
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tnst20

Journal of Nuclear Science and Technology

ISSN: 0022-3131 (Print) 1881-1248 (Online) Journal homepage: https://www.tandfonline.com/loi/tnst20

Investigations of the melting behaviour of the
U–Zr–Fe–O system

Paul David W. Bottomley, Mairead Murray-Farthing, Dario Manara, Thierry
Wiss, Bert Cremer, Cos Boshoven, Patrick Lajarge & Vincenzo Rondinella

To cite this article: Paul David W. Bottomley, Mairead Murray-Farthing, Dario Manara, Thierry
Wiss, Bert Cremer, Cos Boshoven, Patrick Lajarge & Vincenzo Rondinella (2015) Investigations
of the melting behaviour of the U–Zr–Fe–O system, Journal of Nuclear Science and Technology,
52:10, 1217-1225, DOI: 10.1080/00223131.2015.1023381

To link to this article:  https://doi.org/10.1080/00223131.2015.1023381

© 2015 The European Union. Published by
Taylor & Francis.

Published online: 10 Apr 2015.

Submit your article to this journal Article views: 1015

View related articles View Crossmark data

Citing articles: 2 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=tnst20
https://www.tandfonline.com/loi/tnst20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00223131.2015.1023381
https://doi.org/10.1080/00223131.2015.1023381
https://www.tandfonline.com/action/authorSubmission?journalCode=tnst20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tnst20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/00223131.2015.1023381
https://www.tandfonline.com/doi/mlt/10.1080/00223131.2015.1023381
http://crossmark.crossref.org/dialog/?doi=10.1080/00223131.2015.1023381&domain=pdf&date_stamp=2015-04-10
http://crossmark.crossref.org/dialog/?doi=10.1080/00223131.2015.1023381&domain=pdf&date_stamp=2015-04-10
https://www.tandfonline.com/doi/citedby/10.1080/00223131.2015.1023381#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/00223131.2015.1023381#tabModule


Journal of Nuclear Science and Technology, 2015
Vol. 52, No. 10, 1217–1225, http://dx.doi.org/10.1080/00223131.2015.1023381

ARTICLE Special Issue for ANFC2014

Investigations of the melting behaviour of the U–Zr–Fe–O system

Paul David W. Bottomley∗, Mairead Murray-Farthing, Dario Manara, Thierry Wiss, Bert Cremer, Cos Boshoven,
Patrick Lajarge and Vincenzo Rondinella

European Commission, Joint Research Centre, Institute for Transuranium Elements, Hermann-von-Helmholtz Pl. 1, Postfach 2340,
76125 Karlsruhe, Germany

(Received 18 October 2014; accepted final version for publication 9 February 2015)

During a severe nuclear accident, the UO2 fuel rods, Zircaloy cladding, guide tubes, absorber and steel
structural components inside the reactor pressure vessel overheat and a series of interactions between these
elements and the steam atmosphere occur. These producemore heat in addition to the decay heat and result
in a liquid corium of oxidic and metallic phases depending on the exact conditions and processes. A major
systems resulting from this is the U–Zr–Fe–O system. High-temperature data for this system is important
in order to be able to model these interactions. The Joint Research Centre, Institute for Transuranium
Elements (JRC-ITU) has been examining the melting ranges for this system over the whole FeO range
by means of a specialized laser flash technique that achieves very high temperatures and avoids crucible
contamination. The melted zones were examined for their structure, composition and for estimation of the
liquidus and solidus temperatures. The results showed that with FeO contents of over 20mol% there was
a very large melting range that would permit long liquid cooling times and extend the relocation of fuel
material within the reactor pressure vessel. Based on these results, the main phase regimes expected under
severe accident conditions could be identified.

