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Ti-doped isotropic graphite is a promising candidate material for the strike point area of the ITER divertor
due to its reduced chemical erosion by hydrogen bombardment and its high thermal shock resistance,
mainly due the catalytic effect of TiC on the graphitization leading to an increase of thermal conductivity
and to higher mechanical strength. Several manufacturing parameters such as oxidative stabilization
treatment, carbonization cycle, graphitization temperature and dwell time during graphitization have
been investigated in order to establish a relationship between these parameters and the final properties.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Carbon fiber-reinforced carbon (CFC) is the present candidate
material for the strike point area of the ITER divertor due to its abil-
ity to withstand excessive heat loads during edge-localized modes
(ELMs) and plasma disruptions [1]. However, chemical erosion of
carbon under hydrogen bombardment from the plasma involves
serious disadvantages for this application [2] (replacement and
serious safety concerns due to tritium co-deposition [1,3]). In addi-
tion, CFCs have an inherent anisotropy, resulting in preferential
erosion during transient heat loads, and their manufacturing pro-
cess is long and complex.

Doping of carbon with small amounts of certain elements is
known to reduce chemical erosion [4,5] thanks to dopant enrich-
ment at the surface due to preferential sputtering of carbon. Addi-
tionally, other required properties such as a high thermal shock
resistance can also be improved by doping carbon with suitable
elements taking advantage of their catalytic effect on the graphiti-
zation [6,7]. For an effective improvement of all properties, a very
fine and homogeneous dopants’ distribution is required.

In this work finely dispersed Ti-doped graphites have been
manufactured using a synthetic mesophase pitch as raw material.
The aim is to improve substantially the thermal conductivity and
mechanical strength and thus, the thermal shock resistance of
graphite, reducing at the same time the chemical erosion by hydro-
gen bombardment. In this way it is expected to obtain a material
able to compete with present CFC candidate materials. The results
of this material development are shown in this paper.

Thermal load experiments were performed in the electron beam
test facility JUDITH-I at Forschungszentrum Jülich, and erosion
measurements by deuterium bombardment were performed at
ll rights reserved.
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the high current ion source of the Max-Planck-Institute for Plasma-
physics in Garching. The results of these tests are reported in [8].

2. Experimental

2.1. Materials manufacturing

A self-sintering synthetic naphthalene-derived mesophase
pitch named AR has been used as starting carbon raw material.
AR exhibits excellent graphitizability, high chemical purity and
consistent quality. Due to its low viscosity at the softening point,
it is necessary to modify the initial viscosity of AR by an oxidizing
treatment (called oxidative stabilization) at moderate tempera-
tures (<350 �C) in an oxygen-rich atmosphere previous to mixing
and forming [4,9]. The average particle size (APS) of the stabilized
powder is <10 lm.

As main dopant TiC (APS 130 nm) has been selected because it
leads to a considerable reduction of chemical erosion by hydrogen
bombardment [3,5], and it contributes to a significant increase in
thermal conductivity and improvement of mechanical strength
due to the catalytic effect of this carbide on the graphitization
[6,7]. Some samples were additionally doped with a-SiC, (APS
20 nm) to obtain a further improvement of the thermal conductiv-
ity due to the high graphitization degree of the carbon precipitated
by the decomposition of SiC [10].

The mixtures were molded by cold isostatic pressing (CIP)
between 125 and 200 MPa. Carbonization was performed at
1000 �C in N2 atmosphere and graphitization was performed in
He atmosphere at temperatures between 2400 and 2765 �C. Hold-
ing at the maximum graphitization temperature ranged from 15 to
60 min. The samples containing SiC in addition to TiC were graph-
itized with a very slow heating rate in the temperature range
around the decomposition temperature of SiC (2540 �C [11]), to
avoid swelling and cracking due to fast Si evaporation.
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Table 1
Typical properties of the undoped (A) and 4 at.% Ti-doped materials (AT) at different CIP.

