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Experimental results of the investigation of the FeO,.,—UO,-ZrO, system in neutral atmosphere are pre-
sented. The ternary eutectic position and the composition of the phases crystallized at this point have
been determined. The phase diagram is constructed for the FeO,.,-enriched region and the onset melting

temperature of 1310 °C probably represents a local minimum and so will be a determining factor in this
system and its application to safety studies in nuclear reactors.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

During the analysis of postulated severe accidents with core
melting in nuclear power plants (NPP) one of the key issues is a
reliable prediction of the physicochemical behavior of molten
materials containing fuel, cladding and steel. Typically, during in-
vessel scenarios, such melts result from the interaction between
the UO, fuel, Zircaloy or Zr cladding and internal steel structures.
Moreover, in the course of the accident the molten material is sub-
jected to steam oxidation and interaction with the surrounding
steel of the pressure vessel as it was considered, for example, by
Tuomisto and Theofanous [1] and Bechta et al. [2]. Therefore, the
information on phase equilibria in the FeO.x-UO,-ZrO, system,
melting and crystallization temperatures, i.e. the positions of the
solidus and liquidus surfaces in this system, are very important
for the analysis of molten pool behavior and its interaction with
the reactor vessel steel.

The data available in the literature for this system are quite lim-
ited. Recently the corium interaction thermochemistry (CIT) pro-
ject (from the 4th FP of the European Commission) examined
some key coria compositions relating to European Pressure Reactor
(EPR)-type melt. A liquidus temperature of 1946 + 20 °C was mea-
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sured for the 55.0 FeO;.,—23.6 UO,-21.4 ZrO, (mol.%) composition
(corium named CIT-R in [2,P.1362]). Nevertheless, it was only a
single measurement that provides a first indication of the behavior
of the FeO1.x-UO,-ZrO, system (among other relevant phase sys-
tems). In fact, only phase diagrams of the corresponding binary
systems have been experimentally investigated, while the phase
diagram of the ternary oxide system has not even been experimen-
tally constructed except for the liquidus temperature measure-
ments by the authors in previous works Bechta et al. [2] and
Adroguer [3].

The UO,-FeO., system was studied by Lopukh et al. [4] in a
narrow concentration region of the FeO;.,-rich system, where the
position of the eutectic point was determined as 1340 °C and
3.3 mol.% UO,. The publications of Bechta et al. [5,6] have pre-
sented a more complete version of the phase diagram of the
UO,-FeOq.x system in which the eutectic point (1335%5 °C,
4.0 £ 0.1 mol.% UO,) slightly differs from the data in [4]. This seems
to arise from differences between the FeO,., stoichiometry in this
work, because the onset melt temperature of the FeO;.,-based
phase and the liquidus line position is known to change with the
Fe:O ratio according to Darken and Gurry’ phase diagram [7]. The
results presented by Bechta et al. [6] confirm this conclusion.

The ZrO,-FeO., system was investigated in [8-10]. In Fischer
and Hoffmann [8] the study was carried out in the 1300-1800 °C
temperature range. The phase diagram of the ZrO,-FeO;., system
in a wider temperature range is presented by Bechta et al. [9,10].
The results given in [8] and [9,10] have significant differences in
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(1) the positions of solidus and liquidus lines, (2) the data on the
solid solution decomposition in the subsolidus region and (3) the
transition temperatures. As shown by Bechta et al. [10], the diver-
gence of the data on the ZrO,-FeO,., phase diagram of these pub-
lications is associated with differences in experimental techniques
and in data interpretation.

