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Chemical characterisation of degraded nuclear fuel analogues
simulating the Fukushima Daiichi nuclear accident

Hao Ding', Clemence Gausse', Malin C. Dixon Wilkins', Lucy M. Mottram', Martin C. Stennett ', Daniel Grolimund @7, Ryan Tappero®,
Sarah Nicholas @7, Shikuan Sun'#, Tomooki Shiba>, C. Paraskevoulakos®, Neil C. Hyatt®'™ and Claire L. Corkhill @®'*

The Fukushima Daiichi accident generated degraded nuclear fuel material, mixed with other reactor components, known as molten core-
concrete interaction (MCCI) material. Simulant MCCI material was synthesised, excluding highly radioactive fission products, containing
depleted U, and incorporating Ce as a surrogate for Pu. Multi-modal p-focus X-ray analysis revealed the presence of the expected suite of
U-Zr-O containing minerals, in addition to crystalline silicate phases CaSiOs, SiO,-cristobalite and Ce-bearing percleveite, (Ce,Nd),Si,0;.
The formation of perclevite resulted from reaction between the U-Zr-O-depleted Ce-Nd-O melt and the silicate (SiO,) melt. It was
determined that the majority of U was present as U**, whereas Ce was observed to be present as Ce3*, consistent with the highly
reducing synthesis conditions. A range of Fe-containing phases characterised by different average oxidation states were identified, and it
is hypothesised that their formation induced heterogeneity in the local oxygen potential, influencing the oxidation state of Ce.

npj Materials Degradation (2022)6:10; https://doi.org/10.1038/s41529-022-00219-3

INTRODUCTION

The Fukushima Daiichi nuclear power plant (1F) experienced a loss
of coolant accident on 11 March 2011 as a result of the Great East
Japan earthquake and resultant tsunami. Three of the reactor cores
experienced meltdown (units 1, 2 and 3) and hydrogen explosions
resulted in the release of radionuclides to the surrounding area'?.
Within the reactor cores, overheating led to melting of fuel pellets
(UO, and (U,Pu)O,) and fuel cladding (zircaloy), as well as other
core materials such as control rods (stainless steel and B,C).
A portion of the melted core materials are expected to have
penetrated the bottom of the reactor pressure vessel, further
reacting with concrete and forming molten core-concrete interac-
tion (MCCI) products®, analogous to the lava-like fuel containing
materials (LFCM) present at Reactor 4 of the Chernobyl nuclear
power plant*’. Understanding the chemical and physical proper-
ties of MCCI is of significant importance for the retrieval, storage
and disposal of these severely damaged nuclear materials.
Samples of MCCl from 1F are yet to be collected due to the
extreme radioactivity still present and the operational challenges
associated with utilisation of robotic sampling techniques. In the
absence of such material, simulations of the core melting process
and thermodynamic modelling techniques have been conducted
to predict the composition of the solidified phases under 1F
accident conditions>#°. For example, VULCANO and VESTA have
been utilised to investigate the formation and microstructure of
MCCI'®'2, While such large-scale experiments provide beneficial
insight, they are challenging to replicate due to their high cost and
hazard. These experiments have, thus far, not investigated MCCI
incorporating plutonium, or its surrogates (e.g. Ce, Hf, Nd). This is of
particular relevance to 1F MCCI since a portion of the fuel within
Unit 3 at the time of the accident was mixed oxide [(U,Pu)O,] fuel.
To gain insight into the chemical distribution and speciation
of U and Pu within MCCI, and the phase assemblage, a suite of

low-radioactivity simulant Fukushima MCCI materials, containing
Ce as a surrogate for Pu, were synthesised and characterised at
laboratory scale. Ce has been widely applied as an inactive
surrogate for Pu due to similarities in available oxidation states,
chemical behaviour under conditions of ceramic synthesis, and
electronic structure (Ce** ionic radius 0.97 A vs Pu** ionic radius
0.96 A)'>'%, The behaviour of Ce in the simulant MCCI products can
provide potential insight towards the behaviour of Pu in the real
MCCI materials; although there are some differences between Pu
and Ce, such as the ability of Ce** to be reduced to Ce3* in zircon-
based ceramics, whereas, in contrast, Pu does not readily reduce'®.
In this study, Nd was chosen to be representative of the trivalent
rare earth elements, present in the MCCl as fission products. While
no real material is available with which to verify the similarity of the
simulant to Fukushima MCCI, the synthesis methods of this study
are based on those of previous work on Chernobyl LFCM simulants,
which closely resembled real LFCM obtained from within the
reactor'®1”. Several approaches were trialled to incorporate the Pu
surrogate, Ce, and bulk analysis of the resulting simulant MCCl is
presented. Synchrotron multi-modal p-focus X-ray analyses were
further conducted to derive detailed insight to the simulant MCCI
materials. Micron-resolved chemical probes (X-ray fluorescence,
p-XRF and X-ray Absorption Spectroscopy, p-XAS) and diffraction
analysis (u-XRD) were combined to identify the crystalline phases
and to determine the local U and Ce chemistry in both crystalline
and amorphous phases.

