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Abstract
Characterization of fuel debris is required to develop fuel debris removal tools for

decommissioning Fukushima Daiichi nuclear power plant (1F). Especially, knowledge about
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the characteristics of molten core-concrete interaction (MCCI) product is needed because of
the limited information available at present. Samples from a large-scale MCCI test performed
under quenching conditions, VULCANO VW-UI1, by CEA were analyzed to evaluate the
characteristics of the surface of MCCI product generated just below the cooling water in 1F.
Four samples were selected from test sections at different locations, and the structure, crystal
structure, and Vickers hardness of the samples were analyzed. As a result, the characteristics
of the samples were found to be similar, despite the different locations of the test sections.
Several corium phases, such as cubic-(U,Zr)O> and tetragonal ZrO,, were detected by X-ray
diffraction (XRD), but concrete-based phases, such as the crystalline SiO> phase, were not
detected despite their detection by scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM-EDS) because the quantity of the SiO, phase was too small to be
measured using XRD. The Vickers hardness of each phase in these samples was higher than
that of previously analyzed samples in another VULCANO test campaign, VBS-U4. Based on
a comparison between MCCI product generated under quenching condition, such as VW-U1,
and gently cooled MCCI product, such as VBS-U4, the MCCI product generated under
quenching condition is more homogeneous, and its hardness is higher than that of the gently

cooled MCCI product.

Keywords: Fukushima Daiichi Nuclear Power Plant; MCCI; Fuel debris; Mechanical

properties; hardness; decommissioning; severe accident



1. Introduction

Fuel debris removal is one of the most important processes for decommissioning the
Fukushima Daiichi nuclear power plant (1F), as well as the Three Mile Island nuclear power
generation station, unit 2 (TMI-2). Estimation of the characteristics of fuel debris, such as
structure and mechanical and thermal properties, is required to develop fuel debris removal
tools and achieve efficient debris removal [1]. In the case of 1F unit 1, the molten core in the
reactor pressure vessel would have penetrated the bottom of the vessel and reacted with the
concrete in the primary containment vessel during the accident [2]. Although the
characteristics of the materials produced by molten core-concrete interaction (MCCI) must be
estimated, information about such products is limited because there was no MCCI in the
TMI-2 accident, and few analytical data pertaining to fuel debris samples picked up from
Chernobyl NPP (ChNPP) are available [3-5]. Moreover, the accident progression and concrete
composition of ChNPP are drastically different from those of 1F [2, 6]. On the one hand, the
characteristics of large-scale MCCI test products and corium-spreading test materials can be
useful for evaluating the characteristics of MCCI products. Nevertheless, the mechanical and
thermal properties of the samples were not measured because these samples were analyzed
from the viewpoint of evaluating accident progression [7-10].

For the abovementioned reasons, the VULCANO VBS-U4 large-scale MCCI test campaign
undertaken by CEA is selected because the experimental conditions in that campaign were
similar to the MCCI condition at 1F unit 1, and test samples are analyzed to evaluate the
characteristics of the 1F MCCI product [11]. On the other hand, although the upper part of the
MCCI product in 1F unit 1 could have reacted with cooling water and could have been
quenched, the quenching effect of cooling water on the MCCI product was not considered in
VULCANO VBS-U4. By contrast, the VULCANO VW-UI1 test campaign was performed to
validate the bottom-cooling system concept of molten core-concrete [12-13]. The molten

core-concrete in the test section is cooled by water at the bottom, and the surface of the test



section is cooled as well. This cooling phenomenon could approximate the quenching process
during MCCI in 1F, at least near the surface of molten core-concrete. In the present study,
samples obtained in the VW-UI test campaign are analyzed to obtain knowledge pertaining to
their characteristics such as millimeter- and micrometer-scale structure and mechanical

properties of quenched oxide materials.

