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HIGHLIGHTS

o Crystal structure and U-Zr-Fe ratio of U-bearing particle reflects debris state.

e Fe-addition promoted separation of solid solution to U-rich and U-depleted fluorite.
e Solid phases without Fe can be formed even from Fe-containing liquid states.

e U-bearing particles could originate from liquid above 1800 K during accidents.
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For the decommissioning of the Fukushima Daiichi Nuclear Power Station (FDNPS), a methodology is needed for
evaluating the chemical conditions where fuel debris formed during the accident, which is also a starting point
for estimating current in-vessel state. The crystal structures and compositions of fuel debris provide information
about their formation mechanisms and solidification paths. In this study, we performed Scheil-Gulliver solidi-
fication simulation for a wide range of U-Zr-Fe-O compositions (1829 points), obtaining theoretical phase re-
lations in the solidified state. Then, we developed a method of backward estimating possible liquid-state
compositions and demonstrated this method on six samples taken from the FDNPS (so-called as "U-bearing
particles") by comparing their morphologies and compositions with their theoretical counterparts in the solidi-
fied state. Results showed that all samples were likely formed from liquids with a wide range of oxygen to metals
ratio from 0.14 to 1.70, and fluorite oxide without Fe could form even from Fe-containing compositions.
Introducing Cr into the analysis with the U-Zr-Fe-Cr-O system is expected to improve this method, enabling the
inclusion of Cr-rich spinel formation in the search conditions in future work.

1. Introduction

For the safe decommissioning of the Fukushima Daiichi Nuclear
Power Station (FDNPS), its Primary Containment Vessels (PCV) have
been inspected to evaluate the distributions and properties of the fuel
debris. During PCV inspection, particulate materials containing uranium
(U-bearing particles) were collected from deposits on survey equipment
or sediment in the PCV, and analyses were performed to understand the
properties of the fuel debris and help estimate the formation mechanism
of the U-bearing particles.

Metallographic analyses of U-bearing particles were reported by
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Tokyo Electric Power Company [1] and the Japan Atomic Energy
Agency [2,3]. These reports summarized analyses obtained via
field-emission scanning electron microscopy (with
wavelength-dispersive X-ray spectroscopy or Energy-Dispersive X-ray
Spectroscopy [EDS]) and transmission electron microscopy of U-con-
taining regions. A report published in 2021 presented measurements for
particles obtained from Units 1 to 3, and a report in 2023 focused on
particles from Unit 2. The morphology and elemental distribution of
U-bearing particles were investigated using secondary electron images
and characteristic X-ray mapping. Fluorite oxides, tetragonal oxides,
and spinel structures were detected as major phases in many samples

Received 9 January 2025; Received in revised form 5 May 2025; Accepted 12 May 2025

Available online 13 May 2025

0022-3115/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://orcid.org/0000-0001-7460-0613
https://orcid.org/0000-0001-7460-0613
https://orcid.org/0000-0003-0241-7814
https://orcid.org/0000-0003-0241-7814
mailto:itoh.a.ae@m.titech.ac.jp
www.sciencedirect.com/science/journal/00223115
https://www.elsevier.com/locate/jnucmat
https://doi.org/10.1016/j.jnucmat.2025.155892
https://doi.org/10.1016/j.jnucmat.2025.155892
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2025.155892&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Itoh et al.

To | liquid |

lig, 1 %

sol, 1

T [K]

Co I |

sol, 2 sol, 1

Liquid + o

A %]

Fig. 1. Schematic illustration of the Scheil-Gulliver model solidification.

[4].

U-bearing particles are roughly classified into two categories: (1)
particles formed by melting and solidification processes involving core
materials (e.g. UOo—Zr fuel cladding and Zr channel box) and structural
materials (e.g. stainless steel [SS]) and (2) particles formed by evapo-
ration and condensation. Because U-containing particles reflect the in-
vessel condition during debris formation, their formation mechanism
should be elucidated using metallographic analysis data to understand
the properties of the fuel debris. Ohgi et al. [5] proposed four types of
U-bearing particle formation mechanisms based on thermodynamic
evaluation. They calculated pseudo-binary phase diagrams between
UO,—Zr-Fe and UO,-ZrO5-FeO in which the metallic atomic ratio (U:Zr:
Fe) was obtained from EDS analysis results of U-bearing particles,
classifying the possible phase relations in terms of temperature and O
concentration. Their study contributes to the quantitative evaluation of
debris formation. However, their method assumes that the metallic
atomic ratio does not change during solidification, so it cannot handle

iso-Fe/M fraction
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O

max. 0.68
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cases involving phase separation, which causes changes in the metallic
atomic ratio. Furthermore, the uncertainty of equilibrium calculation at
low temperatures may not be small. Researchers should consider that
solidification could occur in a nonequilibrium state, especially in the
early stages of core degradation.

In the accident analysis of FDNPS, there have been works to improve
materials interaction modelling in the severe accident (SA) code, which
is based on the transport modelling coupling with thermodynamic
calculation [6]. The accident scenarios were simulated by the MELCOR
code, the results such as the mass amount of phase formed during core
degradation were compared to the thermodynamic calculation using the
inventory of materials (e.g. UO,, Zr and ZrO») and temperature at the
computation cell. The adjusted model parameters were validated by
confirming that the simulation results agreed with the experimental
works. This approach is a method of solving time evolution under given
conditions (forward-in-time analysis), and requires assumptions and
boundary conditions. What is compared to the fact from experiment is
the consequence of calculation. However, in the analysis of FDNPS
debris, there are still unknown in the accident progression, which means
that the transport equations and boundary conditions cannot be exactly
determined, and a method to estimate the formation pathways from the
debris state (backward-in-time analysis) is necessary. The
Scheil-Gulliver solidification model predicts the solidification behavior
of alloys under more realistic, but non-equilibrium (eg. thermal
gradient) conditions without time-dependent conditions; therefore, the
model is instrumental in estimating the pre-solidification state of molten
debris and useful to determine the boundary conditions of transport
modelling approach.