RESULTS AND DISCUSSION
Bulk characterisation of MCCI simulants

The batched compositions of simulant MCCI materials were based
on estimations of the relative proportions of core materials and
concrete, previously reported in the literature and through
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Table 1. As batched compositions of simulant MCCl materials.
Component MCCI-1 (mol.%) MCCI-2 (mol.%) MCCI-3 (mol.%)
SiO, 31.26 30.90 31.93
Cao 5.94 5.87 6.04
Al,O3 13.11 12.96 13.39
Fe,Os3 7.96 7.87 8.15

316 Stainless steel 1.12 1.11 1.16
ZrO, - 6.71 6.84
Uo6Zr0.40 2837 - -
Uo.sCe0.105 6.12 - -
UooNdg 10, 6.12 - -
Uo.9Ce0.0sNdo.0s02 = 34.58 -
UooCeo05Zrp0502 - - 32.49
Total U 28.04 31.12 29.24
Total Ce 1.22 1.73 1.62
Total Zr 11.35 6.71 8.46
TOTAL 100.00 100.00 100.00

discussion with personnel at the Japan Atomic Energy Agency
Collaborative Laboratories for Advanced Decommissioning
Science (CLADS)®'®, In all compositions, the content of concrete
forming oxides (SiO, CaO and Al,03) and stainless steel
components (Fe,Os and 316 stainless steel filings) were kept
constant, while the method of Pu surrogate (Ce) and Zr addition
was varied (Table 1). Previous studies of degraded nuclear fuel
simulants incorporated Zr simply as Zr and/or ZrO,'%'°. However,
since U, Pu and Zr would have been in a U-Pu-Zr-O solid solution
at the point at which the molten degraded fuel contacted
other reactor components including stainless steel and concrete,
these elements were added to the simulant MCCI as various
(Uy_x_yCeyZry)0,_s oxide materials. The microstructure and
phase assemblage of these materials is described in Supplemen-
tary Fig. 1. Since the B4C control rods are expected to be a small
fraction of the overall MCCI inventory, and because the influence
of carbide on MCCI composition is small, the MCCI simulants in
this study did not incorporate B,C.

Analysis of the simulant MCCl materials revealed a microstruc-
ture and mineralogy broadly consistent with large-scale simula-
tion experiments (e.g. VULCANO), thermodynamic modelling and
Chernobyl LFCM*8192° The presence of a glass phase containing
crystallite inclusions was confirmed for all three MCCl materials by
XRD (Fig. 1), with a region of diffuse scattering present between
15°< 20 < 35° and identifiable Bragg reflections in all diffraction
patterns. As expected, uranium-rich cubic c-(U,Zr)O, (PDF 04-019-
4898), zircon (ZrSiO,4; PDF 00-033-1485] and anorthite (CaAl,Si,Og;
PDF 01-076-0948) were identified in all three MCCl compositions.
Although the batched compositions of each MCCI simulant were
similar, there were subtle differences in the remainder of the
phase assemblage. The addition of Zr as ZrO,, in MCCI-2 and
MCCI-3 only, was associated with the identification of monoclinic
ZrO, (PDF 04-008-7681). The additional ZrO, also appeared to
promote the formation of zircon and anorthite, with the
reflections indexed to these phases higher in relative intensity in
the diffraction patterns of MCCI-2 and MCCI-3. Reflections indexed
as Fe-Ni (PDF 00-047-1405) were observed in all samples except
MCCI-1, which may be due to a heterogenous oxygen potential
within the sample (see below).

The presence of each of these phases was confirmed by SEM/
EDS of each MCCI material, as shown in Fig. 2. c-(U,Zr)O, and U-Zr-
O crystallites (see Supplementary Fig. 2) were observed in several
typical morphologies. The microstructure of MCCI-1 (see Fig. 2a)
showed c-(U,Zr)O, present as prismatic crystallites, in some

npj Materials Degradation (2022) 10
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ZrSiO, (PDF00-033-1485)

CaAl,(SiO,), (PDF01-076-0948)
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26 (°)

Fig. 1 X-ray diffraction data obtained for each of the three MCCI
simulants.

regions contacting with zircon crystalline phases surrounded by
anorthite, with the Ca-aluminosilicate glass (see Supplementary
Fig. 2) forming the surrounding matrix.

Fused and dendritic morphologies were observed in MCCI-2 and
MCCI-3 (see Fig. 2b, ¢, respectively). It is possible that U was also
incorporated into the zircon phase, as shown by the EDS spectrum
in Fig. 2d, although it is possible that the EDS oversampled the
crystallite and measured underlying U-containing phases. The
other main segregated silicate phase contained Al, Ca and Fe
(Fig. 2e), suggestive of Fe-bearing anorthite, in agreement with
XRD data. EDS data averaged over several anorthite crystallites
gave an approximate composition of Ca(AlyoFe; 1),Si>0g, showing
a significant substitution of Fe by Al. It was not possible to discern
the distribution of the Pu surrogate, Ce, by EDS due to the low
concentration (Supplementary Fig. 2).