2. Overview of quenched MCCI test and analytical method for test product
2.1. Quenched MCCI test condition and test scenario

The VULCANO VW-UI test was performed at CEA Cadarache in 2005 by using a
cylindrical zirconia crucible measuring 25 cm in diameter and 60 cm in height, and equipped
with a passive bottom cooling system comprising three concrete layers, namely, a 20-mm
-thick layer of sacrificial concrete composed of ferro-siliceous concrete, 30-mm-thick layer of
porous concrete, and structural concrete layer from the top to bottom. The porous concrete
layer is connected to the water piping system and filled with water to quench the molten
corium. The sacrificial concrete consisted of aggregates of a borosilicate glass with the
following average composition: SiO2 62.5%, B203; > 6%, Al,O3 > 5%, Na,O 14.5%, CaO 6%,
MgO 3.5%, TiO2 < 1%, Fe203 < 1%, KoO >1%, and other impurities < 0.5% [14]. The initial
corium load was 45 wt.% UOz, 19.3 wt.% ZrOa, 19.6 wt.% SiO2, 15.3 wt.% FeOx, 0.7 wt.%
Ca0, and 0.1 wt.% Al20s. This composition simulated the mixture of corium with a part of a
ferro-siliceous sacrificial concrete. Its liquidus temperature was approximately 2130 K, as
estimated using GEMINI2 thermodynamic equilibrium calculation software and NUCLEA
database version 10. This initial corium was heated using the VULCANO plasma arc furnace
to temperatures higher than 2000 K and poured into a zirconia crucible. The poured corium
was heated using an induction heating system installed around the zirconia crucible to
simulate decay heat until complete cooling was achieved.

Passive water injection from the porous concrete was started approximately 1 min



after the corium was poured, when the top layer of the sacrificial concrete was eroded. Then,
the injected water was evaporated, and it quenched the molten corium. The porous concrete
remained, and the molten corium was cooled permanently owing to water inflow from the
porous concrete. Finally, the molten corium solidified in less than 20 min, and thermocouples
installed in the sacrificial concrete indicated that 2 cm of sacrificial concrete was ablated
during the experiment. Other details of this experimental setup and test condition can be

found in [12].

2.2. Post-test situation and sample location

A simplified schema of a cut view of the VW-U1 spatial repartition, as observed
during dismantling of the VW-UI1 test section, is shown in figure 1. The product can be
classified roughly into two different regions: upper crust region and bulk of molten pool
region below the upper crust.

Four samples were selected to represent different interfaces or specific corium melt
compositions to cover a wide range of solidified corium materials according to local
compositions, spatial repartition, and melting/solidification history under MCCI conditions.
The approximate locations are listed below and shown in figure 1.

Sample A: Left side of upper crust
Sample B: Center of upper crust
Sample C: Right side of upper crust

Sample D: Inner region of molten pool

2.3. Post-test analysis method
Millimeter- and micrometer-scale structural observation and elemental analysis of the
samples were performed using a scanning electron microscope EVO HDISMA by Zeiss

equipped with an energy-dispersive X-ray spectroscope (SEM-EDS) SDD X-Max 50 by



Oxford Instruments. The cross sections to be analyzed were polished to a mirror finish.

Bulk density and apparent porosity of the samples were measured according to the
international standard ISO 5017:2013.

The crystal structures of the samples were examined with X-ray diffraction (XRD) by
using a Bruker D5000 X-ray diffractometer. Phase search was performed using the EVA
software and the International Center for Diffraction Data (ICDD) database PDF-2 Release
2003. In a few cases, it was necessary to change the lattice parameters from those used in the
above references to achieve a better fit. The fitted lattice parameters are given shown in the
results. Moreover, we show whether the phase detected in the samples has a major or a minor
contribution to the peak of the diagram. A phase with a minor contribution has a peak with an
amplitude smaller by approximately 20% than that of a major phase. Sometimes, we found it
difficult to verify the presence of a minor phase is present because of the overlap between
peaks. In this case, this minor phase was noted as dubious.

The micro Vickers hardness values of visually different phases in each sample were
measured using a DuraScan 50 (Emco-Test). The diamond print was read directly read and

converted into Vickers hardness. The load was 0.05 kgf.

3. Result
3.1. Structure and crystal structure
3.1.1 Sample A: left side of upper crust

A backscatter electron (BSE) image of the millimeter-scale entire-sample cross section
and mappings of each of the elements, namely, Fe, U, Zr, Si, Al, and O, are shown in figure 2.
The high intensity of a given color represents high content of the corresponding element in
figure 2(b). The sample is composed of three zones: a narrow central zone containing large
bubbles (approximately 0.3-1.2 mm) and two large side zones with a different microstructure

and composition. The upper-side zone contains small bubbles (a few hundred microns,



sometimes coalesced). The bottom-side zone contains only one large bubble (1 mm), and it
seems to be surrounded by large bubbles.

