graphite
lattice. However, if they are soluble in the graphite lat-
tice, as in the case of B [31], their beneficial effect as
catalyst for graphitization is offset by the loss of thermal
conductivity due to increased phonon scattering [32].
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This means that the manufacturing procedure of
doped carbon materials as well as the choice of the
proper dopant elements or compounds and their grain
sizes play an essential role for obtaining a carbon-based
material with optimized properties. Up to now mostly
commercially available materials have been investigated
with respect to their use as plasma facing materials.
They had been optimized for other purposes, such as the
space program. Optimization of carbon based materials
for plasma-facing areas in view of a reduction of all
process of chemical erosion, while improving their
thermal conductivity and mechanical properties, seems
possible and necessary. This task requires a deeper un-
derstanding of the reduction mechanisms of chemical
erosion of carbon materials by doping, together with a
further development of the manufacturing procedure.

In this paper it is tried to review today’s under-
standing of the mechanisms of chemical erosion of car-
bon by hydrogen bombardment and to describe the
influence of doping on chemical erosion. The relevance
of microstructure effects in view of a reduction of
chemical erosion will be shown. Finally, first results on
the development of isotropic graphite doped with dif-
ferent carbides and their response concerning chemical
erosion are presented.

2. Mechanisms of chemical erosion

The mechanisms governing the chemical erosion of
carbon under hydrogen bombardment have been sum-
marized in recent reviews [2-5,33,34].

Two processes contribute to the chemical erosion of
carbon under hydrogen bombardment:

(1) A thermal activated process, with an erosion yield
Yiherm- The incident hydrogen atoms are slowed down in
the surface layer of the solid. They interact with sp?
carbon atoms at the edges of graphitic planes or with
broken bonds producing sp® CH; complexes. These
CHj; radicals may be released already at temperatures
above 400 K while returning to the basic sp?> configu-
ration. With further increasing temperature, the in-
coming hydrogen may recombine with adsorbed atoms,
thus interrupting the hydrogenation process. Hence, the
thermally activated chemical erosion yield exhibits a
pronounced maximum between 600 and 900 K, de-
pending on the experimental parameters. The reaction
steps of this thermal activated process were first eluci-
dated by Kiippers et al. [33,34]. An analytical expression
for this erosion process based on these reaction steps
was first provided by Roth and Garcia-Rosales [3] and
improved by Mech et al. [4] and Roth [5]. No depen-
dence on the hydrogen isotope is observed for this
process.

This thermal activated process is enhanced by radi-
ation damage, which is produced by kinetic energy

transfer from incident ions to lattice atoms, providing
active sites for the reaction with incoming hydrogen and
thus increasing chemical erosion. Due to the kinetic
nature of this process, Yerm depends also on the hy-
drogen isotope in the energy range above a threshold
energy for damage production [3-5].

(2) A surface process, which is described by Y. At
low incident ion energies (<100 eV) the formation of
sp® hydrocarbon complexes, i.e. hydrogenation occurs
only at the surface. The CH; radicals have a low surface
binding energy (about 2 eV compared to 7.4 eV for C
atoms on the bulk) and may be ejected kinetically by
incident hydrogen atoms. Thus, this process can be de-
scribed in a similar way as physical sputtering, with a
threshold energy in the low eV range.

For the application of carbon as divertor material,
the process described by Yy, resulting in a reduction of
the threshold energy for sputtering, is very critical. On
the other hand, the changes in thickness over the life of
divertor plates in future fusion devices will result in a
variation in surface temperature over a wide range,
which will affect Yiperm. Therefore, it is important to find
ways to reduce all processes of chemical erosion without
detriment of other important properties for divertor
application such as the thermal conductivity and the
mechanical strength.

3. Influence of dopants on chemical erosion

Up to the middle of the 1990s most of the investi-
gations about the reduction of chemical erosion by
doping were concentrated on B-doped graphites [2,7—
16,22,23]. However, in the last years the effort was ex-
tended to Si- [7,10,12,16-18,20,22,23,35,36,43,44] and
Ti-doped graphites [9,10,15-18,22], as well as on multi-
element [19,21] and W-doped graphites [16]. Some lim-
ited work was done on Fe-, Cr- [14] and V-doped
graphites [9]. These experiments were performed for a
wide range of incident energies and fluxes, and with
different experimental methods (mass spectrometry,
weight loss). Besides, the concentration and chemical
state of the dopants as well as the quality and micro-
structure of the materials were mostly very different and
not well known. This represents a problem in comparing
the available data. Nevertheless, a systematic regarding
the influence of different dopants on Yierm and Yur can
be pointed out. In the following, the relevant trends will
be reviewed.

