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The Japan Atomic Energy Agency (JAEA) has started to
study and develop zirconium carbide (ZrC)-coated fuel parti-
cles for advanced high-temperature gas-cooled reactors. The
ZrC-coated particles have been fabricated at JAEA and
then heat-treated to investigate the effects of the fuel com-
pact sintering process. Remarkable ZrC crystal grain growth
occurred in one batch, but not in another, in spite of both
having the same C/Zr ratio and ZrC density. TEM/STEM
observation of the specimens before heat treatment clarified
that considerably more free carbons or voids, which would be
expected to hinder the grain growth of ZrC with heat treat-
ment, were distributed in the ZrC layer in the batch in
which the remarkable ZrC crystal grain growth did not
occur than in the other batch. Differences between these
batches, which could not be detected by estimating the C/Zr
ratio or the ZrC density, could be detected with positron
annihilation spectroscopy (PAS). This result indicates that
there is a possibility that PAS can be applied for quality
control for ZrC-coated fuel particles in the future, as prepar-
ing specimens for PAS is much easier than for TEM/STEM
observation. Moreover, PAS is much more suitable than
microstructural observation for quantitative estimation. Char-
acterization of defects detected with PAS would be the next
step in this process for the investigation of the feasibility of
the application of PAS to the quality control of ZrC-coated
fuel particles.

L

HE high-temperature gas-cooled reactor (HTGR) is a
type of nuclear reactor that utilizes ceramic-coated UO,
fuel particles such as tri-structural isotropic or so-called
TRISO-coated fuel.! A spherical UO, kernel is covered
with a buffer layer, which is in turn covered with an inner
high-density pyrolytic carbon (IPyC) layer. The IPyC layer is
again covered with a third layer, for which SiC has
been used. The 3rd layer is finally covered with an outer
high-density pyrolytic carbon (OPyC) layer. The overall
diameter of the TRISO-coated fuel is around 0.9 mm. The
materials and roles of each coating layer are described in
Table 1.
The very high-temperature gas-cooled reactor (VHTR), a
type of HTGR, is one of the most promising candidates for
fourth generation nuclear energy systems. VHTR fuel needs

Introduction

A. Zangvil—contributing editor

Manuscript No. 28928. Received November 17, 2010; approved July 06, 2011.
TAuthor to whom correspondence should be addressed. e-mail: aihara.jun@jaea.go.jp.

4516

to be designed with excellent safety performance up to a
burn-up of about 15%-20% fissions per initial metal atom
(%FIMA) and a fast neutron fluence of 6 x 10%°/m?
(E > 0.1 MeV). The use of fuel particles such as those
processed with advanced coating would improve the perfor-
mance of the VHTR, as they can withstand higher tempera-
tures and higher burn-up than existing TRISO-coated fuel
particles.

In studies performed in the early 1970s and 1980s at the
Japan Atomic Energy Research Institute (JAERI, forerunner
of the Japan Atomic Energy Agency), zirconium carbide
(ZrC)-coating conditions® for obtaining uniform structures
and stoichiometry were successfully acquired. This was
achieved by using a small-scale coating method involving
only a few tens of grams per batch and a ZrC-coated
fuel particle, resulting in the successful fabrication of a ZrC-
coating layer. These studies demonstrated that ZrC-coated
fuel particles possess much higher temperature stability than
existing TRISO-coated fuel particles.® In addition, the ZrC-
coating layer has been found to have higher resistance to Pd
corrosion than a SiC-coating layer.*

Between 2004 and 2008, the Japan Atomic Energy Agency
(JAEA) investigated the following three subjects related to
the new coating layer.

1. A ZrC-coating process involving u}g to 200 g per batch
scale with reduced excess carbon.”™ It should be noted
that too much excess carbon adversely affects the per-
formance of the ZrC-coating layer.”'°

2. Inspection methods for ZrC-coating. A method of
evaluating the C/Zr ratio and ZrC density’ has been
developed for quality control of the ZrC layer.