Phase assemblage determination by p-focus X-ray analysis

To complement the bulk analyses and obtain high resolution,
spatially resolved characterisation, the phase assemblages of the
three MCCl samples were also determined by microanalysis. The
chemical composition and corresponding p-XRD analysis of a
representative area of MCCI-1 are shown in Fig. 3. Individual p-XRD
patterns are given in Supplementary Material Fig. 3. U-rich, Zr-
containing crystallites (generally within the size range 5-25 um)
were indexed as cubic Zr-containing UO, (c-(U;_,Zr,)O,; PDF 04-
019-4898), consistent with the bulk analysis (Figs. 1 and 2). This was
the major phase present in the region of interest; however, other
phases were identified; including tetragonal U-containing ZrO, (t-
(Uq _,Zr,)O5; PDF 04-020-6305) and monoclinic ZrO,, both with and
without significant U ((m-(Zr,_,U,)O,) and m-ZrO,; PDF 04-008-
7681; respectively). These phases were clustered around crystallites
of ¢-(U,_,Zr,)0,, forming fused aggregates. The spatial correlation
of U and Zr (Supplementary Fig. 4), and the corresponding
distribution of phases, are in good agreement with the previous
microanalysis of simulant Chernobyl LFCM'”,

Also, in agreement with the bulk characterisation (Fig. 2a, b),
silicate crystalline phases indexed as anorthite (CaAl,Si,Og; PDF
01-076-0948) and wollastonite (CaSiOs, PDF 00-027-0088), were
found to surround the fused U-Zr-O crystallites (Fig. 3c). Minor
amounts of SiO, (SiO,-quartz; PDF 00-046-1045) were present
(2-5 pm), trapped between c-(U,_,Zr,)O, and CaAl,Si,Og crystal-
lites. This is most likely unreacted SiO,. Metallic Fe-Ni alloy
particles (Fe-Ni; PDF 00-047-1405) were found in the regions of
highest Fe and Ni concentration, as determined by XRF maps of
elemental distribution shown in Supplementary Fig. 4. Originating
from stainless steel and Fe,Os3 in the initial batched material,
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Fig.2 SEM images and EDS spectra of simulant MCCI materials. Showing a MCCI-1, b MCCI-2 and ¢ MCCI-3; and EDS spectra of d uranium-
containing zircon and e the Al-Ca-Fe rich silicate phase, identified by XRD as anorthite. Scale bars are as follow: a 10 ym; b 8 um; and ¢ 8 ym.

several small (2-4pum) Fe oxides were identified, including
FeCr,0, [PDF 04-006-2807], Fe,O3 [PDF 01-076-4579] and Fe30,
[PDF 01-075-0449], as shown in Supplementary Fig. 4. Since the
intensities of the XRD reflections of these phases are much lower
than the dominant phases present at the same pixels, they are not
visible in the u-XRD map shown in Fig. 3c. The presence of Fe-
phases bearing different oxidation states of Fe, given the highly
reducing conditions of the synthesis, points to localised differ-
ences in the redox conditions during the MCCI synthesis. The
observed crystalline phases were embedded within a calcium-rich
aluminosilicate glass matrix.

MCCI-2 presented a similar phase assemblage, but with a larger
range of crystalline phases identified, as shown in Fig. 4. This is
attributed to differences in the as-batched compositions, and was
confirmed by comparison of the p-XRF spectra (Fig. 4a) of MCCI-1
and MCCI-2: the intensities of Ce-La and Zr-Ka compared to the
Fe-Ka emission (which was essentially unchanged) show variations
between the two compositions. For example, the relative intensity
of Ce-La of MCCI-2 was higher and Zr-Ka was lower when
compared to MCCI-1, matching well with the batch composition
(Table 1). Due to the greater quantity of ZrO, added to the MCCI-2
batch, an additional Zr-containing phase, zircon [ZrSiO,; PDF 00-
033-1485], was observed at the edge of the regions of fused
morphology. Some crystallites of zircon also contained U and/or
Ce, as observed in the XRF maps of U, Ce, and Zr (Fig. 4b-d).

Published in partnership with CSCP and USTB

Ce-doped zircon has been synthesised and widely investigated
by previous studies to simulate and understand the properties of
Pu-doped zircon, but has not been reported within simulant MCCI
products?'?2, As both Ce3* and Ce*" can exist in zircon,
examination of the oxidation states of Ce is of interest, and could
give important insight to material interactions during MCCI
formation and Pu redox behaviours. Under reduced atmosphere,
Pu** in the Pu-Si-O system can be reduced to Pu* in the form of
Pu,e,5i30,3 and Pu,Si,0,2. Small crystallites of SiO, (SiO,-
cristobalite; PDF 00-039-1425), with approx. sizes in the range
2-5pum, were observed in the vicinity of zircon (see Fig. 4c)
inclusions. Ce-rich, Nd-containing crystallites were identified and
indexed as Nd-doped Ce,Si,0; (percleveite, (Ce,Nd),Si,O; PDF 00-
048-1588).

The elemental distributions of U, Zr, Ce and Fe of MCCI-3 are
displayed in Fig. 5. Ce was distributed similarly to U and Zr,
present in both the glassy matrix and U-Zr-O-containing crystal-
lites. However, it also appeared that some Ce was also
concentrated in the vicinity of Fe-enriched regions, and was
concentrated in the interiors of pores.

