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Chemical erosion of CKC TiB,-doped graphite
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Abstract

The chemical erosion of graphites doped with TiB, has been measured for H* energies 30 to 1000 eV and temperatures
300 to 1100 K. The erosion yield of an undoped material, manufactured by the same process, was found to be amost
identical to that of HPG99 pyrolytic graphite, while materials containing 10% and 20% TiB, show reduced yields. For ion
energies > 300 eV and temperatures > 700 K, the erosion yield was reduced by a factor of 4 to 10 for the doped materials.
For lower ion energies and temperatures, the effect of the dopants was less pronounced. For the lowest ion energies, the
reduction in erosion yield was comparable to the reduction in carbon content, implying that the presence of the dopants
played no role in the erosion mechanism. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Doped graphites or C/C composites are viewed as an
aternative to pure carbon for some of the plasma-facing
components in next-generation fusion devices. Reductions
in chemical erosion are the primary motivation for this
choice. In a previous publication, we have reported on the
reduction in erosion yield achieved through the doping of
carbon with various elements: B, Ti, Si, Ni and W [1,2].
From these studies, we have determined that boron is the
most effective at reducing chemica erosion [1], while
titanium was the most effective at suppressing radiation-
enhanced sublimation (RES) [2]. In the present series of
experiments, we have extended our work to include carbon
materials doped with both B and Ti, introduced in the form
of TiB, powder. All of these doped graphites have been
produced specifically for potential fusion use by Ceramics
Kingston Ceramique Inc. in Canada The results in this
report are part of a four-component study, which looks at
various aspects of the materials from a fusion plasma-fac-
ing material perspective. Measurements of thermal conduc-
tivity have aready been performed [3], while measure-

* Corresponding author.

ments of high temperature erosion (RES) and hydrogen
retention characteristics are in progress. Here we present
chemical erosion measurements.

In addition to the study by Chen et al. [1], several other
investigations have been performed on the chemical ero-
sion of doped graphites due to H*/D™* bombardment,
e.g., Refs. [4-14]. More than two decades ago, Busharov
et al. [4], found the erosion of a C + SIC material, and
USB15 to be ~ 20 times lower than pyrolytic graphite at
873 K. In the mid-eighties, Roth [5] presented results
which indicated significant yield reductions for graphites
containing 0.5% B and 4% SiC when bombarded by 2 keV
D* or H* ions, as compared to pyrolytic graphite. Since
that time, there has been continued strong interest in doped
graphites for fusion applications. It has never been clear,
however, that doped graphites will have reduced erosion
yields as compared to pure graphite in the ion energy and
temperature range of interest for magnetic fusion. Further-
more, it is recognized that the manner in which the dopants
are introduced into the graphite may also be of critical
importance.

2. Experimental

All experiments were performed in our UHV accelera-
tor facility. H3 ions were produced by a low-energy,
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high-flux, mass-analyzed ion accelerator, and the ion beam
was at norma incidence to the specimen surface. A
schematic of the experimental facility is shown in Fig. 1.
Measurements were made at 4 ion energies: 3 keV H3 (1
keV /H™), 900 eV H3 (300 eV /H*), 300 eV H (100
eV/H*) and 90 eV H} (30 eV /H™). At the two highest
energies, the specimen was biased at +30 V in order to
suppress secondary electrons, while for the two lower
energies, the specimen was biased at +500 V (i.e., 800
and 590 eV beams, respectively) in order to reduce the
beam energy, while maintaining a fairly large beam current
(7-20 wA). Biasing the specimen to +500 V will natu-
rally introduce some error in the beam current measure-
ments, however, measurements made of beam current while
increasing the specimen bias from +30 to +500 V indi-
cate that this error is on the order of 5-10%. Other
measurements have indicated the neutral content of the
beam to be <0.3% (upper limit) at the lowest flux
densities [JW. Davis, unpublished results, 1995], and thus
synergistic erosion enhancement should not significantly
affect the measurements. The beam has a Gaussian-like
spatial profile, limited by a 3 mm diameter aperture. Beam
spots on the specimen were approximately 20 mm? for
300-3000 eV H3 beams, and ~ 30 mm? for the 90 eV
HZ beam.

The volatile molecular products of the chemical erosion
process were measured in the residual gas by a quadrupole
mass spectrometer (QMS). The QM S was calibrated in situ
with calibrated leaks of CH,, C,H,, and CzH4. The
sensitivity to other hydrocarbons, C,H,, C,Hg and C5Hg,
was estimated based on previous measurements of crack-
ing patterns and relative sensitivities [15]. Matrix algebra,
using the M /e signals at 15, 26, 27, 29, 30 and 41, was
used to deconvolute the observed signals and evaluate the
erosion yields for the six hydrocarbons listed above. Very
small signalsa M /e= 29, 30 and 41 may lead to greater
scatter in the total chemical erosion yield data than in the
data for methane only.

