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a b s t r a c t

Results of the investigation of the FeO1.5–UO2+x–ZrO2 system in air are presented. The eutectic position
and the content of the phases crystallized at this point have been determined. The temperature and
the composition of the ternary eutectic are 1323 ± 7 �C and 67.4 ± 1.0 FeO1.5, 30.5 ± 1.0 UO2+x, 2.1 ± 0.2
ZrO2 mol.%, respectively. The solubilities of FeO1.5 and ZrO2 in the UO2+x(FeO1.5, ZrO2) solid solution cor-
respond to respectively 3.2 and 1.1 mol.%. The solubilities of UO2 and ZrO2 in FeO1.5 are not significant.
The existence of a solid solution on the basis of U(Zr)FeO4 compound is found. The ZrO2 solubility in this
solid solution is 7.0 mol.%.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The information on phase equilibria in the FeO1.5–UO2+x–ZrO2

system is important for the analysis of physicochemical phenom-
ena of a late phase nuclear power plant (NPP) severe accident
involving corium interaction with structural materials, particu-
larly, in oxidizing conditions [1–3]. The data on solidus and liqui-
dus surfaces location in the FeO1.5–UO2+x–ZrO2 system (mainly at
the eutectic temperature) are important for the description of in-
vessel corium melt behaviour and ex-vessel melt retention and
crystallization in a core catcher [4,5]. The phase diagram of the ter-
nary system is not yet fully determined and only limited data are
available in the past literature [6]. For that reason any new exper-
imental data could be potentially used for optimization of thermo-
dynamic databases [7] that are applied in severe accident
modeling.

The UO2–Fe3O4–O system was investigated in [8]. In particular,
the polythermal UO2+x–Fe2O3 section was studied, for which the
eutectic point was determined (1348 �C, 37.3 mol.% UO2) and the
liquidus line was constructed up to �1400 �C in this work
(Fig. 1(a)). According to [8–10], Fe2O3 decomposes in air at temper-
ll rights reserved.

: +7 812 328 85 89.
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atures higher than 1380 �C forming Fe3O4. In contact with uranium
oxide (UO2+x) the thermal stability of Fe2O3 increases [8]. This can
indirectly prove the formation of Fe2O3(UO2+x) solid solution. The
phase diagram of the UO2+x–Fe2O3 system in air atmosphere was
constructed in [11], however the determined eutectic point
(1240 ± 10 �C, 41 mol.% UO2) distinctly differs from the data pub-
lished in [8] (Fig. 1). According to [12–16], the FeUO4 and FeU3O10

compounds can exist in the UO2+x–Fe2O3 system, affecting the sol-
idus and liquidus surface location in the FeO1.5–UO2+x–ZrO2

system.
The ZrO2–Fe2O3 system in air atmosphere was investigated in

[17]. The eutectic point was found to be at 1525 �C and
13.5 mol.% ZrO2 (Fig. 2(a)), but obviously corresponded to phase
equilibrium in the ZrO2–Fe3O4 system due to hematite decomposi-
tion. The composition range was limited by a Fe2O3-enriched do-
main. It should be pointed out that the liquidus temperatures in
the high-temperature domain and the component mutual solubil-
ity in solid state were not determined in [17]. Liquidus line extrap-
olation from the eutectic point up to ZrO2 melting temperature and
prediction of the possible solubility limits of Fe2O3 in ZrO2 were
only presented (Fig. 2(a)). Phase relations in the high-temperature
range of the ZrO2–FeO–Fe2O3 system were studied in [18,19].
According to these works, a miscibility gap in this ternary system
is possible (Fig. 2(b)).

The data on component mutual solubility and unit cell param-
eter variation of solid solutions in the Fe2O3–ZrO2 system are pre-
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Fig. 2. Phase diagrams of the ZrO2–FeO1.5 system in air. Literature data: (a) [17], (b)
[19].
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Fig. 1. Phase diagrams of the UO2+x–FeO1.5 system in air. Literature data: (a) [8], (b)
[11].
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sented in [20]. Formation of solid solutions was investigated in [21]
as well, but in the nanosized crystals based on ZrO2, the possibility
of about 20 mol.% Fe2O3 solubility at 900 �C was pointed out.

The work [22] presents a survey of information about phase
relations in the UO2–ZrO2 system. Fig. 3 shows the phase diagrams
from [23–30]. It is worth noting that there are quite significant dif-
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Fig. 3. Phase diagrams of the UO2–ZrO2 system. Literature data: (a
ferences of data published in [28,29] on mutual component solu-
bility in the solid state.