Keywords: severe accident; reactor safety; uranium dioxide; zirconium oxide; iron oxide; in-vessel retention;
corium chemistry

1. Introduction

In order to be able to understand the important in-
teractions that take place during the degradation of fuel
and the loss of its geometry to form molten material
during a severe reactor accident, then it is necessary to
understand the basic ceramic systems that are found in
the corium. This has been one of the aims of the MCCI
(Molten Corium Concrete Interaction) work package
of the European Severe Accident Research NETwork
of excellence (SARNET 1 and 2); these were part of
the European Commission’s 5th and 6th Framework
Programmes. Much research has already been done on
the UO2 and ZrO2 systems both within the framework
programmes (e.g. COLOSS and CIT) [1–8] and else-
where [9–13] as an initial corium resulting from inter-
actions between UO2 fuel and steam-oxidized Zircaloy
cladding. The next stage is the interaction with the re-
actor’s internal steel structures, so that understanding
of the FeO–UO2–ZrO2 interactions or the U–Zr–Fe–
O system is the next logical step in building up knowl-
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edge of the corium properties in a systematic way. This
is already more complicated as FeO is not a refractory
system compared to either UO2 or ZrO2, and has mu-
tually poor solubility in either UO2 or ZrO2 oxides.
By contrast UO2–ZrO2 has a certain solid solubility at
lower temperatures up to a complete solubility at the
highest temperatures.

At The Joint Research Centre, Institute for
Transuranium Elements (JRC-ITU), Karlsruhe,
the contribution to the MCCI programme within
SARNET was to fabricate a series of samples of the
UO2–ZrO2–FeO system and examine the melting
ranges for the whole FeO range by means of a special-
ized laser flash technique. Then characterize and verify
their composition and determine the melting ranges
(or liquidus and solidus temperatures) of the samples
and quantify the main features of this systems phases
and the high-temperature melting behaviour relevant to
severe accidents. These data are also highly relevant to
the modelling of reactor material degradation.

C© 2015 The European Union. Published by Taylor & Francis.
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Table 1. Compositions of the prepared (1−x)/2%UO2−(1-
x)/2%ZrO2−xmole%FeO samples.

Oxide Mole%

UO2 45 40 30 20 10
ZrO2 45 40 30 20 10
FeO 10 20 40 60 80
Value of x 0.1 0.2 0.4 0.6 0.8

2. Method

2.1. Fe–U–Zr–O system samples and their
preparation

The five different compositions of the finely ground
components were prepared, along with a small addi-
tion of Fe powder (3wt%) to maintain the iron ox-
ide in the ferrous state. The components were well-
mixed in a drum for 1 hour, before pressing as pellets
(1 cm diameter by 5 mm height) at ca. 600 MPa. Then,
they were sintered in a Mo crucible at 1200 ◦C for
6 hours under an Ar atmosphere, before being removed.

The compositions ranged from x = 10 to
80mol%FeO (or 3.9wt% to 59.4wt%FeO) in the
system (1−x)/2%UO2−(1−x)/2%ZrO2−xmol%FeO
and are given in Table 1.

They were then characterized to verify their com-
position and physical condition by X-ray diffraction
(XRD) and by sectioning and examination of the cross-
section by optical microscopy (OM).

2.2 Sample preparation after laser flash pyrometry
After the samples had been heated by laser shot py-

rometry to determine the melting transitions by inter-
pretation of the thermograms, they were then sectioned
across the melted zone and one half was then mounted
and grounded on successively finer silica abrasion discs

and finally diamond cloths (down to 1 µm) before ex-
amination of the various phases present in the sample
(particularly in the melt zone) by means of Leica optical
microscope and a JOEL scanning electron microscopy
with energy dispersive analysis (OM and SEM–EDX).

