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Experiences from the Cutting of Metallic Blocks from Simulant

Fukushima Daiichi Fuel Debris

CEA has manufactured a series of Fukushima Daiichi fuel debris simulants,
either with depleted uranium oxide or with hafnium oxide as a surrogate of UO?2.
In ex-vessel compositions resulting from an interaction between corium and
concrete, the oxidic phase density becomes lighter than that of the metallic phase,
which segregates at the bottom. Three of these metallic phases have been
mechanically cut at CEA Cadarache with handsaw and with core boring tool in
FUJISAN facility. It appeared that two of these metallic blocks were extremely
hard to cut (one from a fabrication with uranium oxide, the other from a simulant
block) while the last one was more easily cut. The similarities and differences in
metallographic analyses (SEM-EDS and XRD) of these three metal blocks will
be presented and discussed. This experience provides useful learnings in view of

the cutting and retrieval of fuel debris from Fukushima Daiichi.

Keywords: Fukushima Daiichi Nuclear Power Plant, fuel debris, metallic debris,
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1. Introduction

One of the important challenges for the decommissioning of the damaged reactors of the
Fukushima Daiichi Nuclear Power Station (1F) is the fuel debris retrieval. In this
context, the URASOL project [1], which has been undertaken by the French consortium
laboratories consisting of ONET Technologies, CEA, and IRSN for JAEA/CLADS, is
dedicated to acquire basic scientific data on the generation and characteristics of
radioactive aerosols from the thermal or mechanical processing of fuel debris simulant.
This project has been organized by the International Research Institutes for Nuclear
Decommissioning (IRID).

In this frame, CEA has manufactured a series of Fukushima Daiichi fuel debris
simulants, either with depleted uranium oxide or with hafnium oxide as a surrogate of

UO: [2][3]. For ex-vessel compositions representing an interaction between corium and



concrete, a metallic phase segregates from the oxidic phase because of a significant
density contrast between molten metal and corium-concrete melt. Three of these
metallic phases have been mechanically cut at CEA Cadarache with core boring tool in
FUJISAN facility [1] as well as manually with a hacksaw.

This paper reports the experience from these mechanical cutting. Actually, it
appeared that two of these metallic blocks were extremely hard to cut (one from a
fabrication with uranium oxide, the other from a simulant block) while the last one was
more easily cut. This paper aims at providing some insights on the cutting difficulties
that have been experimentally observed and compare this with material analyses. In a
first section, the samples will be described, and then insight will be given from the
material analyses. Finally, the links between metallic phase composition and the cutting

response will be discussed.

2. Fuel Debris Simulant Samples

Three fuel debris simulant samples have been considered in this study: VF-U3
prototypic fuel debris blocks including depleted uranium dioxide and VF-08 simulant
composition have been directly fabricated from powders while VF-U1 has been

produced by a Molten Core Concrete Interaction experiment with prototypic materials

[4].

2.1 VF-U3 fuel debris prototype

VF-U3 fuel debris prototype composition has been determined [5] (Journeau, et
al., 2017) in order to simulate a debris from interaction between the molten core and the
concrete in the sump of Fukushima Daiichi Unit 1 (1F1). This composition (Table
1Erreur ! Source du renvoi introuvable.) is based on the corium melt composition

from “MAAP LP case” by Robb et al. [6], a ablation of 65 cm in the pedestal sump



(Robb et al.), the Fukushima Daiichi concrete composition reported by Kitagaki at al

[7] and the fission product composition 10 years after shutdown from [8].

wt. % wt. %
UOq 24.84% RuO2 0.04%
Zr 0.00% Nd20s 0.08%
ZrO2 11.79% MoO2 0.08%
CeOq 0.18% CsOHeH:0 0.06%
SnO2 0.15% BaO 0.04%
B.C 0.17% La20s 0.03%
SS 304L 5.30% PdO 0.02%
Cr203 0.55% Pr.03 0.03%
Fe 3.59% Sm203 0.02%
Si02 28.90% SrO 0.02%
Al203 7.21% Y203 0.01%
CaO 5.87% TeOq 0.01%
Fe203 11.02%

Table 1: VF-U3 load composition

A 40.5 kg load (with the composition given in Table 1) has been installed in a zirconia
crucible within VULCANO test facility [10] and melted by induction heating. Metallic
pellets and balls are used as susceptor to start the heating process (Figure 1) as oxides
are not conducing electricity at low temperatures.
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Figure 1: VF-U3 load preparation in VULCANO facility. Left: sketch of crucible (inner
diameter 26 cm ) within induction coil — Right: View during loading showing 3
Stainless Steel pellets.

