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Summary:

Graphite is widely used in present Tokamak facilities and a C/C composite has
been selected as one of the candidate materials for the ITER. But C-based
material has an excessive chemical sputtering yield at 600-1 OOOK and exhibits
irradiation enhanced sublimation at >1200K under plasma erosion condition,
causing serious C-contamination of plasma. Low Z material SiC has several
advantages for use in fusion reactor, such as excellent high temperature
properties, corrosion resistance, low density, and especially its low activation
irradiation. To reduce C contamination during plasma exposure, previously
SiC coatings were chemically deposited on the surface of C-substrate,
however, the thermal stresses arise on the interface between the coating
layers and the substrate under high temperature. Heating/cooling cycle
leading to cracks in SiC/C interface, small thickness of coating and long
processing time are limiting factors for FGM made with CVD process.
In this paper, a new SiC/C bulk FGM has been successfully fabricated with
P/M hot pressing process. The chemical sputtering yield, gas desorption
performance, thermal shock resistance and physical sputtering performance
in Tokamak are outlined in this paper.
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1. Introduction

Graphite is widely used in present Tokamak facilities and C/C composite has
been selected as one of the candidate materials used in ITER(lnternational
Thermal-Nuclear Experimental Reactor). But C-based material has too high
chemical sputtering yield at 600-1000K and emerges irradiation enhanced
sublimation at >1200K under the plasma erosion conditions, causing serious
C-contamination problem of plasma. Hence various measures are being taken
to solve this problem. Siliconization and boronization with Si- and B-containing
organic compounds and He through in-situ glow discharge in Tokamak
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facilities resulting in Si- and B-based films can effectively reduce the
contamination of light impurities in plasma, but the thickness is limited only
within the range of 700-1000A. The life time is too short, besides, this kind of
film is ineffective for high heat flux components (such as divertor etc.), as the
film will be too rapidly eroded in plasma exposure[1-3]. A low Z (atomic
number) material SiC-based composite is now being considered as an
attractive candidate for fusion technology due to a series of advantages, such
as stability in hydrogen and helium, high temperature resistance and erosion
resistance, and especially its low residual radioactivities[6]. For reducing the C
contamination during exposure in plasma, SiC coatings have been made on
the surface of C-substrates with various processes[4], but due to the thermal
stress produced on the interface between the coating layer and the substrate
under high temperature heating/cooling cycles caused by the difference of
thermal expansion coefficients of C and SiC, cracks or peeling usually occur in
SiC coating.
Japanese scientists firstly proposed the idea of Functionally Graded Materials
(FGM) in 1984[5]. Inhomogeneous materials with gradually changed
compositions and structures were made through continuous changing the
compositions and structures of two materials with different properties in order
that the thermal stress caused by the mismatch of thermal expansion
coefficient on the interfaces can be reduced and thus the cracks and failure
can be prevented.
In previous literatures SiC/C FGM mostly are being fabricated with CVD or
CVI process[6-7], but the process cycle is long (in some cases 100hr is
required). Cost is expensive, and it is difficult to obtain thick graded layers.
Many systems of FGM have been made with powder stacking-hot pressing
process, but hot-pressed SiC/C FGM is scarcely found in literatures.
In this work the FGM design idea is adopted for making SiC/C FGM based on
making monolithic SiC, C and composites of different compositions with
powder stacking-hot pressing for fusion technology, making possible to
combine the advantages of high hot shock resistance and high heat
conductivity of graphite with the advantages of high plasma-erosion resistance
of SiC. Fabrication and primary investigation of hot shock resistance and
plasma-relevant performance are reported.

2. Experimental

Commercial powder of SiC, carbon black (CB), and boron are used as raw
materials. The characteristics of these powders are listed in Table 1.
B and CB powder are used as sintering aids for SiC[3j. The powders were wet
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mixed in predetermined compositions by ball milling for 6 hours, and then
dried in air.

Table 1. Characteristics of raw materials
Powder
SiC
CB
Boron

Particle size (|a)
0.05-0.5
< 1
2-3

Purity
97
Analytical
95

Two specimens, T4 and T7 were made with stacking compact. Specimen T4 is
4-layered FGM and Specimen T7 is 7-layered FGM. The composition for T4
and T7 are:

T4: 100%C+(60%C+40%SiC)+(20%C+80%SiC)+100%SiC
T7: 100%C+(60%C+40%SiC)+(40%C+60%SiC)+(20%C+80%SiC)+

(10%C+90%SiC)+(5%C+95%SiC)+100SiC

The green compacts were put into a graphite die and sintered at a condition of
1950°C, 25MPa and holding for 1 hour in argon.
Scan360 scanning electronic microscopy was used to observe the
microstructures of fabricated T4 and T7 FGMs. Thermal shock resistance was
tested by continuously quenching samples from 500 °C to water at room
temperature. The plasma-relevant performances were evaluated by
Southern-west nuclear physics institute of China.

