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Stratification morphology of a molten pool under severe reactor accident was investigated
by the CESEF experimental facility. The experimental scale was 5,000 g, the atomic ratio of
U/Zr was 1.5, the content of stainless steel was 10%, and the oxidation degree of Zr was
40-100%. It was shown that the molten pool was obviously stratified within the range of
experimental parameters; one was a metal layer, and the other was an oxide layer. The
layered morphology of the molten pool was different with the composition of different
corium. With the decrease in the Zr oxidation degree, the metal layer moved downward in
the molten pool, and the molten pool would overturn. The main elements in the oxide layer
were U, Zr, and O, and the content of stainless steel was low. The main element in the metal
layer was stainless steel and contained a certain amount of U and Zr.
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INTRODUCTION

In the severe accident of a nuclear reactor, such as the Fukushima Daiichi NPP (nuclear power plant),
the fuel and structural materials in the core had been melted (Report of Japanese Government to the
IAEA Ministerial Conference on Nuclear Safety, 2011). The molten materials (UO,, Zr, ZrO,,
stainless steel, etc.) were heated up and melted by decay heat as the coolant in the pressure vessel was
depleted. Finally, a molten pool with U-Zr-Fe-O as the main element is formed. The configuration of
the molten pool, so called corium, as it affects the failure mechanism of the pressure vessel. The
thermodynamic properties of the melt determine that the molten pool will be stratified at the lower
head of the pressure vessel, and the stratification morphology of the molten pool determines the heat
distribution of the lower head, which is one of the key factors of IVR (retention in the melt stack)
strategy. For a long time, the stratification form of the molten pool has been a hot and difficult point
in the field of severe accidents at home and abroad.

It was suggested that the compositions of the molten pool formed at the late phase of a severe
accident would be in the domain of the miscibility gap of the U-Zr-Fe-O phase diagram, and two
immiscible liquid phases will be formed (Theofanous et al., 1997). Edwards (Edwards and Martin,
1966), Hirotomo (Ikeuchi et al., 2020), Guéneau (Guéneau et al., 1998), Bakardjieva (Bakardjieva
et al., 2010), Pierre Yves (Chevalier et al., 2004), and Pascal Piluso (Pascal et al., 2005) found that
the U-O binary system will be divided into two layers, and Guéneau (Guéneau et al., 1998), Jinho
Song (Song et al., 2020), and Bechta (Bechta and Granovsky, 2008) found that the U-Zr-O ternary
system will also be divided into two layers. The thermodynamic database of the U-Zr-Fe-O-B-C-
FPs complex system is established by the SGTE (scientific group thermodata Europe) database
(Fukasawa et al., 2005), and the calculated results are consistent with the experimental data of
MASCA (Fukasawa and Shigeyuki, 2012). Bechta (Bechta et al., 2005) supplemented and revised
the European nuclear database (NUCLEA) with the help of the experimental data of CORPHAD
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and METCOR projects, providing a more accurate model for the
thermodynamic calculation of the melt.

The RASPLAV project (Asmolov and Behbahani, 2000;
Bechta and Khabensky, 2001; Bechta and Khabensky, 2006)
carried out experimental research with prototype melt
materials and found that the bottom of the molten pool was
rich in U and the top was rich in Zr. In the MASCA project
(Asmolov, 2004; Tsurikov et al., 2007), three different melting
pool stratification forms were found, namely, the molten pool
with the metal layer above and the oxide layer below, the molten
pool with the metal layer below and the oxide layer above, and the
molten pool with the metal layer suspended in the oxide layer.
The South Korea COSMOS project (Kang and Park, 2014) found
that the molten pool presents a three-layered structure, with a
metal layer in the upper part and an oxide layer and some heavy
metals in the lower part. The EU IVMR project (Almjashev et al.,
2018) studied the layered inversion phenomenon of the molten
pool and also found the stratification morphology of the three-
layered molten pool. Masahide Takano (Takano et al., 2014) and
other experiments on the Fukushima Daiichi nuclear accident
show that the molten pool is divided into a metal layer (Fe-Cr-Ni-
U-B-C) and an oxide layer (U-Zr-O). Sang Mo (Sang et al., 2016)
also carried out experimental research on the prototype melt
materials for the Fukushima Daiichi nuclear accident and found
that the molten pool was divided into two layers, with a metal
layer at the top and an oxide layer at the bottom.