3.1. Influence of doping on Ypem

Isotropic graphite with boron addition above 3 at.%
shows a large reduction in the thermal chemical erosion,
Yinerm [7-14], likely due to the change in the electronic
structure of neighboring carbon atoms by substitutional
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boron. The effect of boron doping on the chemical
bonding of graphite was investigated by Kiippers and
co-workers [37] for thin a-C/B:H films. They came to the
conclusion that boron doping leads to an enhanced H
content as compared to undoped films, hence the aver-
age bonding strength of hydrogen and methyl groups to
the film networks decreases. This behavior is supported
by the finding that the thermal desorption of H, from
boron-doped graphite implanted with hydrogen ions
occurs at temperatures about 150 K lower than for
undoped graphite [15,26]. It can be concluded that bo-
ron doping enhances the recombinative release of hy-
drogen in the form of H,, resulting in a reduced thermal
erosion yield and a shift of the temperature of the
maximum yield to lower temperatures. Indeed, the ex-
perimental results for the temperature dependence of the
chemical yield of boron-doped graphite USB15 (15 at.%
B) at different energies could be fitted with the above
analytical model by assuming a reduced activation en-
ergy for hydrogen release with all other parameters un-
changed [5].

For other dopants such as Si, Ti, V and W a reduc-
tion of the thermal activated process, Yinem, Of at least a
factor of 2 compared to pure graphite has been found
[9,16,17]. This is shown in Fig. 1(a) for a Si- and a Ti-
doped graphite, in comparison with pure and B-doped
graphite. Here the methane formation yield is plotted as
a function of the target temperature for 1 keV D™
bombardment. The reason for this reduction is not yet
well understood. These dopants do not exhibit any sol-
ubility in graphite, which would explain an influence on
the electronic structure of neighboring carbon atoms, as
for the case of B.

Furthermore, the temperature of the hydrogen de-
sorption shows in the case of Si and W doping only an
insignificant shift with respect to pure graphite [25,26].
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Fig. 1. Temperature dependence of the methane formation
yield of pyrolytic graphite [13], and the doped graphites LS10
(10 at.% Si) [17], LT10 (10 at.% Ti) [17], RGTi (2 at.% Ti) [15]
and USBI5 (15 at.% B) [13] for (a) 1 keV and (b) 30 eV D"
bombardment.

In the case of Ti doping, however, a two-peak structure
is observed in the temperature dependence of the hy-
drogen desorption. The low temperature peak (~600 K)
corresponds to the hydrogen release from TiC while the
high temperature peak arises at about the same tem-
perature as pure graphite [15,25,26]. Consequently, for
doping with Si and W a much smaller reduction of the
thermal chemical erosion is observed compared to B
doping [16,17], whereas for Ti doping the reduction
observed is the larger the higher is the Ti concentration
and thus the amount of TiC present in the sample [15—
17]. This is shown in Fig. 1(a), where two Ti-doped
graphites with 2 at.% Ti (RGTi) and 10 at.% Ti (LT10),
respectively, are compared. The erosion data of the Si-,
Ti- and W-doped graphites measured by Chen et al. [16]
have been fitted by Roth [5] with the model described
above, coming to a small reduction of the activation
energy for hydrogen release compared to pure graphite,
but not as strong as for B-doped graphite.

Changes in Yy may also be caused by a surface
enrichment of the dopants. A metal enrichment to about
25 at.% at the surface would already explain a reduction
of the erosion yield by a factor of 2 [22]. For B doping,
no significant enrichment has been observed for ion
energies and temperatures in the range of Yipem [38]. In
contrast, for Si- and Ti-doped graphite a carbidic en-
richment for the parameter range corresponding to the
thermal activated process is observed [39]. For TiC and
SiC [39-41], as well as for B4C [10], the hydrocarbon
production is negligible. Even though, the observed
carbidic enrichment does not explain all of the Yerm
reduction measured. The reason for the observed re-
duction of Y for dopants other than B is likely a
process influencing the chemical bonding of C. There-
fore, a very fine and homogeneous distribution of the
dopants in the graphite matrix should result in a more
effective reduction of Y. Hence, dopants in the form
of small precipitates (sub-micron or nanometer range)
are expected to exhibit lower erosion yields.