3. The irradiation effects of ZrC-coated particles.

The authors have already reported on some characteristics
of the microstructure of ZrC layers with various C/Zr ratios,
including IPyC/ZrC boundary regions'' and the effects of
heat treatment on the above-mentioned characteristics.'? It
should be noted that as fuel particles are usually mixed with
powder graphite, etc., before being sintered into fuel
compacts, it is quite significant to study the effects of heat
treatment in a way that imitates the thermal history of the
sintering process.

In this study, the authors first report on the characteristics
of the microstructure of ZrC layers with a C/Zr ratio of
nearly 1.0, as fabricated by JAEA in the above-mentioned
project, and the effects of heat treatment on those character-
istics. Next, the authors report on the results of experiments
in positron annihilation spectroscopy of various ZrC layers,
including the above-mentioned nearly stoichiometric ZrC lay-
ers. Finally, the authors discuss problems with the quality
control of ZrC layers, which were clarified with the above-
mentioned characteristics of the microstructure of nearly
stoichiometric ZrC layers.
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Table I. Materials and the Roles of Each Coating Layer

Coating layer Material Role

Buffer layer Low density Plenum for gases

pyrolytic (gaseous fission
carbon products, CO gas)
Inner pyrolytic High density Retaining gases; Protest
carbon (IPyC) pyrolytic UO, kernel from
layer carbon material gas
during deposition
of the third layer
The third layer Silicon Main structural layer;

Barrier for metallic
fission products

Cushion for the third
layer

carbide (SiC)

Outer pyrolytic
carbon (OPyC)
layer

High density
pyrolytic
carbon

II. Experimental Procedure

(1) Fabrication of Coated Particles and Heat Treatment

(A) Fabrication of Coated Particles: Basic data on
coated particles for each batch reported in this study are
shown in Table II.

The samples used were ZrC-coating layers deposited at
JAEA on feed particles,'""!? except in batch H. The feed par-
ticles with a diameter of approximately 0.8 mm were spheri-
cal IPyC-coated stabilized ZrO, with a diameter of
approximately 0.72 mm.""'? The surface of the feed particles
was PyC, because the ZrC layer needs to be coated on PyC
in a practical process for the fuel particles. The diameter of
the ZrO, and the thickness of the IPyC layer were set to
match those of Particles with UO, kernels to be deposited
with ZrC layers.'!'!? This was because the state of fluidiza-
tion depends on the weight and diameter of the particles. In
addition to this, UO, kernels are isolated from the material
gas of ZrC with an IPyC layer, and as such, the state of
deposition obtained is transferable to a real UO, system. For
batch H, alumina kernels were used instead of ZrO, kernels
to reduce radioactivity after irradiation tests with nuclear
reactors.

The ZrC-coating layers were made via chemical vapor
deposition (CVD) using the bromide process.'® In the bro-
mide process, the ZrC-coating layer is deposited through a
pyrolytic reaction of zirconium bromide, CH4 and H, in a
fluidizing bed. The main reactions in the bromide process
can be described as follows*:
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[ZrBry] 4+ (C) = (ZrC) + x[Br](x = 2,3, or4) (3)
[Br] + (1/2)[H,] = [HB1] )
(1/4)(C) + [HBr] = (1/4)[CH4] + [Br] ()

OPyC layer deposition was carried out continuously after
ZrC deposition for batches F and G, via pyrolysis of propyl-
ene at about 1700 K.°

The deposition temperature was kept almost constant by
keeping the heater power constant. However, the tempera-
ture varied by about 80 K locally in the fluidized bed.

(B) Heat Treatment. The coated particles in batches
other than batch D were annealed to discover the effects of
the fuel compact sintering process on microstructure evolu-
tion in the particles. The heat treatment condition was set so
as to imitate the thermal history of the fuel compact sintering
process for the High Temperature Engineering Test Reactor
(HTTR) at JAEA. First, the coated particles were heated in
a vacuum at a rate of about 200 K/min. They were then kept
at around 2073 K (2033 K) for 1 h, before finally being
cooled to room temperature (RT) at a cooling rate of about
140 K/min. The microstructure of the coating layer of batch
A before and after heat treatment has been reported in
refs. 11 and 12, respectively.