2.3. JRC-ITU-fast laser flash (FLF) facility
JRC-ITUKarlsruhe has constructed a coupled laser

flash-fast pyrometry facility in a glove box that is able to
use materials such as UO2 or its mixtures (Figure 1). The
device heats the centre of a flat ground sample (approx.
8mmdia.) of the test material in a closed cell under 3 bar
Ar (or, if needed, another gas mixture) by firing a high
power laser pulse (∼5 mm beam dia.). The power laser
melts the sample surface by heating to approximately
2500 ◦C in several hundred milliseconds, and then on
switching off, the sample is allowed to cool. The sample’s
surface temperature is measured by a high-speed two-
wavelength pyrometer (λ = 645 and 488 nm) every 10mi-
croseconds (10−5 s) and by amulti-channel spectrometer
approximately every millisecond over ∼180 wavelengths
(λ = 550–910 nm). This gives the bright body tem-
perature; the absolute emissivity (ε0) is evaluated from
the variation of spectral intensity versus wavelength on
180 spectral plots recorded by the spectrometer and so
the bright body temperature values are corrected to ab-
solute temperatures. The accuracy is generally about
±25 K at the highest temperatures. In addition, there is
a low power blue light diode laser irradiating the sur-
face and this is monitored by another charge coupled
detector (CCD) detector. This records any movements
of the surface (as a noisy/variable signal) and is a con-
firmation that a liquid phase is present on the surface.
A small plateau in the temperature (thermal arrest) in-
dicates that a phase transition is occurring; this is most
evident during the cooling curve. The testing was per-

Figure 1. Fast laser flash (FLF) pyrometry facility at JRC-ITU Karlsruhe.
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Figure 2. Micrograph of the 20%UO2–20%ZrO2–60%FeO
(mol%) samples before testing showing large Fe-rich particles
and fine-grained ZrO2–UO2 components (Mag. 200×).

formed in a glass-sided cell under pressurized inert gas (3
bar Ar) to avoid volatilization and compositional ‘drift’.
More details of the technique are given in references [14–
16]. Post-test examinations are done on cross-sections of
the sample molten zone by OM and SEM–EDX to de-
termine the composition of the molten material along
with their melting and solidification points. This helps
in establishing the limits of the phase domains [17–19].

3. Results

3.1. Sample pre-‘laser flash’ characterization
As an example of the series of samples, the mi-

croscopic structure of the 20%UO2–20%ZrO2–60%FeO
sample after pressing is given in Figure 2 and shows the
different FeO-rich and (Zr, U)O2-rich phases present.

Characterization also included XRD of the pellets;
the results of the XRD pattern of 20%UO2–20%ZrO2–
60%FeO sample are shown in Figure 3; this confirmed
the presence of three components as stoichiometric

Figure 3. X-ray diffraction results of the as-fabricated sam-
ple: 20%UO2–20%ZrO2–60%FeO (molar ratio).

UO2, ZrO2 and FeO and that no oxidation has occurred
during production.

3.2. Laser flash pyrometry results
3.2.1. Laser shots of high (80mol% and 60mol%)

FeO melts

In the laser shots of the high Fe-content melts, the
FeO final freezing is very clearly and reproducibly seen.
However higher temperature freezing also appears and it
is clearly due to the solidification of the refractory com-
ponents ZrO2 and UO2. The thermal arrests are noted
as follows:

For 10%UO2–10%ZrO2–80mol%FeO (Figure 4), a
thermal arrest was observed at 2500 K which was at-
tributed to a (U,Zr)O2 liquidus point transition; a sec-
ond high-temperature arrest at 1960 K was attributed to
a (U,Zr)O2 solidus transition. The final low-temperature
arrest was observed at 1624 K due to the FeO freez-
ing. For 20%UO2–20%ZrO2–60mol%FeO composition,
there was an arrest at 2713 K attributable to a (U,Zr)O2

liquidus point; a second high-temperature thermal ar-
rest at 2040 K was attributed to a (U,Zr)O2 solidus
point. Finally, there was a large inflection at 1600 K, at-
tributable to the freezing of the dominant FeO phase.

3.2.2. Laser shots of medium (40mol%) FeO melt

The laser shots of the 30%UO2–30%ZrO2–40%FeO
show three different arrests in temperature that corre-
spond to a change in phase (see Figure 5). The interpre-
tation of the thermal arrests of the 30%UO2–30%ZrO2–
40mol%FeO melt composition are as follows: (1) the
arrest at 2757 K is attributed to the (U,Zr)O2 liquidus
transition; (2) the thermal arrest at 2270 K is attributed
to a (U,Zr)O2 solidus transition. Again a final low-
temperature arrest is observed at 1600 K attributed to
the FeO-rich phase freezing.

