@ JAEA-Review

2012-047

Microstructure Observations and Positron Annihilation
Spectroscopic Measurements of ZrC Layers Fabricated

by Japan Atomic Energy Agency in Recent R&Ds

Jun AIHARA, Shohei UETA, Masaki MAEKAWA, Atsuo KAWASUSO and Kazuhiro SAWA

Small-sized HTGR Research & Development Division
Nuclear Hydrogen and Heat Application Research Center

February 2013

Japan Atomic Energy Agency | BARRT DHAZTRHFAEMKRE




AR VRN — MIMSZATBIEN B ARJE T FEBRA R 3 N e T H AT DR SR EE T
ARUR— FDOAFUCICEFEHEFAICET 2 BEWEDEIE, Titdb TUCBMuabETaw,
¥, ARUAR— N ORIFHAREF IR RS — 25— (http!/www.jaea.go.jp)

KO REIRLTHET,

IRNIATBOEN B AT I e WP IeEitiss I oesiilmag
T319-1195 ZKIRIRARETHR HGAT B 5 FIAR 2 2 i 4
Eah 029-282-6387, Fax 029-282-5920, E-mail‘ird-support@jaea.go.jp

This report is issued irregularly by Japan Atomic Energy Agency

Inquiries about availability and/or copyright of this report should be addressed to
Intellectual Resources Section, Intellectual Resources Department,

Japan Atomic Energy Agency

2-4 Shirakata Shirane, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195 Japan

Tel +81-29-282-6387, Fax +81-29-282-5920, E-mail:ird-support@jaea.go.jp

© Japan Atomic Energy Agency, 2013




JAEA-Review 2012-047

Microstructure Observations and Positron Annihilation Spectroscopic
Measurements of ZrC Layers Fabricated by Japan Atomic Energy Agency in
Recent R&Ds

Jun ATHARA, Shohei UETA, Masaki MAEKAWA "', Atsuo KAWASUSO"!

and Kazuhiro SAWA

Small-sized HTGR Research & Development Division,
Nuclear Hydrogen and Heat Application Research Center,
Japan Atomic Energy Agency,

Oarai-machi, Higashiibaraki-gun, Ibaraki-ken

(Received December 5, 2012)

TRISO coated fuel particle is used in high temperature gas-cooled reactors (HTGRs). SiC has
been used as the third layer, the most important coating layer, of TRISO coated fuel particle.
On the other hand, zirconium carbide (ZrC) coated fuel particles were fabricated in batch
scale of only a few tens of grams, and it was shown that thermal stability of ZrC coated fuel
particles was much higher than existing TRISO coated fuel particles, in previous studies.
Then from 2004 to 2008, Japan Atomic Energy Agency (JAEA) carried out R&Ds on ZrC
coating process with batch scale up to 200 g. In this report, we summarize some
characteristics of microstructures and positron annihilation spectroscopy (PAS) of ZrC layers
fabricated in R&Ds, in addition to outline of R&Ds process, already published in some papers.
KEYWORDS: High Temperature Gas-cooled Reactor, Coated Fuel Particle, Zirconium
Carbide, Microstructure, Positron Annihilation Spectroscopy
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1. Introduction

The high-temperature gas-cooled reactor (HTGR) is a type of nuclear reactor that utilizes
ceramic-coated UOz fuel particles such as tri-structural isotropic or so-called TRISO-coated
fuel?. A spherical UO:z 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 third 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 the fourth generation nuclear energy systems?. VHTR fuel needs to
be designed with excellent safety performance up to burn-up of about 15%—20% fissions per
initial metal atom (%FIMA) and fast neutron fluence of 6 x 1025 /m2 (E > 0.1 MeV). The fuel
particles with advanced coating will improve the performance of the VHTR, as they can
withstand higher temperatures and higher burn-up than existing TRISO-coated fuel
particles.

In studies performed in the early 1970’s and 1980’s at the Japan Atomic Energy Research
Institute (JAERI),which is now Japan Atomic Energy Agency (JAEA), 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. It should be noted that the coating process is carried out
with batch processing system. 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?.

