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Phase studies in the Cs–Sr–U–O system
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Abstract

The phase diagram in Cs–Sr–U–O quaternary system was analyzed at 900 �C in air atmosphere. A novel quaternary
phase, Cs2Sr2U4O15, was identified in the system. It was obtained by heating the respective oxides at 900 �C in air.
X-ray diffraction data of the compound was indexed in a monoclinic system with cell parameters, a = 0.9627(6) nm,
b = 1.3742(8) nm, c = 0.7681(5) nm and b = 107.72(5)�, and was found to be isostructural with Rb2Sr2U4O15. A
pseudo-ternary phase diagram of Cs2O–SrO–UO3 was drawn using a new quaternary compound and various phase fields
were established by XRD analysis.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

For understanding the behavior of nuclear fuel
during the operation of a reactor, the knowledge
of interaction of fuel and fission products is impor-
tant. In fast breeder reactor with mixed oxide as
fuel, alkali metals such as cesium and rubidium
and alkaline earth metals such as strontium and bar-
ium have high fission yields. During the burn up of
the oxide fuel, fission product 137Cs (half life
�30 yr) has been observed to migrate axially with
high concentration and may form low density ter-
nary Cs–U–O compounds [1]. These compounds
may cause deformation and breaching of the fuel
pins and also can change stoichiometry of fuel oxide
and thus affect the fuel behavior. The formation of
mono, di- or poly-uranates of cesium depend on
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metal/uranium ratio, oxygen potential and tempera-
ture of the reaction and thus the knowledge of
conditions required for their formation, phase
equilibria, thermal stability and other thermody-
namic properties is necessary for the advancement
of the technology of nuclear energy production.

The phase equilibria of alkali metal oxides and
their interaction with other oxides relevant to
nuclear fuels, fission products and structural materi-
als have been considered in detail in a review by
Lindemer et al. [2]. The high temperature reactions
of uranium oxides in molten salts and in the
solid state, to form alkali metal uranates and their
composition and properties have been reviewed
by Griffiths and Volkovich [3]. A phase diagram
of Na–U–O system at 1000 K was discussed by
Kleykamp [4], describing a series of sodium ura-
nates in the system. Several uranates of potassium
and rubidium are reported in the literature [5]. Stud-
ies of the cesium–uranium–oxygen in air have led to
the determination of various cesium hexavalent
.
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uranates, which were investigated using X-ray dif-
fraction, thermal analysis and other techniques
[1,6]. The crystalline structure of hexavalent cesium
uranates was investigated by Van Egmond [7]. Solid
state chemistry of ternary uranium oxides with
alkaline earth metal oxides is reported by Yamash-
ita [8]. In the Sr–U–O system, quasi-bianary SrO–
UO2 phase diagram obtained in air is discussed
by Brisi et al. [9] reporting several strontium
uranates.

However, very less work on the quaternary
mixed oxide system involving both alkali metal
and alkaline earth metal ions with uranium is
reported in the literature. The phase studies on the
quaternary mixed oxide system Rb–Sr–U–O equili-
brated in air at 900 �C, was carried out by us [10],
where the preparation and characterization of two
novel quaternary phases; Rb2Sr2U4O15 and
Rb8Sr2U6O24 in the system was reported. The prep-
aration and structure analysis of K8A2U6O24 com-
pounds (A = Ca, Sr and Ba) have been reported
earlier [11].

In continuation of earlier work, the present study
is carried out on Cs–Sr–U–O system to establish the
phase relationship in the system as a prelude to
investigations of a series of alkali metal–alkaline
earth metal–uranium–oxygen system. The investiga-
tions were carried out by preparing various phases
of different compositions in the Cs–Sr–U–O system
by solid state reaction route and characterizing
them by the X-ray powder diffraction (XRD)
method.