Since the RGA does not discriminate against back-
ground QMS signals due to ions reflecting off the speci-
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Fig. 1. Schematic of the experimental setup.

men and interacting with carbon on the vacuum system
walls [16,17], or caused by beam line effects, corrections
for these effects need to be made. The correction usually
does not have a large effect on peak erosion yields;
however, at low and high temperatures, especially at low
energy, the correction can be quite significant. After a
specimen has been desorbed of hydrogen, in this case by
heating to 1100 K, measurements have shown that essen-
tidly al of the non-reflected hydrogen is trapped in the
graphite until near-saturation occurs [18-20]. Thus, there
will be no hydrocarbons rel eased from the specimen imme-
diately upon turning on the beam. Experimentally, how-
ever, there is aways a prompt rise in some of the hydro-
carbon signals when the beam is turned on, even after
desorption. This prompt rise is attributed to a wall signal
and is subtracted from the measurements. The correction is
assumed to be temperature independent, however, it will
depend on wall conditioning and the H reflection coeffi-
cient. This correction leads to the large error bars observed
for measurements at low and high temperatures.

lon energies were chosen in order of highest to lowest.
In this way, long transients associated with the evolution
of the surface structure were minimized. Before changing
ion energies, specimens were annealed at 1100 K for 30
min, followed by a long fluence (> 3 X 102 H*/m?)
exposure at the new ion energy. The upper temperature
limit was due to the fragile nature of the doped materias
when cut in thin strips.

2.1. Doped graphite materials

Material blocks containing 0, 10 and 20% TiB, were
fabricated by Ceramics Kingston Ceramique (CKC) from
finely ground pyrolytic graphite (wm-size) mixed with
pm-size TiB, powder and an organic binder. Specimen
blocks were prepared with a final heating stage at ~ 2270
K. The TiB, concentrations are nominal values provided
by the manufacturer based on the molecular concentration
of TiB, (Ny;g,) and the atomic concentration of C (Nc);
i€, Nyg,/(Nrg, + No) ~ 0.1 or 0.2. This corresponds to
8.3 a.% Ti, 16.7 a.% B and 75 at.% C for the nominal
10% TiB, material, and 13 at.% Ti, 27 at.% B and 60 at.%
C for the nominal 20% TiB, material. In accordance with
our previous papers [1,2], these materials are designated
CKC-Ti8/B17 and CKC-Til3/B27; the undoped refer-
ence material is designated CKC-Ref. Test specimens were
cut in strips of approximate dimensions 50 X 10 X 0.4
mm? using a diamond grinding wheel. Because of the
anisotropy observed for these materials [3], specimens
were cut in two orientations, which are referred to as
‘edge’ and ‘base’ orientations. ‘Edge’ and ‘base’ corre-
spond to strips cut parallel and perpendicular to the pri-
mary axis of compression during the manufacturing pro-
cess, respectively. The doped materials have a thermal
conductivity decreasing from ~ 100 to 70 W/mK in the
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300 to 1000 K temperature range in the ‘edge’ direction,
which is similar to the therma conductivity of EK98
(isotropic fine grain graphite, Ringsdorff, Germany). In the
‘base’ direction, the conductivity is a factor of 4-5 smaller
(31.

Specimens were heated by direct current, and tempera-
tures were measured by infrared pyrometers. In addition to
the CKC specimens, new measurements were also made
on HPG99 pyrolytic graphite (Union Carbide) in order to
make the most direct possible comparisons.

2.2. Yecimen surface analysis

The TiB,-doped materials have been analyzed by five
different techniques in order to determine various surface
and bulk properties. (1) SEM photography, both regular
and backscattered (compositional) mode, provides a view
of the surface structure, an estimate of grain size, and a
measure of how the dopants are distributed. (2) EDS,
X-ray elemental analysis, provides a qualitative measure of
the elemental composition of the near surface, 2—-3 um.
(3) XPS provides very near surface (few monolayers)
compositional and bond type information. (4) RBS pro-
vides a depth profile of Ti concentrations, and (5) NRA
provides a measure of the near-surface (~ 5 wm) B con-
centration.