The eutectic-type phase diagrams in the vicinity of the eutectic
temperature and below for the UO2+x–FeO1.5 (Teut = 1240–1348 �C)
and ZrO2–FeO1.5 (Teut = 1525 �C) systems (Figs. 1 and 2) and at tem-
peratures below 1600 �C for the UO2–ZrO2 system (Fig. 3) indicate
limited mutual solubility. In addition the eutectic composition in
the ZrO2–FeO1.5 and UO2+x–FeO1.5 systems is shifted towards the
FeO1.5 apex. Both these facts enable us to assume that the ternary
eutectic is located in the ferrite-enriched domain of the FeO1.5–
UO2+x–ZrO2 system. Taking the data on FeUO4 and FeU3O10 com-
pound formation in air [12–16] into account, it is possible to as-
sume that several eutectic-type fields of crystallization could
occur in the FeO1.5–UO2+x–ZrO2 system.
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2. Materials and methods

The specimens were prepared from Fe2O3 (>98.1 mass%, the
sum of sulphates, Cu, K, Na, Ca, Mg, Si, N < 0.6 mass%), ZrO2 +
HfO2 (>99.3 mass% purity), UO2 (>99.0 mass% purity, ZrO2 <
0.9 mass%, the sum of Fe, As, CuO, phosphates, chlorides <
0.07 mass%).

A mixture of the initial components was subjected by induction
melting in a cold crucible (IMCC) [31] in air at 1520 �C. After hold-
ing at 1360 ± 10 �C to homogenize the structure and establish
equilibrium with the gas phase (air, pO2

¼ 0:21� 105 Pa) the melt
was slowly cooled.
Fig. 4. The general view (a), micrographs of the eutectic zone (b)–(d) and outlying zon
ZrO2 mol.% melt.
As the FeUO4 compound formed in the Fe2O3–UO2–O2 system,
according to the results of Ref. [15], will decompose into Fe2O3

and UO2.6 below 840 �C, the synthesis of the compound was carried
out at 1200 �C [12]. There was a 2 h annealing at 1220 �C, i.e.
slightly above the FeUO4 phase formation. There would probably
be a partial decomposition of the compound as well as oxidation
of Fe2+ in the sample.

The microstructure, the element composition of distinct sample
domains and the composition of separate phases formed after the
melt crystallization were analyzed by scanning electron micros-
copy (SEM) and energy-dispersive X-ray spectrometry (EDS) using
the ABT-55 microscope coupled with an Oxford Link microprobe
e (e) of the sample obtained by crystallization of the 68.9 FeO1.5, 29.0 UO2+x, 2.1
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Fig. 5. X-ray powder pattern of the specimen cut off from the eutectic zone in the
FeO1.5–UO2+x–ZrO2 system. , t-U3O7-based phase (15–4); , ortho-U3O8-based
phase (2–276); , ortho-UFeO4-based phase (39–200); , rhomb-Fe2O3 (1–1053,
hematite).
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analyzer. The error in determining the elements content by this
technique varies with the atomic number and equals ±0.3 mass%
on average. In this work the EDS analysis was carried out only
for cations.

For differential thermal analysis (DTA) fragments of eutectic
zone were cut from the ingot after melt cooling. The eutectic zone
was determined by electron microscopy. Thermal transformations
in the system were studied by DTA using the SETSYS Evolution-
2400. In DTA measurements, the mass of the specimen was about
10 mg, heating rate was 10 �C/min in air (pO2

¼ 0:21� 105 Pa). The
onset point of the peaks was identified from the intersection of the
tangents extrapolated from the baseline and from the thermal ef-
fect curve. The error of the phase transformation temperatures
measured by this thermal analyzer was ±0.5 �C.

The phase composition of the specimens was checked by X-ray
powder diffraction (XRD) using the DRON-3 X-ray diffractometer
with the Cu Ka-radiation (k = 154.178 pm).

The oxygen content of the phases in the sample was not mea-
sured, but was fixed by experimental conditions, namely by the
predetermined partial pressure of oxygen in a gas phase and
temperature.

3. Results and discussion

As explained above, the sample of 68.9 FeO1.5, 29.0 UO2+x, 2.1
ZrO2 (mol.%) nominal composition (in the ferric oxide (III)-en-
riched domain) was obtained by two-step cooling of the melt, first
from 1520 �C down to 1360 ± 10 �C with 40 min holding time at
this temperature for melt homogenization and then by slow cool-
ing down until its crystallization. The microstructure, phase and
chemical composition of the sample are presented in Fig. 4 and
in Table 1. The typical microstructure of eutectic crystallization is
observed in the central zone of the sample (Fig. 4). The chemical
composition of all the measured zones (Table 1) is almost the
same, this confirms their homogeneous character on the macro-
scopic scale.

However the phase composition of the phases within the indi-
vidual eutectically crystallized zones shows considerable variation.
There are FeO1.5-based phases (Fig. 4 and region 1, Table 1), UO2+x-
based phases (Fig. 4 and region 2, Table 1) and finally mixed
U(Zr)FeO4�d phases (Fig. 4 and regions 3 and 4, Table 1). The
FeO1.5 phase shows extremely low solubility of the UO2+x and
ZrO2 (region 1, Table 1) although overestimation of the UO2+x

and ZrO2 contents is possible due to small size (Fig. 4) of the
FeO1.5-based grains – a limitation of the EDS technique. In the
grains based on UO2+x a small content of the ferric and zirconium
oxides was found (region 2, Table 1), again these values may also
be underestimated given the small spot size. The third type of grain
Table 1
The results of EDS analysis of the domains marked in Fig. 4.