2. Experimental

2.1. Preparation of samples

UO3, Cs2CO3 (Merck, 99.99%) and SrCO3

(Merck, 99.99%) were used as the starting materials.
UO3 was prepared by precipitating a uranyl nitrate
(nuclear pure) solution as ammonium diuranate
(ADU) with ammonia and decomposing it at
350 �C. The formation of b-UO3 was confirmed by
comparing the XRD data with those reported in
the literature [12]. Cs2CO3 and SrCO3 were dried
at 200 �C for 12–14 h before weighing. As Cs2CO3

is very hygroscopic, it was weighed in a dry box with
weighing error of 1–2%. Stock solutions of the three
reactants were prepared by dissolving UO3, Cs2CO3

and SrCO3 salts in 1–2 M HNO3 to get the molarity
of around 0.5 M. The three solutions were then
mixed in different molar ratios of UO3, Cs2O and
SrO for making twenty equilibrium mixtures
listed in Table 1. The solutions were evaporated
to dryness after adding a few drops of glycerol, to
get homogenized amorphous powder [13]. The
powdered mixtures were heated in platinum boats,
in air at 900 �C, for 30 h with intermittent grinding
and mixing and the products were air quenched.

2.2. Instrumental analysis

XRD patterns of all the heated products were
recorded using monochromatized Cu Ka1 radiation
(k = 0.15406 nm) on a STOE X-ray diffractometer
at the rate of 1� (2h) per minute in the range of 6–
60� (2h), to analyze the formation of various phases.
The phases identified in the samples are listed in
Table 1 along with their composition.

3. Results and discussion

3.1. X-ray studies

The XRD data of novel quaternary phase,
Cs2Sr2U4O15, was indexed on the monoclinic system
with a = 0.9627(6) nm, b = 1.3742(8) nm, c =
0.7681(5) nm and b = 107.72(5)� with q(obs) =
5.4 g/cm3 and Z = 2. Indexed XRD data of the
compound is given in Table 2. The similarity in cell
parameters of Cs2Sr2U4O15 and Rb2Sr2U4O15,
reported earlier [10], suggests the compounds are
isostructural. Many attempts were made to prepare
another pseudo-ternary compound, Cs8Sr2U6O24,
similar to the one reported in Rb2O–SrO–UO3 sys-
tem. But the samples prepared of that composition
were always found to be a mixture of Cs2Sr2U4O15,
Cs2U2O7 and Cs2O.

3.2. Phase diagram studies

The three pseudo-binary systems, Cs2O–UO3,
SrO–UO3 and Cs2O–SrO were used for establishing
the pseudo-ternary phase diagram in Cs2O–SrO–
UO3 system. The Cs–U–O phase diagram and its
application to uranium–plutonium oxide have been
discussed by Fee et al. [1]. No ternary compounds
are reported in Cs2O–SrO system, whereas, in
Cs2O–UO3 and SrO–UO3 systems many ternary
compounds prepared by high temperature reactions
between the uranium oxides and various salts under
oxidising and non oxidising conditions have been
reviewed critically by Griffiths and Volkovich [3]
and Sali [14].



Table 1
Phase identification of various compounds in the Cs2O–SrO–UO3

Mixture number Mole fraction of the oxides Phase identified by XRD

Cs2O SrO UO3

A 0.14 0.28 0.58 Cs2Sr2U4O15
a

M1 0.15 0.23 0.62 A Cs4U5O17 SrU4O13

M2 0.33 0.17 0.5 A Cs2U2O7 Cs2O
M3 0.4 0.1 0.5 A Cs2U2O7 Cs2O
M4 0.38 0.15 0.47 A Cs2U2O7 Cs2O
M5 0.05 0.16 0.79 Cs4U5O17 SrU4O13 Cs2U4O13

