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Nanoindentation test on electron beam-irradiated boride layer of
carbon—carbon composite for plasma facing component of large
Tokamak device
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Abstract

The nanoindentation behavior of an electron irradiated boride layer overlaid on carbon-carbon (C/C) composite for
plasma facing components of a large Tokamak device was examined up to the maximum load of 0.3 mN. The scanning
electron micrography indicated that the irradiation caused the melt-down and resolidification of the boron carbide layer.
However, it was found by the X-ray diffraction analysis that the layer did not change its crystalline structure. Young’s
modulus and mean pressure of the irradiated area were estimated from load—penetration depth ( P—h) curves as 270 GPa and
19.2 GPa, respectively, which were 40 and 20% lower than the values for the bulk material. These properties for the
unirradiated region were 125 GPa and 3.1 GPa, respectively, only one third and one tenth of the values for the bulk. It is

attributed to the porous structure of the unirradiated material.

1. Introduction

Carbon materials such as isotropic graphite and carbon
fiber reinforced carbon (C/C composite) material have
been used as the divertor plate exposed to plasma in the
present large Tokamak fusion facility (JT-60). To prevent
the damage caused by plasma and the inflow of the carbon
into plasma, research has been made on the converted
boride layer of some hundred micrometers overlaid on the
carbon material. The energy loads to the divertor tiles in
the JT-60 are estimated as 10 MW /m” for 5 s during the
normal operation and 2-3 MJI/m? during the plasma
disruption. Tanaka et al. [1,2] fabricated a facility named
JEBIS by which one can give specimens high heat flux
using a high energy electron beam with a capacity of 4 A
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at 100 keV. Nakamura et al. [3] used the JEBIS to examine
the damage on the various boride-overlaid C/C compos-
ites in two heating conditions; heat flux of 5-40 MW /m?
for 5 s and 550 MW /m? for 510 ms in simulation of the
normal operation condition and plasma disruption, respec-
tively. They found that the irradiation caused a slight
damage such as weight loss and change in boron /carbon
ratio in the boride layer under the normal heating condi-
tion, while the extoliation of boride layers occurred under
the disruption condition. It is clear that the determination
of mechanical properties of such damaged boride layers is
essential for the design of Tokamak devices. It is also
necessary to evaluate the irradiation damage caused in the
layers during the operation of the Tokamak devices. For
this purpose the hardness test may be one of the most
convenient means since it is easily applicable in such a
critical environment. However, it is practically impossible
to determine the hardness of the irradiated surface layer
using the conventional hardness testing technique such as
Vickers hardness. This is because the irradiated layer is
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Fig. 1. Schematic representation of load versus indenter displace-
ment data for an indentation experiment.

formed only in the order of 10 um in thickness at the
surface of the boride layer about | mm in thickness.
Recently, particular attention has been paid to nanoindenta-
tion tests for the examination of elastic and plastic behav-
ior of brittle materials, thin films and radiation-damaged
materials [4]. In this study the Young’s modulus and mean
pressure (hardness) of irradiated and unirradiated boride
layers are estimated by the nanoindentation test and the
results are compared with those on a bulk boron carbide
(B,C).

Conventional hardness is equivalent to the real pressure
under the indenter, i.e., the applied load divided by the real
projected area of contact A, However, in the case of
nanoindentation, hardness can be obtained using a depth-
sensing instrument with a Berkovich indenter. A schematic
load—displacement { P—h) curve for elastic—plastic behav-
ior is represented in Fig. 1. The relevant mean pressure p,,
at the maximum load is assessed as the applied load P,
divided by the apparent projected area of contact A, =
3(3)'? tan‘a(h,,, )7, e

mux)

pm:P /Au=0']29C0tzapmux/(hmax)2’ (l)

max
where a is the apical angle of indenter and 4., the
maximum penetration depth. A method of determining the
Young’s modulus E is to correlate it with the initial
unloading stiffness, S = dP/dh [5-7]. The basic assump-
tion is that during the very initial unloading of the inden-
ter, the contact area between the indenter and the sample
remains constant and behaves like a flat punch contact

with an elastic half space. Sneddon’s analysis on elastic
contact [8] leads to

S=dP/dh=C,E*AY?, 2)

where C, =2/7'/? for axisymmetrical punch. The effec-
tive Young’s modulus E* is expressed by