Phase equilibria of the UO,-ZrO, system were studied by Lamb-
ertson and Mueller [11], Wollten [12], Evans [13], Voronov et al.
[14,15], Cohen and Schaner [16], Baes et al. [17], Bottomley and
Coquerelle [18] and Skokan [19]. It should be noted that there were
significant differences in the phase diagrams constructed by vari-
ous authors. These differences are related to both solidus and liq-
uidus lines and phase compositions of the system in the
subsolidus region. While in Evans [13] the UO,-ZrO, system is pre-
sented as a eutectic type diagram with limited solid solutions, in all
other studies these diagrams have a minimum in the liquidus and
solidus curves. Much attention was paid to the investigation of the
UO,-ZrO, subsolidus region by Evans [13], Cohen and Schaner [16]
and Baes et al. [17]. In [16], the system was studied in detail in the
temperature range from 1200 °C up to the tetragonal-cubic transi-
tion temperature of ZrO,. In the work [17] the solubility limits of
UO, in ZrO, and ZrO, in UO, were determined for the tetragonal
solid solutions just below the tetragonal-monoclinic transition
temperature of ZrO,, i.e. near 1100 °C. It should be noted that the
solid solution limits determined by the extrapolation of the exper-
imental results of [13] and [16] down to the lower temperature re-
gion and from the data of [17] up to a high temperature region
have a significant divergence. The disparity on the mutual solubil-
ity of the components is particularly noticeable in solid state in the
temperature range below 1500 °C [16,17].
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From the modeling point of view, the FeO.,~UO,-ZrO, pseudo-
ternary phase diagram calculation is available within the frame-
works of the NUCLEA European Thermodynamic Database for Cor-
ium Applications by Cheynet [20]. It is based, in the absence of
experimental data, on the CALPHAD optimization of the three
pseudo-binary sections UO,-ZrO,, FeO.,~UO, and FeO.x-ZrO,.
For the UO,-ZrO, phase diagram, the details of the optimization
were reported in Chevalier et al. [21]. They in particular selected
the measurements of Lambertson and Mueller [11] at high temper-
ature which exhibit a minimum in the liquidus and solidus curves
and a very low ZrO, solubility in UO, at a low temperature
(<1500 °C) in accordance with the experimental data of Romberger
et al. [22]. For the UO,-FeO1., and ZrO,-FeO1., systems, the mod-
eling recently proposed in Bakardjieva et al. [23] reproduces the
topologies as experimentally determined in Bechta et al. [6,10].
With this “rather” simplified approach, i.e. only derived from the
optimization of the binary systems, the calculated liquidus tem-
perature for the composition of the corium named CIT-R (previ-
ously mentioned) 55.0 Fegg470 -23.6 UO,-21.4 ZrO, (mol.%), is
predicted to be 1910 °C, i.e. in good agreement with the experi-
mental determination (1946 + 20 °C). Nevertheless, the available
experimental data are too scarce for a validation of the approach.

Given the FeOq.,-rich eutectic of the UO,-FeO,., (Fig. 1a) and
Zr0O,-FeO1.4 (Fig. 1b) phase diagrams, combined with the limited
mutual solubility of the UO,-ZrO, system (Fig. 1c) at the eutectic
temperatures of the UO,-FeOq.x (1335+5°C) and ZrO,-FeOq.y
systems (1332 £ 5 °C), as well as the high-temperature solidus in
the UO,-ZrO, system would imply that the ternary eutectic point
is located in the FeOq.,-enriched region of the FeO.,-UO,-ZrO,
system. The ternary eutectic is also likely to have the lowest
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Fig. 1. Phase diagrams of the systems: (a) UO,-FeO1., (inert atmosphere) by Bechta et al. [6], ss — urania-based solid solutions; (b) ZrO,-FeO1., (inert atmosphere) by Bechta
etal.[10], (I) - t-ZrO,(FeO)-based solid solutions, (II) - c-ZrO,(FeO)-based solid solutions; (c) UO,-ZrO, by Cohen [16], fcc ss - face-centered cubic solid solutions, fct ss - face-

centered tetragonal solid solutions, m ss - monoclinic solid solutions.
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temperature, at which a liquid phase appears in the FeO.,-UO,-
ZrO, system. Thus the objectives of this article are to investigate
the FeO,., region of the ternary phase diagram and then to deter-
mine this lowest temperature and eutectic composition in neutral
atmosphere above the melt.

2. Materials and methods

The initial substances for the specimen preparation were as fol-
lows: ZrO, (>99.3 mass% purity), pure UO; (>99.0 mass% purity, Fe,
As, CuO, phosphates, chlorides not more than 0.07 mass%), FeOq.
(not less than 99.0 mass%, impurities insoluble in HCI, sulphates,
chlorides not more than 0.8 mass%) and pure Fe (>99.9 mass%
purity).