Figure 4. Thermogram of 10%UO2–10%ZrO2–80mol%-
FeO.
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Figure 5. 30%UO2–30%ZrO2--40mol%FeO: 3rd laser shot
with expansion to show details of cooling thermogram.

Figure 6. Laser shots of 45%UO2–45%ZrO2–10mol%FeO
sample.

3.2.3. Laser shots of low (20mol% and 10mol%)FeO
melts

For the 40%UO2–40%ZrO2–20mol%FeO sample,
very little low-temperature eutectic in the freezing curve
was observed, by contrast in the 10mol% FeO melt (see
Figure 6) there is no lower eutectic melt in the freezing
curve (see arrow indicating expected position).

Again the high-temperature thermal arrests can
be linked to the elevated refractory UO2–ZrO2 con-
tent. The higher temperature arrests for the 40%UO2–
40%ZrO2–20mol%FeO, were at 2570 K that is at-
tributable to a (U,Zr)O2 liquidus point; there was a sec-
ond arrest at 2530 K that could be a (U,Zr)O2 solidus
point. The slight, final low-temperature arrest at 1620
K is attributable to FeO freezing. The high-temperature
arrest(s) in the 20% FeO melt were slightly below from
that expected from the composition.

For the 45%UO2–45% ZrO2–10mol%FeO
(Figure 6), there was a thermal arrest at 2715 K
attributable to a (U,Zr)O2 liquidus transition (in
previous shots arrests at 3010 and 2700 K had been
observed). No second high-temperature arrest was ob-
served that could have been attributed to the (U,Zr)O2

solidus point (in a previous shot a transition at 2400 K
had been noted). This suggests that the second shot

Figure 7. (a) Optical macroscope and (b) SEM micrograph
of the 10%ZrO2–10%UO2–80mol%FeO sample.

(illustrated above) showed little segregation of the
phases while some segregation had occurred in first
shot. By contrast with the 20mol% FeO melt there
was no low-temperature arrest (see arrow indicating
expected position) due to the freezing of the FeO-rich
phase in the 10mol% FeO sample. It was also absent in
the previous shots.

This indicates that the level of FeO in the melt is
too low to separate out as a separate phase in cool-
ing and that this composition is dominated by the high-
temperature UO2–ZrO2 components.

3.3. Optical microscopy (OM) and scanning
electron microscopy and analysis
(SEM–EDX) results

3.3.1. Optical microscopy and SEM–EDX results of
high (80mol%) FeO content samples

The 80mol% FeO sample is shown in Figure 7. The
melted zone is quite extensive after a number of laser
shots and is up to 5 mm thick in parts. Typical for most
samples the melt zone depths were of approximately
200–300 µm.

The macrograph is seen in Figure 7(a) while
Figure 7(b) shows the dense melt zone on the sur-
face. Two areas analyses at the surface and the mid-
dle with a point analysis zone at the base are given in
Table 2 and show the variation in the composition with
depth. However, the averaged analysis 6.9%U–6.6%Zr
and 86.5%Fe is close to the overall composition of
10%UO2–10%ZrO2 –80mol%FeO.

Table 2. EDX analyses in the melt zone of Figure 7(b) – area
zones 1, 2 and point analysis 3 marked in red.

Analysis point 1 2 3 Average

Atom %
Fe (Kα) 81.36 89.41 88.8 86.5
Zr (Lα) 9.13 5.09 5.54 6.6
U (Mα) 9.51 5.5 5.66 6.9
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Figure 8. (a) Back-scattered image of the edge of melt zone of the 20mol%ZrO2–20mol%UO2–60mol%FeO sample and (b) high
magnification (4000×) of the two-phase lamellar structure of the melt around the U, Zr-rich crystallites; the melt was Fe-rich
compared to the overall composition.

The oxygen results were not consistent, therefore
only the U, Zr and Fe atomic ratios were used. The Fe
content varied from81.4 to 88.8at.%Fe, while the Zr and
U contents were very similar and varied between 5.5 and
9.5at.%.