TR IR ant S

c) Unirradiated — 10 um

d) Irradiated

Fig. 2. SEM photographs of the CKC-Ti13/B27 edge specimen. (a) and (b) were taken in the regular, or topographical, mode; (¢) and (d) in
the backscattered or compositional mode, with the white areas corresponding to the TiB, particulates.
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2.2.1. Scanning electron microscopy (SEM)

SEM photographs of the CKC-Ti1l3/B27 material are
shown in Figs. 2 and 3, for the edge and base orientations,
respectively. Qualitatively, the materials appear very simi-
lar to an earlier batch of CKC doped graphites [1,2]. TiB,
particulates range in size from <1 pumtoaslargeas ~5
pm. Graphite particulates range from <1 pmto 10 pm.
There is not as noticeable a difference between the edge
and base specimens as was found for the previous materi-
as [1,2], likely due to the smaller particulate sizes. TiB,
particulates appear to be evenly distributed, with no evi-
dence of the clumping previously observed for the Ti
dopant [2]. Beam-exposed regions show a complex surface
structure typically associated with sputtering. A large in-
crease in Ti concentration is observed on the sputtered
areas, compare photos (c) and (d) in Figs. 2 and 3. It is
noted that high magnification photos are sensitive to local
deviations, and this leads to the observed differences be-
tween the two orientations with respect to the Ti concen-
trations. Lower magnification photos (not included here)
show similar Ti concentrations on both orientations.

2.2.2. Energy dispersive X-ray elemental microanalysis
(EDS

This qualitative analysis confirmed that the materials
were composed of carbon, boron and titanium. Analysis of
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c) Unlrradlated —10um d) Irradlated

Fig. 3. SEM photographs of the CKC-Ti13,/B27 base specimen. (a) and (b) were taken in the regular, or topographical, mode; (c) and (d) in
the backscattered or compositional mode, with the white areas corresponding to the TiB, particulates.

individual grains confirmed that some were composed of B
and Ti, while the remainder of the material was primarily
carbon.

2.2.3. X-ray photoelectron spectroscopy (XPS)

XPS anaysis was performed on the CKC-Til3/B27
base specimen, however, the analysis is obscured by the
strong interaction between the materials and air during
atmospheric exposure. This led to the observation of oxide
and nitride components. Bond energies attributed to TiB,
were observed as expected.

2.2.4. Rutherford backscattering (RBS)

Depth profiles of Ti concentrations on unirradiated
specimens are consistent with the nominal bulk concentra-
tions of 8.3 at.% Ti and 14.3 a.% Ti for the nomina 10
and 20% TiB, materials, respectively. Near-surface con-
centrations of Ti are ~1 a.% for the CKC-Ti8/B17
specimens and 2-3 at.% for the CKC-Til3/B27 speci-
mens. Thisis similar to surface concentrations observed in
the previous set of CKC materials [2]. RBS measurements
on the beam-irradiated spots show much larger surface
concentrations of Ti, as was observed in both XPS and
SEM analysis. On a CKC-Ti8/B17 specimen, the surface
concentration was increased to ~5 at.%, while on a
CKC-Til3/B27 specimen, the surface concentration was

increased to ~ 10 at.%, indicating the remova of a sur-
face layer enriched with carbon.

2.2.5. Nuclear reaction analysis (NRA)

Integrated measurements of B concentrations were made
for the CKC-Ti8/B17 and the CKC-Til13/B27 materidls.
Over a depth of ~ 5 pm, the measured B concentrations
were 15 at.% (assuming an average 8 at.% Ti) and 28 at.%
(assuming an average 14 at.% Ti), respectively. This is
within error of the expected stoichiometry. Experimental
difficulties prevented us from obtaining depth resolved B
concentrations, which would have allowed us to see if
enrichment or depletion of B occurs at the surface due to
the ion bombardment.

3. Results and discussion

Erosion yield measurements have been made for seven
specimens, and the results are presented for both the
methane and total chemical erosion yields in Figs. 4-7. At
1 keV /H* (Fig. 4), fairly narrow erosion peaks are ob-
served, with the maximum erosion occurring between 750
and 850 K. The doping with TiB, has a very similar effect
to doping with B individualy. In Fig. 4a the methane
yields as measured in our previous study on singly-doped
graphites are compared with the present results. For the
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Fig. 4. (@ Methane production due to 3 keV H{ (1 keV/H* a
~5x10% H* /m? s) bombardment of the TiB,-doped graphites
and reference specimens. (b) Total chemical erosion yield based
on the sum of the erosion yields for the hydrocarbons: CH,,
C,H,, C,H,, C,Hg, C3Hg and C3Hg. Also shown for compari-
son in part (@ are the methane yields of the single dopant
specimens previously studied [1], and results for 1 kev D*
erosion of RGTi—1% B [12].

single-dopant materials, the largest reductions occurred for
the 10 and 20 at.% B base specimens; Ti was not as
effective at reducing methane production. The good agree-
ment between the present results and the old results for
B-doped graphites [1] indicates that TiB,, is just as effec-
tive as pure B in suppressing chemical erosion. In contrast
to our previous CKC materials [1], no significant differ-
ences were observed between the two orientations of the
same material in the present study. Improved manufactur-
ing techniques are a possible explanation.