MCCI silicate and iron-phase mineralogy

The concrete within 1F was particularly silica-rich, due to the
presence of sand as a mortar binder. Thermodynamic analysis of

npj Materials Degradation (2022) 10
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Fig. 3 Micro-focus X-ray analysis of MCCI-1. Showing distribution
of a U-La and b Zr-Ka X-ray fluorescence signals; and ¢ 2D p-
diffraction map reconstructed from p-XRD patterns taken at each
pixel in the p-XRF maps shown in a and b. The individual XRD
patterns are shown in Fig. 6 and Supplementary Figs. 3 and 4. The
white points labelled 1-5 in c indicate the locations of interest that
XANES spectra were collected from, detailed in Fig. 7. Scale bar on
all images is 20 ym.

materials within the 1F accident, performed by Kitagaki et al.%,
predicted that zircon (ZrSiO,) should be formed in MCCI from the
interaction of molten fuel with silica in concrete, but not in
significant quantities since it requires a relatively long time to
crystallise?*. The rapid quenching of the molten material in 1F by

npj Materials Degradation (2022) 10

seawater was predicted to have cooled the degraded fuel
quickly, promoting the formation of other silicate minerals
including anorthite (CaAl,Si,Og) and wollastonite (CaSiOs). These
phases are identified in the MCCI simulants in the present study,
which suggest that the synthesis method and, in particular, the
cooling profile, represents conditions relevant to stages of 1F
MCCI formation.

Single-pixel p-XRD patterns of the silicate minerals were
strongly influenced by preferred crystallographic orientation (see
Supplementary Fig. 5); consequently, only a few of the expected
reflections are observed at any one pixel. Nevertheless, it was
possible to identify single-pixel u-XRD patterns consistent with
anorthite, wollastonite, SiO,-quartz and SiO,-cristobalite (Fig. 6).

Crystallites of anorthite were found to envelop (U,_,Zr,)0,
aggregates within the glassy matrix, indicating that formation of
anorthite was associated with the Si-rich region at the interface of
the U-Zr-O melt and silicate melt (Fig. 2a, b). A similar solidified
silicate phase, containing Zr in addition to Ca, Al, Si and O -
rankinite ((Ca,Al,Zr);Si,0;) — was identified by EDS and WDS
analyses reported in a previous study of the U-Zr-Al-Ca-Si-O
system?® and, in the same study, was also observed to surround
crystallites of Ca-containing (U,Zr)O,. Based on analysis of phase
equilibria for various molten nuclear fuel/cladding and cement
phases, the formation of anorthite is favoured over rankinite at
high UO,/ZrO, ratios?®.

Wollastonite (CaSiOs) was rarely detected in MCCI-1, but was
observed to be more abundant in MCCI-2, where zircon was also
more abundant. According to the CaO-SiO,-Al,O3 ternary phase
diagram, wollastonite is the solidified phase most preferable to
form at low Al concentrations?®, Crystallites of wollastonite were
most commonly located at the edge of the fused aggregates of
U-Zr-O phases; the appearance of wollastonite reflections being
accompanied by several other phases such as CaAl,Si,Og,
m-(Zr; _,U,)O,, c-(U;_,Zr,)O, and FeCr,04 (Fig. 6a) further indicat-
ing the heterogeneous nature of the U-Zr-O melt and silicate melt
interface. Cristobalite-SiO, crystallites were also closely associated
with zircon, though tended to be located in regions of glass matrix
that were depleted in Zr. This is in good agreement with previous
thermodynamic evaluations of similar chemical systems®. Quartz-
SiO,, unlike cristobalite-SiO,, was found to be randomly dis-
tributed within MCCI-1 and MCCI-2, and is likely a relic of
unreacted reagents.

MCCI-2 exhibited coexistence of an Fe-Ni metallic phase and
Fe?*Cr,0, indicating that this analysed region formed under a low
local oxygen potential. In comparison, the majority of Fe-
containing regions in MCCI-1 were composed of three different
oxides (FeCr,0, Fe30, and Fe,0;) suggesting a higher local
oxygen potential during phase formation. The presence of Fe-
containing oxides was attributed to reactions between stainless
steel and SiO,2. This variation in phases present is in agreement
with the established redox behaviour of metallic Fe and Cr
(initially present as 316 stainless steel, Fe/Cr,g/Ni;o/Mo3). First, the
spinel-structured Fe?*Cr,0, formed on oxidation of Cr (Cr to Cr3*)
and some Fe (Fe to Fe?"), followed by further oxidation of Fe,
forming the higher oxides Fe;0,4 and Fe, 05

Local coordination chemistry of U in simulant MCCI

Points representative of the different U phases present were
selected (see numbered points in Figs. 3c and 4c) and analysed by
U L3 edge p-X-ray Absorption Near Edge Spectroscopy (u-XANES).
The average oxidation state at each point was determined by
examining the energy position of the pu-XANES spectra, utilising a
suite of uranium-containing compounds of known oxidation state
and local coordination for comparison. The data are shown in Fig. 7.