The 20mol%ZrO2–20mol%UO2–60mol%FeO sam-
ple had three laser shots. Figure 8(a) shows the melt
zone, which has secondary phases; the central phase is
69.4at.% FeO and 15.3 at.% of UO2 and ZrO2 (Spect.
13 in Table 3) and had an overall composition close to
the initial composition. Figure 8(b) is a close-up of the
melt phase surrounding the primary U, Zr crystallites;
the melt phase is a fine, two-phase lamellar structure
of U, Zr-richer (white) and Fe-richer (darker) phases of
approximately 90at.% Fe with 5at.% of Zr and U. The
lamellae are very fine with a width of 0.1–0.2 µm. The
other zones were of variable composition (e.g. a UO2-
rich zone (Spect. 14) and a pure Fe particle (Spect. 11)).

3.3.2. Optical and SEM microscopy results of
medium (40mol%) FeO content sample

Figure 9 shows a 30%UO2–30%ZrO2–40mol%FeO
sample after testing. A dense, uniform melt zone is ob-
served at lowmagnification along with the small amount
of metallic iron precipitates at the edge of the melt zone
but at higher magnification secondary phases are seen.
In Table 4, the local EDS analyses are made at differ-
ent depths of the molten zone. The average analysis is
31.1at.% U, 27.4at.% Zr and 41.50at.% Fe. This is not
far from the original overall composition of (when oxy-
gen content is disregarded). However, it is seen that the

Table 3. Area EDS analyses of various phases in the melt
zone of Figure 8(a). The main zone (Spect. 13) shows a com-
position that is very close to the overall composition.

Analysis point 11 12 13 14 Average

Atom %
Fe (Kα) 98.83 22.6 69.42 3.93 48.7
Zr (Lα) 0.91 63.31 15.25 10.3 22.44
U (Mα) 0.25 14.09 15.33 85.77 28.86

Table 4. Area EDS analyses at three different depths of the
two-phase melt zone in Figure 9.

Analysis point 7 8 9 Average

Atom %
Fe (Kα) 49.25 40.27 34.99 41.5
Zr (Lα) 22.87 28.73 30.55 27.38
U (Mα) 27.88 31 34.45 31.11

local compositions (Spectra 7, 8 and 9) show an enrich-
ment in FeO at the surface (Spect. 7: ∼50at.% Fe) com-
pared to the overall composition, while the deeper com-
position shows a depletion in iron (Spect. 9: ∼35at.%
Fe). This shows that despite the rapid cooling rates a
small separation of themelt still occurs. The highest FeO
content at the surface corresponds to the lowest freezing
composition.

Figure 9. Back-scattered electron micrograph of the
30%UO2–30%ZrO2–40mol%FeO sample showing the molten
zone at the sample surface. A two-phase melt structure is
visible.
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Figure 10. (a) Macrograph of a 40%UO2–40%ZrO2–20mol%FeO sample and (b) micrograph showing surface melt zone with
major and grain boundary phases: the grain boundary phase is expected to be Fe-rich.

Table 5. EDS analyses of the melt zones with increasing
depth from the surface in Figure 10(b).

Analysis point 47 48 49 50 Average

Atom %
Fe (Kα) 29.6 24 21.62 16.35 22.89
Zr (Lα) 32.47 35.11 30.55 35.48 33.4
U (Mα) 37.44 40.89 34.45 48.17 40.24

3.3.3. Optical and SEM–EDX results of a low
(10 and 20mol%) FeO content sample

Macro and micrographs of the melt zone of the
40%UO2–40%ZrO2–20mol%FeO sample are shown in
Figure 10(a) and 10(b) along with the analyses in
Table 5. The mean composition of the four points is
40.2%U–34.9%Zr–22.9at.% Fe. This corresponds rea-
sonably well to the initial composition. Nevertheless, the
analyses show a variation in the FeO content in the melt
zone, with the highest concentration (i.e. lowest melting)
49.5% Fe at the surface and 35.0% Fe at the deepest melt
zone. This again indicates that segregation occurs dur-
ing the freezing of the melt, although the overall com-
position is close to the initial composition. This is also
a good indication that there is no significant drift of the
melt composition during the various laser shots.