The microstructure of the left side of the bottom-side zone is shown in figure 3. Two
types of dark matrix phases containing mainly Si and Fe are confirmed: one is the blight
(dark) region denoted by 93 in figure 3, which has a eutectic-like microstructure; the second is
the dark-gray region comprising silicon-rich nodules of the order of a dozen microns and
denoted by 92 in figure 3. The Zr-rich phase, shown in bright-gray color and denoted by 94,
and U-rich phases, shown in white color and denoted by 95, are observed in the matrix as well.
These elemental fractions were determined by EDS analysis, and they are listed in table 1.

Similar microstructures and phases were found in the other bottom and upper zones in
sample A. Five main phases were detected in these zones:

A matrix of a Si- and Fe-rich oxide containing Na, Al, K, Zr, and U as minor elements.
Small precipitates of a Si- and Fe-rich oxide measuring a few microns in size, richer in Si,
Zr, and Ca than the matrix.

Si-rich oxide nodules of different size, such as 2—3 pum or 10-15 pm in some areas,
containing mainly Fe as the minor element.

U- and Zr-rich oxide phase, richer in Zr, containing small amounts of Fe, which
constitutes the main phase of the dendritic nodules in the matrix.

U- and Zr-rich oxide phase, richer in U, often precipitated at the edge or in the Zr-rich
oxide dendrites. It contains Fe and Si as well.

In the middle part of the sample, a few elements, namely, Al, Na, and Ca, were hardly
observed compared to the case in the upper and the bottom zones. The mass fractions of Zr
and U were significantly higher than those in the other zone. Phases similar to those in the
other zone were detected in this zone.

The bulk density, p», and apparent porosity, 7., of all samples are given in table 2. The

differences between both values among the samples were small. The bulk density represents



the mixture of the dense initial corium and the light melted sacrificial concrete, and the
apparent porosity represents the amount of voids in the sample. The fractions of the corium
phase and the concrete phase, and void volume are similar across samples.

In the XRD analysis, two cubic-(U,Zr)O; phases and two similar tetragonal-ZrO; were
detected as shown in figure 4(a) and given in table 3. According to the database, one phase of
cubic-(U,Zr)O2 should be (Uo.5,Zr0.5)O2 and the other one should be richer in Zr, based on its
smaller lattice parameter. However, considering the results of the SEM analysis, we assumed
that the actual uranium content of these phases is higher than that of the phases estimated
from XRD analysis. This discrepancy might be ascribed to the insertion of minor elements in

these phases, non-exact stoichimiometry of O, and errors in the database.

3.1.2 Sample B: center of upper crust

A general view of the millimeter-scale sample cross section in the form of BSE
micrographs is shown in figure 5. The sample is rather homogeneous, and dendrites of corium
phases are shown in white color. Many small bubbles, measuring less than 100 microns in
diameter, are visible, and a few of these bubbles at the center of the samples are coalesced. A
few larger bubbles measuring approximately 1 mm in diameter can be observed in the top
right part of the sample. The presence of a small concrete-rich phase is confirmed along the
right and upper edge.

In the microstructure of this sample, corium dendrites are precipitated in a concrete
matrix. Examples of the microstructure are shown in figure 6. The results of elemental
composition analysis of each phase by EDS are reported in table 4. The matrix is a Si- and
Fe-oxide-rich phase with a Si-rich oxide phase constituted of round nodules, represented by
black spots measuring 1-2 pm in diameter on the micrographs. The corium dendrites are
composed of a Zr-rich oxide phase with a size of 12 microns or more. Small U-rich nodules,

measuring a few microns or less in diameter and represented by white color on the



micrographs, are precipitated in these nodules or at the edges. Based on an analysis of all
phases, five main phases were identified:
A matrix of a Si- and Fe-rich oxide containing Zr, Al, K, Ca, and U.
Small round precipitates, black dots measuring 1-2 um in diameter, of Si-rich oxide
containing Fe as the major element and Na, Al, Ca, Zr, and U as the minor elements.
U- and Zr-rich oxide phase, richer in Zr and containing small amounts of Fe, which
constitutes the main phase of the dendritic nodules precipitated in the matrix.
U- and Zr-rich oxide phase, richer in U, often precipitated at the edge or in the Zr-rich
oxide dendrites. It contains Fe and Si as well.
A needle-like oxide, rich in Zr and Si, containing U and Fe as well; not shown in the
figure.
In the XRD analysis, two types of cubic-(U,Zr)O and tetragonal-ZrO> were detected
unambiguously, as shown in figure 4(b) and given in table 3. Moreover, small peaks of

monoclinic-ZrO; and cubic-(FexSiy)3;04 were detected, but their formations were unclear.