The U L; y-XANES spectra of points taken in regions identified
as m-(Zry_,U,)O; (point 1), t-(Zr;_,U,)O, (point 2), and c-(U;_,Zr,)
O, (points 4, 5 and 7) were essentially identical to the spectrum of

Published in partnership with CSCP and USTB
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Fig. 4 Micro-focus X-ray analysis of MCCI-2. Showing a normalised and stacked XRF spectra comparing MCCI-1 and MCCI-2; distribution of b
U-La X-ray fluorescence signal, ¢ Ce-La X-ray fluorescence signal, d Zr-Ka X-ray fluorescence signal; and e 2D p-diffraction map of MCCI-2
reconstructed from XRD patterns taken at each individual pixel in the y-XRF maps shown in a. The white points labelled 6-8 in e indicate the
locations of interest that XANES spectra were collected from, detailed in Fig. 7. Scale bar on all images is 20 um.

the UO, reference compound. The estimated oxidation states
were between 4.00+0.10 and 4.22 +0.10, indicating that U was
mainly present as U*" in the different phases of the U,_,Zr,0,
solid solution. The whiteline of the XANES spectrum of point 8,
located in a particle of zircon, showed a slight shift to a lower
energy position compared to UO,. This observation is in
accordance with the predicted effect of silicate anions on the U
local environment and XANES spectra, and is in good agreement
with the U L3 edge XANES of the reference compound USiO,,
coffinite, which is the U-end member of zircon (ZrSiO,). In
contrast, the U L3 p-XANES spectrum of U within the glass matrix
(points 3 and 6) displayed a clear shift of the whiteline to slightly

Published in partnership with CSCP and USTB

higher energy, relating to an estimated oxidation state of 432 +
0.10 and 4.37 £0.10. The variation of average U oxidation states
within the glass matrix and crystalline phases of simulant MCCI
products are similar to our previous study of Chernobyl LFCM
simulants'’. Given that corrosion and formation of U-containing
secondary phases?’~3°, involving changes of U oxidation state, has
occurred during the last 35 years for Chernobyl LFCMs, this
observation might be useful for prediction and further manage-
ment of Fukushima MCCI products.

Representative crystallites of c-(U,_,Zr,)O, and Zr,_,U,SiO4 were
further analysed by fitting of the U L3 Extended X-ray Absorption
Fine Structure (EXAFS), as shown in Fig. 8. The k>-weighted EXAFS

npj Materials Degradation (2022) 10
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Fig. 5 Micro-focus XRF maps of MCCI-3. Showing distribution of a U-La, b Zr-Ka, ¢ Fe-Ka and d Ce-La fluorescence signals. White regions
indicate areas of high concentration, while black areas indicate regions with no concentration. Scale bar on all images is 300 um.
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Fig. 7 p-focus U L3 edge X-ray Absorption Near Edge Spectro-
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a XANES spectra of U reference compounds and representative
crystalline phases; and b average U oxidation states of points
located on the sample (open circles), compared with a range of U
reference compounds of known oxidation state (filled circles,
labelled) as a function of X-ray energy.

spectra and corresponding Fourier transform (FT) were fit as
shown in Supplementary Table 1 and Fig. 8. The best fit of the
spectrum of c-(U;_,Zr)0, included a single O shell (8-fold
coordination) with distance 2.32+0.01A, shorter than that of
undoped UO, (2.37 A)*'. The spectrum of Zr;_,U,Si0, was fit with
two shells of O: 4 shorter bonds (2.27 +0.01 A) and 4 longer bonds
(243 £0.01 A), slightly shorter compared to those determined in
previous reports of the U coordination environment in USiO,32.
These results are in good agreement with the observation made
from analysis of p-XRD patterns that the presence of Zr*+
contributed to a unit cell contraction in both structures. This
effect was also observed in a previous study that included EXAFS
fitting of the spectra of crystallites in simulant Chernobyl LFCM
materials'”. Compared to Zr**, the effect of Ce*** incorporation
within the structure is expected to be less significant due to the
smaller ionic radius difference and lower concentration. The U
bond valence sums of the crystallites examined were estimated as
43v.u. and 4.1v.u. respectively, consistent with the average
oxidation states estimated by analysis of XANES spectra.
Uranium and Fe showed a close spatial association, which was
investigated further by p-XANES analysis performed on the MCCI-3
sample, as shown in Fig. 9. The U L; edge XANES spectra within
Fe-rich regions had no significant energy shift of the whiteline
when compared to the UO, reference compound. This suggests
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that U predominantly presented as U with an average oxidation
state of 3.98 £ 0.10. This was slightly lower than U oxidation states
in equivalent, but Fe-poor, regions in MCCI-1 and MCCI-2,
indicating that the presence and oxidation of Fe effectively
maintained U as U*".

Distribution and local coordination chemistry of Pu surrogate
in simulant MCCI

The distribution and local chemistry of the Pu surrogate, Ce, was
investigated to understand the potential distribution of Pu in
MCCI. In MCCI-3, Ce was ubiquitous in the sample (Fig. 10a, b). It
was also found to be closely associated with Fe-rich regions and
c-UO, particles, and was observed to concentrate at the inner
surface of pores (Fig. 10c). In MCCI-2, similar behaviour was
apparent, with Ce observed to occur in two distinct phases: (1) as
the Ce-silicate phase, percleveite Ce,Si,O, (PDF #00-048-1588),
also containing Nd in MCCI-1 and MCCI-2, where Ce exists as Ce3+,
which was located in regions at the interface between crystallites
of zircon and the glass matrix (Figs. 4e and 10e); and (2) dissolved
into the UO, matrix, with no other Ce-bearing phases observed.