The past studies demonstrated the possibility that ZrC coated fuel particles improve the
performance of the VHTR, as mentioned above, however, the batch scale should be enlarged
in order that ZrC coated fuel particles are fabricated commercially. Therefore, from 2004 to
2008, the Japan Atomic Energy Agency (JAEA) investigated the following four subjects
related to the ZrC coating layer.

(1) Fabrication technology of ZrC coated particles®19 with larger batch scale than the
past study.

(2) Inspection methods for ZrC-coating®.

(3) The irradiation effects of ZrC-coated particles!1'13),

(4) Calculation code development for the prediction of failure probability of ZrC coated

fuel particles under irradiation!?.
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Subject (1) is the most important in the four subjects and the foundation of subjects (2)
and (3). Various reports, covering the whole R&D process of subject (1), have been published.
Then, in this report, we first summarize outline of subject (1) in some papersé19 to report the
process and goals of subject (1). Next, we summarize some detailed characteristics of ZrC
layers of some important batches51® which were ranked as the milestones in the R&D

process.

2. Outline of R&Ds of Fabrication Technology of ZrC Coated Particles

The most important target of this R&Ds was to develop the fabrication technology of ZrC
coated particles with reduced excess carbon with larger batch scale than the past study. Too
much excess carbon adversely affects the performance of the ZrC coating layers!®20), In
addition, ZrC-OPyC continuous coating was another target of the R&Ds. The failure of the

coating layers with handling can be avoided with continuous coating.

2.1 Coating Procedure

2.1.1 Feed Particles

The feed particles with a diameter of approximately 0.8 mm were spherical inner high
density pyrolytic carbon (IPyC)-coated stabilized zirconia with a diameter of approximately
0.72 mm!517, The surface of the feed particles was high density pyrolytic carbon (PyC,
because the ZrC layer needs to be coated on PyC in a practical process for the fuel particles.
The diameter of the zirconia and the thickness of the IPyC layer were set to match those of
particles with UO2 kernels to be deposited with ZrC layers!5-17. This was because the state of
fluidization depends on the weight and diameter of the particles. As well as this, UOz 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 UO2 system.

2.1.2 Chemical Process?

In the previous study at the JAERI, some coating techniques of ZrC have been examined
by the chemical vapor deposition (CVD) using zirconium halide vapors such as iodide, chloride
and bromide in laboratory scale®. Then, it was found that the bromide process was preferred
to other halide processes experimentally, because it was easier to produce the stoichiometric

composition of ZrC.
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In the bromide process, the ZrC-coating layer is deposited with pyrolytic reaction of
zirconium bromide, CHs and Hz in a fluidizing bed. Main reactions of the bromide process can

be described as follows?:

[CH4] = (C) + 2[H2] (1
[ZrB ra] + [H2] — [ZrBrsl, [ZrBrz] + [HBr] (2
[ZrBrs] + (C) = (ZrC) + x[Br] (x=2,3,0r 4) 3)
[Br] + (1/2)[Hz] = [HBr] (4
(1/4) (C) + [HBr] = (1/4) [CHa4l + [Br] (5)

In cases of ZrC-OPyC continuous coatings, the OPyC layer is deposited with pyrolytic

reaction of propylene continuously after the ZrC deposition?.

2.1.3 Coating Equipment?

A new ZrC coater was constructed at Oarai Research and Development Center of JAEA as
shown in Fig. 1. The ZrC coater was designed with the maximum batch size of 200 g, which is
about ten times larger than the previous one in the JAERI.

The ZrC coater mainly consists of the gas supply equipment, the CVD coater, and the
off-gas combustion equipment. At the gas supply system, liquid bromine is vaporized with
argon as carrier gas at the temperature of 0 °C, and the bromine gas is introduced into the
CVD coater from the bottom. The mixed gas with methane and hydrogen is also transferred
into the coater. The CVD coater is composed of the lower and the upper heaters with in-line
configuration to motivate ZrC reaction described in Egs.(1)-(5). The introduced bromine gas
reacts with metallic zirconium sponge loaded in the lower heater, and then produces
Zirconium bromide gases at about 873 K. The upper heater has a particle fluidizing bed, and
ZrC is coated on the surface of the particle. The particles are heated with a high-frequency

coil. The off-gas treatment equipment treats soot, hydrogen bromide and hydrogen.