3.1.3 Sample C: right side of upper crust

The millimeter-scale structure of sample C, shown in figure 7, is a rather
homogeneous corium zone, with small bubbles measuring <100 pm—400 um in size. A
different apparent zone without any bubbles and a small concrete film can be seen in the
upper side of the sample. Concrete droplets can be seen as well, and their sizes are similar to
those of the bubbles.

An example of the microstructures and phases encountered in the corium zone with
bubbles is shown in figure 8. The results of elemental analyses by EDS are presented in table
5. Corium dendritic nodules measuring 10-50 um with a brighter phase can be seen in the
concrete-rich matrix shown in dark-gray color. The concrete-rich matrix contains black-dot

phases measuring 1-3 pm in size. Four main phases were detected in this corium-rich zone:



A matrix of Si- and Fe-rich oxide containing Zr, Al, K, Ca, and U.

Small round precipitates of Si-rich oxide measuring 1-3 pm in size; containing Fe as the

major alloying element; Na, Al, Ca, Zr, and U as the minor elements; and represented by

black color.

U- and Zr-rich oxide phase, richer in Zr and containing Fe, which constitutes the main

dendritic nodules in the matrix.

U- and Zr-rich oxide phase, richer in U, and often precipitated at the edge or in the

Zr-rich oxide dendrites. It contains Fe and Si as well.

In the XRD analysis, a peak similar to that of sample A was found for sample C, as
shown in figure 4(c). The main detected phases are two types of cubic-(U,Zr)O, and two

similar tetragonal-ZrO, phases, as shown in table 3.

3.1.4 Sample D: inner region of molten pool
A general view of sample D in the form of BSE micrographs is shown in figure 9.
This sample can be divided into two zones; corium-rich zone and concrete-rich zone. Only a
few bubbles can be observed in this sample, and their diameters do not exceed 300 um, except
for one bubble with a diameter of 0.8 mm in the concrete-rich zone.
The microstructure of the corium-rich zone is similar to that of the corium-rich zones
in the other samples. EDS analysis detected four main phases in the corium-rich zone:
A matrix of a Si- and Fe-rich oxide containing Zr, Al, Ba, Ca, and U.
Small round precipitates with black dots measuring 2—4 pm and consisting of Si-rich
oxide with Fe as the major alloying element and Al, Ca, Zr, and U as the minor elements.
U- and Zr-rich oxide phase, richer in Zr and containing Fe, which constitutes the main
dendritic nodules in the matrix.
U- and Zr-rich oxide phase, richer in U and often precipitated at the edge or in the Zr-rich

oxide dendrites. It contains Fe and Si as well.
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By contrast, the corium-poor zone has a quite heterogeneous microstructure with different
contrasts of corium nodules. The corium phases form nodules measuring several dozens of
micrometers in size, terminated by fine dendrites, as shown in figure 10. The results of the
EDS elemental analyses are presented in table 6. The fractions of the nodules and fine
dendrites differ according to the region. The matrix is a Si-rich oxide containing many minor
elements: Na, Mg, Al, Ca, Fe, Zr, Ba, and U. The U-rich oxide is found only in the fine
dendrites. The larger nodules are composed of the Zr-rich oxide phase.

The main phases in these zones are as follows:

Si-rich oxide phase forming black round precipitates in the matrix or forming the matrix.

Si- and Fe-rich oxide phase with mainly Ca and Al.

Si- and Zr-rich oxide with a composition similar to that of the zircon phase, ZrSiOs,

containing U and Fe, but accurate phase identification is difficult because of its small

size.

Zr-rich oxide with U and a small amount of Fe forming large precipitates that measure

dozens of microns in size.

Small precipitates of U-rich oxide measuring approximately one micron in size and

containing Zr, Fe, and Si.

In the XRD analysis, two types of cubic-(U,Zr)O, and two similar tetragonal-ZrO, were
detected, as shown in figure 4(d) and given in table 3. However, the peak of one

cubic-(U,Zr)O> in this sample was lower than those in the other samples.