3.2. Influence of doping on Yy,

The surface chemical erosion process dominates at
low incident energies and low surface temperatures.
Other than for Yemm, boron addition to graphite does
not lead to a noticeable reduction of Yy,¢ [13], indicating
that the hydrogenation of carbon atoms at low tem-
peratures is not influenced by boron. For other dopants
such as Si and Ti, the subthreshold erosion at temper-
atures below 600 K is also almost unchanged. This is
shown in Fig. 1(b), where the methane formation yields
for pure graphite and Si-, Ti- and B-doped graphite are
plotted as a function of target temperature for 30 eV D*
bombardment.

Because carbon is eroded preferentially by hydro-
carbon release, a dopant enrichment at the surface must
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be expected until a steady state is reached, where the
composition of the sputtered particles is equal to the
bulk composition [42]. Therefore, at high fluences a re-
duction of the carbon erosion is expected. This effect
should be the more pronounced the higher the threshold
energy for physical sputtering of the dopant atoms.
Hence, dopants with higher atomic mass will be more
advantageous. Indeed, dopant enrichment has been ob-
served for Si- and Ti-doped graphite, as can be seen in
Fig. 2, where the fluence dependence of the Si and Ti
surface concentration for a Si- and a Ti-doped graphite
is shown. As a consequence of the surface enrichment
owing to preferential sputtering of C, a surface topog-
raphy with a columnar structure develops, where car-
bidic grains protect the underlying graphite from further
erosion [22]. This change in surface composition up to a
steady-state results in a decrease of the total erosion
yield at high fluences, as observed experimentally for a
Ti-doped graphite at 20 eV D" bombardment, i.e. below
the threshold for physical sputtering of Ti. For Si-doped
graphite, however, no drastic reduction with fluence at
20 eV could be observed. This may be caused by the low
threshold energy for physical sputtering of SiC of the
order of 10 eV [39], or most probably due to either
chemical erosion of Si in form of silane molecules or to
chemical erosion of C from SiC, as reported in [40].

A steady-state surface topography with reduced
chemical erosion will be reached when a surface layer of
a thickness larger than about the mean dopant particle
distance is eroded [17,22]. The time to reach this steady-
state surface topography will be the shorter, and the
thickness of the modified surface layer the thinner,
the more homogeneous is the distribution of dopants in
the carbon matrix and the smaller is their particle size.
This is very important in view of off-normal events
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Fig. 2. Fluence dependence of the Si or Ti surface concentra-
tion during low energy D* bombardment for the 10 at.% Si-
doped graphite LS10 and the 10 at.% Ti-doped graphite LT10
[39].

taking place in tokamaks such as disruptions and ELMs,
where this topography may be destroyed by sublimation
or brittle fracture. For a doped graphite with a dopant
particle size of a view pm and a meal particle distance of
several pm, exposed to a flux as expected in the divertor
of future fusion devices (10%-10** D/m? s), the time to
reach this steady state surface composition is of the
order of 10-100 s [22].

4. Development of doped carbon materials

From the results reported it can be concluded that
the keys for developing improved doped-carbon mate-
rials are the proper selection of dopants as well as the
improvement of the microstructure. Dopants should
have a double function:

1. To reduce efficiently both processes of chemical ero-
sion (Yiperm, Ysur) and, as far as possible, the hydrogen
retention.

2. To act as catalyst for graphitization in order to ob-
tain a carbon material with improved thermal con-
ductivity. However, they should exhibit no or very
little solubility in the graphite lattice in order to avoid
the loss of thermal conductivity of the graphite.

The first point requires the development of a graphite
material with a very homogeneous distribution of do-
pants in the matrix and with low porosity, in which
dopants have a particle size a small as possible. The
scored point demands a manufacturing procedure in
which the dopants are mixed with the starting carbo-
naceous powder before graphitization.

To obtain such materials, investigations and devel-
opment in a wide parameter range are needed. In the
following, the first results on the development of doped
isotropic graphite are briefly presented. These results are
described in more detail in [43,44].

4.1. Manufacturing procedure and characterization

The development of doped carbon materials with
improved plasma-surface-interaction properties has
been started at the Materials Department of CEIT
(Spain) in collaboration with the IPP Garching (Ger-
many). This project includes the investigation and op-
timization of a wide range of manufacturing parameters.
As starting material different types of self-sintering
powders of microspheres of carbonaceous mesophases
(MMC) based on petroleum residues are used. This
MMC powder is an excellent starting material for the
production of isotropic, extremely fine-grained binder-
less carbon, representing a novel path for the production
of isotropic graphite with significantly improved
strength [45,46].