(2) Microstructural Observation

(A) Scanning Electron Microscope Observation of Frac-
tured Coating Layers: Coated particles were mechanically
crushed, and fractures in the coating layers were observed
using S-3000N (Hitachi Co. Ltd, Tokyo, Japan) at RT.

(B) Transmission Electron Microscope and Scanning
TEM Observation: Cross-sectional transmission electron
microscope (TEM) specimens of the ZrC layers of batches F
and G before and after heat treatment were prepared by a
focused ion beam (FIB) micro sampling method using FB-
2000A (Hitachi Co. Ltd) with 30 kV Ga ions. The prepara-
tion was made without resin embedding for the polished
cross section of the particles.

TEM and scanning TEM (STEM) observations were car-
ried out at RT using JEM-2000FX (JEOL Ltd., Tokyo,
Japan) and HD-2000 (Hitachi Co. Ltd.), respectively.

(3) Positron Annihilation Spectroscopy
A positron microbeam with a diameter of 10 um and energy
of 20 keV was generated using an apparatus based on a com-

[CH4] = (C) + 2[H,] ) mercial scanning electron microscope (SEM) system featuring
a ??Na source and a solid neon moderator. The details of the
apparatus were as described elsewhere.'>™'* To evaluate the
[ZrBry] + [Ho] — [ZrBr3], [ZrBr,] + [HBr] @ quality of the ZrC layers, OPyC layers were removed from
Table II. Basic Data of Each Specimen
Nominal ZrC deposition Density of ZrC
Batch code Batch No. temperature (K) C/Zr ratio (g/em?) Note
A ZrC-06-2003" 1769'2 1.35%12 6.01%:12 Reported in Refs. 11 and 12
D ZrC-06-2005" 1723 1.36 6.15%
E ZrC-06-2048" 1637 1.03* 6.50%
F ZrC-07-3002 1632 1.03* 6.52% With OPyC layer
G ZrC-07-3010" 1627 1.03* 6.52% With OPyC layer
H ZrC-Al-2001" 1557 1.05* 6.52%

Particles on which ZrC layer was deposited were zirconia kernel with IPyC layer'? for batch A to G, alumina kernel with IPyC layer for batch H.
*Evaluated by the infrared light absorption during combustion in oxygen and by the inductively coupled plasma-atomic emission spectrometry (ICP-AES).®
SEvaluated by the gas pycnometer method.®
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all particle specimens. The positron microbeam was then
aimed at the ZrC layers. The average implantation depth of
positrons was estimated to be 0.8 um. Doppler broadening
of annihilation radiation (DBAR) measurements were carried
out using a high-purity Ge detector with an energy resolution
of 1.4 keV at 511 keV. DBAR spectra were characterized by
S and W parameters, defined as the spectrum peak and tail
area intensities, respectively. These energy windows were
510.19-511.8 and 512.28-519.52 keV. Powdered ZrC with a
purity of 99% and an average particle size of 45 um was
used as a reference specimen because it exhibited the lowest
S and the highest W parameters compared with the ZrC lay-
ers prepared in this study. All the S and W parameters were
normalized to those obtained for the powder specimen.
Generally, S and W parameters are proportional to the
annihilation probabilities of positrons with valence and core
electrons, respectively. Hence, the S parameter increases
(W parameter decreases) when positrons are trapped at
vacancy type defects due to an increase (decrease) in annihi-
lation probability with valence (core) electrons. Thus,
vacancy type defects are detected from the increase (decrease)
in the S (W) parameter.