In this study, the configuration of the molten pool for a typical
Hualong nuclear reactor composition was investigated by a
melting and solidification experiment using an induction
heating technique in a cold crucible. The physical and
chemical analyses were conducted for the samples taken from
the solidified corium ingot to investigate the morphology and
chemical composition at each position.

EXPERIMENTAL METHODS

Experimental Setup

The CESEF facility is designed to investigate the stratification of
the molten pool at the lower head of the pressure vessel under
severe accident, which adopts an electromagnetic induction
heating technique with a cold crucible. This technique has
been optimized for melting of various reactor materials
ranging from a metallic mixture of Zr and stainless steel to an
oxidic mixture of UO, and ZrO,, which are the prototypic reactor
materials (Sang et al., 2016). The cold crucible consists of a copper
plate and an induction coil. The copper plate is forced to circulate
to provide cooling. The induction coil is located to provide
induction heating by using a high frequency generator. A high
frequency generator was designed to supply power up to 400 kW
with 100 kHz. However, the frequency could change depending
on several factors, such as crucible dimensions, induction coil
turns, and melting materials, and so on (Sang et al., 2016). The
cold crucible is installed in the inerting chamber and has a
diameter of 110 mm and a height of 170 mm. A schematic
diagram of the facility is given in Figure 1. There is a window
at the top of the inerting chamber to measure the temperature of

Experimental Study on Molten Pool

the molten pool, which adopts two-color infrared. The
temperature measurement rang of two-color infrared is
1,500-3,500°C, and the measurement accuracy is + 1.5%.
Argon gas is purged into the inerting chamber through a tube
at the bottom of the inerting chamber.

Figure 2 shows the melt generation behavior along with the
supplied voltage. The voltage increased by 10-20V every
2 minutes. When the voltage was about 140-160 V, the Zr ring
started to light up. After 200 V, the molten pool started to melt,
the current decreased, and the power decreased. It was held for 2
h, and the experiment was ended.

Experimental Materials

The cold crucible was filled with a mixture of UO, pellets, ZrO,
powder, Zr pellets, and stainless steel pellets. The composition of
the prototype material is usually defined by the atomic molar
ratio (Ry,z,) of U and Zr, the oxidation ratio (Cn) of Zr, and the
mass ratio (Xsg) of stainless steel to the prototype material.
Assuming that the mass of each component in the prototype
material is my, i = UO,, ZrO,, Zr, and SS (stainless steel), the
calculation method of each parameter is as follows:

mUoz/271

Ryjzr = , 1
U 0,123 + mz, /91 W
_ mZ,02/123 (2)
" mg0,/123 + my, /91
m
Xss = % (3)

Myo, + Mz,0, + Mz, + Mg

The experimental scale is 5,000 g, the Rz, is 1.5, the Xg is
10%, and the Cn is 40-100% experimental conditions are shown
in Table 1. Cn of condition one is 100%, Cn of condition two is
80%, and Cn of condition three is 40%. The loading process is as
follows: first, a layer of ZrO, was laid at the bottom of the crucible
to protect the crucible during the melting process. Then, UO,
pellets and ZrO, powder were added into the crucible; stainless
steel was placed in the middle of the crucible to prevent direct
contact between stainless steel and the crucible wall. It was
allowed to flatten and compact; then, a layer of ring composed
of Zr pellets was laid on the upper part as an initiator for
induction heating, and finally, a layer of ZrO, powder was laid
on the upper part to reduce heat loss from the melt to the
environment. Some holes were initially made by the stainless
steel wire for gas venting.

Chemical Analysis

After the experiment, the molten ingot was cut from the middle
by using a wire cutting machine and then sampled at different
positions by using a tungsten cobalt hollow drill. The samples are
used to analyze the chemical composition and structure, which
was obtained from X-ray fluorescence (XRF) and a scanning
electron microscope/energy dispersive spectrometer (SEM/EDS).
The XRF equipment is S8 TIGER, a wavelength-dispersive X-ray
fluorescence spectrometer produced by the BROOKE Company,
with a maximum excitation current of 170 mA and a maximum
excitation point of 60 kV. The SEM equipment is Gemini SEM, a
fully functional emission scanning electron microscope produced
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FIGURE 2 | Morphology of the corium ingot after the experiment (2).

by the Zeiss Company, and equipped with two Oxford X-ray
spectrometers, which can be widely used for micro area
morphology and composition analysis.