Sample code CIP (MPa) Graphitization (�C, min) qG (g/cm3) PTOT (vol.%) POPEN (vol.%) Lc (nm) rf (MPa)

A 175 2765, 30 1.86–1.94 13–17 �90% PTOT 31 ± 3 50 ± 10
AT-125 125 2750, 15 2.123 8.96 5.6 113
AT-150 150 2.145 8.01 3.6 42 116
AT-175 175 2.159 7.41 0 40 108
AT-200 200 2.164 7.19 0 41 95
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Fig. 2. Thermal conductivity vs. temperature for representative samples of
undoped, Ti-doped and Ti/Si-doped materials.

806 I. López-Galilea et al. / Journal of Nuclear Materials 386–388 (2009) 805–808
2.2. Materials characterization

For materials characterization, the following parameters were
measured:

– The carbide distribution was analyzed by optical microscopy
and scanning electron microscopy (SEM).

– The geometrical density, qG, was determined from the dimen-
sions and weight of the samples. The true density, qT, and the
open porosity, POPEN, were measured with a He pycnometer,
and the total porosity, PTOT, was calculated from the geometrical
and true densities.

– The crystallite size perpendicular to the basal planes, Lc, (as an
indicator of the graphitization degree) was measured by X-ray
diffraction using the Cu-Ka1 radiation.

– The flexural strength, rf, was determined by a three-point-bend-
ing test on four beams of each material.

– The thermal diffusivity of representative samples was measured
by the laser flash method over the temperature range 20–
1200 �C. The thermal conductivity, K(T), was determined from
the thermal diffusivity, the bulk density and the heat capacity.

3. Results and discussion

In order to study the influence of the moulding pressure on the
final properties, bars made of AR doped with TiC (this material is
named henceforth AT) were moulded between 125 and 200 MPa
and graphitizated at 2750 �C for 15 min. In Table 1, density, poros-
ity and flexural strength are shown for all doped materials as well
Fig. 1. Carbide coarsening after g

Table 2
Properties of Ti/Si-doped (ATS) and Ti-doped (AT) materials for different conditions.

Sample code Dopant Conditions (�C, min) qG (g/cm3)

ATS-green 4 at.%Ti + 0.5 at.%Si Green 1.44 ± 0.0
ATS-1000 1000, 60 1.87 ± 0.1
ATS-2400 2400, 60 2.15 ± 0.0
ATS-2765 2765, 30 2.08 ± 0.0
AT 4 at.%Ti 2765, 30 1.99 ± 0.2
as for the undoped material, A, for comparison. The optimum pres-
sure for obtaining the best values of qG, PTOT and rf is 175 MPa.
Higher moulding pressures may lead to cracks by the exit of vola-
tiles during the carbonization process.

A fine and homogeneous carbide distribution was obtained after
carbonization, demonstrating that the mixing procedure was ade-
quate. The carbide coarsening observed after graphitization, Fig. 1,
evidences the high mobility of the carbides in the carbonaceous
raphitization of AT graphite.

PTOT (vol.%) POPEN (vol.%) Lc (nm) rf (MPa) K(RT) (W/mK)

12.2 ± 0.3 PTOT – – –
16.4 ± 1.2 12.9 ± 0.2 �1.7 146 ± 10 –

7.8 ± 2.0 6 ± 2.4 32 ± 2.0 125 ± 27 –
10.7 ± 1.2 �0 55 ± 18 92 ± 2 195

14 ± 1.0 2.0 ± 0.7 95 ± 15 83 ± 5 218
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matrix [4,6]. The microstructure was not significantly affected by
the different moulding pressures.

The Lc value is independent on the moulding pressure. After
graphitization at 2750 �C, the Lc value increases considerably
(>40 nm) compare to the undoped material A (Lc 31 nm). This
increment is due to the dissolution of unordered carbon in liquid
nm-sized TiC particles followed by the precipitation as ordered
graphite [4]. Fig. 2 shows that the thermal conductivity of AT-175
is considerably improved compared to the one of A.