3. Results and discussion

3.1 Microstructures of SiC/C FGMs

(a) T4 (b) T7
Fig. 1 Microstructure of SiC/C FGM T4 and T7
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Fig. 1 shows the microstructures of T4 and T7. From Fig. 1, T4 and T7 were
fabricated successfully. No macro cracks were found in T4 and T7 specimens.
And both T4 and T7 were fully densified with boron and carbon additions.
Compared with T4, the interfaces of T7 aren't clear. The differences of
compositions in T7 are smaller than that in T4 so that the transition of the
graded layers in T7 is more continuous than that in T4.

3.2 Thermal shock resistance

T4 and T7 were continuously heated to 500°C in a MoSi2 furnace and then
were quenched into room temperature water at room temperature. T4 cracked
after 33 quenching cycles. No cracks were found in T7 specimen after 52
cycles of quenching. It is proved that T7 has better thermal shock resistance
than that of T4 due to the better transitions of the graded layers and better
thermal stress distribution.

3.3 Chemical sputtering performance

1x10*

o
1x10*

B SMF-800 graphite + SD4 from SiC

- CD, from SiC

466' 36d'' 606" 7*00" S(Jd Sd

Temperature(k)
Fig.2 The chemical sputtering yields of SiC and graphite SMF-800

The chemical sputtering performance of SiC/C FGM is conducted in LAS-2000

apparatus. The chemical sputtering yield is tested under 3 KeV, 4.6E15 D+ /s

cm^ irradiation. In comparison with graphite SMF-800, SiC shows lower
SiD4/CD4 yield. The SiD4 and CD4 product at 500K of SiC is 2.8 and 10 (arb.)
respectively. The total SiD4 + CD4 product of SiC at 500K is 47% of that of
graphite SMF-800, while at 700K is 22% of that of graphite. At the high
temperature, the total SiD4 + CD4 product of SiC is 20-30% of that of graphite,
so the SiC/C FGM has better resistant chemical sputtering property. These are
shown as Fig.2.
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3.4 Thermal desorption performance

(1) Experiment conditions:
Firstly, degassing for about 2 hours at about 1300K, then, after the
temperature of the sample cooled down to RT, a deuterium ion with 2.7 keV
energy was implanted, the total flux is 1.2x1018 ions. At the base pressure
1x10~6 Pa, the thermal desorption spectra are measured by fast temperature
rising from RT-950 °C, the curve of temperature rising was also shown in
Fig.3.
(2) Experimental results:
The thermal desorption of CD4 of SiC are obviously lower than that of graphite,
and the thermal desorption of SiD4 is lower than that of CD4 of SiC by at least
one order. The characteristic desorption peak temperatures of D2 and CD4 of
SiC are obviously higher than that of graphite, which means the desorption
activation energies of D2 and CD4 of SiC sample are lower than that of
graphite. These are shown as Fig.3. -

120.0 180.0
Time (Seconds) TDS lor Graphite

(a) SiC (b) graphite SMF-800
Fig.3 The thermal desorption spectra of SiC and graphite

3.5. Physical sputtering damage after plasma irradiation in HL-1
apparatus

The plasma physical sputtering damage of the surface of specimen T7 is
lower than that of graphite SMF-800 specimen, no distinct change of crystal
structure is found in XRD pattern of specimen T7. While small increase of
peak width in XRD patterns of graphite SMF-800 specimen appears, indicates
change of crystal structure and increase of crystal lattice defects.
After plasma irradiation, evident characteristics of plasma sputtering damage
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is noticed in graphite SMF-800 as shown in Fig.4 (a) and (b), while less
evident characteristics of plasma sputtering damage appear in specimen T7,
as shown in Fig.4 (c) and (d).

c d

Fig.4 SEM micrographs of graphite SMF-800 and SiC/C FGM

before and after plasma irradiation

(a) graphite before plasma irradiation , (b) graphite after plasma irradiation ,
(c) T7 before plasma irradiation, (d) T7 after plasma irradiation .

4. Conclusions

Hot-pressed bulk SiC/C FGM specimens are successfully fabricated. Much
better hot shock resistance of SiC/C FGM material convincingly shows the
validity of the processing. The total chemical sputtering yield of SiD4 + CD4 of
SiC ceramic is about 20-30% of the CD4 yield of graphite SMF-800; and the
thermal desorption yield of SiD4 + CD4 of SiC is lower than that of CD4 of
graphite SMF-800 at least one order. Less evident characteristics of plasma
sputtering damage appear in SiC/C FGM after plasma irradiation in HL-1
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apparatus than those in graphite SMF-800. These results in this work open an
application prospect of hot-pressed SiC/C FGM in fusion technology.
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