In this study, we performed solidification simulations using the
Scheil-Gulliver model for a wide range of U-Zr-Fe-O compositions
(1829 points) using the Thermodynamics of Advanced Fuels-Interna-
tional Database (TAF-ID) [7] and investigated the correlation between
the solidified phases and initial compositions of fuel debris. Then, we
developed a method of backward-estimation of pre-solidification
composition in the liquid state (composition candidates). Finally, this
approach was applied to six U-bearing particles from the FDNPS.

Fe/M points Fe/M points
0 420 0.5 154
0.1 328 0.6 127
0.2 272 0.7 71
0.3 220 0.8 52
0.4 185

total 1829 points
0

Fig. 2. Iso-Fe/M planes for sampling U-Zr-Fe—O compositions.
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Table 1
Categorization of solid phases in the 1F sample.

Category  Phase name in Space group Thermodynamic model
TAF-ID
ME HCP_A3 P63/mmc (Fe, U, Zr, Va) (O, Va)o s
(No.194)
BCC_A2 Im3m (Fe, U, Zr, Va) (O, Va);
(No.229)
FCC_A1l Fm3m (Fe, U, Zr, Va) (O, Va)
(No.225)
M C14_LAVES P63/mmc (Fe, Zr)y(Fe, Zr, U)
(No.194)
C15_LAVES Fd3m (Fe, Zr)o(Fe, Zr, U)
(No.227)
FE3U3ZR4 - (Fe)3(U)3(Zr)4
(e-phase)
CHI_FEUZR - (Fe)so(U)18(Zr)32
(x-phase)
MO2 C1_.MO02 Fm3m (Fe*t, Fe3T, U3, U™, zr?,
(No.225) zr**, Va) (0%, Va),
ZRO2 ZRO2_TETR P4,/nmc (Fe?*, Fe3*, U*, Zr'*h) (0%,
Va),
FEOX HALITE Fm3m (Fe?*, Fe3T, U, zr'*h) (0%,
(No.225) Va),
SPINEL Fd3m (Fe?, Fe3T, Zr*") (Fe?*, Fe®*),
(No.227) (Fe*", Va) (0%),
CORUNDUM R3c (No.161)  (Fe**, Fe®t, zr3*, 7r*h), (Fe®*,

Va) (0%);

(*) "Va" means vacancy.

2. Analysis procedure
2.1. Scheil-Gulliver solidification model

Under severe accident conditions, the core region of a nuclear power
plant could have a temperature gradient in the axial and radial di-
rections, leading to the quenching of molten materials during core
degradation. In this case, the core melt can be suitably assumed to have
solidified under restricted diffusion in the solid state; this differs from
the assumption in equilibrium calculation, which is complete diffusion
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in both the liquid and solid states. The Scheil-Gulliver model, which was
first presented by Gulliver in 1913 [8] and assumes infinitely fast
diffusion in the liquid phase and zero or limited diffusion in the solid
phase, is useful for this situation. Scheil formulated the differential
equation and showed the analytical solution in 1942 [7]. Under these
assumptions, the amount of solute swept during solidification equals the
increase in solute in the liquid phase.

(Cliq - Csol)d¢sol = (1 - ¢sol)dcliq7 (1)

where Cjiq and Cy,; are the solute concentration at the solidification front
in liquid and solids respectively, and ¢, is the fraction of solids. With
the partition coefficient k = Cy1/Ciiq and the initial concentration Co,
the analytical solution of Eq. (1) is obtained as follows:

Cso = kCO(l - (/)sul)kil' (2)

The partition coefficient k means the redistribution trend of the so-
lute element. When k equals to 1, there will be no redistribution during
solidification. If k is greater than 1, the solute will diffuse from the liquid
to the solid. But if k is less than 1, the solute will diffuse from the solid to
the liquid. As the special case, if C;; — 0, it means that the solute in
liquid will become zero and the solid-liquid partitioning calculation will
be terminated as Cs,;—0 and k—1. This model was extended to multi-
component system and is implemented by coupling it with a thermo-
dynamic database, provided that the local equilibrium is realized at the
liquid-solid interface. The solidification process is described as follows
(Fig. 1):

(1) The liquid, with an initial concentration of Cy, is cooled to a
temperature of T;. The solid phase, with a concentration of Cg 1,
precipitates, and the concentration of the liquid becomes Ci;q .

(2) As the temperature further drops to T,, the concentration of the
liquid becomes Cijq 2. A solid phase with a concentration of Cg 2,
equilibrating with the liquid, precipitates on the Cg, ; solid phase
because the solute in the solid phase cannot diffuse.

(3) This precipitation continuously occurs, causing the concentration
distribution in the solid phase.