At 300 eV /H* (Fig. 5), the erosion profiles are some-
what broader, and the temperature of the maximum erosion
yield, T,,, has shifted to lower temperature. Upon reducing
the H* energy to 100 eV (Fig. 6), a noticeable broadening
and lowering of the erosion profile is observed, with a
pronounced shift in the location of T,,. At 30 eV /H™ (Fig.
7), the temperature dependence becomes even weaker,
with somewhat lower T, and Y,,. Consistent with most
other results on the erosion of doped graphites [1,4—14],
the effect of the dopants is more pronounced at higher

temperatures and higher ion energies, > 100 eV. For H™
energies of 300 and 1000 eV, and temperatures > 700 K,
erosion yields are reduced by a factor of 4-10. At lower
temperatures (< 600 K), reductions in erosion yields are
less than a factor of ~ 2 at all energies studied. At 100
eV /H™, again yield reductions primarily occur at tempera-
tures > 700 K, but the effects are not as large, generally a
factor of 3—4. At 30 eV /H™, the scatter in the data is
more pronounced due to smaller signas, and it is only
possible to say that the dopants reduce the erosion yield by
less than a factor of 2 over the entire temperature range.
Considering that the CKC-Til3/B27 specimens contain
only 60 at.% C, this reduction at 30 eV /H™* could be
explained solely on the basis of dilution, without preferen-
tial erosion of C.

The shape of the erosion profiles is generally similar
for the methane and total chemical erosion yields (com-
parison of parts (a) and (b) in Figs. 4-7). At 1 keV /H™,
the production of heavier hydrocarbons at T, contributes
only 20-30% to the total chemical erosion yield, while at
30 and 100 eV /H™*, they contribute more than a factor of
2, in agreement with the recent results of Mech et al. [21]
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Fig. 5. (@) Methane production due to 900 eV H3 (300 eV /H*
a ~2x10®° H*/m? s) bombardment of the TiB,-doped
graphites and reference specimens. (b) Total chemical erosion
yield based on the sum of the erosion yields for the hydrocarbons:
CH,, C,H,, C,Hy, CoHg, CaHg and CoH.
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a ~1x10® H*/m? 9 bombardment of the TiB,-doped
graphites and reference specimens. (b) Total chemical erosion
yield based on the sum of the erosion yields for the hydrocarbons:
CH,, C,H,, C,H,, C,Hg, C3Hg and C3Hg.

for pure graphite. Therefore, the presence of TiB, does not
appear to have a significant effect on the ratio of methane
to heavy hydrocarbon formation. We aso note that the
<100 eV /H™ cases, in comparison with the 1 keV /H*
case, differ in the temperature dependence for the produc-
tion of the different hydrocarbons, leading to different
shapes for the total chemical yield profiles as compared to
methane. Most importantly, for < 100 eV energy, the total
chemical erosion yields at lower temperatures have more
contribution due to heavier hydrocarbons; this effect is
again similar to the pure graphite case [21].

Previous measurements of chemical erosion yields for
doped graphites with relatively high ion energies, > 1
keV/H* or D* [1,5,9-13] are generaly in agreement
with the current results. For temperatures > 700-800 K,
there is a large reduction in chemica erosion yield, while
for temperatures < 600 K, dopants do not have much
effect. For lower ion energies, the results are less consis-
tent. For the case of 250 eV D* bombardment of B-doped
GB110, GB120 and GB130 (Toyo Tanso, Japan), Hirooka
et a. [7,8] found the total erosion yield (physical +
chemical + RES) to be lower by a factor of 2-3 over the

entire temperature range, 500-1900 K. This is markedly
different from the current 300 eV H™* results. Franconi et
al. [6] found that the erosion of a SiC-impregnated graphite
(Schunk-Ebe), with ~33% SiC, by 100 eV D* was
reduced by a factor of 2—-3 over the temperature range
studied (625—1225 K), compared with an isotropic graphite.
Surface analysis (AES) revealed a Si/C ratio of ~7,
indicating that dilution could be a mgjor cause of the yield
reduction. In the latter case, the reduction is similar to our
present results, however, yields were in general lower than
ours.