A power of the order of 40 kW has been injected for about 40 minutes under nitrogen
flow. Thanks to the presence of a large layer of powder at the top, no measurable

elevation of temperature has been observed at the top surface throughout the test.

Then, the power has been gradually decreased as a means to reduce the risks of ceramic

debris cracking. After 1 hour 10 minutes of heating, induction has been turned off. More
than 24 hours are necessary to completely cool down the load and the surrounding sand

in order to collect the fabricated prototypic fuel debris, after removal of the unmelted

top layer.

Due to the large density difference between the corium-concrete oxidic phase
and the metallic phase, a metallic block has segregated at the bottom (Figure 2) and was

easily separated from the oxide.
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Figure 2: VF-U3 Ex-vessel fuel debris prototype: upside-down view of lower part

(approximate diameter: 25-26 cm)

2.2 VF-U1 Prototypic Molten Core Concrete Interaction test

In the VULCANO VF-UL1 test [4][9], a uranium-containing molten core prototypic melt
(initial composition provided in Table 2) had interacted with basaltic concrete (Table 3)
in VULCANO facility. The concrete cavity had an initial inner diameter of 25 cm. After
high power melting, an average power of 38 kW has been injected by induction during
900 s, leading to the ablation of 9.6 dm® of concrete by 46.4 kg of initial corium
concrete mixture. A metallic layer (Figure 3Erreur ! Source du renvoi introuvable.;
metal phases are visualized thanks to the positioning of magnets?) has been found after
dismounting at the bottom of the concrete cavity [11].

Corium load | UO:2 | 3.6wt% CaO stabilized ZrO2 | Zr | 304L Stainless Steel
wt % 58.8 16.2 11.8 13.2
Mass (kg) | 27.3 7.5 5.5 6.1

Table 2: VF-U1 corium load initial compositions [4]

! From the experience of previous MCCI experiments in which the metallic phase was always
magnetic (mainly iron-nickel alloys), a simple magnet has been used to show the metallic
phase in Erreur ! Source du renvoi introuvable. and Figure 3 left. The iron-nickel nature

of this metallic phase has later been confirmed by the analyses presented in section 3.



Concrete | AlO3 | CaO | FesO3 | KoO | MgO | Na2O | SiO2 | TiOg

oxide

wt% 9.5 11.2 6.6 1.6 1.5 2.7 66.3 0.7

Table 3: VF-U1 concrete composition from ICP-AES analyses (oxides estimated from
elemental analysis) [12] normalized to 100%

Figure 3: VF-U1 MCCI post-test view with metallic layer marked by magnet.

Left: before fuel debris removal. Right: with only metallic block remaining.

2.3 VF-08 simulant fuel debris

VF-08 simulant fuel debris has been fabricated [5] from the same composition
asVF-U3 except that each mole of uranium has been replaced by one mole of hafnium
and ruthenium has been removed due its chemical toxicity for these tests carried out
outside of VULCANO containment (Table 4). Figure 4 presents the induction setup
used for VF-08. Protective sand is installed between coil and crucible as well as outside
the coil. A Rogoswski probe is around the coil to measure the current in the inductor. A
hood is installed to collect the fumes while nitrogen is flowed over the crucible to
simulate the PCV nitrogen atmosphere.

As for VF-U3 and VF-U1, a metallic block has been segregated at the bottom (Figure

5).



Figure 4: The VF-08 induction melting setup

RF circuit

crucible

HfO2 20.5% Fe203 7.8%
Zr 0.6% Nd203 0.09%
ZrO2 11.7% MoO2 0.09%
CeO2 0.2% CsOH.H20 | 0.06%
SnO2 0.2% BaO 0.039%
B4C 0.2% La203 0.027%
Stainless Steel 304L |5.6% PdO 0.026%
Cr20s3 0.6% Pr20s 0.027%
Fe 2.9% Sm203 0.019%
FeO 5.0% Sro 0.019%
SiO2 30.6% Y203 0.011%
Al20s3 7.6% TeO2 0.012%
CaO 6.2%

Table 4: VF-08 load composition (wt%)




Figure 5: VF-08 ex-vessel fuel debris simulant. (Block diameter is about 25 cm)
Left: metallic block indicated by magnet. Center: cut metal sample. Right: zoom on the

metallic block showing the remains of hacksaw cutting.