Initial components were mixed and melted in the “Rasplav 2”
and “Rasplav 3” facilities by Induction Melting in a Cold Crucible
(IMCC) under flowing argon Petrov [24]. When the melt was homo-
geneous, it was slowly cooled down until completely solidified.

In order to crystallize iron oxide as a wiistite structure (FeOq.y)
with a composition closest to the FeO stoichiometry given by the
phase diagram in [7], metallic iron was admixed as a getter in
the quantity of 1 mass% of the total mass. The ingots were then sec-
tioned and smaller samples taken from the various regions as
determined by visual inspection. These samples were then
mounted and polished for further microscopic analysis. The micro-
structure of the specimen, its elemental composition and the com-
position of the phases were analyzed by scanning electron
microscopy (SEM) and energy-dispersive X-ray spectrometry
(EDX) using the ABT-55 coupled with the Oxford Link microprobe
analyzer. The error in determining the elemental content by this
method varies with the atomic number and equals to +0.3 mass%
on average. In the present work the content of oxygen in the solid
phases was not determined directly. Conclusions were based both
on the cation ratio and the XRD phase analysis.

About 7 mg specimens were cut out from the eutectic zone of
the ingot bulk as observed by electron microscopy observations
and were investigated by visual polythermal analysis (VPA) in
the Galakhov microfurnace [25] and by differential thermal analy-
sis (DTA). The melting temperature was determined by VPA in the
Galakhov microfurnace using the technique described in Bechta
et al. [9] with an experimental error not exceeding 30 °C in Bechta
et al. [9,10] and Almjashev et al. [26]. Thermal transformations in
the system were studied by DTA using the SETARAM SETSYS Evo-
lution-2400 apparatus. The temperatures of the thermal effects
were determined from the corresponding peak onset in the DTA
curves. The peak onset was identified by the intersection in the
tangents extrapolated from the baseline and the thermal effect
curve. The heating rate was 5 °C/min and the atmosphere was neu-
tral (high purity helium). The error of the temperature determina-
tion by this device was +5 °C expected with the standard procedure
of calibration. As the Al,05 crucible intensively interacted with the
specimen after a liquid phase occurrence observed in Bechta et al.
[6], only phase transition temperatures in the subsolidus region
and solidus temperature (eutectic temperature in particular; see
Bechta et al. [6,10]) could be measured with adequate reliability.

Another sample, which was also cut out from the eutectic zone
of the ingot was studied by XRD using the DRON-3 X-ray diffrac-
tometer with the Co K,-radiation (4= 178.897 pm) in order to con-
firm or refute wiistite phase in the eutectic composition.

3. Discussion of results

Crystallization of the melt was carried out from the regions of
primary crystallization of the U and Fe oxide-based phases to
determine the eutectic point in the FeOQ.,~U0,-ZrO, system. For

the UO,-FeO1., (Fig. 1a) system, a good agreement with experi-
mental data in respect of the liquidus curve is given by the simple
model of ideal solutions in Bechta et al. [6]. By contrast calculations
with the model of ideal solutions for the ZrO,-FeOq., system
(Fig. 1b) are not in satisfactory agreement with the experimental
data. The use of a model of regular solutions has not given satisfac-
tory results either. Therefore the ternary eutectic position has been
estimated as a geometrical optimum derived from the experimen-
tally determined coordinates of the binary eutectics of the ZrO,-
FeO1.x and the UO,-FeO;., systems.

Based on the calculations of the primary UO, crystallization re-
gion, a melt of the following composition: 88.1 FeO.,-7.0 UO,-4.9
Zr0O, (mol.%) was produced by IMCC in the first test. Microstruc-
ture, phase content and chemical composition of the sample pro-
duced by slow melt crystallization are presented in Fig. 2 and in
the Table 1. In all bulk regions of the specimen the microstructure
typical for eutectic crystallization was found (Fig. 2). The chemical
composition of the regions determined by EDX (Table 1) is practi-
cally the same, which confirms their large-scale homogeneity.

The elemental analysis of the phases coexisting in the eutectic-
ally crystallized regions exhibiting an eutectic-type morphologies
showed that UO,- and ZrO,-based phases are the solid solutions
while UO; and ZrO, are practically not dissolved in FeO., (Table 1,
analyses of zones 1 and 2). It should be noticed that the content of
FeO..+x and UO, determined by SEM/EDX could be significantly
overestimated due to a very small size of grains of the ZrO, solid
solution (Fig. 2).

