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Abstract 

Erosion and thermal desorption characteristics under 3 keV D + irradiation were investigated for 1D-carbon fiber 3 
(CF)/B4C composites (30 to 80 CF vol%), at surface cut normal to the CF axis. Chemical sputtering rate of ID-CF/B4C 
sintered at 2100°C was lower at the CF sections than that of pure graphite, due to solid solution of boron into the CF core. 
On the other hand, in the case of those at below 1800°C, suppression of chemical sputtering was not observed at the center 
part of the CF sections. From TDS results, it is considered that the boron diffusion depths into CF do not depend on the B4C 
volume fraction, but on the sintering temperature. 

Kevwords: Desorption; Chemical erosion: Low Z wall material 

1. Introduction 

Boron and boron carbide-overlaid graphite are hopeful 
candidates for plasma facing material (PFM) of experimen- 
tal nuclear fusion reactor. It is well known that boron and 
boron carbide have lower hydrogen retention and lower 
chemical sputtering yield for hydrogen and oxygen ion 
irradiation, compared to graphite [1-3]. However, because 
of their lower thermal conductivities, the thicknesses of 
these overlayers had to be limited to below 200 /zm [4]. 

Recently, carbon fiber (CF) reinforced B4C composite 
(CF/B4C) for PFM with long life time has been developed 
by using hot-pressing method. The CF /B4C has thermal 
conductivity at around 250 W / I n K  (at 25°C) and endures 
thermal shocks to more than 23 M W / m 2  × 5 s electron 
beam heat loading [5], because of its CF's textures oriented 
normal to the surface interacting with the plasma surface. 
On the other hand, the erosion characteristics of the com- 
posite are not yet clearly understood because of the coexis- 
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tence of graphite and B4C phases at the plasma facing 
surface. 

In the present study, erosion characteristics under 1 
keV D + (3 keV D~) irradiation are investigated for 
ID-CF/B4C composites, of CF vol% varied from 30 to 
80%, within which the CF's were oriented normal to the 
surface. Chemical sputtering suppression of the CF phase 
in the ID-CF/B4C's ,  due to boron diffusion, is discussed, 
and related to thermal desorption spectroscopy (TDS) re- 
sults. 

2. Experimental 

2.1. Specimens 

Specimens for the present study are listed in Table 1. 
I D-CF/B4C,  with the volume fraction of unidirectionally 
oriented CF (Vf) varied in a 0-80% range, were made 
through a hot pressing method. A green sheet of unidirec- 
tionally stacked CF (10/xm diameter, thermal conductivity 
520 W/InK,  type P-120S, AMOCO) with impregnation of 
B4C powder (1.46 /xm mean diameter, Idemitsu Material) 
slurry was sintered at 1700-2100°C for 1 h at 30 MPa. 
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Table l 
Specimens 

Specimen Vf Sintering temp. Density 
(vol%) (°C) (g/cm 3) 

1D-CF/B4C 
P30(2100) 30 2100 2.24 
P50(2100) 50 2100 2.26 
P65(1700) 65 1700 1.86 
P65(1800) 65 1800 2.0 l 
P65(2 I00) 65 2100 2.21 
P80(2100) 80 2100 2.18 

Hot pressed B4C 0 2100 2.40 
Isotropic graphite - -  - -  1.82 
Felt-CFC - -  - -  1.81 

Specimens of 10 X 10 X 2 mm dimension were fabricated 
from a sintered body so as the CF axes to be oriented 
normal to the specimen surface. Specimen surfaces were 
polished with #3000  mesh diamond powder sheet. 

Fig. 1 shows a SEM image of polished specimen 
surface of 1D-CF/B4C specimen, sintered at 2100°C 
(P50(2100)). The specimen, being sintered to almost theo- 
retical density, has been polished to a mirror-like surface 
as shown in Fig. 1. However, in the cases of specimens 
sintered below 1800°C, which are still low in density, the 
polished surfaces showed much voids, and were ground 
faster than the CF phase. 