1/E* = (1= v*1)/E,+ (1 - v*S) /Eq 3)

where v is Poisson’s ratio and subscripts I and S denote
the indenter and sample, respectively. In a particular case
where the material behaves elastically, the Berkovich in-
dentation is expressed [9] by

P=0.95tan aE" i’ (4)
and
P =0.813cot aE". (5)

2. Experimental

The substrate C/C composite used in this study was
developed for the application to the divertor of the JT-60.
The composite consisted of the stacked piles of discontinu-
ous carbon fiber felt reinforcement impregnated with a
resin matrix precursor. After the compaction and car-
bonization, the carbon matrix was grown several times by
the chemical vapor infiltration process and subsequently
graphitized in a high temperature atmosphere. The fibers
were arranged two dimensionally in the matrix, being
crossed with each other. The boride layer on C/C compos-
ite was overlaid to 900 pm in thickness on an as-impreg-
nated plate of 20 X 20 X 30 mm by the reduction of boron
oxide at a high temperature. High heat flux tests on the
material in the simulation of plasma disruption was carried
out at a heat flux of 550 MW /m? for 2 ms using JEBIS.
Bulk B,C samples were cut from a B,C pellet which was
sintered by hot pressing of B,C powder. Mechanical prop-
erties of the substrate C/C composite and the bulk B,C
are summarized in Table 1. Young’s moduli were deter-
mined from the slope of the elastic region of the tensile
stress—strain curves. Hardness value for C /C composite in
the table is determined by a nanoindentation test [10] and
that for the bulk B,C by micro-Vickers hardness test at
300 gf. Indentation test in the present study was performed
at P, =03 mN using a nanoindentation tester with

Table 1

Typical properties of substrate C/C composite and standard B,C

Material Bulk density (Mg/m"*) True density (Mg,/m?) * Young’s modulus (GPa) Hardness (GPa)
Composite 1.7 2.1 7.6 0.073

B,C 235 25 420 31

* Catalogue values given by the manufacturers.
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resolutions of load and displacement of 0.1 uN and I nm,
respectively [9]. The measurement was conducted at five
different points in each of the irradiated and unirradiated
areas in the boride layer of C/C composite, and in the
bulk B,C. For a reference, micro-Vickers indentation on
the unirradiated area was also carried out at 50 gf using a
conventional Vickers hardness tester.

3. Results and discussion
3.1. Microstructure

Fig. 2 shows an optical microscopic photograph of the
irradiated boride layer (a) and the skeich of the cross-sec-
tion perpendicular to the indented surface (b). The bright
circle at the center of the sample in Fig. 2(a) is the
irradiated area of 9.8 mm in diameter, which was melted
by the high heat flux and re-solidified. The irradiated
surface as shown in Fig. 2(b) seems to be a crater with a
pile up of 130 wm at the fringe and a sink-in of 320 um at
the center, which indicates that the morphology was formed
by splashing the melted boride surface. Fig. 3 shows
scanning electron micrographs (SEM) of the unirradiated
area (a) and the irradiated area (b). SEM image of the
unirradiated area in Fig. 3(a) (the dark region in Fig. 2(a))
reveals that the crystallized grains of about 1.5 um are
bridged over each other, but the density of the area looks
low because of the presence of the large amount of pores.
The irradiated area in Fig. 3(b) is found to be agglomer-

10mm
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resolidified
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Fig. 2. Surface morphology of the irradiated boride layer (a) and
the sketch of cross-sectioned surface (b).

Fig. 3. SEM images of the unirradiated area (a) and the irradiated
area (b) of the boride layer.

ated by the resolidification and the flaky grains grow
inhomogeneously to the sizes ranging from 7 to 30 pm.
The thickness of the resolidified region was found to be
about 40 um from the SEM observations on the cross-sec-
tion of the region, which is schematically represented in
Fig. 2(b).