After optimizing the moulding pressure for the AT materials, a
new batch of AT-175 samples, named henceforth simply AT, was
manufactured with the aim to improve the thermal conductivity,
modifying exclusively the graphitization parameters. In addition,
new materials were manufactured adding also a small amount of
SiC, ATS, with the same main goal. Table 2 shows the evolution of
properties with temperature for the ATS material and the new AT
material.

ATS shows a change in the character of porosity (open/closed)
only relevant at the highest temperature, due to the strong TiC
movement through the carbonaceous matrix; besides, Si evapora-
tion contributes to increase the total porosity at the highest tem-
perature. Additionally, the Si formed by the decomposition of SiC
may react with disordered carbon, and the C precipitated by the
decomposition of this carbide has a high graphitization degree
[10], contributing to increase the thermal conductivity, as demon-
strates the high thermal conductivity achieved (195 W/mK at room
temperature) compared to AT-175, Fig. 2. After graphitization at
Fig. 3. Carbide distribution in ATS materials: (a) after carbonization at 1000 �C;
2400 and 2765 �C, an inevitable decrease in strength is observed
due to the recrystallization process taking place. In comparison
to A (Table 1), doping with Ti leads to a remarkable increase in rf

thanks to the refoircement effect of TiC [4,8]. The increase of poros-
ity resulting both from Si evaporation (for those samples contain-
ing SiC) and from slightly incorrect stabilization parameters of the
AR raw material is detrimental for the mechanical properties.

After carbonization, ATS-1000 shows a turbostratic structure
with very low crystalline order (Lc values between 1 and 2 nm);
the carbide distribution, Fig. 3(a), is homogeneous and it is not pos-
sible to distinguish Si from Ti. Graphitization at 2400 �C, Fig. 3(b),
results in slight carbide coarsening. Under this condition, all SiC re-
mains in the bulk material. Finally, in ATS-2765 strong carbide
coarsening occurs, Fig. 3(c), with the formation of areas almost free
of carbides. The final particle size of some SiC was similar in some
cases to that of TiC, despite of their initial particle size, 20 and
130 nm, respectively. This change in both the size and shape of
the carbides evidences the extremely high mobility of the carbides
in the carbonaceous matrix, which arises from local carbide fusion
and subsequent movement of the melt during catalytic graphitiza-
tion [4].

The special graphitization cycle performed for AT leads to the
highest K(RT) value, 217 W/mK, and acceptable values are
achieved for the rest of properties.

Fracture surfaces were analyzed by SEM to identify the defect
responsible for fracture initiation. In those undoped samples in
which this defect could be found, it corresponded mostly to large
(b) after graphitization at 2400 �C and (c) after graphitization at 2765 �C.



Fig. 4. Fracture surfaces after bending test: (a) fracture by cleavage in undoped graphite and (b) fracture initiation in carbide heterogeneities present in doped graphite.
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mesophase particles, fractured by cleavage, Fig. 4(a). In the
majority of the doped samples the fracture was initiated in gra-
phitic structures thicker than those observed in the rest of the car-
bonaceous matrix, associated with local heterogeneities in the
distribution of carbides, Fig. 4(b). The periphery of the majority
of the examined surfaces showed a carbide depletion of about
50 lm.
4. Conclusions

In this work Ti and Ti/Si-doped isotropic graphite have been
developed using self-sintering synthetic mesophase pitch AR as
starting material. Dopant addition and a rigorous control of the
manufacturing parameters contribute to improve significantly
the final properties, especially the thermal conductivity and the
mechanical strength, achieving at the same time a good carbide
distribution. These results together with the measurements of
the total erosion yield by deuterium bombardment and of the ther-
mal shock resistance during disruption-like electron beam loads
performed on these materials [8] let assume that Ti-doped graph-
ites can be promising armour materials for divertor plasma-facing
components.
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