3.2. Vickers hardness

The micro Vickers hardness values of all samples were measured in two types of
phases: bright-gray corium phases and dark-gray concrete-rich matrix. It was assumed from
the SEM-EDS analysis of the microstructure of each of the samples that the corium matrix is

composed of a Zr-rich U- and Zr oxide phase, and the dark matrix is a Si- and Fe-rich oxide
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phase or a Si-rich oxide phase. In each sample, four or five different zones were selected, and
the hardness was measured between 3 and 14 times according to the homogeneity of the
phases in each zone. The measurement results of each phase of each sample are shown in
figure 11. The differences in the measured micro Vickers hardness values among the samples

are small, but the differences between the two types of phases are relatively large.

4. Discussion

Four samples were taken from different locations on the large-scale MCCI test section,
and their characteristics such as microstructure, crystal structure, and Vickers hardness were
analyzed. We found rather small differences in the observed microstructure among the
samples. This is one of the characteristics of the quenched MCCI product relative to the
samples of VULCANO VBS-U4 [11]. The main reasons for the homogeneity among the
samples are short melting time of less than 20 min and short cooling time owing to the use of
a water-cooling system. The differences in cooling time between the upper crust region
(samples A, B, and C) and the molten pool region (sample D) would be small, in spite of the
differences in surface appearance.

In all samples, the presence of many bubbles was confirmed. Bubbles are links to
porosity in the sample, and porosity influences mechanical properties. UO, fuel pellets with
higher porosity have lower micro Vickers hardness, Young’s modulus [15], and fracture
toughness [16]. The measured apparent porosities of the VW-U1 samples, as given in table 2,
are lower than those of the VBS-U4 samples, except for sample D1 [11]. Small concrete
ablation of VW-U1 affected lower apparent porosity, and higher micro Vickers hardness in
comparison to that of the VBS-U4 sample, which is described later. The bubbles in the
VW-U1 samples would have been formed mainly by the water vapor from the ablated
sacrificial concrete at the bottom of the concrete test section. This is because metals such as

Zr and Fe, which can reduce concrete components, were not used in the initial corium, and the

12



generation of a reduction gas phase, such as H> and CO, was limited [12, 17]. Moreover, the
generation of concrete decomposition gases such as CO2 was limited because CaCO3 was not
included in the sacrificial concrete [12, 18]. These are among the reasons for the less apparent
porosity.

Chemical phase is the parameter with the strongest influence of the material properties
of the samples. The main difference in the chemical phases detected by XRD between the
VW-UI and the VBS-U4 samples, except for the metallic phase in VBS-U4, is the presence
or absence of a zircon phase, ZrSiO4, and a SiO»-based crystal phase, such as cristobalite or
quartz. These phases were detected only in the VBS-U4 samples [11]. In general, the crystal
structure is composed of molten SiO> depending on cooling time, and the amorphous SiO»
phase is produced under quenching. In the case of XRD measurement of the SiO, amorphous
phase, a sharp peak was not detected in the spectrum, but a broad peak was detected around 2

¢ =23°[19]. In the present study, a peak around 26 = 23° was not detected in the measured

spectrum, as shown in figures 4. It is expected that the contents of the SiO; phase are too
minor to be detected using XRD, despite the detection of SiO2-based phases in the SEM-EDS
analysis, because only a small amount of ablated concrete mixed with the molten pool. The
reason for the lack of formation of the zircon phase, as confirmed by XRD, was limited
formation of the SiO; crystal phase, which changes to zircon phase in the presence of ZrO»
phase.

In general, only one cubic-(U,Zr)O, phase is formed when the ZrO, fraction in
(U,Zr)O2 is smaller than approximately 50 mol% and (U,Zr)O: is quenched from the
temperatures higher than 1900 K [20-21]. The molar fraction of ZrO> in UO; and ZrO; in the
initial corium in this experiment was approximately 50 mol%; if the initial corium
temperature were higher than 2000 K, significant amounts of cubic-(U,Zr)O> with high ZrO>
contents could be formed under quenching. In fact, not only two types of cubic-(U,Zr)O> but

also two different types of ZrO> were detected in the XRD analysis of samples A, B, and C. It
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is expected from the UO: and ZrO phase diagram [20] and their microstructures that
cubic-(Up 5,Zr0.5)O2 can be divided into a U-rich (U,Zr)O2 phase and a Zr-rich (U,Zr)O> phase
at temperatures of approximately 1800 K. The temperature in the upper part of the molten
pool would remain close to this temperature before quenching, and subsequently, the molten
pool would be cooled by quenching. By contrast, one cubic-(U,Zr)O, phase was mainly
formed in sample D according to the XRD analysis. Here, in the inner region of the molten
pool, the temperature could be higher than that in the upper region, and the inner region was
cooled by quenching.