Fig. 4 shows X-ray diffraction patterns for both unirra-
diated area (a) and irradiated area (b). The numbers in the
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Fig. 4. X-ray diffraction pattern of the unirradiated area (a) and
the irradiated area (b) of the boride layer.
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Fig. 5. Nano-indentation curves with the maximum load of 0.3
mN. (a) Standard B,C, (b) unirradiated boride, and (c) irradiated
boride on C/C.

2.6 4m

2¢4m

L

104m

Fig. 6. Vickers hardness test in the unirradiated area at 50 gf: (a)
SEM image of indentation and (b) schematic cross-sectional pro-
file obtained from SEM observation.

figure represent Miller indices of rhombohedral structure
of B,C. The comparison between the two patterns indi-
cates that the B,C crystalline structure was not changed by
the irradiation. Nakamura et al. [3] obtained similar results
from the X-ray diffraction analysis of a low-pressure
plasma-sprayed C /C composite irradiated with an electron
beam under the normal heating condition. They pointed
out that the boron/carbon content ratio, which was found
by the electron microprobe analysis, would change at the
very surface of the boride layer.

3.2. Indentation test

Fig. 5 shows typical nanoindentation curves for bulk
B,C (a), unirradiated area (b) and irradiated area (c) of the
composite with a maximum applied load of 0.3 mN. The
bulk and the irradiated B,C behave elastically, while the
unirradiated B,C was elastic—plastic. The average and
standard deviation for the Young's modulus and mean
pressure estimated in the present study are summarized in
Table 2. Here, the Young's moduli of the bulk B,C and
irradiated area of the composite are obtained by fitting the
appropriate loading curves to the theoretical curve ex-
pressed by Eq. (4). and that of unirradiated area of the
composite by fitting the initial unloading stiffness to the
relation in Eq. (2) on the assumption that C, =2/7'/?,
(A,/A)"/? =063 and vy, =0.18 [10]. Young's modulus
of the bulk B,C obtained by the nanoindentation aimost
coincides with the value from the tensile test, as indicated
in Table 1, whereas the mean pressure is about 20% lower
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Table 2
Estimated Young’s modulus and mean pressure

Material Young’s modulus E (GPa) Mean pressure p,, (GPsa)
average std. deviation average std. deviation
Bulk B,C 431 125 24.2 3.24
Boride, Unirrad. 125 237 3.10 0.644
on C/C, Irrad. 270 99.0 19.2 4.56

than the Vickers hardness value. The slightly lower value
of mean pressure is believed to be due to the fact that the
estimation included the elastic deformation. Young’s mod-
ulus and mean pressure of the unirradiated area are only
one third and one tenth of the respective value of the bulk
B,C. These low values would originate in the porous
structure of the material as is shown in Fig. 3(a), i.e., the
destruction of the pores during the indentation process.
Fig. 6 shows a topographic SEM image of the surface of
the unirradiated area after a Vickers indentation at 50 gf
(a) and its cross-sectional profile (b). The mean pressure
was calculated as 1.2 GPa from the width of the indenta-
tion indicated schematically in Fig. 6. This value is 40% of
that obtained from the nanoindentation test. On the surface
shown in Fig. 6(a) it is seen that the porous structure of
B,C was destroyed by the indenter, which would make the
mean pressure lower. The Young’s modulus of the irradi-
ated area lies in between the values for the bulk and the
unirradiated area, while the mean pressure is comparable
to the bulk value. This implies that the densification of the
porous B,C took place significantly but not perfectly
during the melting and resolidification caused by the irra-
diation.

4. Conclusions

Electron irradiated boride layer overlaid on C/C com-
posite is investigated using a nanoindentation tester with
the maximum load of 0.3 mN. The X-ray diffraction
analysis reveals that both the unirradiated and irradiated
areas of boride are of rhombohedral B,C structure. The

values of Young’s modulus and mean pressure obtained by
nanoindentation for the unirradiated area are only one third
and one tenth of the values for the bulk B,C, respectively.
This is believed to result from the porous structure of the
material. The values for the irradiated area are comparable
to or slightly lower than those for the bulk, which suggests
the densification of the area caused by melting and resolid-
ification.
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