III. Results

(1) Microstructural Observation

(A) SEM Observation of Fractures in the Coating
Layers:  Fracture surfaces of the ZrC layers of batches E to H,
with C/Zr radios of nearly 1.0 (as shown in Table II), were
observed by SEM. Before heat treatment, the fracture sur-
faces of the ZrC layers seemed to show columnar characteris-
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tics, but the outlines of the crystal grains were not clearly
identified in all batches. After heat treatment, the outlines of
the ZrC crystal grains were clearly identified only in batches
F and H, as shown in Fig. 1. This result shows that remark-
able crystal grain growth only occurred with heat treatment
in batches F and H. It should especially be noted that
remarkable growth in ZrC crystal grains occurred in
batch F, but not in batch G, as shown in Fig. 1, in spite of
both having the same C/Zr ratio and ZrC density, as shown
in Table II.

(B) TEM|STEM Observation: The ZrC layers of the
above-mentioned batches F and G were observed with TEM
and STEM. The results of the TEM/STEM observation are
summarized in Table III.

(a) Batch F: Before heat treatment: Figure 2(a) shows
a STEM bright field image of the ZrC layer near the surface
of the layer. The electron diffraction image in Fig. 2(a) was
taken by TEM. ZrC grains were columnar in shape in the
ZrC-coating layer near the surface of the ZrC layer; the
average sizes of the ZrC grains were around 50-100 and 200—
600 nm, oriented parallel to the circumferential and growth
directions, respectively [Fig. 2(a)]. The normals of the (110)
plane of ZrC grains were oriented toward the growth direc-
tion, as shown in the electron diffraction image in Fig. 2(a).
Figure 2(b) shows a high-angle annular dark field (HAADF)
image of the same region as Fig. 2(a). Only very few dark
regions, corresponding to voids or free carbon regions,'® were
distributed in the ZrC layer, as shown in Fig. 2(b).

Figures 2(c) and (d) show TEM images of the region
including the IPyC/ZrC boundary. In the vicinity of the
IPyC/ZrC boundary, the ZrC grains were granular (not

Fig. 1. SEM images of fractured coating layers after heat treatment, (a) E-batch, (b) F-batch, (c) G-batch, (d) H-batch.

Table IIIl. Summary of TEM/STEM Observation of ZrC Layers

Before heat treatment

After heat treatment

Batch F *Size and shape of ZrC grains
—Near surface
Columnar (50-100 x 200-600 nm)
—Near IPyC/ZrC boundary
—granular (~100 nm)
—some grains were relatively large (~1 pum)
and granular

*Orientation: Normals of (110)//growth direction

(near surface)

*Very few voids or carbons

*Size and shape of ZrC grains (near surface)
Columnar (~100 x 250-300 nm)

Batch G

*QOrientation: Normals of (200) were diffusely oriented

to growth direction (near surface)
*Voids or carbons were distributed

*Size and shape of ZrC grains
—Remarkable ZrC grain growth was observed
max 5 pm (not columnar)
—relatively small (~1 pwm) grains were
distributed in a region
*QOrientation: not clarified
*Pores were observed on grain boundaries

*Size and shape of ZrC grains: ZrC grain growth
was observed
max 1 pm (not columnar)
*QOrientation: not clarified
*Pores were observed on grain boundaries
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Fig. 2. TEM/STEM images of cross section of coating layer of F-batch before heat treatment, (a) STEM bright field image near surface of ZrC
layer (electron diffraction image was taken with TEM), (b) HAADF image corresponding to (a), (c) TEM bright image including IPyC/ZrC

boundary, (d) enlarged image near arrow in (c).

columnar) in shape and their mean size was about 100 nm.
The shapes of the ZrC grains tended to be elongated in
regions where the distance from the boundary was more than
3 um. However, the preferred orientation was not clarified,
as shown in the electron diffraction image in Fig. 2(c). Some
grains were relatively large (about 1 um) and granular
around 5 pm from the boundary. The structure of the
boundary was very similar to that of batch C,'' of which the
C/Zr ratio was 1.11. IPyC and ZrC were bound to each
other, as shown in Fig. 2(d). No peculiar structure including
turbostratic carbon, as observed in the case of C/Zr = 1.35
(batch A),"" was observed in the boundary region.

