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Abstract

Electron back-scattering diffraction (EBSD) can be successfully performed on SiC coatings for HTR fuel particles.
EBSD grain maps obtained from thick and thin unirradiated samples are presented, along with pole figures showing tex-
tures and a chart showing the distribution of grain aspect ratios. This information is of great interest, and contributes to
improving the process parameters and ensuring the reproducibility of coatings.

© 2006 Elsevier B.V. All rights reserved.

The last few years have seen renewed interest in
the nuclear community for high-temperature reac-
tors (HTR). This is a promising concept especially
from the standpoints of safety, co-generation and
competitiveness [1].

An extensive HTR Fuel R&D Program sup-
ported by AREVA through its program called
ANTARES (AREVA New Technology for
Advanced Reactor Energy Supply) is in progress at
Commissariat a I’Energie Atomique (CEA). The
basis of this fuel development and qualification pro-
gramme is the design, fabrication and qualification
of a fuel which will fulfil the HTR requirements [2].
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The basic fuel unit of HTR is a PyC/SiC multi-
layer coating about 1 mm in diameter, composed
of a porous buffer layer and a SiC coating between
two very dense layers of PyC (design described in
[3]). The fuel particles are key elements of HTR
because they must ensure maximum confinement
to retain fission products (gases, cesium, silver,
etc.) during irradiation and under accidental condi-
tions. This work focuses on the SiC layer, which
is deposited from CH;SiCl; in a fluidized bed reac-
tor under H,. The SiC grain size is an important
parameter because of its significant effect on the
migration of metallic fission products. Grains must
be very fine to increase the density of grain bound-
aries and minimize the release into the coolant cir-
cuit. After neutron irradiation apparently ~90% of
the Ag would be released from a large columnar
SiC grain microstructure, whereas only ~30%
would be released in a smaller SiC grain microstruc-
ture [4].
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In the present study, electron back-scattering dif-
fraction (EBSD) was applied to characterize the SiC
microstructure. EBSD gives more accurate measure-
ments of the grain morphology than conventional
methods. Chemical etching coupled with observa-
tion by scanning electron microscopy (SEM) is also
routinely used (Fig. 1), but this method does not
always provide satisfactory results and is unable to
detect twins. Compared to transmission electron
microscopy (TEM), EBSD has the advantage of
gathering statistical data in a relatively short time.
EBSD can also determine the preferred crystal ori-
entations (texture) present in the SiC layer.

The EBSD technique is based on the diffraction
pattern that forms on a phosphor screen in the
SEM when electrons of the incident beam spread
beneath the sample surface in all directions, due to
elastic interactions (backscattered electrons). A pat-
tern of Kikuchi bands, characteristic of the crystal
structure and orientation is collected for each point
scanned by the electron beam.

The centerlines of the Kikuchi bands correspond
to the projection of the diffracting planes. Intersec-
tions of these bands correspond to crystal zone axis.
Data are acquired via a CCD camera and an auto-
mated routine is used to index the Kikuchi patterns.
The crystal orientation is calculated from the Kiku-
chi band positions using the Hough transform. A
complete description of the EBSD technique may
be found in a published comprehensive review [6].

The preparation of SiC samples for EBSD inves-
tigation is a crucial factor in obtaining Kikuchi pat-
terns of the highest quality. The fuel particle is

Fig. 1. SEM micrograph in cross section of a SiC layer of HTR
fuel particle after chemical etching [5].

embedded in epoxy resin and a diametral cross sec-
tion is mechanically polished. In order to minimize
the surface plastic damage (backscattered electrons
are generated from a depth of about 100 nm
beneath the sample surface), the cross section is
finally polished on colloidal silica. The sample is
then removed from the resin with a scalpel and
mounted in the SEM chamber so that the half
sphere polished surface is perfectly parallel to the
sample holder plane (i.e., normal to the electron
beam). This operation is relatively difficult to per-
form accurately.

Two samples designated A and B were used in
this work. On the first (A), the SiC layer was depos-
ited under standard conditions (a deposition tem-
perature around 1550 °C and a coating rate of
approximately 0.3 um/min); the second (B) was pre-
pared at a higher coating rate, producing a thicker
SiC layer with a different microstructure. The Kiku-
chi patterns obtained on these materials were
indexed using only the 3C-SiC phase.