Scheil-Guilver simulation

TAF-ID
database

+', pgthon Thermo-calc
TC-Python

storing simulation results

Relational
Database

Fig. 3. Schematic illustration of software design for solidification analysis.
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Table 2
1F sample list used for backward analysis in this study.
Reactor Sample name Region Point Normalized composition (at%) Structure
U Zr Fe + Cr
Unit 1 1u-PCV-4-2017 15 1 8.1 80.3 11.6 tetragonal
6 22.7 66.3 11.1 tetragonal
1u-PCV-4-2017 22 1 55.8 42.8 1.4 cubic
3 47.4 47.4 5.3 cubic
4 48.1 48.1 3.8 cubic
5 46.3 46.3 7.4 cubic
Unit 2 2u-PCVDEPO-4-2018 6 3 36.2 58.1 5.7 tetragonal
2u-OPESHE-1-2014 30 4 50.5 30.6 18.9 cubic
2u-OPESHE-1-2014 4 2 85.1 8.5 6.4 cubic
4 76.1 16.7 7.3 cubic
Unit 3 3u-PCVDEPO-3-2018 5 1 53.5 27.7 18.8 cubic
6 1.4 98.1 0.5 tetragonal
— b) Fe/M = 0.1
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Fig. 4. Liquidus projection at (a) Fe/M = 0 (U-Zr-0), (b) Fe/M = 0.1, (c) Fe/M = 0.2 and (d) Fe/M = 0.5. The line at the O mole fraction of 0.68 marked as "max. Xo"
in each ternary diagram indicates the maximum value to be calculated. The region above this maximum O fraction was drawn by extrapolation of the data points.

The software Thermo-Calc [9] provides four types of simulation
models depending on how diffusion in the solid phase is handled. The
"classic Scheil" model assumes that diffusion in the liquid phase is infi-
nitely fast, diffusion in the solid phase is zero, and the liquid-solid
interface is in equilibrium. This model approximates the solidification of
many alloys well; however, the solidification of steels requires further

treatment for "fast diffusers," or elements that diffuse infinitely fast in
the solid phase, such as carbon in martensitic or diffusionless trans-
formations [10]. The "Sheil with fast diffuser" model is used in this case.
"Scheil with back diffusion”" and "Scheil with solute trapping" are more
advanced models designed for industrial applications, such as steel
making and additive manufacturing. In this study, classic Scheil
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(b) Fe/M = 0.1
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Fig. 5. Solidus projection (80 % solidified) at (a) Fe/M = 0 (U-Zr-0), (b) Fe/M = 0.1, (¢) Fe/M = 0.2 and (d) Fe/M = 0.5. The line at the O mole fraction of 0.68
marked as "max. Xo" in each ternary diagram indicates the maximum value to be calculated. The region above this maximum O fraction was drawn by extrapolation

of the data points.

simulation was used for solidification analysis. In the following sections,
the Scheil-Gulliver calculation is using the "classic Scheil" module.

2.2. U-Zr-Fe-0 solidification analysis

U-Zr-Fe-O compositions were selected from nine isosurfaces with
Fe/(Fe + U + Zr) (Fe/M) values of 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and
0.8 (Fig. 2). The atomic fraction of O was selected from 0.03 to 0.68 at
0.03 increments, and the atomic fractions of U and Zr were taken from
0.03 to 0.99 at increments of 0.03. The total number of compositions
used for the calculation were 1829. This composition range was deter-
mined to see an effect of Fe addition (from stainless steel) to the U-Zr-O
system (from the fuel-cladding).

Calculation was performed using TC-Python [11], which is an add-on
program of Thermo-Calc, with TAF-ID [7]. For each composition, the
"classic Scheil" module was called with a maximum solidification frac-
tion of 0.8 and a temperature step of 10 K. The numerical calculation for
some compositions (especially at low O atomic fraction) failed to
converge and was solved by limiting the maximum solidification frac-
tion. At the beginning of one-point calculation, the liquidus temperature
was searched and the precipitation from the liquid phase was calculated

at each temperature down to the 80 % of the solidus temperature. The
mole fraction and composition of the precipitated solid phase were
evaluated at each temperature. When the temperature decreased from
Tp1 to T, (n is a calculation step), the equilibrium calculation was
performed to the liquid phase at step n-1 with T, and then the solid
phases were eliminated from the liquid state. Hence, the mole fraction of
liquid phase, NL,, was obtained as follows:

J
NL, = NL, 1 — »_ NS,(S;) 3)
j=1

where NS, (S;) is the mole fraction of solid phase of S; (j =1 ~ J; J is the
number of solid phases). Then, the solid-phase composition, mole frac-
tion of element k in the solid phase of S; as X, (S;, k), was updated by
dividing the accumulated volume fraction by the total moles at each
temperature step as follows:

NS, (S;, k) = Z [NSi_1(S;, k) + {NS:(S;) = NSi_1(S) }-Xi(S;, k)] (€))

i=1
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NS, (S;, k)

X(S;, k) = NS,(S)

)
where N; (Sj, k) is the moles of element k in the solid phase of S; at the
temperature step of i. The mole fraction of liquid phase, NL,, and the
composition of liquid phase, X(L, k), was computed by eliminating the
amount of solute distributed to the solid phase as follows.

NL,_ (k) — Z;'leNS" (Sf’ k)
NL,

Xa(L, k) = (6)

The calculated values (name of solid phase and atomic fractions of U,
Zr, Fe, and O) at each temperature were stored in a relational database
(see Fig. 2).

Python programs for postprocessing were developed to visualize the
following information: (1) liquidus and solidus (80 % solidified) pro-
jections at Fe/M ratios of 0-0.8, (2) phase relations at temperatures with
80 % solidification fraction, (3) solid-phase atomic ratios in a U-Zr-Fe
ternary diagram, and (4) comparison of U/(U + Zr) ratios between the
liquid and fluorite solid. The many kinds of phases were calculated in the

O/M ratio

0.6

04

0
1 08
Fe

Fig. 8. Atomic ratio of metals in solidified phases identified by O/M

ratio colors.

solidification analysis, which were grouped to improve readability ac-
cording to Table 1. The metallic phases (HCP_A3, BCC_A2, and FCC_A1)
and intermetallic phases (C14/C15_LAVES, e-phase, and x-phase
Fe-Zr-U system) were categorized as ME and IM, respectively. Iron
oxides (HALITE [wiistite], SPINEL [magnetite], and CORUNDUM [he-
matite]) were classified as FEOX. A schematic illustration of the analysis
program is presented in Fig. 3.