The Vickers hardness of the corium phase in the VW-U1 samples was higher than the
corresponding values in case of the VBS-U4 samples [11], melted (U,Zr)O> produced by
plasma arc furnace [22], and sintered pellets of cubic (U,Zr)O, [21]. The differences in
Vickers hardness between the VW-U1 and VBS-U4 samples can be ascribed to differences in
measurement conditions and microstructures. The microstructure of the VBS-U4 oxide
samples is more heterogeneous than that of the VW-U1 samples, and higher pressing force
during VBS-U4 measurements could have affected the softer concrete phases around the
corium phases. Moreover, quenching could be the cause of the rather small porosity, as given
in table 2; low fraction of concrete components owing to limited concrete ablation; and
presence of a large amount of Zr-rich (U,Zr)O2 in the VW-UI samples. Because of this
composition, the VW-U1 samples had higher micro hardness. By Contrast, the Vickers
hardness values of the concrete-rich phases in the VW-U1 samples were higher than the
corresponding values of the VBS-U4 samples. The higher Vickers hardness of the former
samples can be ascribed to the quenching condition. The Vickers hardness of the concrete
phase in the inner region of the molten pool, sample D, was the lowest in this measurement,
and it can be ascribed to the relatively slow cooling rate and small differences in crystalline
structure compared to that in the other regions.

From a comparison of the VW-U1 samples produced under the quenching condition

14



with the VBS-U4 samples produced under the gently cooled condition, it was assumed that
the MCCI product generated under the quenching condition would be homogeneous, and its

hardness would be higher than that of the inner region of the MCCI product.

5. Conclusion

Samples from a large-scale MCCI test performed under quenching conditions,
VULCANO VW-UI, were analyzed to evaluate the characteristics of the surface of the MCCI
product just below the cooling water generated in 1F. The samples were homogeneous,
despite being taken from different locations in the test section. Several corium phases, such as
cubic-(U,Zr)O> and tetragonal ZrO,, were detected by XRD analysis, but concrete-based
phases such as crystalline SiO, phase were not detected because the fractions of the SiO»
-based phases were limited in the analysis. The Vickers hardness value of each phase in these
samples was higher than values of the corresponding phases in the samples obtained from
another VULCANO test campaign, VBS-U4. The quenching condition was thought to
influence the microstructure of the samples, such as lower fraction of concrete phases, lower

porosity, and higher hardness.
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Table 1 EDS analysis of phases in corium-rich zone in sample A

92 93 94 95
Element | at.% wt.% at.% wt.% at.% wt.% at.% wt.%
O 56.9 36.4 50.1 27.9 56.6 14.1 59.2 11.1
Na 0.7 0.6 - - - - - -
Al 0.6 0.7 0.6 0.5 - - - -
Si 354 39.7 25.4 24.7 - - 4.1 1.4
K 0.5 0.8 0.4 0.5 - - - -
Ca 0.4 0.7 - - - - - -
Fe 3.9 8.6 23 44.5 2 1.7 34 2.2
Zr 0.5 1.7 0.4 1.2 30.2 42.8 4.2 4.4
U 1.1 10.8 0.1 0.7 11.2 41.4 29.1 80.9
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Table 2 Bulk density, p», and apparent porosity, 7., of all samples

Samples A B C D

py[g/em’] | 5.44 | 5.53 | 5.51 | 5.60

T2 [%0] 3.17 | 322 | 3.61 | 231
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Table 3 Phases detected in each sample by XRD measurement