Percleveite was most likely produced by the reaction between
the U-Zr-Ce-(Nd)-O melt that had been depleted in U and Zr
through the formation of crystallites, and a silicate melt. This is
consistent with the spatial location between zircon and the glass
matrix (Fig. 4e), and with the previously reported phase behaviour
of the Ce0,-SiO, binary system at high temperature in a reducing
atmosphere33. Under reducing conditions, Ce*" can be fully
reduced to Ce3*, which has significantly higher solubility in silicate
glasses compared to Ce*"3% This enhanced solubility likely
stabilised Ce®* within the melt, which subsequently crystallised
percleviete. In MCCI-3, this phase was more prevalent throughout
the matrix due to the higher concentration of Ce. With the
increase in Ce content, the formation of Ce,Si,O; and c-ZrO,,
instead of zircon, t-ZrO, and m-ZrO,, dominated in the (Zr,Ce)O,
and (Zr,Ce)SiO, double-phase ceramics system3>. At the high
reaction temperature with the reducing atmosphere, the reductive
formation of Ce,Si,O, was enhanced?°.

This interpretation is further supported by XANES analysis of the
Ce L; edge obtained at a range of points in the sample of MCCI-3
(Fig. 11), which showed that the majority of Ce in the striated
matrix was present as Ce>*, with whiteline energies close to that
of CePO,, the Ce®" reference compound (see Fig. 11a). This is a
consequence of (i) the presence of Ce3* in the starting (U,Ce,Nd,
Zr)O, material, which was prepared under highly reducing
conditions; and (ii) the reducing conditions applied during the
MCCI simulant synthesis. The average oxidation states of Ce were
estimated to be 3.02 + 0.05 in the presence of Fe-rich particles (Ce
point 3 and Ce point 4) and 3.12 +0.05 in the presence of U-rich
particles (Ce point 5, Ce point 6 and Ce point 7). The Ce located in
the interior of pores (Ce point 8 and Ce point 9) was in the form of
Ce,Siy0, as identified by p-XRD (see Fig. 10d), with an average
oxidation state of 3.04+0.05. The k>-weighted Extended X-ray
Absorption Fine Structure (EXAFS) spectra and corresponding
Fourier transform (FT) were fit, utilising Ce,Si,O; as the initial
structural model (Fig. 11 and Supplementary Table 1). The fitted
path lengths were in reasonable agreement with the reported
crystal structure of synthetic Ce,Si,0,%. The average Ce-O bond
distance of Ce point 2 was shorter than that of Ce point 4, which
could be associated with a distortion of the tetragonal structure
caused by the presence of Ce** with a smaller ionic radius (0.97 A)
compared to Ce** (1.14 A).

The presence (or absence) of phases containing Fe® (metallic Fe-
Ni particles) seemed to influence the Ce oxidation state in some
locations. Ce®* was observed in areas where Fe-rich particles
persisted, however, where Fe was absent, there was a small
fraction of Ce**. For example, the XANES spectrum of Ce point 5,
which was located in a c-(U;_,Zr,)O, crystallite and not close to
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Fe-rich crystallite, had a small shoulder at approximately 5740 eV
(after the first major peak), close to the energy position of the
second major peak of CeO,, and linear combination analysis
revealed that up to 12 + 4% Ce*" was present. Therefore, localised
heterogeneity in the partial pressure of oxygen during the
simulant MCCI cooling, due to the presence (or absence) of
stainless steel, may play a role in controlling the localised Ce
oxidation state, influencing its partitioning into oxide (as Ce**) or
silicate (as Ce3™) phases.

Efficacy of MCCI materials to simulate 1F materials

Comparing the analysis of the MCCI simulants investigated here
with those of previous simulant studies (e.g. VULCANO)'%'®, it is
apparent that the major abundant crystalline phases and
microstructures were observed to be similar. The fact that the
materials in the present study were prepared on a small scale
(gram-sized batches), yet yielded the same information as
large scale (~50-kg-sized batches) experiments, allowed for a
range of variation in chemical composition to be easily
investigated. For example, several enhancements on previous
studies have been made in the present study: the method of Zr
addition was varied to be more representative of the melt
conditions at the time of the accident; Ce was incorporated as a
surrogate for Pu and; multi-modal p-focus X-ray analysis was
applied to examine the minor phases and redox behaviours
otherwise undetected by bulk analysis methods. The latter is
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significant from the perspective of studying real MCCl material
once it becomes available, since any such samples will be highly
radioactive and challenging to study. The application of p-focus
X-ray chemical techniques, on sub-mm sized samples, will allow
compositional, phase and speciation analysis of MCCI, that can be
translated to understand the larger volume of MCCI within the 1F
reactor units, as validated by the present study and its agreement
with large-scale MCCI simulant synthesis.

Comparing the behaviour of MCCI-1, MCCI-2 and MCCI-3, in
which the Zr addition method varied, being added as either ZrO,
only (MCCI-1), or as in solid solution with U-(Ce,Nd)O, with
additional ZrO, (MCCI-2 and MCCI-3) (Table 1), it is clear that there
is no real difference in the phase assemblages as a result of
the way in which Zr was added; however, it had an effect on the
generation of U-containing zircon. ZrO, addition, rather than the
total amount of Zr, promotes zircon formation, as it tends to form
more Zr rich (Zr,U)O, compared to (U,Zr)O, solid solution phases.