CF-felt-reinforced carbon composite (Felt-CFC: size 
10 X 10 X 2 mm, cut normal to the felt reinforcement 
plane, type PCC-2S, Hitachi Chemical) and isotropic 
graphite (size 10 x 1 0 ×  2 mm, type PD-330S, Hitachi 
Chemical) were used as reference materials. A hole (0.8 
mm diameter, 3 - 4  mm depth) was bored into each of those 

specimens at a side face for insertion of a thermocouple 
element. 

2.2. Experimental apparatus 

Both erosion yield and TDS experiments were per- 
formed by using an ion irradiation apparatus composed of 
an ion source, a mass separator, and an ultra high vacuum 
specimen chamber (volume: 0.008 m3), details of which 
have been described elsewhere [6]. The chamber was 
equipped with a Faraday cup for ion beam current mea- 
surement, a tantalum filament for radiation or electron 
beam bombardment heating at the rear face of the speci- 
men, a quadrupole mass spectrometer (QMS) for TDS, and 
a W-5Re /W-26Re  thermocouple for specimen tempera- 
ture measurement. The chamber is equipped with a turbo- 
molecular pump with an effective pumping speed of 0.2 
In3/S. 

2.3. Erosion yield measurement 

Erosion yields were measured through the weight-loss 
method [1]. Prior to the erosion experiment, the specimens 
were degassed at 1350 K (in the case of B4C:1000 K) for a 
few minutes at below 8 X 10 -4 Pa. Then a 3 keV D3 ~ 
beam of a 7.5 mm diameter, irradiated at the specimen at 
normal incidence at 550-1100 K, at a flux of (5 -6 )  X 1015 
D / c m 2 s  to a total amount of (8 .5-11)  X 1019 D atoms. 
Before and after the D + irradiation experiment, the weight 3 
measurements were made with a micro-balance in air 
atmosphere. 

The erosion yield, Y, was determined from the follow- 
ing equation: 

Y = - AW( NA/A)/(dPS),  (1)  

where AW is the weight gain of the specimen due to the 
net erosion, i.e. after correction for the weight changes due 
to evaporation and sublimation of the specimen and due to 
deposition of the heater material, which was determined 
from heating experiments without ion irradiation. A is the 
mean atomic weight of the ID-CF/B4C determined from 
the following equation: 

a = (12.00Vf + 11.04(1 - V f ) ) / 1 0 0 .  (2)  

N A is Avogadro's  constant, q~ is the ion fluence, and S is 
the irradiation area. 

After the erosion experiment, SEM observations of the 
irradiated surfaces were made. 

2.4. TDS analysis 

20/~ m 
Fig. 1. SEM image of a polished surfaces of ID-CF/B4C, 
P50(2100), sintered at 2100°C. 

Specimens were irradiated in situ with 3 keV D + ion 3 
beam of a 6.5 mm diameter to 2 X 10 js D / c m  2 at 4 0 0 -  
1000 K. After the specimen temperature reached below 
400 K, D 2 ( M / e  = 4) and CD 4 ( M / e  = 20) QMS signal 
intensities were recorded as the specimen temperature was 
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Fig. 2. Temperature dependence of the erosion yield of 1D- 
CF/B4C, P65(2100). 

raised from 400 to 1400 K (in the case of B4C: to 1300 K) 
at a constant ramp rate of 1 K/ s .  The specimen was 
degassed in situ at 1473 K for a few minutes after each 
TDS experiment, a series of measurements at different 
irradiation temperatures were performed sequentially. 

Roth [7]. As shown in this figure, the erosion yield of 
P65(2100) are in between graphite and B4C data. 