3. Material Analyses

Material analyses have been carried out at CEA on samples from these three metallic
blocks. It includes X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM)
with Energy Dispersive Spectroscopy (EDS) as well as Vickers microhardness

measurements.

3.1 X-Ray Diffraction

Material analyses have been carried out at CEA on samples from these three metallic
blocks. X-ray diffraction has been obtained with a D8 ADVANCE diffractometer from
BRUCKER AXS equipped with a copper cathode tube. As metallic samples could not
practically be crushed into powder, micro-collimated beam XRD has been applied to
determine their diffraction patterns. Diffraction line indexing was performed with
DiffracEva software from Bruker AXS with the 2020 Power Diffraction Files (PDF)

international database.

XRD pattern of VF-U3 (Figure 6) presents only the line from kamacite (bcc-
Feo.04Nio.0s). Kamacite is a solid solution of nickel in a—Fe that is found in metallic

meteorites [13]. It is a magnetic mineral with a Curie point around 800°C [14].
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Figure 6: XRD pattern of VF-U3 metallic sample

Similarly, VF-08 sample XRD pattern only show the presence of kamacite. For VF-U1
(Figure 7), another phase is detected in addition to kamacite: taenite (fcc-FeossNio.32).
Taenite is also naturally found in metallic meteorites, often in conjunction to kamacite
[15] and is magnetic, although with a lower Curie point (around 500°C [14])Rietveld
analysis has been carried out using the DIFFRAC.TOPAS v6 software distributed by

Bruker. It estimates a 3-wt% taenite, 97% kamacite composition for this sample.
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Figure 7: XRD pattern of VF-U1 metallic sample

3.2 Scanning Electron Microscopy and EDS

The XRD analyses are complemented by Scanning Electron Microscopy (MERLIN
from Carl Zeiss) with Energy Dispersive X-ray spectroscopy (EDX) using an X max
detector from Oxford Instruments. From an international round robin on EDX analyses
of oxidic corium samples [16], uncertainties of about 1/10" of the measured values can

be considered, except for light elements like oxygen. A systematic error (bias) of 1/4™



of the oxygen fraction shall be taken into account in this uncertainty estimation.

Scanning Electron Microscope observation of VF-U3 metallic block (Figure 8) with
EDS analyses indeed shows that it is mainly made of an iron-nickel alloy with small
chromium content (e.g. area 14: 95 at% Fe, 4% Ni, 1% Cr, traces Mo). There are
nevertheless some inclusions: silica (point 15), metallic alloys (point 17 and 22: mainly
Sn-Ni; point 23: mainly Te-Sn) and iron-chromium mono-sulfides (points 18 and 20
with 8 at% Cr). Fission product elements such as tellurium (47 at% of point 23) or

palladium (4 at% of point 17) are visible at significant concentration in some of these

inclusions.

Figure 8: Typical SEM micrographs of VF-U3 metallic block

VF-08 exhibits a similar aspect (Figure 9) with a major phase close to a chromium
alloyed kamacite (zone 17: 93 at% Fe, 5% Ni, 2% Cr). Grey inclusions of about 5 um
are rich in sulphur, iron, chromium and copper (point 18: 26 at% Fe, 19% Cr, 0.4% Cu,
54% S; points 63 and 64: 38 at% Fe, 20% Cr, 1% Cu, 40% S). Dark phase (round
particles of about 5 um) have a composition close to that of silica (point 19: 34.5 at%
Si, 0.5% Fe, 65% O). Smaller precipitates (a few um) of a copper-tellurium compound,
maybe copper telluride Cu,Te, are shown in white (point 20: 57 at% Cu, 31% Te, 7%
Fe, 1% Cr, 3% S — it is possible that some Fe, Cr, S in this analysis come from

surrounding long sulphide inclusion).
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Figure 9: Typical SEM micrograph of VF-

VF-U1 metallic block SEM-EDS analyses (points 1, 6, 7 of Figure 10 and
Brissonneau et al. [9]) indicate a matrix composition between FeogsNio.12 and
Feo.gaNio.11. It must be noted that the phase diagram indicates a mixture of fcc and bcc
phases for these compositions [9] as found by XRD analysis. Some sulfides have also
been detected (points 2,3,5,11 as well as point S8-19 in Brissonneau et al. [9] are close
to FeS with a maximum of 2 at% Cr). A chromite composition (close to FeCr204) is
also observed. Other oxidic inclusions have been detected such as compositions close to

fayalite (Fe2SiOa at point 8) and uranium-zirconium oxide (point 10) or silicate matrix

(point 9).