2.2 Outline of R&Ds Process

At the beginning of the R&Ds%18, ZrC coating temperatures were controlled by the
feed-back control of the power of high-frequency coil. Then the coating temperature was
oscillated in the range of 150 K with time cycles of 5 minutes or less. Then the circumferential
stripes reflecting its un-uniform microstructure were observed in the ZrC layer. ZrC layer of a
batch fabricated in this step was observed in detail, to clarify the effect of the oscillation of the
coating temperature on the microstructure of the ZrC layer (see subsec. 3.3.1).

In the next step, the control method of power of high-frequency coil was changed into
fixed-power, and then the ZrC layers with uniform microstructure were fabricated®. In this

step, the particle inventory was fixed to be 50 g and the material gas flow rates were fixed,

,3,
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and then ZrC deposition tests were carried out at various coating temperatures to find the
coating temperature for less excess carbon6®. The microstructures of the ZrC layers
fabricated in this step, including much excess carbon, were observed with TEM and STEM in
detail15.16, to obtain the knowledge on the microstructure of excess carbons in ZrC layers and
the effects of heat treatment on the excess carbons (see subsec. 3.3.2).

After the searching the deposition temperature for ZrC layer with less excess carbon,
batch scale was increased up to 100 g, and the material gas flow rates were optimized, and
then near stoichiometric ZrC layers were deposited in 100 g batch scale6.812),

With increasing batch scale, “white powder problem” arose®. The white powder, which
was considered to be ZrBrs, was produced during the coating process. More white powder was
produced as batch scale became larger or thicker ZrC layers were deposited, then the exhaust
pipe of the coater was stopped up with the white powder®. We resolved that problem as
follows®;

e A space was installed for the trapping the white powder, as shown in Fig. 2.

e A system for the depressurization in an emergency before the heaters of the coater

was added, as shown in Fig. 3.

In addition, it was clarified that ZrC was deposited not only on the particles but also on the
inner surface of the nozzle of the spout bed, and the inner diameter of the nozzle was
decreased with the deposited ZrC®. The deposition rates at the nozzle were increased with the
temperature at the nozzle. Then the coating temperature should be set in order that the
temperature at the nozzle is enough low, to avoid the harmful decrease in the inner diameter
of the nozzle. If the inner diameter of the nozzle is too small, the particles cannot be spouted.
The maximum permissible temperature at the nozzle would depend on the initial inner
diameter of the nozzle, batch scale and the deposition duration.

Then ZrC-OPyC continuous coating tests were carried out, after searching deposition
temperature for OPyC layers with adequate density by only-PyC coating tests?. It should be
noted that failure of the coating layers with handling can be avoided with continuous coating,
as mentioned above. We have succeeded to coat continuously the near stoichiometric ZrC
layer and the OPyC layer with the thicknesses up to about 27 and about 48 um, respectively,
in the batch scale of 100 g?. The coated particles with near stoichiometric ZrC and OPyC
layers are a goal in this R&Ds, as mentioned at the beginning of this chapter. The
microstructures of the ZrC layers fabricated in this step were observed with TEM and STEM
in detail'? before and after heat treatment, to obtain the knowledge on the microstructure of
the near stoichiometric ZrC layers(see subsec. 3.3.3). It should be noted that the practical ZrC
layers will be near stoichiometric.

As mentioned later (see subsec. 3.3.3), the microstructural observations clarified the

remained problem of quality of fabricated ZrC layers, then positron annihilation spectroscopic
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(PAS) measurements of various ZrC layers were carried out, because the remained problem
seemed to be related to vacancy defects in the ZrC layers, as mentioned layer (see sec. 3.4).

In the last stage of the R&Ds, batch scale was increased step by step, and then the ZrC
layers were deposited in 200 g batch scalel®. The ZrC coated particles in 200 g batch scale are
another goal in this R&Ds, as mentioned at the beginning of this chapter.

3. Microstructure Observations and PAS Measurements of ZrC Layers

3.1 Basic Data of Specimens

Basic data on coated particles for each batch reported in this paper are shown in Table 2,
with the summary of detailed characterization mentioned in secs. 3.3 and 3.4. Coating
procedures are described in the previous chapter.