RESULTS AND DISCUSSION

Morphology of Corium Ingot

Figure 2 shows the morphology of the corium ingot after the
experiment. It is shown that the corium ingot consists of six
parts; the upper crust, upper cavity, metal-rich layer, oxide-rich
layer, side crust, and lower unmelted part. The upper crust is mainly
unmelted ZrO, and sintered melt during the melting process (Sang
et al,, 2016) because the top layer is exposed to the atmosphere and
cooled by radiating heat to the inerting chamber, so that the top layer
has been cooled before reaching the melting temperature. Some
amount of the unmelted layer was observed at the bottom and side of

the corium ingot. A large cavity is formed between the upper crust
and the molten ingot, which is formed due to the volume reduction
of molten particles after melting and the downward collapse of the
molten pool (Song et al., 2018). A lump of the corium ingot below
the cavity was found; the metal layer and oxide layer are easy to
distinguish after cut from the middle by the wire-cutting machine.
The metal layer is bright, and the oxide layer is dark. After separating
the metal layer and oxide layer, it is found that the metal layer is very
hard and the oxide layer is brittle. It can be considered that liquid
phase separation occurs in the melting process because phase
separation will not be so complete if it occurs in the solidification
process (Sang et al,, 2016). The density of the metal layer and oxide
layer is different so as to form a different morphology of the molten
pool. We found three different molten pool stratification: the molten
pool with a metal layer above and an oxide layer below, the molten
pool with a metal layer below and an oxide layer above, and the
molten pool with the metal layer suspended in the oxide layer, which
is similar to the experimental results of the MASCA project
(Asmolov, 2004; Tsurikov et al, 2007). A side crust with a
thickness of about 2mm is formed between the ingot and
crucible. The crust isolates the internal 2,800°C high-temperature
melt from the cold crucible, which shows that the thermal
conductivity of the crust of the melt is very small.

Stratification Morphology of the Molten

Pool

Figure 3 is a longitudinal sectional view of the corium ingot. The
metal layer and oxide layer in the ingot are very easy to
distinguish. The metal layer is bright, and the oxide layer is
dark. In working condition 1, the melt composition is mainly
oxide and Zr metal is completely oxidized. No obvious
stratification is found in the molten pool formed by this melt
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FIGURE 3 | Longitudinal sectional view of the corium ingot (A) 1, (B) 2, (C) 3.

composition, and only a metal ball with a diameter of about
10 mm is formed at the top of the molten pool. With the decrease
in the Zr oxidation degree, obvious stratification began to appear
in the molten pool, forming a bright metal layer and dark oxide
layer. In working condition 2, the formed metal layer is located in
the upper part of the molten pool, and the oxide layer is located in
the lower part of the molten pool. The metal layer formed in
working condition three is located in the middle of the molten
pool; the oxide layer wraps the metal layer, and the approximate
metal layer is suspended in the middle of the molten pool. The
MA experiment in the MASCA project also found three-layered
molten pools (Tsurikov et al., 2007).It is found that the metal ball
in condition one is mainly composed of stainless steel, which will
be described in detail in section 3.3 composition analysis. The
density of stainless steel is lower than that of the oxide layer, and it
floats on the upper part of the oxide layer. As the oxidation degree
of Zr decreases, more U and Zr elements enter the metal layer, the
density of the metal layer gradually increases, and the metal layer
begins to migrate downward. By working condition 3, the density
of the metal layer has been equivalent to that of the oxide layer.
The metal layer is suspended in the oxide layer.

Composition Analysis
The corium ingot is cut axially, and then, a small part of the ingot
was sampled at different positions, including the upper crust,

around the cavity, side crust, lower crust, metal layer, and oxide
layer, as shown in Figure 4.

Elemental compositions of the samples taken from the
different positions of the corium ingot are shown in Table 2.
Table 2 only shows the XRF analysis results of condition 1. Total
concentrations of U, Zr, Fe, Ni, and Cr in the samples were less
than 100%, which implies that the samples contain other
elements such as oxygen that are not measurable by XRF. In
condition 1, 1-1 to 1-5 are the sampling points of the upper crust.
It is found that the content of elements in different positions of
the upper crust varies greatly, mainly because on the one hand,
the top melt is not completely melted and is only sintered
together, so it is difficult for mass transfer in the crust. On the
other hand, after the upper crust is formed, it is quickly separated
from the lower molten pool, forming a large cavity, and then,
mass transfer will not occur with the molten pool. On the other
hand, at high temperature, some elements will escape from the
molten pool and then be adsorbed on the upper crust. Three
reasons lead to great differences in the distribution of elements at
different positions of the upper crust, and other conditions also
have similar characteristics.