In the second test, a melt of 96.0 FeO..+,—2.0 U0,-2.0 ZrO,
(mol.%) composition located in the primary FeO;., crystallization
region was prepared by IMCC. The onset melting temperature of
the sample was Ty, = 1315 °C according to VPA Galakhov microfur-
nace measurements. SEM/EDX data of the specimen are presented
in Fig. 3 and in the Table 1. The microstructure of the central re-
gions is homogeneous (Fig. 3) and their chemical composition (Ta-
ble 1, SQ1-2 for Fig. 3) is very close to the eutectic composition
given in the Table 1 for Fig. 2 (SQ1-6).

As it was noticed in the previous work Bechta et al. [5] the UO,-
and ZrO,-based solid solutions (SS) decompose on cooling forming
a thick FeO layer around SS grains (Figs. 2b,c and 3d) due to the FeO
significant solubility decreasing along with temperature
decreasing.

The XRD powder pattern (Fig. 4) obtained with an inner standard
(Ge) allowed the estimation of the unit cell parameters of the
cubic (U,Zr)O,-based solid solution (a=0.44255 +0.00005 nm),
the tetragonal (Zr,U)O,-based solid solution (a=0.3642 + 0.0002,
c=0.5208 £+ 0.0002 nm) and the FeO;., phase (a=0.43091+
0.00009 nm). The latter corresponds to FeO, gs9 in accordance with
the linear dependence of a unit cell parameter for FeO., phase with
oxygen content as in Toropov et al. [27]. So, the final Fe;_;O (FeO1.y)
composition varies depending on the cooling rate of the sample and
phase composition in the system (for the same p,, condition). Nev-
ertheless, the value of the structural parameter indicates that it is
within the region of wiistite existence in the Fe-O phase diagram
by Wriedt [28].

The composition of the phases crystallized at the ternary eutec-
tic point and the eutectic composition determined by EDX analysis
from different fragments of the eutectic zone are given in Figs. 5
and 6. These data show that eutectic compositions determined at
melt crystallization are close to each other, but a systematic shift
of the compositions from the different areas of the phase diagram
towards the domain of the primary crystallization phase is evident.
Too fast cooling the melt (quenching) near the ternary eutectic
point can result in the deviation from the equilibrium composition.
Therefore, the most reliable and closest value to the real eutectic is
the weighted average value, which is produced by statistical pro-
cessing of the experimental data of SQ1-5 and SQ1-2 areas in
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Fig. 2. General view (a) and micrographs (b-e) of the specimen produced by the melt crystallization in the eutectic crystallization region (UO, side): 88.1 FeO1.,~7.0 U0,-4.9

Zr0O, (mol.%).

the Table 1 (see also Figs. 2 and 3 for the location). This is equal to
91.8+0.5 Fe0y+x-3.8 £0.3 U0O,-4.4+0.4 ZrO, (mol.%) and illus-
trated in the phase diagram as a central point of the oval eutectic
region in Fig. 6.

The analysis of the UO,-rich phases found in the two ingots, i.e.
zones 5 and 6 of Fig. 2 in the Table 1 as well as zone 2 of Fig. 3 in
the Table 1 gave a weighted average composition of 79.2 +1.2
UO0,-10.8 £ 1.9 Zr0,-10.0 + 1.6 FeO;., (mol.%). Zone 4 of Fig. 2 in
the Table 1 shows the deviation from the real composition due
to high dispersive crystallization and grains of ZrO,-based solid
solution presence near it. These are marked as small crosses at

the top of the diagram in Fig. 5. They correspond satisfactorily to
the data available from Bechta et al. [5,6], Evans [13], Voronov
et al. [14,15] and Cohen and Schaner [16].