Examined region FeO1.5 UO2+x ZrO2

mol.%

SQ1 67.3 30.5 2.1
SQ2 67.5 30.3 2.2
SQ3 67.6 30.0 2.4
SQ4 67.5 30.4 2.1
SQ5 69.2 29.0 1.8
SQ6 66.7 31.5 1.8
SQ7 66.1 31.9 2.0
1 98.8 0.6 0.6
2 3.2 95.7 1.1
3 41.0 52.1 7.0
4 40.7 51.1 8.2

Note: oxygen content was not determined by EDS analysis (stoichiometric com-
position is given using the cations content determined by EDS).
in the sample consists mainly of ferric and uranium oxides and
some zirconia as a solid solution (Fig. 4 and regions 3, 4, Table 1).
According to the element ratios, a stoichiometry of this phase is
close to the UFeO4 compound and could be considered as a
U(Zr)FeO4 solid solution.

The phase composition of the eutectic zone (Fig. 4, region SQ3)
was also determined by XRD (Fig. 5). The main phase crystallized
in the eutectic zone is a U3O8-based phase. In addition the peaks
of Fe2O3 (hematite-type structure) are presented. The strongest
peaks of the UFeO4 compound overlap with the main peaks of
U3O8 and Fe2O3, and only weak peaks of UFeO4 are distinctive
(d = 0.19714 and 0.15359 nm, 2h = 46.0 and 60.2�, respectively,
Fig. 5). Nevertheless these indicate the presence of the compound
in the sample. The formation of a large quantity of the U3O7-based
solid solution, which melts at the lower temperature than U3O8

(Fig. 5), is associated very likely with solid state decomposition
of the U(Zr)FeO4-based solid solution (which is inhomogeneous
exothermic

(a)

1322

(b)

Fig. 6. DTA curve of the specimens cut off from the eutectic zone in the FeO1.5–
UO2+x–ZrO2 system: (a) fragment of the SQ3 domain (Fig. 4), (b) fragment of the SQ5
domain (Fig. 4).
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with respect to the oxygen and iron) to the Fe2O3 and U3O7-based
solid solutions. This assumption enables to explain not only the
large quantity of the U3O7-based phase, but also a small content
of the UFeO4-based phase in the sample compared to the location
of the melt’s nominal composition in the Fe2O3–U(Zr)FeO4�d–UO2+x

subsystem. The SEM results show the heterogeneous composition
of the grains of the UFeO4-based solid solution and also support
this assumption. There are also darker inclusions inside the grains,
which probably are the products of the compound decomposition
(U3O7 – light domains and Fe2O3 – dark domains, Fig. 4, e, region
5 and region 6, respectively).

To define the eutectic temperature the DTA method was used.
The DTA curves of the sample cut off from the eutectic zone are
presented in Fig. 6. The asymmetric form of endothermic peaks is
most likely connected with the beginning of interaction of corun-
dum crucible with the liquid phase that appeared during the
experiment. Fig. 6(b) shows that two endothermic processes are
observed. This fact is most likely connected with a small deflection
of composition accordingly the eutectic point. But, the temperature
of occurrence of a liquid phase in the system is of importance. The
eutectic temperature was chosen as the value where the tangent to
the base line meets the tangent to the gentle slope of first endo-
thermic peak. According to these curves the eutectic temperature
can be accepted as equal to 1323 ± 7 �C.

The compositions of the phases crystallized at the eutectic tem-
perature and composition determined by SEM are presented in the
FeO1.5–UO2+x segment of the phase diagram, Fig. 7 along with the
data of others. The results correspond well with that of the neigh-
boring point particularly the eutectic temperature of 1348 �C for
the 64 mol.% FeO1.5–36 mol.% UO2+x solid solution [8].

4. Conclusions

The temperature and the composition of the ternary eutectic
were determined as the following values: 1323 ± 7 �C and
67.4 ± 1.0 FeO1.5, 30.5 ± 1.0 UO2+x, 2.1 ± 0.2 ZrO2 mol.% for the
FeO1.5–UO2+x–ZrO2 system in air. The composition of the UO2+x

(FeO1.5, ZrO2) solid solution at the eutectic temperature is 95.7
UO2+x, 3.2 FeO1.5 and 1.1 ZrO2 mol.%. The solubilities of UO2 and
ZrO2 in FeO1.5 do not exceed 0.6 mol.% at the eutectic temperature.
The ZrO2 solubility in UFeO4 at the eutectic temperature of
1323 ± 7 �C corresponds to 7.0 mol.%.

Moreover, it is necessary to note that the results obtained in the
present investigation showed the importance of more detailed
study of pseudo-binary sections and ternary sub-systems of
FeO1.5–UO2+x–ZrO2 system. Studying the region of existence of
the UFeO4-based compound is of great value. Finally the variation
of oxygen potential in this system has fundamental influence and
needs to be carefully scrutinized.
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