The main elements of the oxide layer are U and Zr in condition
1; the content of U is about 62.64%, Zr is about 15.1%, and
stainless steel is very low, less than 5%. Similar results are
obtained in conditions 2and 3. The main elements in the
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FIGURE 4 | Element distribution characteristics of the molten pool (A) 1, (B) 2, (C) 3.

TABLE 1 | Experimental condition.

Condition u/zr Cul%) Xss (%) Total(g)
1 15 100 10 5,000
2 15 80 10 5,000
3 15 40 10 5,000

metal layer are stainless steel, Fe, Cr, and Ni; the content of Fe in the
metal ball in condition one is as high as 62.2%, and the contents of U
and Zr are very low. With the decrease of C,, the Fe content in the
metal layer decreases, and the contents of U and Zr increase. Under
condition 3, the Fe content in the metal layer is about 34%, while U is
about 21% and Zr is about 19.5%. The increase of U and Zr contents
in the metal layer will increase the density of the metal layer, and the
metal layer begins to move to the lower part of the molten pool.
Figure 4 shows the SEM/EDS test results of the experimental
sample. It can be found that the elements of the oxide layer are
mainly U, Zr, and O, and there are certain differences in the
content of elements at different positions. This may be that during
the cooling process of the molten pool, the temperature gradient in
the molten pool is large and segregation occurs, resulting in certain

differences in the contents of U and Zr at different positions. Under
condition 1, the average content of U in the oxide layer is about
35%, the average content of Zr is about 14%, and the average
content of O is about 52%, forming the oxide (U, Zr)O, ;. The
content of stainless steel in the oxide layer is very low, basically
below 3%. Under condition 2, the average content of U in the oxide
layer is about 32%, the average content of Zr is about 20%, and the
average content of O is about 50%. The oxide (U, Zr)O, is formed.
The oxide layer contains very little stainless steel, and the content is
less than 2%. Under condition 3, the average content of U in the
oxide layer is about 26%, the average content of Zr is about 10%,
and the average content of O is about 60%, forming the oxide (U,
Zr)O, ;. The composition of stainless steel is not measured.

The metal ball has great hardness in condition 1, and the main
component is stainless steel (Fe, Cr, and Ni), in which the content
of Fe reaches about 65%, and the content of O in the metal ball is
very low, less than 3%. In condition 2, the main elements in the
metal layer are also stainless steel (Fe, Cr, and Ni) and some U and
Zr, in which the content of Fe is about 50%, the content of Ni is
about 18%, the content of Cr is about 5%, the content of U is
about 10%, the content of Zr is about 12%, and the content of O
is about 4%. In condition 3, the metal layer is mainly composed of
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TABLE 2 | Elemental compositions of the corium samples measured using XRF (condition 1).

Sample No U (wt%) Zr (Wwt%) Fe (wt%)
1-1 0.17 56.40 7.50
1-2 20.30 54.50 0.62
1-3 42.90 2.50 25.30
1-4 74.60 4.70 3.00
1-5 15.20 59.90 0.57
1-6 57.00 17.10 4.80
1-7 63.20 14.70 3.50
1-8 60.50 16.40 4.30
1-9 63.90 15.40 2.70
1-10 64.00 13.50 3.90
1-11 63.00 16.40 2.40
1-12 66.90 12.20 3.40
1-13 5.60 1.30 62.20

stainless steel, in which the content of Fe is about 48%, the
content of Cr is about 9%, the content of Ni is about 5%, the
content of U is about 8%, the content of Zr is about 20%, and the
content of O is about 7.5%.

It can be found from conditions 1, 2, and 3 that when the Ry,
is unchanged and the stainless steel content is low, C, is the key
factor for the stratification of the molten pool. When C, reaches
100%, the molten pool will form a single layer of the oxide layer.
With the reduction of C,, the molten pool begins to appear in
stratification, the area occupied by the metal layer increases, and
the U and Zr contents in the metal layer increase, resulting in the
increase of the density of the metal layer, and the metal layer
begins to sink. The molten pool is turned from a metal layer on
the upper oxide layer to a metal layer on the lower oxide layer.

CONCLUSION

In this study, the prototype materials are used to study the
stratification morphology of the molten pool, and the
following conclusions are obtained:

1) After the experiment, a complete corium ingot was formed.
The molten corium mainly includes the upper crust, upper
cavity, metal-rich layer, oxide-rich layer, side crust, and lower
unmelted part;

2) With different melt composition, the layered structure of the
molten pool is different. An obvious layered structure of the
molten pool is observed. One layer is the bright layer, and the
other is the dark layer;
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