The coated particles in batches other than batches D and I were annealed to study the
effects of the fuel compact sintering process on microstructure evolution in the particles6.17,
The heat treatment condition was set so as to simulate 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 2033 K for 1 h, before finally being cooled to room temperature (RT) at a cooling rate of
about 140 K/min.

3.2 Methods

3.2.1 Microstructural Observation!518

Cross-sectional TEM specimens of the ZrC layers were prepared by a focused ion beam
(FIB) micro sampling method using FB-2000A (Hitachi Co. Ltd) with 30 kV Ga ions. The
preparation was made without resin embedding for the polished cross section of the particles.

TEM observations were carried out at RT using HF-2000 (Hitachi, Co. Ltd.) and
JEM-2000FX for batch I and other batches, respectively. STEM observations were carried out
at RT using HD-2000 (Hitachi Co. Ltd.).

In scanning electron microscope (SEM) observation, coated particles were mechanically
crushed, and fractures in the coating layers were observed using S-3000N (Hitachi Co. Ltd,
Tokyo, Japan) at RT.
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3.2.2 PAS Measurements!?

A positron microbeam with a diameter of 10 um and energy of 20 keV was generated using
an apparatus based on a commercial SEM system featuring a 22Na source and a solid neon
moderator. The details of the apparatus were as described elsewhere2123, To evaluate the
quality of the ZrC layers, OPyC layers were removed from 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 pum. Doppler broadening of annihilation radiation (DBAR)
measurements was 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. All the S and W parameters were

normalized to those obtained for the powder specimen.

3.3 Results and Discussion

3.3.1 ZrC Layer Fabricated at the Beginning of R&Ds (Batch I)19

Dark-layered-structures, which elongated directions were roughly perpendicular to the
growth direction, were observed in a HAADF (high angle annular dark field) image (see Fig.
4(a)). Although, the dark-layered contrasts are not distributed uniformly, densely and thinly
assembled regions are layered roughly normal to the growth direction. It appears that the
stripes observed on the optical microscopic image reflects the non-uniform distribution of the
dark layered structure.

It seems quite reasonable to conclude that the dark contrasts appeared in the HAADF
image of the layered structure indicate that the average atomic number in the region was
smaller than that in the surrounding area. The EDX/STEM spectra showed that the ratio of C
peak to Zr peak is remarkably higher in the dark layered structure than in the surrounding
area. In addition, lattice fringes like carbon nanotubes?¥ were observed in the above
mentioned layered structure in a high resolution TEM image (see Fig. 4(b)). Therefore, we can
conclude that the layered structures are those consisting of free carbon.

The free carbon regions were lengthened mainly along the circumferential direction,
winding rectilinearly, and around 10 nm in width (see Fig. 4(a)). The fringes observed in the
free carbon region were also winding rectilinearly along with the free carbon region as seen in
Fig. 4(b). It is most probable, therefore, that the structure of the free carbon region is such
that c-plane is roughly parallel to its lengthened direction. The oscillated deposition

temperature can result in non-uniform distribution of the free carbon region because the

,6,
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stoichiometry of ZrC layer depends on the deposition temperatured. Accordingly, it is
important to improve the quality of ZrC coating layer to keep the deposition temperature
constant at an appropriate one.

In addition, the Br peak was detected only in the free carbon region, showing that Br was

segregated in the free carbon region.

3.3.2 ZrC Layer with Much Excess Carbon (Batch A)

(1) Before Heat Treatment!?

A number of laminar features were found by their bright contrast in a bright-field TEM
image (Fig. 5(a)). These appeared to be lattice fringes, similar to the free carbon region
observed in the ZrC layer of batch I, as shown in the previous section. It is therefore
reasonable to assume that these laminar features consisted of mainly free carbon. The free
carbon regions were distributed in the ZrC layer uniformly (in micrometer order) and quite
densely (Fig. 5(a)), reflecting the large C/Zr value (1.35) of this batch. The elongated direction
of the free carbon regions was undulated, as can be seen in Fig. 5(a), which showed that the
ZrC layer was deposited unevenly, resulting in a surface with no gloss.