04

Figure 10: Typical inclusions in VF-U1 SEM micrographs (scale is 50 pum at left and

10 pum at right)



3.3 Vickers Microhardness

Microhardness measurements have also been carried out, using a DUROSCAN Vickers
testing machine. Figure 11 presents the 37 measurement points on VF-U3 metallic
sample with a zoom on one of the Vickers pyramids. A standard deviation of 10% has
been observed. The results are synthesized in Table 5. The measured hardnesses are
about twice higher than the 120-150 HV reported for powder metallurgy FeogNio.1 alloy

[17]. Presence of sulfur has been reported to increase the hardness of Fe-Cr alloys [18].

200HV 0,1
Diag 1: 31.1 pm
Diag 2: 29.7 pm

Figure 11: Vickers microhardness imprints for VF-U3 sample

Block VF-U3 | VF-08 | VF-U1
Number of points 37 67 102
Average hardness (HV0.1) 217 281 300

Average tensile strength (GPa) | ~800 | ~900 | ~1000

Table 5: Vickers microhardness results



4. Mechanical Cutting and Discussion

4.1 Mechanical cutting

Mechanical cutting has been carried out in FUJISAN facility (Figure 12). FUJISAN is
mainly composed of a spindle motor, a custom drilling column and a scale located in a
sealed enclosure installed on a frame. A core-boring tool (Wurth diamond surface

deposit core bit) has been installed under the Isel 1500WL spindle motor column.

Boring metallic samples VF-U3 (Figure 13) or VVF-08 (Figure 14 ) has been quite

difficult, whereas it was easier for VF-U1 block (Figure 15).

HEPA filter '

Containment box ’
with antistatic film

Cutting machine
| 9 Front wall of FUJISAN

mounted on drilling —— .
1 experimental set-up
column
For cut particles collection and analysis
4 ]
Scale to measure the € ‘ ‘\,
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Figure 13: View of VF-U3 block after core boring with @15 mm (CT_#8EV_M_15 1)
and @25 mm (CT_#8EV_M_25 1) tools.

Figure 14: View of VF-08 metallic block after 3 core boring tests with &25 mm tool
and one (lower left) with @15 mm tool

Cutting.1 .

Thermocouple
sheath

Figure 15: View of VF-U1 metallic bock after cutting with @15 mm tool(core bore has
broken out of the block).

Table 6 summarize the core boring progression for the 3 studied metallic samples; for



VF-U3 sample, tests have been made with two diameters of bits (15 and 25 mm). Two
different behaviors are observed: VF-U3 and VVF-08 present similar behavior with low
boring speed (0.3-0.5 mm/min) even though the force on the tool (8-10 daN) was larger
than that used for the VF-U1 metallic debris (5 daN) for which 2 mm/min were

achieved.

Block VF-U3 | VF-08 | VF-Ul
Tool size (mm) 15 |25 |25 15
Force (daN) 8 |10 |10 5
Depth (mm) 4 |11 |5 15
Duration (min) 15° | 22’ | 14’ 720”
Boring speed (mm/min) | 0.3 | 0.5 | 0.4 2

Table 6: Characteristics of metal core boring tests

This behavior was empirically confirmed during the cutting of samples for analysis with
a hand-held hacksaw. Whereas VF-U1 metallic block was quite easy to cut, painful
efforts were required to cut centimeter-scale samples from VF-U3 and VF-08 metallic
blocks (Figure 5 right presents a view of the VF-08 sample that required approximately

one half hour to be manually cut with the hacksaw).

4.2 Discussion

Hardness of the major metallic phase does not seem to be the major parameter

explaining the different behavior of these blocks as VF-U1 hardness is only slightly



higher than that of VF-08.