2.3. Backward analysis via nearest-neighbor search algorithm

We used the EDS point analysis data of the U-bearing particles listed
in Table 2, which shows the units where the samples were obtained
(detailed locations were shown in the supplemental materials S1), the
sample names, the estimated crystal structures, and the normalized
metallic atomic ratios. In this study, the U-containing regions were
chosen, which are mostly estimated as c-(U, Zr, Fe)O, (fluorite).

The Scheil-Gulliver calculation for a composition of x = (xy, Xzr, Xge,
Xxo) (x; is the atomic fraction) yielded N datasets, each of which was



A. Itoh et al.

(@) oeroeTme T

Journal of Nuclear Materials 614 (2025) 155892

1 (\ U U0y Y G [51¢] [}
- 889-.23 B8 o g d ’ gg ¢ o2 FeM
A 03
0.8 0.7
06
B
S 06
=]
N
+
D 04
= 03
02
0.2
0.1
0 . I 0
0 0.2 04 0.6 0.8 1
U/U+Zr in liquid
(b) (c) ) o
1 1 eeszzes 1 \: o 5 S K Ls
o (\O A N .%:. .
AP ; DI ¢
® 16
Q os o 08 -~ (N 08
'g © C 1 14
= o 2
&= 06 B OO 0.6 0.6 © ,,' 1.2
=) o/
£ 11 R Y A C2 ;
N . . 7 o / - o /’
5 78 E\ o /'I ‘/;DZ 08
(o) S o 06
> 02 “?_. Z 02 02 N’
© 04
Nl Fe/M =0 Fe/M =0.1 Fe/M =0.2 o
0 0.2 0.4 0.6 0.8 i 9 - - p— po— i o 0.2 04 0.6 08 1
U/U+Zr in liquid U/U+Zr in liquid U/U+Zr in liquid
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O/M ratio with Fe/M of 0.2. The solid line is diagonal connecting (0,0) and (1,1) indicating that the U/(U + Zr) ratios did not change during solidification. The data
points marked by circle A were U-rich compounds when Fe was added to the system.

described as a phase & with a composition of y; = (¥}, ¥, ¥k, ¥5) (=1
~ N). The composition of the U-bearing particle X = (Xy, Xz, Xpe) was
compared with the metallic atomic ratio in the solidified phase, which
was derived as follows:

#,0 -y'j .
Yi t= 7 =Y, ’ ) (7)
R
The second norm of two different composition Vectors between a U-

bearing particle and any point composition y*; = (v, y;!,ysD) with the
calculated solid phase was defined as follows:

. . 9705
di = [(foyEl)z + (XZr*y;rl)z + (xFe*yéi)Z] . ®

The quantity described in Eq. (8) was used as an indicator of nearness
to the target composition. In this study, the ten composition sets (y*)
with the smallest distance were calculated with the constraints where
the phase was fluorite (C1_MO2) or tetragonal zirconia (ZRO2_TETR).
Then, composition candidates were obtained from x = (xy, Xz, Xge, Xo0)

most closely corresponding to y*.

3. Results
3.1. Liquidus and solidus temperatures

Figs. 4 and 5 show the liquidus and solidus projections, respectively,
on the iso-surfaces with Fe/M values of 0, 0.1, 0.2, and 0.5. The line at
the O mole fraction (X(0)) of 0.68 in each ternary diagram indicates the
maximum value to be calculated. The region above this maximum O
fraction was drawn to be extrapolated by the data points. In the case of
Fe/M = 0, which was equivalent to the U-Zr-O system, the liquidus
temperature increased with the O content and the iso-temperature line
expanded to the U-rich region up to the O mole fraction of 0.4. When Fe
was added to the U-Zr-O system, a low-liquidus-temperature region
appeared in the oxygen-rich compositions. This tendency was evident in
the high-Fe/M values, which was attributed to the eutectic reaction of
the FeO-UO2-ZrO; system. Similar characteristics were observed in the
solidus temperature. Fig. 6 shows the dependence of these temperatures
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Fig. 10. Phase relations in 80 % solidified state with (a) Fe/M = 0 (U-Zr-0), (b) Fe/M = 0.1, (c) Fe/M = 0.2, (d) Fe/M = 0.3 and (e) Fe/M = 0.4.

on the O/M, defined as O/(U + Zr + Fe) in the system, and Fe/M ratios.
At O/M ratios of below 0.5, Fe-addition increased the liquidus temper-
atures but decreased the solidus temperatures. Above the O/M ratio of
0.5, Fe-addition drastically decreased the liquidus temperatures, leading
to a minimum value of 1804 K at the O/M value of 1.17.

3.2. Metallic atomic ratio distribution in solidified phases

Fig. 7 describes the atomic fractions of metals in the solidified

phases, and Fig. 8 shows the O/M ratio of the U-Zr-Fe-O system corre-
sponding to each point. The intermetallic compounds (C14/C15_LAVES,
¥-phase, and e-phase) appeared only at O/M ratios of less than 0.5, and
fluorite (C1_MO2) had a wide range of U/(U + Zr) up to the Fe/M ratio
of 0.2. By contrast, only small amounts of U and Fe could be dissolved in
tetragonal zirconia (TETR_ZRO2), and Zr could only be slightly dis-
solved in spinel. Based on Fig. 8, these fluorite or tetragonal compounds
could be formed from the liquid at a wide range of O/M ratios.