It can be seen that the ZrC layer was bound to the IPyC layer (Fig. 5(b)). The “fibrous
carbons” were formed on the IPyC/ZrC boundary and around the pores existing near the
boundary, as can be seen in Fig. 5(b). This structure would be turbostratic?? and corresponds

to the “tangled or fibrous structure” described in Pollmann et al.26).

(2) After Heat Treatment!®

Figures 6(a) and (b) show the HAADF images including the IPyC/ZrC boundary of the
TEM specimens before and after heat treatment, respectively. The dark contrast areas seen in
the ZrC layers correspond to voids or free carbons region. After heat treatment, the voids or
free carbons region changed to have a clod like feature with average sizes of 50 to 100 nm (Fig.
6(b)). They were distributed not randomly but, like roughly, lines, although the intervals of
them were increased after heat treatment. Moreover, the ZrC grains were slightly grown in
this area with heat treatment.

A TEM image of the clods of the free carbons or voids after heat treatment is shown in Fig.
7. The free carbons region or voids show a brighter contrast than the surrounding ZrC grains.
An aggregate feature of ribbons with widths of 5 to 10 nm was observed in each clod. The
c-plane contrast of carbons was found in each ribbon along the elongated directions. Each
ribbon would be free carbons. The free carbons region would have a sheet like shape with the

c axis roughly perpendicular to the thickness direction of the sheet before heat treatment, and

777
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would be swept out to ZrC grain boundaries due to the growth of the ZrC grains, keeping the
sheet like feature, though they became crumpled.
The turbostratic carbons were observed on the IPyC/ZrC boundary similar to those

observed before heat treatment.

3.3.3 Near Stoichiometric ZrC Layers (batches E, F, G and H)1?

3.3.3.1 Fracture Surfaces of Various Near Stoichiometric ZrC Layers

Fracture surfaces of the ZrC layers of batches E, F, G and H, with C/Zr ratios of nearly 1.0
(as shown in Table 2), were observed by SEM. Before heat treatment, the fracture surfaces of
the ZrC layers seemed to show columnar characteristics, but the outlines of the crystal grains
were not clearly identified in all batches, as shown in Figs. 8(a)-(d). After heat treatment, the
outlines of the ZrC crystal grains were clearly identified only in batches F and H, as shown in
Fig.s 8(e)-(h)17. This result shows that remarkable crystal grain growth occurred with heat
treatment only 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 Figs 8(f) and (g), in
spite of both having the same C/Zr ratio and ZrC density, as shown in Table 2. Then
TEM/STEM observations were carried out on batches F and G to investigate the cause of the

difference in the microstructural change with heat treatment.

3.3.3.2 ZrC Layers in which Remarkable Crystal Growth Occurred (Batch F)

(1) Before Heat Treatment

Figure 9(a) shows a HAADF image of the ZrC layer near the surface of the layer. The
electron diffraction image in this figure 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 to 100 nm and 200 to 600 nm,
oriented parallel to the circumferential and growth directions, respectively (Fig. 9(a)). The
normals of the (110) plane of ZrC grains were oriented towards the growth direction, as shown
in the electron diffraction image in Fig. 9(a). Only very few dark regions, corresponding to
voids or free carbon regions, were distributed in the ZrC layer, as shown in Fig. 9(a).

Figure 9(b) 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 columnar) in shape and
their mean size was about 100 nm. IPyC and ZrC were bound to each other, as shown in Fig.
9(b). No peculiar structure including turbostratic carbon, as observed in the case of batch A

(Fig. 5(b)), was observed in the boundary region.
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(2) After Heat Treatment

The region including the IPyC/ZrC boundary was observed after heat treatment, as shown
in Fig. 10. 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. There was also a region where relatively small (maximum 1 um)
grains were distributed near the arrow in Fig. 10. The preferred orientation of the ZrC grains
was not clarified from the electron diffraction. Pores were observed on the grain boundaries,
as shown in Fig. 10.

A partially detached IPyC/ZrC boundary was found, as shown in Fig. 10. No peculiar
structure 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. 10.