The fabrication procedure followed in this work can
be summarized as follows:
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Table 1
Physical properties of the carbides selected as dopants [47,48]

Carbide Melting Vapor pressure Particle Thermal

point at 2000 K size conductivity
(°C) (bar) (nm) at RT (W/mK)
a-SiC  2.540 2.7 x 107¢ ~1 ~150
TiC 3.150 7.6 x 10710 ~1 30
VG, 2.850 9.4 x107° 1.5-2 30
ZrC 3.500 3.0 x 1071 ~1 29
wC 2.870 4.0 x 1071 <5 100

e Jet-milling of the MMC powder to appropriate parti-
cle size distribution (<5 pm).
e Mixing and uniaxial molding (pressure 150 MPa) at

16 mm sample diameter and ~5 mm thickness.

e Sintering up to 1000°C in a nitrogen atmosphere. The

mass loss is of the order of 13.5%.

e Graphitization up to 2100°C in an inert atmosphere.
As dopants, the following carbides have been selected up
to now: a-SiC, TiC, ViC;, ZrC, WC. All these carbides
except SiC are known to show a catalytic effect on
graphitization [28,29]. As can be seen in Table 1, they
exhibit a high melting point and a relatively low vapor
pressure. The particle size of the carbide powders was in
the range 1-2 pum (see Table 1) except for WC (<5 um).
The carbides were selected so that the metals cover a
wide range in atomic mass. They were added to the
carbon powder up to a metal concentration of about 5
at.%. For the case of TiC, a series ranging from 0.7% to
5 at.% was prepared to see the influence of the dopant
concentration on chemical erosion. The graphitization
temperature of this series was 2025°C.

Concerning the structural characterization of the
samples, a wide program has been started and is in
progress. [44].

After sintering at 1000°C the carbon material shows
a turbostratic structure with very low crystalline order.
During graphitization the unordered stacked carbon
layer planes becomes more crystalline towards the per-
fect graphite structure while the crystallite size increases
[49]. The crystallite height L. can be easily determined
from X-ray diffraction. Hence, the value of L. is gener-
ally used for the determination of the degree of graphi-
tization.

The value of L. after graphitization is shown in Fig. 3
for samples with different dopants but the same at.%
metal concentration (Fig. 3(a)), and with Ti as dopant at
different concentrations (Fig. 3(b)). All carbides except
SiC lead to an increase in L. as compared with the L.
value of graphite without carbides. VgC; shows the
largest catalytic effect of all investigated carbides. For
comparison, the L. values of a commercial graphite
(POCO) and of the 2 at.% Ti doped graphite RG-Ti
(Efremov Institute, St. Petersburg [50]), are also shown.
The RG-Ti material, which shows an extremely high

thermal conductivity in one direction [50,51], exhibits
also a high L. value, indicating a high degree of crys-
tallinity. The POCO material, on the other hand, shows
about the same crystallinity as our graphite without
dopants. Fig. 3(b) shows that the catalytic effect of TiC
seems to saturate at about 34 at.% Ti.

The bulk density of the undoped specimen was de-
termined geometrically in various stages of the graphi-
tization treatment. It increases almost linearly from
1.61 g/cm?® after sintering to a value of 1.92 g/cm?,
which is reached at 1700°C and remain nearly constant
up to 2100°C. The theoretical density and the open
porosity were measured pycnometrically.

In Fig. 4 the open and closed porosity is shown for
pure graphite (MMC) and for graphite doped with dif-
ferent carbides in the same at.% metal concentration
after sintering (1000°C) and after graphitization
(2100°C). While pure carbon experiences a reduction of
the total porosity of about 33% during graphitization,
the reduction observed for graphite doped with SiC and
VC, and in a lower extent for ZrC, is surprisingly small.