Although the chemical behaviour of Ce is similar to that of Pu in
many cases, the mechanisms of Pu-(U)-O-Si phase formation in
environments comparable to those investigated may not be
entirely analogous to those of Ce-(U)-O-Si. Within the mixed oxide
fuel of 1F Unit 3, Pu was initially present as Pu*" oxide in solid
solution with UO,. Under reducing conditions, CeO, reduces more
readily than PuO, (with O/M < 2), so although Ce3>* was identified
in the present study, Pu>* may not necessarily occur in real MCCI.
However, the reaction between PuO, and SiO, has previously
been reported to form Pu-percleveite (Pu,Si,O;) in compositional
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ranges that contain particularly high SiO, activities**%, Moreover,
Pu cations exhibit similar solubility to Ce in glasses, i.e., Pu is
significantly more soluble as Pu*' than Pu*'. As such, the
presence of Pu-bearing silicates in real MCCI seems plausible,
should the redox environment be sufficient to promote reduction
of Pu** to Pu3™,

In the present study we also find tentative evidence for Ce
substitution into the zircon structure (see Supplementary Fig. 6).
Sm3* incorporation has been reported in zircon-formed Cherno-
byl LFCMs3® and it has been shown that a small amount of Pu**
may be incorporated into the zircon structure. For example,
computational modelling of the Pu-zircon system suggested that
a defect cluster consisting of two near-neighbour Pu* centres
(located on the Zr site) with a closely associated oxygen vacancy
charge-ensuring charge neutrality can occur?. This substitution
was further suggested to be charge compensated by oxygen
vacancies, with an oxygen vacancy for two Pu* substitutions*'.
Once again, should the redox environment be sufficient to
promote reduction of Pu** to Pu>*, and sufficient Zr present to
promote crystallisation of zircon, the presence of Pu-containing
zircon in 1F Unit 3 is conceivable.

METHODS
Materials and synthesis

The chemical composition of MCCl within 1F reactor units 1-3 is
currently unknown since the collection of this material is not yet
possible, limited by the high levels of radiation and radioactivity, and

Published in partnership with CSCP and USTB

H. Ding et al.

np)

inaccessibility of the MCCI. The batched compositions of simulant MCCI
were based on estimations of the relative proportions of core materials
and concrete, previously reported in the literature and through discussion
with personnel at the Japan Atomic Energy Agency (CLADS)®8,

The as-batched reagent stoichiometry included (U,Zr,Nd,Ce)O, as an
oxidised fuel/cladding surrogate, SiO,, CaO and Al,05 as components of
the sand-rich cement mortar utilised in the reactor construction, and
Fe,Os and 316 stainless steel (Fe/Crqig/Nijo/Mo0s)) to represent the steel
components of the reactor units (Table 1). Several (UNd,Ce)O, composi-
tions were trialled as simulants of the UO, fuel pellets, with Ce as surrogate
for Pu, and Nd as a surrogate for fission products. Zr was also added
separately as ZrO,. (U,Zr,Ce,Nd)O, was added to some compositions
simulating the in-vessel MCCI formed within the reactor pressure without
contacting with concretes. These solid solutions were synthesised via the
ammonium hydroxide precipitation route*”=*4, The following reactants
were used as starting materials: ZrOCl,-8H,0 (>99.9%), UO,(NOs),-6H,0
(>99.9%) and NH,OH (5 M, 99.9%). All the reagents used were supplied by
Sigma-Aldrich, except uranium tetrachloride solution. Because of the
hygroscopic character of zirconyl salt and uranyl nitrate, it was dissolved in
1 M HCl. The solutions of ZrOCl, and UO,(NOs), were mixed in the desired
molar quantities and the hydroxide precursor was obtained by adding
NH,4OH solution (pH 9). The precipitate was filtered and washed with ultra-
high quality water/isopropanol and dried at 60 °C. Calcination of this
material was performed at 750 °C for 4 h (N/5% H,). The resulting oxide
was milled, pressed into 6 mm pellets and sintered at 1700 °C for 8 h under
a reducing atmosphere (N»/5 % H,). The sintered pellets, characterisation
of which is given in Supplementary Fig. 1, were analogous to mixed oxide
fuel in their chemistry. Their heterogeneous nature differs from mixed
oxide fuel, which tends to incorporate ‘islands’ of PuO, within a UO,
matrix. It is assumed that all fuel material was molten at the time of the 1F
accident, therefore, the difference in microstructure should not signifi-
cantly influence the resulting MCCI materials. The pellets were crushed for
use in MCCI batches.

The reagents were mixed, milled (30 Hz-10 min) and then sintered in
alumina crucibles under a reducing atmosphere (5% H, in 95% N,),
thought to be representative of the highly reducing conditions within the
reactors at the time of the accident (due the high metallic content within
the reactor, in addition to the evolution of H,) from cladding oxidation).
The furnace was heated to 1500 °C and held for 4 h, followed by a second
dwell at 720°C for 72 h to promote crystalline grain growth that would
have ensued during cooling of the molten fuel debris material. A heating
and cooling rate of 3°Cmin~" was utilised.