3.3.3.3 ZrC Layers in which Remarkable Crystal Growth did not Occur (Batch G)

(1) Before Heat Treatment

Figure 11 shows a HAADF image of the ZrC layer near the surface of the layer. The
electron diffraction image in Fig. 11 was taken by TEM. The normals of the (200) plane of ZrC
grains were diffusely oriented towards the growth direction, as shown in the electron
diffraction image in Fig. 11. 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 appeared to be around 100 nm
and 250 to 300 nm, oriented parallel to the circumferential and growth directions, respectively,
as shown in Fig. 11. The dark regions, corresponding to voids or free carbon regions, were

distributed in lines roughly perpendicular to the growth direction.

(2) After Heat Treatment

Figure 12 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. 12.

The preferred orientation of the ZrC grains was not clarified from the electron diffraction.
Pores were observed on the grain boundaries, as shown in Fig. 12. A relatively large pore was

found to include carbons, as shown with the arrow in Fig. 12.
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3.3.3.4 Difference in Microstructures of ZrC Layers of Batches F and G17

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
Fig. 13. It would be reasonable to assume that the free carbons or voids hindered ZrC crystal
growth with heat treatment in batch G.

ZrC layers with a smaller grain size may be inferior to those with a larger grain size in
their 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.

In addition, the type of crystallographic orientation of the ZrC grains were different from

in these two batches, as shown in electron diffractions in Figs. 13(a) and (b).

3.3.4 PAS Measurements of Various ZrC Layers!?

There is a possibility that many more free carbons or voids are distributed in the ZrC
layer of batch X than in that of batch Y, in spite of both having the same C/Zr ratio and ZrC
density, as the ZrC phase has a large composition range in carbon-poor regions. (Batches X
and Y are not specific batches) That is to say, there is a possibility that,

v'  the ratios of free carbon to the total carbon differ in the two ZrC layers,
v"and/or, vacancy densities in ZrC phase differ in two ZrC layers,
in spite of both having the same C/Zr ratio and ZrC density. We, therefore, carried out PAS
measurement of various ZrC layers, including near stoichiometric ZrC layers of the above
mentioned four batches, because PAS characteristics is very sensitive to vacancy density.

Figure 14 shows the S and W parameters obtained through DBAR measurements of the
ZrC layers in various batches before heat treatment, as listed in Table 2. 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 parameters. The other included batches E, F, G
and H with C/Zr of around 1.0, exhibiting lower S and higher W parameters. In the latter
group, moreover, batches F and H, in which remarkable ZrC grain growth was observed by
SEM as shown in Figs 8(f) and (h), 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 different to each other even though the C/Zr ratios and the material
densities for these specimens were nearly the same as shown in Table 2.

Although the C/Zr ratio and density of the ZrC layers of batches E, F, G and H were
similar, as shown in Table 2, remarkable differences were observed in the microstructures of

these layers after heat treatment, as shown in Fig. 8(e)-(h). It should be noted that batches F
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and G were fabricated under similar conditions and that the C/Zr ratio and density of the ZrC
layers were estimated to be same.

The FP retention performance and mechanical properties of the ZrC layers appears to
depend strongly on microstructure after heat treatment, including ZrC grain size. Thus, the
quality of the ZrC layers of the coated fuel particles must be controlled to give the
microstructure of the ZrC layer desirable 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.

On the other hand, there is a clear correlation between the microstructure of ZrC layers
after heat treatment and the S and W parameters of the ZrC layers before heat treatment (Fig.
14). 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 PAS. In
addition, specimen preparation for PAS is much easier than that for TEM/STEM observation.
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.

4. Summary

We had carried out the R&Ds of fabrication technology of ZrC coated particles to improve
performance of VHTR, at JAEA from 2004 to 2008.

(1) At the beginning of the R&Ds, ZrC coating temperatures were controlled by the
feed-back control of the power of high-frequency coil. Then the coating temperature
was oscillated. The oscillated deposition temperature resulted in non-uniform
distribution of the free carbon region in ZrC layer.