Fig. 9 shows the correlation between the U/(U + Zr) in the fluorite
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Fig. 11. Phase relations in 80 % solidified state with (a) Fe/M = 0.5, (b) Fe/M = 0.6, (c¢) Fe/M = 0.7 and (d) Fe/M = 0.8.

and the initial U/(U + Zr) coloring with the Fe/M ratio (Fig. 9(a)) and
the O/M ratio (Fig. 9 (b-d)). The solid line on the figure is the diagonal
line connecting (0,0) and (1,1) which indicates U/U + Zr ratios that did
not change during solidification. The U/(U + Zr) ratios formed from the
low-Fe/M-ratio compositions (dark purple points) shifted to U-rich
compounds, whereas those formed from the high-Fe/M-ratio composi-
tions (red, orange, and yellow points) separated into U-rich (encircled as
A) and U-poor compounds. When the Fe/M ratio was zero and the O/M
ratio was low, the coexistence of fluorite with «-Zr(O) resulted in the

enrichment of U in the oxide (Area B in Fig. 9 (b)). As Fe was added to
this state, the e-phase (FE3U3ZR4), laves phase and BCC solid solution
(U-Zr) were formed in addition to a-Zr(O). Formation of e-phase and
BCC solid solution reduced the U atomic fraction in fluorite, whereas
formation of laves phase reduced the Zr atomic fraction in fluorite. In
this study, volume fraction of e-phase increased as the Fe/M ratio
increased, which caused the decreased U/(U + Zr) in fluorite in the low
U/(U + Zr) liquid (Fig. 9 (c) and (d)). With a large value of O/M ratio,
the U/(U + Zr) of fluorite was almost on the diagonal line (Area B in
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Table 3
Summary of phase relations at 80 % solidified state for various Fe/M ratios.
No. Phase relations Fe/M ratio
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 ME X X
2 IM + ME X X X X
3 IM + ME + MO2 X X X X X X X X
4 IM + MO2 X X X X X X X
5 ME + MO2 X X X X X X X
6 MO2 X X X X X X
7 MO2 + ZRO2 X X
8 ME + MO2 + ZRO2 X X X X X X
9 FEOX + ME + MO2 + ZRO2 X X X X X
10 FEOX + MO2 + ZRO2 X X X X X

Fig. 9(b) Fe/M=0). Addition of Fe to this state caused the phase sepa-
ration to the U-rich and Zr-rich oxides as the U/(U + Zr) in liquid state
was increased (See areas C1 and C2 respectively in Fig. 9c and areas D1
and D2 in Fig. 9d).

3.3. Phase relations at 80 % solidified phases

Figs. 10 and 11 depict the phase relations in the 80 % solidified state
on the iso-surfaces of Fe/M with the categories defined in Section 2.2.
The minimum O level forming fluorite (MO2), tetragonal zirconia
(ZRO2), and iron oxides (FEOX) and the maximum O level forming the
metallic phases (ME and IM) are indicated as labeled lines in each figure.
For Fe/M ratios under 0.5, the maximum O concentration at which the
metallic phases (ME or IM+ME) formed, decreased with an increase in
the Fe/M ratio. However, at the Fe/M ratios of 0.5 up to 0.8, metallic
phases formed with fluorite (see Fig.11). Regarding the oxide com-
pounds, the minimum O level forming fluorite (MO2) decreased with an
increase in the Fe/M ratio and tetragonal zirconia (ZRO2) and iron ox-
ides (FEOX) were only present in the range of Fe/M ratios from 0.2 to
0.3. Table 3 summarizes the phase relations of solidified state at each
Fe/M ratio, showing the following characteristics:

(1) A two-phase region of fluorite and tetragonal zirconia formed at
limited Fe/M ratios (0.2 and 0.3).

(2) Iron oxides could form along with other oxidic phases and a
metallic melt at Fe/M ratios of 0.4 or above.

(3) A single phase of fluorite could form at Fe/M ratios of 0.5 or
below.

3.4. Backward analysis results of 1F samples

Fig. 12 shows the composition candidates obtained from the nearest-
neighbor search for each sample. The filled symbols denote the metal
compositions obtained from the EDS measurement of the samples, and
the analysis results are denoted by the unfilled symbols. For samples
with multiple EDS points (Fig. 12 (a) 1u-PCV-4-2017#15, (b) 1u-PCV-4-
2017#22, (e) 2u-OPESHE-1-2014#4, and 3u-PCVDEPO-3-2018#5,
where # means region), areas with overlapping analysis results can be
composition candidates, which are enclosed by black squares. The
overlapping points (composition candidates) are summarized in Table 4.
Regarding each sample with a single EDS measurement, ten points
calculated through nearest-neighbor search are depicted in the figure.
The data points marked with A — F are summarized in Table 4. Area A
represents the highest Fe content or Fe/M ratios, and area F the lowest
Fe content or lowest Fe/M ratios. The analysis results for each sample
are as follows.

(a) 1u-PCV-4-2017#15

The overlapping points were obtained at the Fe/M ratios of 0.4 and
0.7 and had low U/U + Zr ratios (0.12-0.35). The O/M ratios at high-Fe/
M values (area A) and low Fe/M values (area B) were in the range of
0.72-0.92 and 1.33-1.77, respectively.
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(b) 1u-PCV-4-2017#22

The overlapping points were obtained in a wide range of Fe/M ratios
(0.1-0.7) and had a narrow range of U/U + Zr ratios (0.44-0.55). The O/
M ratios ranged from 0.37 to 1.17.

(c) 2u-PCVDEPO-4-2018#6

The candidates were obtained in a wide range of Fe/M ratios
(0.1-0.8); their U/U + Zr ratios were within a narrow range and close to
that of the sample. The O/M ratios for the ten candidates were in the
range of 0.18-1.70.