M6 0.08 0.49 0.43 A Sr2UO5 Sr3U2O9

M7 0.12 0.34 0.54 A Sr2UO5 Sr3U2O9

M8 0.05 0.35 0.6 A SrU4O13 SrUO4

M9 0.08 0.4 0.52 A Sr3U2O9 SrUO4

M10 0.2 0.07 0.73 A Cs4U5O17 SrU4O13

M11 0.25 0.5 0.25 A Cs2O Sr2UO5

M12 0.11 0.72 0.17 Sr3UO6 Cs2O SrO
M13 0.1 0.64 0.26 Sr2UO5 Sr3UO6 Cs2O
M14 0.2 0.4 0.4 A Sr2UO5 Cs2O
M15 0.03 0.56 0.41 A Sr2UO5 Sr3U2O9

M16 0.27 0.06 0.67 A Cs2U2O7 Cs4U5O17

M17 0.18 0.05 0.77 Cs4U5O17 SrU4O13 Cs2U4O13

M18 0.07 0.06 0.87 Cs2U4O13 SrU4O13 UO3

M19 0.1 0.15 0.75 A Cs4U5O17 SrU4O13

a The new phase = A.

Table 2
X-ray diffraction data of Cs2Sr2U4O15 (k = 0.15406 nm)
a = 0.9627(6) nm, b = 1.3742(8) nm, c = 0.7681(5) nm and
b = 107.72(5)�

h k l d(obs) (nm) d(cal) (nm) I/I0

0 1 0 1.3710 1.3742 20
0 2 0 0.6855 0.6871 100
0 3 0 0.4579 0.4581 60
0 4 0 0.3437 0.3436 80
2 3 0 0.3239 0.3241 20
1 0 2 0.3093 0.3090 32
�1 3 2 0.2931 0.2935 15

1 4 1 0.2840 0.2836 08
2 4 0 0.2750 0.2749 30
�3 2 2 0.2597 0.2595 05

2 4 2 0.2027 0.2027 08
1 3 3 0.1980 0.1981 05
�1 6 2 0.1964 0.1965 25
�5 1 3 0.1729 0.1729 06

5 3 0 0.1702 0.1703 05
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In Cs2O–UO3 pseudo-binary system several
hexavalent uranium compounds, reported in the
literature are, Cs2U16O49, Cs2U15O46, Cs2U7O22,,
Cs2U5O16, Cs4U5O17, Cs2U4O13, Cs2U2O7 and
Cs2UO4, which contain Cs2O and UO3 in the ratios:
(Cs2O)(UO3)16, (Cs2O)(UO3)15, (Cs2O)(UO3)7, (Cs2O)
(UO3)5, (Cs2O)2(UO3)5, (Cs2O)(UO3)4, (Cs2O)(UO3)2

and (Cs2O)(UO3), respectively. However, much of
the literature data on cesium uranates are conflict-
ing and no comprehensive phase diagram of the
Cs–U–O system has been published. Fee et al. [15]
have extensively studied the phase equilibrium in
the Cs–U–O system in the temperature range from
873 to 1273 K. Cordfunke et al. [6] prepared
Cs2U16O49, Cs2U7O22, Cs2U5O16, Cs4U5O17,
Cs2U4O13, Cs2U2O7 and Cs2UO4 by heating amor-
phous UO3 and caesium carbonate in golden boat
in air at 600 �C over a period of one week. The for-
mation of cesium uranate phases by solid state reac-
tions was reported to be very slow, especially for
compounds with low Cs/U ratios. However,
Cs2U7O22 could not be obtained in pure form [6],
even after heating the mixture for several weeks
and it was reported Cs2U7O22 coexisted with
Cs2U16O49 and Cs2U5O16. Similarly, coexistence of
Cs2U7O22 and U3O8 with Cs2U16O49 was reported
by Cordfunke et al. [6]. They have reported that
the structure of Cs2U16O49 is closely related to that
of Cs2U7O22 and its X-ray pattern always contains
the lines of U3O8 and Cs2U7O22. Similarly, XRD
pattern of Cs2U5O16 is also always contaminated
with the lines of Cs2U7O22 and Cs2U4O13 and below
700 �C, the compound does not crystallize properly
[6]. This may be due to kinetic hindrance to the
formation of these uranium rich (Cs2O)x(UO3)y