Fig. 3 shows erosion yield data for B4C, 1D-CF/B4C 
(Vr: 30-80 vol%) sintered at 2100°C, 1800°C, 1700°C, and 
Felt-CFC as a function of Vf (i.e., graphite vol%) irradi- 
ated at 800 K. The dotted line shows calculated results of 
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3. Experimental  results 
(b) 

3. I. Erosion yield measurement results 

Fig. 2 shows erosion yields of P65(2100) in a 550-1100 
K range, compared to graphite and B4C data reported by 
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Fig. 3. V r dependence of the erosion yield of B4C, ID-CF/B4C 
and CFC irradiated at 800 K. 
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10tim 
Fig. 4. SEM images of D + irradiated surfaces of (a) P50(2100), 
(b) P66(1800) and (c) P65(1700) specimen after the erosion 
experiment at 800 K. 
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5am 
Fig. 5. SEM image of a vertical section of the sub-surface layer of 
P65(1800) specimen after erosion experiment at 800 K. 

erosion yield from the following equation assuming a 
simple sum rule: 

Y~ = {YcFcVt. + YB4C(1 -- V f ) } / l O 0 ,  (3) 

where YcFc and YB,C are the erosion yields for Felt-CFC 
of pure graphite phase and B4C, respectively. 

As shown in this figure, the erosion yields of 1D- 
C F / B 4 C  sintered at above 1800°C were found to be lower 
than those calculated values (dotted line), indicating that 
the chemical sputtering rates of these CF in 1D-CF/B4C 
are lower than for pure graphite. 
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Fig. 6. D 2- and CD4-TDS spectra of B4C, P30(2100), P81X2100) 
and graphite after 1 key D + irradiation at 400 K. 

3.2. SEM analysis 

Fig. 4a -c  shows SEM images of the D + irradiated 
surfaces of P50(2100), P65(1800) and P65(1700) speci- 
mens after the erosion experiments at 800 K. In the case of 
P50(2100), the eroded surfaces of the CF section were 
almost 'flat ' ,  while, in the case of both P65(1800) and 
P65(1700), they were 'hollow', indicating that the sputter- 
ing rate of the CF is higher at the center part than that at 
the periphery. Fig. 5 shows a SEM image of a vertical 
section of the P65(1800) specimen after the erosion experi- 
ment, which clearly shows that sputtering rate difference 
between at the center and at the outer part. 

3.3. TDS analysis 

Fig. 6 shows D 2- and CD4-TDS of B4C, 1D-CF/B4C 
(P30(2100) and P80(2100)) and graphite after 1 keV D + 
irradiation. The D2-TDS of graphite shows a maximum at 
around 900-1100 K, which is also observed for pure 
graphite or carbon phase [8]. For B4C, a D 2 peak was 
observed at around 600 K and 800 K. As for 1D-CF/BnC, 
the main D 2 peak was observed at around 850 K. 
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Fig. 7. V t dependence of the relative amount of desorbed CD 4 
after D ÷ irradiation of 2× 1018 D/cm 2 at different temperature. 
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The CD4-TDS of graphite shows a peak at around 850 
K, and for B4C, the CD 4 peak was observed at around 550 
K and 750 K, but the amount of desorbed CD 4 was almost 
negligible compared to that for pure graphite. As for 
ID-CF/B4C,  the CD 4 peak was observed at by 10-20 K 
lower temperatures than those of graphite. 

Fig. 7 shows the Vf dependence of the relative amount 
of D desorbed as CD 4 from the specimens (the amount of 
that for graphite irradiated at 400 K was defined as 1.0) 
after irradiation of D + at 400-800  K. In the case of 1000 
K irradiation, the amount of desorbed CD 4 was at an 
almost negligible level for all of the specimens. 

The amount of desorbed CD 4 from P65(1700) and 
P65(1800) was higher than that from P65(2100). Further- 
more, from Fig. 7 it is clear that the amount of desorbed 
CD 4 from I D-CF/BaC sintered at 2100°C is proportional 
to the V r, i.e. the surface area density of the CF's  in 0 to 
80% range. 

4. Discussion 

sintering temperature and time condition are the same. The 
diffusion depth of boron atoms into CF in the I D- 
C F / B n C ' s  is principally controlled by the sintering tem- 
perature. 