Bulk sample characterisation

Powder X-ray diffraction (XRD) patterns were acquired using a Bruker D2
Phaser diffractometer operating in reflection mode (coupled 6-6) at 30 kV,
10 mA with Ni-filtered Cu Ka (A = 1.5418 A). The scan range was 20°< 20 <
100° with a step time of 0.3 s and a size step of 0.02°. Scanning Electron
Microscopy (SEM) was undertaken using a Hitachi TM3030 operating at
15 kV with a back-scatter electron detector and coupled Bruker Quantax 70
EDS system. Samples were prepared for SEM analysis by mounting in a
cold-set epoxy resin and polishing to an optical finish with increasingly fine
grades of grit paper and diamond suspension.

Micro-focus X-ray analysis

Micro-focus XRF, XAS and XRD measurements were conducted at the Swiss
Light Source, Paul Scherrer Institute, Switzerland on the beamline
microXAS-X05LA*®. A fixed-exit double crystal monochromator (Si (111))
was used, maintaining consistent and stable beam angles and offsets for
all experiments. The spot size of the monochromatic beam at the sample
was tuned to 1 um X 1 um by a Kirkpatrick-Baez (KB) mirror system at a
fixed incident X-ray energy of 18,100eV. Samples were prepared by
mounting on a 250-pym fused high purity quartz slide, before thinning and
polishing to a thickness of 50um using standard metallographic
procedures. The prepared slides were mounted on a manipulator 80 mm
behind the KB mirror. The angles and distances between detectors and
samples were calibrated by measuring a silicon standard, and X-ray energy
was calibrated using Zr and Y reference foils. Micro-focus XRD patterns
were collected using a DECTRIS Eiger 4 M detector within a range of
3.5-42.6° 26, with angular resolution of 0.02° and wavelength of 0.6854 (A).
X-ray fluorescence (XRF) spectra were measured simultaneously, using a Si
drift-detector (KETEK) with 4% energy resolution.
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Azimuthal integration of individual 2D p-diffraction patterns and
summation of the whole area was applied using the XRDUA software
package, to construct 1D diffraction patterns®, The phase assemblages
observed were determined by matching the observed reflection with
materials previously reported in the ICDD PDF database®’. The distribu-
tions and relative abundances of the elements of interest were obtained
from p-XRF maps. Utilising both u-XRD and p-XRF measurements, the 2D
phase assemblage was reconstructed using a MATLAB script (produced
in-house) that automated diffraction pattern indexing and constructed
images showing the relative distribution of phases, which has been
reported in detail in our previous study'’.

npj Materials Degradation (2022) 10

Uranium Ls edge XANES spectra were collected at points of interest
over the energy range 17,060-17,325 eV, with an energy resolution of
0.2 eV. Energy calibration was conducted based on the K edge (17,038 eV)
of an Y foil reference. Four repeat measurements at each point were
collected in fluorescence mode and then averaged. The threshold energy
(Eq) and edge location were determined as the first inflection point and
white line position of the spectra respectively. The oxidation state of
U has a near-linear influence on the minimum excitement energy at the
U L3 edge, with changes in effective nuclear charge causing a shift of the
edge position to higher energies. To estimate the U oxidation states
present within the sample, a linear function was established based
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on U Ls; edge XANES spectra of a range of uranium-containing reference
compounds, selected to give the best matches between U chemical
environments and electron configurations in comparison to the phases
observed in the simulant corium material. Reference compounds
measured included: UO, (U oxidation state (OS) U** and coordination
number (CN) 8); UO3 (OS 6+ and CN 6); CaUO, (OS 6+ and CN 8); UMoOs
(OS 54 and CN 7); LaUO, (OS 5+ and CN 8); UTiOs (OS 6+ and CN 7);
UTi,Og (OS 44 and CN 6); and CasUOg (OS 6 and CN 6). XANES spectra of
synthetic coffinite, USiO, (OS 44 and CN 8) were also collected and
calibrated for use as a silicate U** reference compound for the best
description of U coordination in the zircon and glass phases*®4°.,
Micro-focus Extended X-ray Absorption Fine Structure (EXAFS) spectra
were collected at the National Synchrotron Light Source Il (NSLS-II),
Brookhaven National Laboratory, USA, on beamline 4BM (XFM). The
measurements were taken under similar conditions as the measurements
at the Swiss Light Source, for U L3 edge XANES and EXAFS spectra. Ce L
edge XANES and EXAFS spectra were collected over the energy range
5525-6025 eV. Ce oxidation states were estimated using the same linear
function method described above. Well characterised samples of CeO, (OS
4+ and CN 8) and CePO, (OS 3+ and CN 8) were measured to act as
reference compounds. The raw EXAFS data were normalised and a Fourier
transform was applied over the k-range 3.0-12.0 A" for U and over the
k-range 2.0-6.0 A" for Ce, using Athena and Artemis, components of
the Demeter software package®’. Scattering paths including amplitude,
phase shift, mean free path and the initial path lengths were calculated by
employing the FEFF code as implemented in Artemis. Fitting was
conducted by fixing the amplitude at 0.95 for U and 0.9 for Ce (these
values were obtained by fitting of the EXAFS spectra of USiO, and CePO,
reference compounds), using the same Debye-Waller factors for all paths
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comprising the first oxygen shell, and refining the interatomic distance and
coordination numbers simultaneously.
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The data that support these findings are available upon reasonable request to the
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CODE AVAILABILITY

Matlab codes that were used to analyze the p-XRF and p-XRD are written for
Matlab2018a with Signal Processing toolbox. These codes are freely available in
Github (https://github.com/Hding8).
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