By contrast, the data obtained from the composition of the
Zr0O,-based solid solution coexisting with the FeOq.x- and UO,-
based phases at T=1310-1315 °C considerably diverge from the
expected results (that is, the small crosses in the lower half of
the phase diagram in Fig. 5 lie above the dashed line). This may
be due to errors of the EDX determination of the highly dispersed
ZrO,-based phase (Fig. 2c) because small volumes of adjacent
phases also distort the result. Overlaps in the minor peaks of the
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Table 1
EDX analysis of regions marked in Figs. 2 and 3.
Region, figure FeOq.x uo, Zr0,
(mol.%) (mol.%) (mol.%)

SQ1, Fig. 2b 91.2 4.0 4.8
SQ2, Fig. 2e 91.5 3.6 4.9
SQ3, Fig. 2a 91.9 35 4.6
SQ4, Fig. 2a 91.7 4.0 4.3
SQ5, Fig. 2a 91.5 3.7 4.8
SQ6, Fig. 2a 914 4.2 4.4

1, Fig. 2¢ 100 - -

2, Fig. 2c 20.2 215 58.3

3, Fig. 2c 22.0 19.9 58.1

4, Fig. 2c 6.6 74.6 18.8

5, Fig. 2d 8.3 78.8 129

6, Fig. 2d 11.6 78.4 10.0
SQ1, Fig. 3b 924 3.5 4.1
SQ2, Fig. 3¢ 92.7 3.6 3.7

1, Fig. 3d 100 - -

2, Fig. 3d 10.1 80.6 9.3
Eutectic Average 91.8+0.5 3.8+03 44+04

composition value
FeO1.x-based 100 - -
phase
UO,-based phase 100+£1.6 79.2+1.2 108+19

Note: oxygen content was not determined by EDX analysis (stoichiometric com-
position is calculated using the cations content determined by EDX).

U and Zr EDX analysis could also cause deviations. Therefore, this
indicates the necessity of a more detailed study of phase equilibria
in the low UO, concentration subsolidus domain of the UO,-ZrO,
system.

Comparing the compositions of the coexisting solid solutions
observed here with the published data on the mutual solubility
of the UO,-FeO.y, Zr0,-FeOq., and UO,-ZrO, binary oxide sys-
tems (Fig. 5: different signs - published data; small crosses - this
paper) shows that the results of [13-16] for the UO,-ZrO, system
in the 1310-1315 °C temperature range seem to be more consis-
tent with the present results for the UO,-enriched region than
the data produced in the later Baes’ study [17] by extrapolation
up to higher temperatures. Therefore, the results of Evans [13],
Voronov et al. [14,15] and Cohen and Schaner [16] were also cho-
sen to predict the region of the ZrO,-based solid solutions (Fig. 5,
dashed lines).

For a more exact determination of the eutectic temperature,
DTA was used in addition to VPA in the Galakhov microfurnace.
Samples were cut out from the ingot bulk which had a eutectic
crystallization character according to the SEM analysis. DTA ther-
mograms of these samples are shown in Fig. 7 and yield a eutectic
temperature of 1310 °C. The higher value of the eutectic tempera-
ture determined by the VPA Galakhov microfurnace could be
caused by the systematic measurement errors of the method,

Fig. 3. General view (a) and micrographs (b-d) of the specimen produced by the melt crystallization in the eutectic crystallization region (FeO1. side): 96.0 FeO;.,—2.0 UO,—

2.0 ZrO; (mol.%).
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Fig. 4. X-ray diffraction pattern with inner Ge standard of the FeOy.,-UO,-ZrO,
system specimen taken from the eutectic zone (Fig. 2, SQ5).

U0,

T = 1300°C

FeOror n ' u ‘ \ ‘ T R
" 20 40 60 80 0. 101

ZrO; (mol.%)y—

Fig. 5. The isothermal section of the FeO;.,-UO,-ZrO, system just below the
ternary eutectic. The coexisting solid phases composition data from corresponding
references: @ - [5,6]; € - [9,10]; & - [11,12]; @ - [13-16]; [ - [13,16]; @ -
[14,15]; @ - [17]; ¥ - present work according to SEM/EDX analysis; - the
region of the mean square deviation of the experimental data; ] - solid solutions
region (experiment); 77 - solid solution (modeling); — - tie-line (modeling);
— — - tie-line (based on literature).

which overestimates the solidus temperature Galakhov [25] in
comparison with DTA, by contrast, the latter underestimates the
onset melting temperature due to eutectic interaction of a sample
with the crucible material (Al,03) Bechta et al. [6,10]. For this rea-
son we consider the thermal effects following the eutectic one, as
related to liquidus of the FeO1.,—UO,-Zr0O,-Al,05 system.