wt.% TiC
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Fig. 3. Mean crystallite height L.: (a) for samples with different
dopants in the same at.% metal concentration graphitized at
2100°C, and (b) for Ti-doped samples graphitized at 2025°C as
a function of the Ti concentrations. In (a) the L. values for the
commercial fine grain graphite POCO and for the Ti-doped
graphite RG-Ti 91 are also shown.
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Fig. 4. Open and closed porosity after sintering (1000°C) and
after graphitization (2100°C) for the manufactured specimens:
pure graphite (MMC) and graphite doped with different car-
bides.
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Furthermore, in the pure carbon sample most of the
closed porosity vanishes during the graphitization pro-
cess while the open porosity decreases slightly. In con-
trast, in all doped graphites the open porosity decreases
significantly while the closed porosity becomes even
larger than before graphitization. This effect is especially
pronounced for the VC-doped graphite. This carbide
shows, on the other hand, the highest catalytic effect on
graphitization. In [29] the dissolution of unordered
carbon in a metal carbide particle followed by the pre-
cipitation as ordered graphite is proposed as possible
mechanism for the catalytic graphitization. As reported
in [52], V3C; experiences an order—disorder transition at
a temperature of 1360-1380 K, i.e. just at the beginning
of the graphitization process. In a disordered phase the
amount of vacancies and thus the carbon diffusion
should increase, which would explain the larger catalytic
effect of this carbide.

4.2. First results on chemical erosion

The erosion experiments were performed at the
Garching high current ion source [53]. First mea-
surements of the erosion yields for 30 eV D impact
at room temperature and accompanying measure-
ments of the metal surface concentration (ion beam
analysis, scanning electron microscopy) were per-
formed [43].

Fig. 5 shows the erosion yield of the undoped, the
W- and V-doped graphite versus the ion fluence. At
the highest accumulated fluences, a reduction of the
erosion yield by about 50% of the undoped material is
found. However, the carbidic enrichment — responsible

o

a 1
e

K]

2

> 4
c

R

®

e 0.01 b
w A methane production

v ion beam analysis
0.00 T T T T
0 5 10 15 20 25 30

Fluence (102* D/m?)

Fig. 5. Fluence dependence of the erosion yield for 30 eV D
impact at room temperature for the undoped, the W- and the V-
doped graphites (lines). The dots mark the fluences at which a
temperature dependence for 1 keV D impact (A) and the surface
composition (ion beam analysis (V), scanning electron micros-
copy (e)) were measured.

for the columnar topography on the eroded surface —
results in metal concentrations of about 13 at.% W
and 11 at.% V, corresponding to a surface area cov-
ered with carbide grains of less than 30%. This means
that the geometrical shielding due to the carbide en-
richment at the surface can only be responsible for
about half of the observed yield reduction. It follows
that the influence of these dopants on the surface
process Yy is partly of a chemical nature and not
only due to a surface enrichment by preferential
sputtering.

In addition, the temperature dependence of the CDy
production yield was measured at the fluences marked
with dots in Fig. 5 for 1 keV D" impact, in order to
check the influence of dopants on Yyem. In this case a
reduction of the CD, production yield to below 50% of
that of undoped graphite is observed. Again, from the
knowledge of the dopant enrichment at the surface, it
results that the addition of dopants leads to a reduction
of the thermal process Y that cannot be attributed
alone to surface enrichment.

5. Summary

According to today’s understanding, there are two
processes contributing to chemical erosion of carbon by
hydrogen impact:

e a thermal activated process, Yiherm, With @ maximum
of the erosion at 700-950 K, which dominates at in-
cident energies in the keV range. This process is en-
hanced by radiation damage,

e a surface process, Yy, due to the kinetic ejection of
hydrocarbon complexes formed in the very surface
layers. This process dominates at low incident ener-
gies and low target temperatures.

Doping of graphite leads generally to a reduction of
both chemical erosion process. The reduction of Yperm
seems to be partially due to a lowering of the activation
energy for hydrogen release, even though dopant en-
richment may also contribute to a part of this reduction.
The reduction of the surface process, Yy,f, is mainly
caused by dopant enrichment at the surface at high
fluences owing to preferential carbon sputtering. For
both processes, dopants in the form of sub-um precipi-
tates with a very homogeneous distribution would lead
to a more effective reduction.

The addition of dopants should not degrade the good
thermomechanical properties of graphite. Taking into
account the catalytic effect of some metals and carbides
on the graphitization, the potential for a development of
improved doped carbon materials with reduced chemical
erosion and optimized thermomechanical properties
becomes evident.

First results on the development of new doped car-
bon materials show that VC acts as the most effective
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catalyst for graphitization of all investigated dopants. It
leads further to a reduction of both the Yim and the
Yeurr processes, which is only partly attributed to surface
enrichment but is also the result of a chemical influence
in both cases.
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