It is also noted that although the Zr and U contents
are close they are not identical with the Zr at.% figures
always being less than the U at.% values by ∼10%. The
differences are just significant given the standard devia-
tions on the Zr, U individual values. The fact that the Zr
values are always higher than the U at.% values points
rather to a systematic error in the quantitative analysis
or curve deconvolution of the spectra.

In Figure 11, we can see the macro and micro-
graphs of the 45%UO2–45%ZrO2–10mol%FeO sample.
The analyses in Table 6 show an average composition of
45.0%U–42.9%Zr–12.1at.% Fe. However, the FeO con-
tent varied from only 7.3at.% Fe at the bottom of the
melted zone (Spect. 16) to 16.4at.% Fe at the surface
(Spect. 14). The surface composition would have been
the highest and final freezing point. The melt was also
heterogeneous with many U-rich or Zr-rich inclusions.

Figure 11. SEM images of the 45%UO2–45%ZrO2–
10mol%FeO sample after testing. (a) Macroscopic cross-
section of melt zone and (b) micrograph of melt zone showing
a two-phase melt structure.

4. Discussion

The average value of the melt zones analyses for each
sample is given in Table 7. This shows that the aver-
age melt zone composition for each sample corresponds
closely to the overall composition. The standard devia-
tion is also shown and this is about 7% to 3% relative (to
the value) for the highest U and Zr contents (10mol%
FeO) to 27% relative at the lowest Zr, U contents. For
FeO, the highest relative deviation values are, as ex-
pected, highest for the lowest FeO composition (10mol%
FeO) at 38% relative and fall to about 4% relative in the
highest FeO composition (80% FeO). Thus, the relative
deviations are similar and suggest a consistent analysis
of all the three elements.

The laser flash melting shows the clear distinction
in freezing behaviour of UO2–ZrO2–FeO system. There

Table 6. EDS analyses of three areas of melt zone marked in
red in Figure 11(b) at different depths.

Analysis point 14 15 16 Average

Atom %
Fe (Kα) 16.39 12.72 7.26 12.12
Zr (Lα) 39.79 42.81 46.19 42.93
U (Mα) 43.82 44.47 46.55 44.95
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Table 7. Average analyses (and standard deviations: sd) of the molten areas of all samples.

10mol% FeO 20mol%FeO 40mol%FeO 60mol%FeO 80mol%FeO
Composition
atomic% av. analysis sd. av. analysis sd av. analysis sd av. analysis sd av. analysis sd

Fe (Ka) 12.1 4.59 22.89 5.5 41.5 7.21 61.9 8.93 86.5 3.66
Zr (La) 42.95 3.2 34.86 1.3 27.38 4.01 21.1 5.65 6.6 1.81
U (Ma) 44.95 1.43 42.25 4.48 31.11 3.29 17.1 3.85 6.9 1.85
U/Zr 1.05 1.21 1.14 0.81 1.05

Figure 12. Pseudo-ternary diagram of the UO2–ZrO2–
FeO1-x for 1300 ◦C [20] showing the 5 JRC-ITU sample com-
positions used for the melting behaviour studies by laser flash
pyrometry.

are freezing transitions between 2500 ◦C and 1627 ◦C
(2757 and ∼1900 K, respectively – see Figures 4 and 5)
assigned to the high-meltingUO2–ZrO2-rich phases and
final transitions at 1367 ◦C–1327 ◦C (1640–1600 K) as-
signed to the low-melting FeO. These generally lead to
an extended freezing range from 2500 ◦C to ∼1350 ◦C,
except for the lowest FeO content (10mol%), where only
the high-melting component behaviour is evident. Cal-
culations by Barrachin in Bakardjieva et al. [19], indicate
that FeO freezing transition should still occur or be vis-
ible at 10mol% FeO in this system. These experimental
results suggest that in severe accident models, this sys-
tem’s behaviour can be simplified by assuming a purely
high-temperature behaviour at compositions below ca.
15mol% FeO content in a UO2–ZrO2 corium formed
fromdegradedUO2 fuel and oxidized Zircaloy cladding.