The data obtained were used for the construction of the FeOq.,-
enriched region in a 3D FeO1.,-UO,-ZrO, phase diagram (Fig. 8). It
is noted that the low temperature eutectic zone for this system is
already relatively limited. The area for the solidus temperature
minimum is a narrow ‘trough’ that lies between 96.0 FeO.,—4.0
UO, (mol.%), the ternary eutectic and the 89.8 FeO..+,—-10.2 ZrO,
(mol.%)? compositions (two binary eutectic points and the ternary

2 In the ZrO,-FeO,., phase diagram it should be a two phase region in the very
narrow temperature range (1371-1379 °C) as it is in Fig. 8 and in the UO,-FeO;.y
diagram (Fig. 1a) and Bechta [6]) although nature of the melting of FeO,., phase this
was not pointed out in our previous publication (Bechta [10]).

1335°C  1310°C

® FeO,,

98

1332 °C

2 4 6 8 10

ZrO, (mol.%) —»

Fig. 6. Fusion diagram (FeO;.-enriched region) (neutral atmosphere). ¢, A - the
first and the second initial compositions respectively; ¢,A.@ - ternary eutectic
points according to SEM/EDX analysis for the first test, the second test, and the
average value respectively; the binary eutectic compositions provided by corre-
sponding references: [l - [5,6]; €@ - [9,10].

T, °C
1300 1310 1320 1330
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—_— 1310.6
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x‘\\%‘ 1310
(b)

exothermic

Fig. 7. DTA curves of the samples cut out from the ingot eutectic zone: (a) - SQ5
region (Fig. 2, Table 1), (b) - SQ1 region (Fig. 3, Table 1).

eutectic point marked by a line in Fig. 8). However, for higher ZrO,
and UO, contents the liquidus surface rises rapidly and lies below
the FeO;., melting in the 1371-1379 °C temperature range com-
pared to Darken and Gurry [7] and Wriedt [28] only for the
FeOq.x-rich zone within the 93.5 FeO1.,-6.5 UO,, 91.5 FeO.x-4.5
UO0,-5.0 ZrO,, 89.0 FeO1.x-11.0 ZrO, (mol.%) boundary. This infor-
mation is useful for prediction of phase fusion/solidification under
severe accident conditions, in particular during core melt in-vessel
retention as well as for the optimization of the European Thermody-
namic Database for Corium Cheynet [20], i.e. the non ideal NUCLEA
database as in Bakardjieva et al. [23]. A first comparison between
NUCLEA and the obtained experimental data in the present experi-
mental study has been performed. The calculated liquidus tempera-
ture for the composition 91.8 Fegg47,0-3.8 UO3-4.4 ZrO, (mol.%) is
predicted to be 1318 °C, i.e. in very good agreement with the exper-
imental determination (1310 °C) corresponding to the eutectic com-
position. The slight difference could be solved by an experimental
investigation of the UO,-Fe,03 phase diagram which remains, today,
uncertain (Petrov et al. [29]).
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Fig. 8. 3D Phase diagram of the FeO,.,~UO,-ZrO, system in the FeOy.,-rich region (neutral atmosphere).

4. Conclusions

The eutectic temperature of 1310-1315 °C and ternary eutectic
composition of 91.8 +0.5-Fe0,.,-3.8 0.3 U0,-4.4+04 ZrO,
(mol.%) in the FeO,+,-UO,-ZrO, system have been determined in
a neutral atmosphere. The composition of the UO5(ZrO,, FeO.y) so-
lid solution has been determined as 79.2+1.2 UO,-10.8+1.9
Zr0,-10.0 £ 1.6 FeOq., (mol.%) at the eutectic temperature. A 3D
phase diagram of the FeO;.,~UO,-ZrO, system in the FeOq.,-rich
region has been constructed, which shows that the liquidus tem-
perature is below that of pure FeO.., only for additions of
Zr0, + UO, to FeOq.x between 6.5 and 11 mol.%.

The measured composition of the ZrO,-rich phase appears to be
too low in Zr when compared with extrapolations based on the
Zr0,-U0O, phase diagram and will require further analysis to con-
firm the position of the FeO,.,~ZrO, boundary tie-line.
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