Phase Lattice parameters
Sample A | Sample B | Sample C | Sample D
(ICDD PDF-2 ID) (A)
Cubic-(Uo.5,Zr0.5)O2 , . , ,
a=542 Major + Major Major Major
(78-0665)
Cubic-(U, Zr)O2* ) . .
a=5.3963 Major Major + Major + -
(78-0665)
Cubic-(U, Zr)Oz* ]
a=5.285 - - - Minor
(78-0665)
Tetragonal-ZrO* a=3.6593, )
Major + - - -
(24-1164) c=15.27
Tetragonal-ZrO>* a=3.687, .
Major - - -
(24-1164) c=5.27
Tetragonal-ZrO>* a=3.6493, .
- Major + - -
(24-1164) c=5.2442
Tetragonal-ZrO>* a=3.6479, )
- - Major + -
(24-1164) c=5.2483
Tetragonal-ZrO* a=3.6877, )
- - Major -
(24-1164) c=15.27
Tetragonal-ZrO>* a=3.655, _
- - - Major
(24-1164) c=5.2462
Tetragonal-ZrO>* a=3.6593, )
- - - Major
(24-1164) c=5.27
a=5.0718,
Monoclinic-ZrO* )
b=5.205, ¢c= 5.33, - Dubious - -
(89-9066)
B=99.37
(Feo0.324S10.676)
(Fe0.963510.037)204 a= 8.286 - Dubious - -
(89-6229)

When the lattice parameters were changed from the ICDD database PDF-2 to obtain a better

fit, the phase was marked with an asterisk, *.
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Table 4 EDS analysis of phases in corium-rich zone in sample B

41 42 43 44
Element | at.% wt.% at.% wt.% at.% wt.% at.% wt.%
O 57.7 37.5 53.1 30.0 59.1 15.4 62.8 16.5
Na 0.5 0.4 - - - - - -
Al 0.3 0.4 0.4 0.4 - - - -
Si 32.1 36.5 24.3 24.0 - - 11.2 5.1
K 0.5 0.8 0.3 0.3 - - - -
Ca 0.6 0.9 1.4 2.0 - - - -
Fe 6.8 15.4 19.2 37.7 1.7 1.5 34 3.1
Zr 1.0 3.6 1.0 33 28.9 43.0 53 7.8
U 0.5 4.5 0.3 2.3 10.3 40.1 17.3 67.5
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Table 5 EDS analysis of phases in corium-rich zone in sample C

136 137 138 139
Element | at.% wt.% at.% wt.% at.% wt.% at.% wt.%
O 55.1 37.3 50.2 27.5 59.5 15.5 63.2 14.2
Na 0.5 0.4 - - - - - -
Al 0.4 0.5 0.4 0.4 - - - -
Si 38.3 45.3 24.5 23.5 - - 7.2 2.8
K 0.5 0.8 - - - - - -
Ca 0.3 0.5 1.5 2.1 - - - -
Fe 3.8 9 22.3 42.6 1.7 1.5 2.8 2.2
Zr 0.7 2.5 0.9 2.7 27.9 41.2 4.3 55
U 0.4 3.7 0.2 1.2 10.9 41.8 22.5 75.3
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Table 6 EDS analysis of phases in concrete rich-zone in sample D

26 27 28 29
Element | at.% wt.% at.% wt.% at.% wt.% at.% wt.%
O 54.8 30.4 59.5 16 61.7 14.5 61.5 18.9
Na 3.6 2.8 - - - - 1.3 0.6
Mg 0.4 0.3 - - - - - -
Al 1.4 1.3 - - - - 0.9 0.5
Si 27.5 26.6 - - - - 11.1 6
Ca 2.7 3.7 - - - - 1.6 1.3
Fe 34 6.5 1.4 1.3 1.6 1.3 1.6 1.7
Zr 3.5 10.9 30.1 46.4 20.4 27.3 10.3 18.2
Ba 1.3 6.1 - - - - 0.5 1.3
U 1.4 11.4 9 36.3 16.3 56.9 11.2 51.5
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Figure 1. Schematic cut view of VW-U1 test section and sample location

26



Color

Print

(a) Backscatter electron image of sample A cross section
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(b) Elemental mapping of sample A cross section

Figure 2. Backscatter electron image and elemental mapping of sample A cross section
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Figure 3. Backscatter electron image of microstructure of bottom left side zone in sample A
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Figure 4. X-ray diffraction patterns of samples and phases detected in them
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Figure 5. Backscatter electron image of sample B cross section
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Figure 6. Microstructure and locations of phase analyses in sample B
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Figure 7. Backscatter electron image of sample C cross section
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Figure 8. Microstructure and locations of EDS phase analyses in corium-rich zone in sample

C
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Corium poor zone

Figure 9. Backscatter electron image of sample D cross section
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Figure 10. Microstructure and locations of EDS phase analyses in corium-poor zone in sample

D
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Figure 11. Measurement results of micro Vickers hardness in two types of phases in each

sample
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