The amount of desorbed CD 4 for P65(1700) and that 
for P65(1800) were both higher than that for P65(2100) as 
shown in Fig. 7, which is considered to be due to the lower 
boron concentrations in the CF. 

As shown in Fig. 3, the chemical sputtering rate of the 
CF in 1D-CF/B4C sintered at 1700°C is considered to be 
close to that of pure graphite. In the case of 1800°C, 
chemical sputtering of the CF phase is suppressed as far as 
to be judged from Fig. 3. However, as shown in Fig. 5, 
boron diffusion has not taken place sufficiently to suppress 
chemical sputtering of the CF's  at the core region com- 
pletely. In the present experimental conditions, it was 
concluded that the sintering temperature lbr suppression of 
chemical sputtering of the CF should be at least higher 
than 1800°C, and preferably higher than 2100°C, at least 
tbr 'high-temperature'  erosion region in which boron addi- 
tion is effective [12]. 

For chemical sputtering processes in graphite, first, 
'precursor for CD 4' are considered to be generated within 
the ion implantation layer under D + irradiation, which 
react with trapped deuterium to be finally desorbed as CD 4 
depending on the irradiation temperature, the ion flux and 
the ion range. The CD4-TDS signal indicates that both CD 4 
a n d / o r  CO 4 precursors remain in the irradiated sample [8]. 
It is well known that a solid solution of a few percent 
boron suppresses chemical sputtering of graphite [9-11], 
but only at above 600 K [12], which may be explained 
through the fact that the solid solution of boron in graphite 
effects decreasing of the activation energy for D 2 forma- 
tion and desorption, which then lead to a decrease in the D 
concentration necessary for CD 4 formation [8]. 

Previous TDS experiments on boron /ca rbon  sputter 
films after 1 keV D + irradiation have shown that a main 
D 2 peak is observed at around 850 K, at by 200 K lower 
temperature, and a CD 4 peak at a slightly lower tempera- 
ture than those of carbon sputter film. It has been con- 
cluded that the 850 K peak is due to graphite phase with 
boron solution. As shown in Fig. 6, for the ID-CF/B4C,  
the main D 2 peak was observed also at around 850 K, and 
the CD 4 peak was observed at a temperatures by 10-20 K 
lower than that of graphite. Therefore, CD 4 formation in 
the CF of ID-CF/B4C is considered to be suppressed due 
to boron diffusion and solution from the B4C matrix into 
the CF phase in the hot-pressing process. 

The effect of boron solution on CD 4 formation in CF is 
clearly shown in Fig. 7; the relative amount of desorbed 
CD 4 from graphite was at a higher level than that expected 
from linear dependence of the amount of desorbed CD 4 on 
the V r, i.e. the surface area density of the CF phase. Also, 
it is considered that boron solution in the CF does not 
depend on the B4C fraction in the 1D-CF/B4C when the 

5. Summary 

Erosion and TDS characteristics under 1 keV D + irra- 
diation were investigated for 1D-CF/B4C of V r at 30-80  
vol%, hot pressed at 1700-2100°C, cut normal to the CF 
axis, which was developed as PFM of long life time and 
high thermal conductivity compared to B4C-overlaid 
graphite. The measured erosion yield of the I D-CF/B4C 
sintered at 2100°C and 1800°C was found to be lower than 
the value calculated from those of the constituent B4C and 
graphite phase basing on a simple sum rule. For the case of 
1D-CF/B4C sintered at 2100°C, a main D 2 peak at 850 K, 
a shift of the CD 4 peak toward lower temperature, and the 
suppression of chemical sputtering of the CF at the core 
region were observed. These were ascribed to the boron 
diffusion into the CF core. And it was also concluded, that 
the boron concentration in the CF mainly depends on the 
sintering temperature and time. In the case of sintering 
temperature below 1800°C, the boron diffusion was not 
sufficient to suppress chemical sputtering of the CF's  at 
the core region. 
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