After heat treatment: The region including the IPyC/ZrC
boundary was observed after heat treatment, as shown in
Fig. 3(a). Remarkable ZrC grain growth occurred with heat
treatment, except in the vicinity of the boundary. The ZrC
grains were not columnar in shape and the size of the ZrC
grains was about 5 um at most. From the SEM image of the
fracture in the coating layer, it is supposed that the maximum
ZrC grain sizes are larger near the surface of the ZrC layer
[Fig. 1(b)]. There was also a region where relatively small
(maximum 1 pm) grains were distributed near arrow b in
Fig. 3(a). The preferred orientation of the ZrC grains was not
clarified from the electron diffraction, because only a small
number of grains were included in the TEM specimen. Pores
were observed on the grain boundaries, as shown in Fig. 3(a).
In addition, a carbon region was observed on the grain bound-
ary, as shown in Fig. 3(b). It is not clear whether the carbon
was part of the IPyC layer or whether the free carbon was

swept out to the grain boundary due to ZrC grain growth, as
observed in the heat-treated batch A specimen.!?

A partially detached IPyC/ZrC boundary was found, as
shown in Figs. 3(a) and (c). No peculiar structure containing
standing fibrous carbons, as observed in the case of C/Zr = 1.11
(batch C) after heat treatment,'? was observed in the boundary
region. The ZrC grains were around 300 nm in size and rather
small on the IPyC/ZrC boundary, as shown in Fig. 3(c).

(b) Batch G: Before heat treatment: Figure 4(a) shows
a STEM bright field image of the ZrC layer near the surface
of the layer. The electron diffraction image in Fig. 4(a) was
taken by TEM. The normals of the (200) plane of ZrC grains
were diffusely oriented toward the growth direction, as
shown in the electron diffraction image in Fig. 4(a). The
orientations appeared similar to those observed in batch
C (C/Zr = 1.11)."" ZrC grains were columnar in shape in the
ZrC-coating layer near the surface of the ZrC layer; the aver-
age sizes of the ZrC grains appeared to be around 100 nm
and 250-300 nm, oriented parallel to the circumferential and
growth directions, respectively, as shown in Fig. 4(a). It is
difficult to estimate the length of the columnar grains unless
the longitude direction of the grain and the normal of the
specimen’s cross section are perpendicular to each other.
Nevertheless, the average length of the grains should in fact
be shorter in batch G than in batch F, due to the diffuse
orientation of the normals of the (200) plane.

Figure 4(b) shows a HAADF image of the same region as
Fig. 4(a). The dark regions, corresponding to voids or free
carbon regions,'® were distributed in lines roughly perpendic-
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growth direction

Fig. 3. TEM images of cross section of coating layer of F-batch
including IPyC/ZrC boundary after heat treatment, (a) TEM bright
image, (b) enlarged image near arrow b in (a), (c) enlarged image
near arrow c in (a).

ular to the growth direction. It should be noted that small
free carbon regions (or voids) are buried in near stoichiome-
tric ZrC layers. Then it was impossible to distinguish free
carbons and voids by confirmation of the feature of the car-
bon'®'"" with TEM observation as well as carbon rich with
STEM/EDX in such regions.

After heat treatment: Figure 5(a) shows a HAADF image
of the ZrC layer near the surface of the layer. ZrC grain
growth occurred with heat treatment. Most of the ZrC grains
were not columnar in shape and the size of the grains was
about 1 pm at most, as shown in Fig. 5(a). ZrC layers with a
smaller grain size may be inferior to those with a larger grain
size in their fission product (FP) retention performance. In
addition, ZrC layers in G batch would not be mechanically
stronger than that in batch F in spite of the smaller grain
size than that in batch F, because the grain growth with heat
treatment was hindered by voids or free carbon, which is
much weaker than the ZrC matrix.