(2) After the stabilization of the coating temperatures, the ZrC deposition tests were
carried out at various coating temperatures to find the coating temperature for less
excess carbon. The microstructures of the uniform ZrC layers with much excess carbon,
fabricated in this step, were observed to obtain the knowledge on the microstructure of
excess carbons in ZrC layers and the effects of heat treatment on the excess carbons.

o The free carbon regions, with laminar features, were distributed in the ZrC layer
uniformly and quite densely.
e After heat treatment, the free carbons region changed to have a clod like feature.

(3) Coating continuously near stoichiometric ZrC and OPyC layers in the batch scale of
100 g was succeeded, after the material gas flow rates were optimized. The coated

particles with nearly stoichiometric ZrC and OPyC layers are a goal in this R&Ds.

,11,



JAEA-Review 2012-047

oIt was, however, clarified that remarkable growth in ZrC crystal grains occurred
in one batch (batch F) but not in another batch (batch G) by heat treatment, in
spite of both having the same C/Zr ratio and ZrC density by SEM observation.
oTEM/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.
(4) PAS measurement of various ZrC layers, including batches F and G, was carried out
because PAS characteristics are very sensitive to vacancy density. There is a
possibility that vacancy densities in ZrC phase differ in the ZrC layers of the above
mentioned batches F and G, in spite of both having the same C/Zr ratio and ZrC
density.
eThere was a clear correlation between the microstructure of ZrC layers after
heat treatment and the S and W parameters of ZrC layers before heat treatment.
eThen, PAS might 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.
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Table 1 Materials and the roles of each coating layer

Coating layer

Material

Role

Buffer layer

Low density

pyrolytic carbon

Plenum for gases

(gaseous fission products, CO gas)

Inner pyrolytic

carbon (IPyC) layer

High density

pyrolytic carbon

eRetaining gases
eProtest UO:z kernel from material gas

during deposition of the third layer

The third layer Silicon carbide eMain structural layer
(SiC) e Barrier for metallic fission products
Outer pyrolytic High density Cushion for the third layer

carbon (OPyC) layer

pyrolytic carbon
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Fig. 4(1/2) TEM/STEM images of ZrC layer of batch I'®, (a) HAADF image ZrC layer.
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Growth direction

Fig. 4(2/2) TEM/STEM images of ZrC layer of batch I'®, (b) high resolution TEM image of free

carbon region.
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Fig. 5(1/2) TEM images of ZrC layer of batch A before heat treatment!?, (a) bright field image
of ZrC layer,
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Fig. 5(2/2) TEM images of ZrC layer of batch A before heat treatment!?, (b) bright field image
of IPyC/ZrC boundary region.
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Fig. 6 HAADF images of ZrC layers of batch A9, (a) before heat treatment, (b) after heat

treatment.
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Fig. 7 TEM image of clod of free carbon in batch A after heat treatment16.
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Fig. 8(1/2) SEM images of fracture surfaces of near stoichiometric ZrC layers before and after
heat treatment, (a) E batch (before heat treatment), (b) F batch (before heat
treatment), (¢) G batch (before heat treatment), (d) H batch (before heat treatment).
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Fig. 8(2/2) SEM images of fracture surfaces of near stoichiometric ZrC layers before and after
heat treatment, (e) E batch (before heat treatment)1?, (f) F batch (after heat
treatment)1?, (g) G batch (after heat treatment)1?,
(h) H batch (after heat treatment) 17.

_27_



JAEA-Review 2012-047

Fig. 9(1/2) TEM/STEM images of ZrC layer of batch F before heat treatment!?, (a) HAADF

image of ZrC layer (electron diffraction image was taken with TEM).
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250 nm

Growth direction

Fig. 9(2/2) TEM/STEM images of ZrC layer of batch F before heat treatment!?, (b) IPyC/ZrC

boundary region.
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Fig. 10 TEM image of ZrC layer of batch F after heat treatment!?.
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Fig. 11 HAADF image of ZrC layer of batch G before heat treatment (electron diffraction
image was taken with TEM)17,
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Fig. 12 HAADF image of ZrC layer of batch G after heat treatment!?.
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growth direction

Fig. 13 HAADF images of ZrC layers before heat treatment!?, (a) batch F, (b) batch G.
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Fig. 14 S and W parameters on surface of ZrC layers of various specimens before heat
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