(d) 2u-OPESHE-1-2014#30

Similar to the candidates for 2u-PCVDEPO-4-2018+#6, the candidates
for this sample were obtained in a wide range of Fe/M values (0.3-0.7);
their U/U + Zr ratios were in a narrow range and close to that of the
sample. However, their U/U + Zr ratios exhibited a scattered deviation
from that of the sample. The O/M ratios for the ten candidates were in
the range of 0.92-1.70.

(e) 2u-OPESHE-1-2014#4

The overlapping points were obtained at the Fe/M ratios of 0.5 and
0.7 and had high U/U + Zr ratios (0.79-0.90). The O/M ratios ranged
from 0.32 to 0.92.

(f) 3u-PCVDEPO-3-2018#5

The overlapping points were obtained at the Fe/M ratios of 0.5 and
0.8 and had high U/U + Zr ratios (0.67-0.91). Their O/M ratios were in
the range of 0.49-1.50.

4. Discussion
4.1. Outline of composition candidates obtained by backward analysis

Fig. 13 shows radar charts of the composition candidates for the 1F
samples based on the data in Table 4. It shows the main variation occurs
in Fe and O mole fractions compared to the U and Zr mole fractions.
Specimen b) 1u-PCV-4-2017#22 is the exception where all 4 elements
are equally variable. Given that a fully oxidic compound can be written
as FeO-UO2-Zr0O,, O mole fractions below 0.5 indicated an O-deficient
hypo-oxide liquid state which is independent of the U, Zr and Fe atomic
fraction. Hence, the samples could have either oxidic or hypo-oxidic
liquid, affecting the liquidus temperatures and the interpretation of
accident progression. Fig. 14 shows the liquidus temperatures of the
composition candidates. Most samples remain relatively high at above
2500 K regardless of their oxidation (O/M ratio). By contrast, the values
for 3u-PCVDEPO-3-2018#5 (triangle) scattered around 1800 K (Area A)
and above 2600 K (Point B). The former case was caused by Fe-rich
oxidic liquid, and the latter case was caused by Fe—(U, Zr)O, (metal
and oxide) liquid. The variation of liquidus temperature with Fe/M ratio
in this sample is also crucial for understanding formation mechanism of
U-bearing particles because it reflects the extent of involvement of SS
during debris formation.
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Fig. 12. Comparison of sample analyses and nearest neighbor calculations.

4.2. Detailed solidification paths of samples

We estimated the liquid-state composition of each sample using the
nearest-neighbor search method and the composition in the solidified
state obtained from the Scheil-Gulliver simulation. This section dis-
cusses the tendency of the composition candidates and the detailed so-
lidification path of each sample. The solidification path is explained
using temperature curves in terms of the solid fraction, and the
composition change of the liquid phase during solidification are eluci-
dated using points of the solidified phase relations. A figure is provided
for each sample in Supplemental materials (S2).

The crystal structures observed in 1u-PCV-4-2017#15 and 2u-

PCVDEPO-4-2018#6 were estimated as tetragonal phases (Table 2);
however, the solubilities of U and Fe in these phases were too high to be
reproduced via calculation in this study. This deviation could be
explained by the metastable tetragonal phase of the UO2-ZrO; system.
Piluso et al. [12] observed a tetragonal solid solution in a sample from a
VULCANO experiment [13] at a U/(U + Zr) value of approximately 0.4
and in a TMI-2 sample [14] at a U/(U + Zr) value of approximately 0.2.
The formation of the metastable tetragonal phase was ascribed to the
destabilization of the cubic phase at high temperatures. Because meta-
stable phase formation is caused by nonequilibrium processes, it cannot
be reproduced by thermodynamic simulation. Nevertheless, the cubic
phase may need to be included in the search condition for a sample

11
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Table 4

Journal of Nuclear Materials 614 (2025) 155892

Composition candidates based on nearest-neighbor search by backward estimation.

Sample name Region Area (Fig. 12) Initial composition (mole-fraction) and liquidus/solidus temperatures
D Xy Xzr Xre Xo Tiiq (K) Tso1 (K) o/M U/U+Zr
1u-PCV-4-2017 15 A 1745 0.03 0.14 0.41 0.42 2580 1804 0.72 0.18
1746 0.06 0.11 0.41 0.42 2475 1804 0.72 0.35
1750 0.03 0.13 0.39 0.45 2421 1595 0.82 0.19
1755 0.03 0.13 0.36 0.48 2354 1595 0.92 0.19
B 1399 0.03 0.23 0.17 0.57 2773 1804 1.33 0.12
1414 0.03 0.19 0.15 0.63 2476 1685 1.70 0.14
1u-PCV-4-2017 22 A 1656 0.15 0.11 0.38 0.36 2798 1380 0.56 0.58
1660 0.12 0.12 0.37 0.39 2812 1469 0.64 0.50
B 1548 0.12 0.13 0.24 0.51 2809 1803 1.04 0.48
1496 0.18 0.17 0.35 0.30 2687 1459 0.43 0.51
C 1336 0.21 0.17 0.26 0.36 2691 1362 0.56 0.55
1318 0.21 0.21 0.28 0.3 2636 1160 0.43 0.50
D 1213 0.15 0.15 0.13 0.57 2850 2817 1.33 0.50
1149 0.21 0.22 0.18 0.39 2625 1299 0.64 0.49
1060 0.3 0.32 0.26 0.12 2542 1299 0.14 0.48
E 868 0.27 0.31 0.15 0.27 2533 1396 0.37 0.47
978 0.18 0.19 0.09 0.54 2710 2602 1.17 0.49
942 0.21 0.23 0.11 0.45 2606 1376 0.82 0.48
F 579 0.3 0.33 0.07 0.30 2528 1335 0.43 0.48
674 0.21 0.26 0.05 0.48 2555 1419 0.92 0.45
2u-PCVDEPO-4-2018 6 A 1793 0.06 0.09 0.61 0.24 2805 1553 0.32 0.40
B 1670 0.09 0.13 0.33 0.45 2773 1803 0.82 0.41
C 997 0.12 0.2 0.08 0.6 2814 2795 1.50 0.38
2u-OPESHE-1-2014 30 A 1757 0.09 0.07 0.36 0.48 2179 1595 0.92 0.56
B 1231 0.18 0.08 0.11 0.63 2656 1785 1.70 0.69
2u-OPESHE-1-2014 4 A 1734 0.18 0.02 0.47 0.33 2890 1453 0.49 0.90
1744 0.15 0.03 0.43 0.39 2915 1803 0.64 0.83
B 1520 0.27 0.05 0.32 0.36 2808 1428 0.56 0.84
1478 0.30 0.08 0.38 0.24 2771 1278 0.32 0.79
1543 0.21 0.05 0.26 0.48 2904 1688 0.92 0.81
3u-PCVDEPO-3-2018 5 A 1805 0.09 0.04 0.54 0.33 2591 1803 0.49 0.69
1823 0.06 0.03 0.37 0.54 1804 1595 1.17 0.67
1825 0.06 0.03 0.34 0.57 1813 1613 1.33 0.67
1821 0.06 0.04 0.39 0.51 1829 1595 1.04 0.60
B 1557 0.21 0.02 0.23 0.54 2863 1804 1.17 0.91
1569 0.18 0.02 0.20 0.60 2428 1595 1.50 0.90