The preferred orientation of the ZrC grains was not clari-
fied from the electron diffraction. Pores were observed on the
grain boundaries, as shown in Fig. 5(a). The pores were not
distributed in lines roughly perpendicular to the growth
direction as observed in the heat-treated batch C,'? as shown
in Fig. 5(a). A relatively large pore was found to include car-
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bons, as shown in Fig. 5(b). This carbon is probably not part
of the IPyC layer because it was not near the IPyC/ZrC
boundary, but derives from free carbons swept out to the
ZrC grain boundary due to the growth of ZrC grains.'?

(2) Positron Annihilation Spectroscopy

Figure 6(a) shows the S and W parameters obtained through
DBAR measurements of the ZrC layers fabricated in various
batches before heat treatment, as listed in Table II. The ZrC
layers prepared in this study exhibited higher S and lower W
parameters compared with the reference powder ZrC speci-
men. This indicates the presence of vacancy type defects in
the ZrC layers; however, the vacancy type defects are not
identified yet. There were two clearly separated groups on
the S-W plane. One included batches A and D with a high
C/Zr ratio (1.35), exhibiting higher S and lower W parame-
ters. The other included batches E to H with C/Zr of around
1.0, exhibiting lower S and higher W parameters. In the lat-
ter group, moreover, batches F and H, in which remarkable
ZrC grain growth was observed by SEM as shown in Fig. 1,
gave rise to even lower S and higher W parameters. It is
interesting to note that the S and W parameters of the ZrC
layers fabricated in batches F and G were significantly differ-
ent from each other even though the C/Zr ratios and the
material densities for these specimens were nearly the same
as shown in Table II.

Figure 6(b) shows the S and W parameters of ZrC layers
fabricated in batches F and G before and after heat treatment.
Upon heating, the S and W parameters changed toward the
direction of the reference powder ZrC specimen, with similar
amounts for batches F and G. This indicates that commonly
included vacancy type defects in batches F and G were
annealed out at 2033 K. Meanwhile, the differences in S and
W parameters between batch F and G after heat treatment
were preserved during heat treatment. This implies that
vacancy type defects giving rise to a higher S (lower W) param-
eter of batch G were even retained at 2033 K.

IV. Discussion

Although the C/Zr ratio and density of the ZrC layers of
batches E to H were similar, as shown in Table II, remark-
able differences were observed in the microstructures of these
layers after heat treatment, a condition set to imitate the
thermal history of the fuel compact sintering process, as
shown in Figs. 1(a)—(d). It should be noted that batches
F and G were fabricated under similar conditions and that
the C/Zr ratio and density of the ZrC layers were estimated
to be the same.

TEM/STEM observation of the specimens before heat
treatment clarified that many more free carbons or voids
were distributed in the ZrC layer in batch G than in batch F,
as shown in Figs. 2(b) and 4(b), and that the types of crystal-

Fig. 4. TEM/STEM images of cross section of coating layer of G-batch before heat treatment, (a) STEM bright field image near surface of ZrC
layer (electron diffraction image was taken with TEM), (b) HAADF image corresponding to (a).
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Fig. 5. TEM/STEM images of cross section of coating layer of
G-batch after heat treatment, (a) HAADF image near surface of
ZrC layer, (b) enlarged TEM image near arrow in (a).

lographic orientation of the ZrC grains were different in
these two batches, as shown in Figs. 2(a) and 4(a). It would
be reasonable to assume that the free carbons or voids hin-
dered ZrC crystal growth with heat treatment in batch G.

The fission product retention performance and mechani-
cal properties (especially those related to plastic deforma-
tion) of the ZrC layers appears to depend strongly on
microstructure after heat treatment, including ZrC grain
size. The possibility should be noted that the ZrC layer
may deform plastically under irradiation.!” Thus, the qual-
ity of the ZrC layers of the coated fuel particles must be
controlled to give the microstructure of the ZrC layer desir-
able characteristics after the fuel compact sintering process.
This makes it clear that measurements of the C/Zr ratio
and ZrC density are not sufficient for quality control of the
ZrC layers.