In term of differences between the two sets of metallic debris prototype, the

following have been observed:

Concerning the introduced elements, VF-U3 (Erreur ! Source du renvoi
introuvable.) and VF-08 included fission product prototypes and boron
carbide (even though no boride has been observed in the metallic samples).
These elements were not introduced in VF-U1, where, on the opposite, all the
minor elements of concrete (in particular sodium and potassium oxides) are

present, but were not found in the metallic blocks, except for sulfur.

Whereas VF-U3 and VF-08 diffraction pattern only present a bcc kamacite,
VF-U1 indicates the presence of fcc-taenite in addition to bce-kamacite. This
corresponds to a higher remaining fraction of nickel in the metal for VF-U1
scenario (shorter considered MCCI time, thus lower oxidation of steel)
compared to VF-U3. Petrovic [19] reports that increasing the nickel fraction
from 4 to 11-12% will almost double the yield and tensile strength of Fe-Ni

alloys at room temperature;

The observed inclusions are also different: SiO2 and Fe(Cr)S for VF-U3 and
VF-08; FeCr204, FeS, FeSiOq4 and silicate for VF-UL. Iron sulfide hardness is
reported to be about 3 times lower than that of steel [20]. For the Young

modulus, FeS (~45 GPa) is about 4 times less important than steel [20].

These differences do not currently provide any evident reason for the observed

differences with respect to mechanical cutting. Further R&D would be needed to

understand this effect that may affect mechanical cutting during Fukushima Daiichi fuel

debris retrieval.



5. Conclusions

Three metallic blocks representative of Fukushima Daiichi molten core concrete
interaction products have been fabricated at CEA Cadarache. It appears that two of
those metallic debris simulants have been very difficult to cut (both remotely by core
boring and manually by hacksaw). Moreover, this study does not consider interfaces
between metallic and ceramic debris which are known to further exacerbate the
difficulty of mechanical cutting.

X-Ray Diffraction patterns, Scattering Electron Microscopy with Energy-
Dispersive Spectroscopy and Vickers microhardness have been obtained and discussed
for the three metallic samples. Differences in terms of main metallic phases (bcc-
Feo.94Nio.0s VS. bcc-Feo.0sNio 06 + fec-FeossNio.32) linked to nickel content in metallic
phase have been observed between hard and easy to cut blocks, as well as differences in
terms of inclusions. Micro hardness of the Fe-Ni alloy does not seem correlated to its
response to cutting.

Further R&D is thus necessary to explain the observed phenomena.
Nevertheless, this experience provides nevertheless useful learnings in view of the

mechanical cutting and retrieval of fuel debris from Fukushima Daiichi.
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Figure 1: VF-U3 load preparation in VULCANO facility. Left: sketch of crucible (inner
diameter 26 cm ) within induction coil — Right: View during loading showing 3
Stainless Steel pellets.

Figure 2: VF-U3 Ex-vessel fuel debris prototype: upside-down view of lower part
Figure 3: VF-U1 MCCI post-test view with metallic layer marked by magnet. Left:
before fuel debris removal. Right: with only metallic block remaining.

Figure 4: The VF-08 induction melting setup

Figure 5: VF-08 ex-vessel fuel debris simulant. (Block diameter is about 25 cm) Left:
metallic block indicated by magnet. Center: cut metal sample. Right: zoom on the
metallic block showing the remains of hacksaw cutting.

Figure 6: XRD pattern of VF-U3 metallic sample

Figure 7: XRD pattern of VF-U1 metallic sample

Figure 8: Typical SEM micrographs of VF-U3 metallic block

Figure 9: Typical SEM micrograph of VF-08

Figure 10: Typical inclusions in VF-U1 SEM micrographs (scale is 50 um at left and
10 pum at right)

Figure 11: Vickers microhardness imprints for VF-U3 sample

Figure 12: FUJISAN experimental setup (Left: Photograph — Right: sketch)

Figure 13: View of VF-U3 block after core boring with @15 mm (CT_#8EV_M_15 1)
and @25 mm (CT_#8EV_M_25 1) tools.

Figure 14: View of VF-08 metallic block after 3 core boring tests with &25 mm tool
and one (lower left) with @15 mm tool

Figure 15: View of VF-U1 metallic bock after cutting with @15 mm tool(core bore has

broken out of the block).
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