having a tetragonal phase with a high U/(U + Zr) ratio.

By including the cubic phase in the search condition for 1u-PCV-4-
2017#15, we obtained reasonable candidates. The solidification path
for 1u-PCV-4-2017#15 is shown in S1.1 (Supplemental material 1: S1),
labeled calculation numbers (nos.) 1750 and 1414. The composition of
no. 1414 had more O but less Fe than that of no. 1750. Both paths
showed similar liquidus and solidus temperatures (S1.1(a)). The solidi-
fied phases of no. 1414 included SPINEL, whereas those of no. 1750
included HALITE and BCC_A2. The analysis result of no.1414 was
consistent with the report [2] identifying tetragonal and spinel phases in
this sample. The inclusion of Cr in the calculation was expected to
expand the spinel-forming region, as discussed in Section 4.3.

The solidification path for 1u-PCV-4-2017#22 is shown in S1.2,
labeled nos. 1149 and 1618, with no. 1149 having more oxygen but a
lower Fe atomic fraction. The solidified state in both cases included
intermetallic compounds (C14_LAVES, C15_LAVES, and FE3U3ZR4),
and C1_MO2 did not have Fe. The Fe content of this sample was almost
negligible, confirming that fluorite without Fe can also form from Fe-
containing compositions. Therefore, the low Fe atomic fraction in the
sample does not deny the possibility that this particle was formed by a
reaction with SS.

The solidification path for 2u-PCVDEPO-4-2018#6 is shown in S1.3,
labeled nos. 1663 and 1793, with no. 1663 having more O but a lower Fe
atomic fraction. Although they had similar solidification paths, with
solidified states of C1_MO2 and BCC_A2, the solid fraction in no. 1663
was more sensitive to temperature. The crystal structure of this sample
was estimated as a tetragonal phase, but we added a cubic phase in the
search condition for the same reason as for 1u-PCV-4-2017#15.

The solidification path for 2u-OPESHE-1-2014#30 is shown in S1.4.
We selected nos. 1231 and 1757 to demonstrate that solid solutions with

12

similar compositions can form despite having widely different Fe/M
ratios. The liquidus temperature in no. 1757 was lower than that in no.
1231 because of the FeO-UO5-ZrO, eutectic reaction. Solidification
path no. 1231 showed phase separation to C1_MO2 and ZRO2_TETR,
whereas HALITE and BCC_A2 additionally separated in no. 1757. This
sample showed fluorite and spinel, indicating that no. 1757 was similar
to the sample.

The solidification path for 2u-OPESHE-1-2014#4 is shown in S1.5,
labeled nos. 1544 and 1734, with no. 1544 having more O but less Fe.
The solidification path in both cases was similar, separated into C1_MO2
and BCC_A2. This result differed from the sample result, which showed
fluorite and spinel. This point was improved by introducing Cr in the
simulation, as explained in Section 4.3.

The solidification path for 3u-PCVDEPO-3-2018#5 is shown in S1.6,
labeled nos. 1557 and 1805, with no. 1557 having more O and U but a
lower Fe atomic fraction. The oxidic liquid of no. 1557 was separated
into C1_MO2 and ZRO2_TETR. For no. 1805, the metals above the sol-
ubility limit of the dioxides formed as BCC_A2 in addition to C1_MO2
and ZRO2_TETR. Because this sample had U-rich fluorite and Zr-rich
tetragonal phases without metals, no. 1557 was considered to be more
similar to the sample.