Sufficient quality control may be possible by adding TEM/
STEM observation to the inspection subjects, but it is not
suitable for routine inspection of practical fuel particles,
owing to the difficulty in preparing specimens. SEM observa-
tion of fractured ZrC layers after heat treatment may be
applied for quality control of the ZrC layers, if the ZrC grain
were to grow to a size that can be estimated with SEM
observation. In any case, microstructural observation is not
very desirable as a subject of routine inspection of practical
fuel particles, owing to the difficulty in achieving quantitative
evaluation.

On the other hand, there is a clear correlation between the
microstructure of ZrC layers after heat treatment and the
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Fig. 6. S and W parameters on surface of ZrC layer, (a) various
specimens before heat treatment, (b) change with heat treatment on
F- and G-batches.

S and W parameters of the ZrC layers before heat treatment
[Fig. 6(a)]. It should especially be noted that differences
between batches F and G, which could not be detected by
estimating the C/Zr ratio and ZrC density, could be detected
with positron annihilation spectroscopy (PAS), as shown in
Fig. 6(b). In addition, specimen preparation for PAS is much
easier than that for TEM/STEM observation. Specimens for
PAS measurement of the surface of ZrC layers can be pre-
pared easily, for example, by crushing the coated particles
and picking up fragments without OPyC layers. Moreover,
PAS is much more suitable for quantitative evaluation than
microstructural observation. Thus, PAS might be suitable as
a method of quality control for ZrC-coated fuel particles.

On the other hand, the defects reflected to the S and W
parameters of the ZrC layers are not identified yet, as
mentioned above. Positron lifetime measurements and a com-
parison between DBAR and theoretical calculations would
be the next step for investigation of the feasibility of the
application of PAS to the quality control of ZrC-coated fuel
particles.

Although it would be reasonable to assume that free
carbons or voids hindered ZrC crystal growth with heat
treatment in batch G, as mentioned above, the following
important problems still remain.

1. Why were many more free carbons or voids distributed
in the ZrC layer in batch G than in batch F, in spite
of both having the same C/Zr ratio and ZrC density?

2. In addition, why did remarkable grain growth occur
with heat treatment in batch H, in spite of the larger
C/Zr ratio than in batch G?
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These problems may be related to the fact that the
ZrC phase has a large composition range in carbon-poor
regions.

V. Conclusions

ZrC-coated particles fabricated by JAEA, with C/Zr radios
of nearly 1.0, were annealed under a condition imitating the
thermal history of the fuel compact sintering process. SEM
observation of fractures in the coating layers revealed that
remarkable growth in ZrC crystal grains occurred with heat
treatment in some batches, but not in others. It should espe-
cially be noted that remarkable growth in ZrC crystal grains
occurred in batch F, but not in batch G, in spite of both
having the same C/Zr ratio and ZrC density. This makes it
clear that measurements of the C/Zr ratio and ZrC density
are not sufficient for quality control of ZrC layers because
the performance and properties of the ZrC layers must
depend strongly on the microstructure after heat treatment,
including the ZrC grain size. TEM/STEM observation of the
specimens before heat treatment clarified that many more
free carbons or voids, which would hinder ZrC crystal grain
growth with heat treatment, were distributed in the ZrC layer
in batch G than in batch F.

Finally, there is also a clear correlation between the
microstructure of ZrC layers after heat treatment and the
S and W parameters of ZrC layers before heat treatment.
It should especially be noted that differences between
batches F and G, which could not be detected by estimat-
ing the C/Zr ratio and ZrC density, could be detected with
PAS. PAS might therefore be suitable as a method of
quality control for ZrC-coated fuel particles, as preparing
specimens for PAS is much easier than for TEM/STEM
observation. Moreover, PAS is much more suitable for
quantitative evaluation than microstructural observation.
Characterizing the defects detected with PAS would be the
next step for the investigation of the feasibility of the
application of PAS to the quality control of ZrC-coated
fuel particles.
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