The SEM data from Table 7 has been has added to
the UO2–ZrO2–FeO phase diagram at 1300 ◦C (by Alm-
jashev et al. [20]) in Figure 12. This shows that the initial
compositions and melt compositions are consistent and
that therefore the melting ranges measured by the laser
flash technique correspond to the initial compositions.

In addition, data from the 20mol% FeO sample (as
an example) is plotted from the zones surrounding the
melts that have cooled more slowly and separated into
several phases. These analyses correspond very well to

the various phase fields in this diagram. This is not so
surprising since the final transitions in this system (so-
lidification of FeO-rich compositions) seen in the laser
flash results occur at 1330 to 1360 ◦C.

More importantly it indicates that the UO2–ZrO2–
FeO phase diagram at 1300 ◦C (by Almjashev et al. [20])
and themelting ranges given by this work would be valid
to predict an in-vessel melt’s solidification behaviour in
severe accident codes.

Figure 12 also illustrates that the sample composi-
tions span the central three-component solid solution
field of the system. UO2 and ZrO2 were held in equal
molar ratios because it was expected that the melted ma-
terial would contain similar quantities of both fuel and
cladding.

In the Three Mile Island unit 2 (TMI-2) reactor it
was estimated that the inventory of UO2 fuel was 94,000
Kg and that of Zircaloy-4 cladding was 24,000 Kg, this
corresponds approximately to themolar ratioUO2/Zr of
0.67 [21]. Simple calculations of a cladded un-irradiated
pressurised water reactor (PWR) fuel cross-section give
a similar ratio of 0.66. This would suggest that the zirco-
nium is in excess. However, the elemental U/Zr ratios of
real irradiated corium samples from and above the cen-
tral pool analysed in the degraded FPT0, 1 and 2 bun-
dles of the Phébus PF project [22– 28] as well as in the
TMI-2 samples [29] for a solidified fully oxidized corium
are notably higher. These values ranged between 1.0 and
1.18 and are shown in Figure 12. The U/Zr values given
for the melt zones in Table 7 are also close to unity (only
one is below 1.0) and are in agreement with values found
in real coria analysed in Phébus PF and TMI-2 inves-
tigations. Thus, this research confirms that the central
equimolar zone of the UO2–ZrO2–FeO phase diagrams
is one of the main regions of interest for in-vessel corium
studies rather than the UO2-rich ratio calculated from
the reactor inventory.

5. Conclusions

(1) The UO2–ZrO2–FeO ternary oxide system has
been investigated for its high-temperature melt-
ing and freezing behaviour.

This research shows that it can be considered as a
pseudo-binary system of a high-temperature UO2–ZrO2
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system and low-melting FeO system. This information
can be used to draw a pseudo-ternary oxide phase dia-
gram for this system.

(2) The FeO freezing transition is not observed at
the lowest FeO content of 10mol% FeO, and it
is estimated that the lower FeO limit for the FeO
freezing tie-line in a phase diagram at ∼1640 K
is ∼15mol% FeO.

This low-temperature behaviour is proportional to the
FeO content, just as the high-temperature transitions are
proportional to the combined ZrO2–UO2 content.

(3) At the high and medium ZrO2–UO2 contents
one (or sometimes more) high-temperature tran-
sition(s) in the range 2500 ◦C –1630 ◦C is ob-
served. These relate to a limited segregation of
UO2 and ZrO2 phases, despite the rapid cooling
rates.

(4) This data illustrate how the relocation of a
corium is extended by the Fe oxide content and
will help model the freezing behaviour of in-
vessel corium.

(5) The data from the melt and nearly melted zones
indicates that the UO2–ZrO2–FeO phase dia-
gram at 1300 ◦C (Almjashev et al. [20]) can give
good estimates of the expected compositions for
the final solidified in-vessel corium as 1300 ◦C is
close to the final freezing point of FeO.

(6) A roughly U, Zr-equimolar zone in the UO2–
ZrO2–FeO diagram has been identified as the
area most representative of an in-vessel corium
developing in a nuclear reactor during a severe
accident.
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