EBSD boundary maps of each sample are shown
in Fig. 2. Superposing random colors on the band
contrast image (diffraction quality index) clearly
reveals the individual grains. Unindexed points are
shown in black. Their presence is sometimes
detected at grain boundaries where two patterns
from neighboring grains overlap. Another reason
for an unindexed area is a low diffraction pattern
quality due, for example, to inclusions, porosity or
plastic deformation.

In both cases, small equiaxial grains are observed
at the beginning of the SiC deposit. During growth,
grains become more elongated. When plotting the
grain fraction versus the ratio of the maximum
direction in x and y (grains are assumed to be ellip-
tical), great differences occur between the two histo-
grams (Fig. 3). In sample A, most grains are either
equiaxial or elongated with a ratio of two, whereas
sample B shows a homogeneous grain elongation
distribution.

Many SiC grains are twinned. X3 boundaries are
frequently detected, especially in sample B (Fig. 2).
This twin structure results when the stacking
sequence is abruptly reversed, e.g., {ABCBA}, by
a stacking fault. This corresponds to a 60° rotation
around a (1 11) common axis and is the most com-
mon twin structure in fcc crystals.

Twin boundaries are generally excluded during
grain measurements since the stacking fault forma-
tion in 3C-SiC is energetically favorable [7]. Twins
do not appear to have any significant effect on the
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Fig. 2. EBSD grain maps plotted by superposition of band contrast image and random colors. £3 boundaries are colored as black lines.

(a) Sample A. (b) Sample B. Growth occurs from bottom to top.
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Fig. 3. Distributions of grain elongation in samples A and B.
Grains are considered elliptic.

coating properties, and on the diffusion properties
in particular.

The crystallographic orientations of the grains
were analyzed using EBSD orientation mapping
and pole figures. Sample A exhibits a weak (111)
texture (Fig. 4(a)) which is reinforced during growth
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(b)

Fig. 4. Corresponding {111} pole figures for (a) sample A and
(b) sample B.

(Fig. 5). One (111) pole is exactly parallel to the
growth direction X,, normal to the particle. This
orientation is commonly observed in CVD SiC
deposits [8]. During the initial deposition stage,
grains grow in random directions from the energet-
ically most favorable {111} faces. This implies that
the grains may ultimately cease growing. The only
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Fig. 5. Orientation map of sample A showing the deviation
between the normal direction X, (growth direction) and the
nearest (111) axis, from red (0°) to blue (54°).

grains that can survive are the ones that grow
parallel with the others in the deposition direction.
In sample B, grains are randomly oriented
(Fig. 4(b)); this is consistent with a higher propor-
tion of X3 twins.

This work is the first EBSD investigation
reported on the SiC layer of HTR fuel particles.
The results obtained indicate that EBSD is a power-
ful tool for completely describing the microstructure
(grain morphology and orientation, special bound-
aries like X3, quantitative data on grains elongation,
etc.) directly on the whole layer. It thus provides
essential information concerning the SiC growth
mechanism. Hence, when an anomaly occurs in
the deposition process, it can easily be detected.

References

[1] M. Lecomte, Nucl. Eng. Des. 209 (2001) 233.

[2] P. Guillermier, M. Phelip, AREVA and CEA R&D Pro-
gramme on HTR fuel technology, in: Proceedings of ICAPP
’05, Seoul, Korea, May 15-19, 2005.

[3] H. Nickel, H. Nabielek, G. Pott, A.W. Mehner, Nucl. Eng.
Des. 217 (2002) 141.

[4] D.A. Petti, J. Buongiorno, J.T. Maki, R.R. Hobbins, G.K.
Miller, Nucl. Eng. Des. 222 (2003) 281.

[5] D. Helary, X. Bourrat, O. Dugne, G. Maveyraud, M. Perez,
P. Guillermier, Microstructures of silicon carbide and pyro-
carbons coatings for fuel particles for high temperature
reactors, in: Proceedings of the 2nd international topical
meeting on high temperature reactor technology, Beijing,
September 2004.

[6] F.J. Humphreys, J. Mater. Sci. 36 (2001) 3833.

[7] H. Iwata, U. Lindefelt, S. Oberg, P.R. Briddon, Mater. Sci.
Forum 389-393 (2002) 439.

[8] J. Chin, P.K. Gantzel, R.G. Hudson, Thin Solid Films 40
(1977) 57.



	EBSD investigation of SiC for HTR fuel particles
	References