According to the report validating TAF-ID with the experimental
work simulating ex-vessel corium (U-Zr-Fe-Si—Ca-O) [15], thermody-
namic calculation well agreed with the experimental results for the
UOy-corium, especially for liquidus and solidus temperatures and
composition of phases. However, the U/(U+Zr) ratio in the fluorite
deviated from the experimental result when there had miscibility gap at
high temperature. This deviation may affect the analysis result of
2u-OPESHE-1-2014#30 and 3u-PCVDEPO-3-2018#5 because their
candidates have two fluorite phases. It is expected that the accuracy of
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Fig. 13. Composition candidates obtained by nearest-neighbor search displayed on the radar charts of mole fraction for the 4 main elements of the nearest neighbors
identified in Fig. 12.

prediction in this study will be improved by the further refinement of system while regarding Fe as Fe + Cr and compared the results with the
database. obtained sample compositions. Although we obtained consistent results
in most cases, the analysis for 2u-OPESHE-1-2014#4 showed inconsis-
tency in spinel formation. This was because of the limited SPINEL
4.3. Influence of Cr on solidification analysis (Fe304) formation in the U-Zr-Fe-O system. Because the FDNPS sam-
ples showed the coexistence of Cr-rich spinel with fluorite, the influence

In this study, we calculated solidified phases in the U-Zr-Fe-O

13
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Fig. 15. Difference in spinel formation range with (a) Fe-O system and (b) Feg gCrg o—O system.

of Cr on the U-Zr-Fe-O system should be considered. For a lower
computation cost of U-Zr-Fe-Cr-O system simulation, using a constant
ratio of Fe/Cr that is equivalent to that of nuclear stainless steel (i.e. AISI
316) is reasonable. Fig. 15 is a comparison of binary phase diagrams of
Fe-O and Fe gCrg o-O, highlighting how Cr inclusion affected the phase
formation results. The blue and red areas indicate the spinel and liquid
formation ranges, respectively. Compared with that of the Fe-O system,
the spinel formation area here was much wider, and Cr,O3 was seen
from an oxygen content of about 0.1 mole. Therefore, Fe/Cr-rich spinel
(FexCrOy4, FeCry04) or chromium oxides (CrpO3) may appear in areas
with metallic (ME) and intermetallic compounds (IM) in U-Zr-Fe-O
system simulation, enabling the inclusion of Cr-rich spinel in the search
condition. This improvement is expected in future work.

4.4. Inclusion of other elements to the U-Zr-Fe—O system

It would be worthwhile to discuss other elements to be included in
the U-Zr-Fe-O system for future work. Candidate elements are the
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stainless-steel components (Cr and Ni), neutron absorber (B and C) and
fission products (FPs). As for the stainless-steel components, the inclu-
sion of Cr is necessary as shown in the previous section. Additionally, the
inclusion of Ni would be effective in evaluating the melting reaction
under reducing condition between the fuel debris and stainless steel or
nickel alloy due to the chemical affinity of the Zr-Ni-Fe system. How-
ever, since the Zr-Ni-Fe system of TAF-ID has been validated mainly for
experimental results below 1473 K, the addition of Ni may affect the
prediction accuracy of the liquidus temperatures of system. Therefore, it
is recommended to include Ni only for a specific purpose, such as to
investigate segregation in Ni-enriched regions. Second, boron and car-
bon from the neutron absorber react with Fe and Zr to form borides and
carbides, which affect the mechanical properties of fuel debris [16].
Meanwhile, the amount of these elements that evaporated during the
fuel debris formation process is considered to be not small, because B4C
and control rod-derived debris may have reacted with high-temperature
steam to release boric acid gas [17,18]. Finally, inclusion of FPs is dis-
cussed. The fission gases and volatile elements do not need to be
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included in the solidification process. Excluding the evaporated ele-
ments, FPs can be categorized as (1) elements dissolved in the fuel
matrix (rare earth, Zr, Nb and Mo), (2) elements forming oxide pre-
cipitates (Ba, Sr and Zr) and (3) elements forming metallic precipitates
(Ru, Tc, Rh, Pd and Mo) [19]. Elements in category 1 may affect the
solubility of cation atoms in the fluorite matrix, elements in category 2
may form perovskite-type compounds with U and Zr, and category 3
may react with Ni and Zr in a reducing atmosphere. Regarding Mo, the
chemical form depends on the oxygen partial pressure (Mo or MoOs),
which becomes an indicator obtaining information about the oxygen
potential in the fuel. The importance of these elements depends on the
amount of material evolution during the core degradation. The
approximate weight of FPs elements at the time of core degradation of
Unit 2 was obtained by summing up the radionuclides at 3 days after the
accident [20] as follows: (1) rare earth, Nb and Mo; 900 kg, (2) Ba and
Sr; 150 kg and (3) Ru, Tc, Rh, Pd and Mo; 500 kg. The weight of each
category is less than 1 % of the UO, inventory (approx. 103.3 tons);
therefore, these elements basically do not need to be included in the
solidification analysis. However, samples of Ni sulfides with scattered
platinum group FPs were found in Unit 2 [3], and the formation
mechanism may help to understand the in-core conditions. For FPs el-
ements, it is recommended to include relevant elements in the analysis
depending on the situation and purpose.

5. Conclusion

This study investigates the development of a method of backward
estimation of the state of FDNPS debris via Scheil-Gulliver solidification
analysis for a U-Zr-Fe-O system. It is based on the idea that (1) the 1F
sample composition may reflect the state at the time of solidification of
particles and (2) the composition at the time of melting can be deter-
mined by comparing the backward estimates with the sample compo-
sition. The developed method was applied to six U-bearing particles, and
liquid-state composition candidates were proposed. Consistent phase
relations and compositions were obtained from five samples by adding a
cubic structure to the search condition of samples with tetragonal
structures. However, the coexistence of spinel with fluorite was not
reproduced in one sample due to the absence of Cr-rich spinel phase
calculation. Introducing U-Zr—(Fe, Cr)-O simulation is expected to
improve this method in future work. The improved estimation of the
debris composition and their local conditions of formation in each unit
will greatly aid the forthcoming removal and storage of the FDNPS
debris.
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