Garcia-Rosales and Roth [11] compared the erosion of
pyrolytic graphite and USB15 and found essentiadly the
same CD, yield for temperatures < 600 K, at 50, 200 and
1000 eV D*. At higher temperatures, larger reductions
were observed for the USB15 specimen exposed to 50 eV
D" ions than in our current 30 or 100 eV H* cases
reduced CD, production by an order of magnitude at 800
K were observed in Ref. [11]. In later experiments,
Garcia-Rosales et al. [12] found RGTi (Ti-doped graphites,
1.7 at.% Ti) to be less effective than B-doped USB15 at
reducing CD,/D™* yields for 1 kevV D* bombardment.
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Fig. 7. (@ Methane production due to 90 eV H{ (30 eV/H* a
~5x10%® H* /m? s) bombardment of the TiB,-doped graphites
and reference specimens. (b) Total chemical erosion yield based
on the sum of the erosion yields for the hydrocarbons: CH,,
C,H,, C,H,, C,Hg, C3Hg and C5Hg.
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However, the factor of three reduction in yield for temper-
atures > 700 K is significantly larger than observed previ-
ously on a CKC 2% Ti specimen [1]. Total yields (physical
+ chemical) at room temperature and 50, 100 and 1000 eV
D* were essentially the same for RGTi and pyrolytic
graphite. Results for RGTi-1%B (1.7 at.% Ti and 1 at.%
B) [12] were somewhat reduced compared to the RGTi
yields for 1 keV D* bombardment. Even though the bulk
dopant concentrations are much lower, the reduction in the
methane yield is similar to that observed for our present
TiB,-doped materials, see Fig. 4. This indicates that the
form of the dopant within the material, or the microstruc-
ture of the material may play a critical role in the erosion
mechanism. Also, actual surface concentrations of the
dopants during bombardment may be significantly differ-
ent from the bulk values [1,2], possibly making erosion
less sensitive to variations in bulk concentrations.

Recent results by Grote et al. [14], comparing a Si-doped
CFC (NS 31, SEP) and an undoped CFC (Concept II,
Dunlop), found the maximum total chemical erosion yield
a ~ 800K dueto 30 eV H* was lower by a factor of 2
for the doped material, falling from 0.02 C/H* to 0.01
C/H™. This is essentially identical to our present results.
Below ~ 673 K, however, no difference between the
erosion of the doped and undoped CFC's was observed in
Ref. [14].

In addition to B, Si and Ti, chemical erosion of VV-doped
graphites (10, 14, 23, 29 wt.% V) has been reported by
Hino et al. [13]. For 1.5 keV H™, the total yield (physical
+ chemical) was reduced by only ~ 20% in strong con-
trast to measurements on B-doped materials [13], but simi-
lar to measurements with some Ti-doped materials [1,10].

It has been proposed that two reaction channels con-
tribute to the formation of hydrocarbons during H* bom-
bardment of graphite [22]. There is a ‘high temperature
channel, which dominates for high energy (> 100 eV)
impact, having a peak near 800 K; and a ' low temperature’
channel, which leads to hydrocarbon formation near room
temperature, that is more important during low energy
(< 100 eV) bombardment. It appears that dopants have the
general effect of suppressing the high temperature channel,
while having only a minor influence on the low tempera-
ture channel. In more detailed modelling of the erosion
chemistry [23], thermally activated reactions dominate the
high temperature reaction channel, while the low tempera-
ture branch depends on the kinetic ejection of methyl
groups [24]. Dopants may act to suppress the high tempera:
ture reactions through increasing hydrogen recombination
[7,9], or through decreasing other chemical steps. The
kinetic processes, however, are not expected to be affected
by the presence of the dopants, other than through dilution
of the carbon atoms [23]. There is, therefore, a genera
understanding of the experimental observation that dopants
have little influence on the chemical erosion yield under

low temperature (all energies) or low energy (all tempera-
tures) H* bombardment of graphite.

4, Summary

The chemical erosion of graphite materials doped with
TiB, has been studied for ion energies of 30 to 1000
eV /H™, and temperatures 300 to 1100 K. The effect of
the dopants is most pronounced for the higher ion energies,
and for temperatures > 800 K. The results are similar to
previous measurements on materials doped individualy
with B [1,9-11,13]. For ion energies < 100 eV /H™ or
D™ (see dso Refs. [6,11,12,14]), it appears that only minor
reductions occur in erosion yields of doped graphites;
reductions which may be comparable to the reduction
observed in the C concentration at the surface, in agree-
ment with our understanding of the two-channel erosion
mechanism [23].
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