80 M. Keskar et al. / Journal of Nuclear Materials 358 (2006) 77–81
compounds from their respective mixtures. On the
other hand, cesium rich compound, Cs2UO4 can
be prepared in the pure form, but the compound
is very hygroscopic and therefore very difficult to
record XRD pattern in air and the thus needed to
be handled in a dry box [16]. In the absence of this
precaution, XRD lines of Cs2UO4 could not be
observed. It is also reported that caesium monoura-
nates when heated at 650 �C, lose not only Cs2O but
also oxygen, producing Cs2U2O7 and Cs4U5O17.
The latter in turn decomposes above 1000 �C to
form Cs2U4O73 [16]. For these reasons, Cs2U16O49,
Cs2U15O46, Cs2U7O22, Cs2U5O16, and Cs2UO4,
were not included in the present work for drawing
phase diagram. Berghe et al. [17] also prepared
and identified Cs–U–O compounds and the Cs2O-
UO3 compounds reported by them are Cs4U5O17,
Cs2U4O13, and Cs2U2O7. Thus, during the present
phase diagram study, only well characterized phases
existing at 900 �C in Cs–U–O system, i.e., Cs4-
U5O17, Cs2U4O13, and a and b phases of Cs2U2O7

are considered. The d-values of the 10 strongest lines
in the decreasing order of intensity of the above
mentioned ternary compounds in the Cs2O–UO3

systems, used for the identification of the phases
are given in Table 3.

The limiting pseudo-binary SrO–UO3 system has
seven hexavalent compounds reported by different
workers [9,18,19], Sr3UO6, Sr2UO5, Sr3U2O9,
SrUO4, Sr3U11O36, SrU4O13, and Sr5U3O11 which
are made up of SrO and UO3 in the ratios,
(SrO)3(UO3), (SrO)2(UO3), (SrO)3(UO3)2, (SrO)
(UO3), (SrO)3(UO3)11, (SrO)(UO3)4, and
(SrO)5(UO3)3, respectively. Some SrO–UO3 com-
pounds, such as SrU2O7 and Sr2U3O11 are reported
Table 3
‘d’ values of the compounds in Cs2O–UO3 and SrO–UO3 systems, used

Compound d valuesa (nm)

Cs4U5O17 0.74810 0.3679 0.3328 0.3036 0.3744

Cs2U4O13 0.77510 0.3875 0.3125 0.3374 0.3094

Cs2U2O7(a) 0.33410 0.3159 0.3507 0.3626 0.7005

Cs2U2O7(b) 0.33210 0.3178 0.3706 0.6835 0.3425

Sr3UO6 0.30310 0.2983 0.5022 0.4282 0.3092

Sr2UO5 0.32910 0.31310 0.5648 0.5058 0.2838

Sr3U2O9 0.32210 0.1974 0.2804 0.1694 0.5523

SrUO4 0.32710 0.32310 0.2858 0.1987 0.5506

SrU4O13 0.34910 0.4209 0.2687 0.3374 0.1804

Cs2O 0.34410 0.2917 0.2133 0.3172 0.1772

SrO 0.25810 0.2989 0.1838 0.1565 0.1153

UO3 0.30310 0.3079 0.3587 0.3406 0.1944

a Ten strong lines in descending order of intensity (given as subscrip
in the literature [8,14], but they are not well charac-
terized and hence not included in the present work
for drawing the phase diagram. Moreover the com-
pounds, Sr3U11O36 and SrU4O13 are very closely
placed in the phase diagram and have very similar
XRD lines. Similarly, XRD lines of Sr5U3O11 are
same as that of Sr2UO5 and Sr3U2O9 and therefore,
the compounds Sr3U11O36 and Sr5U3O11 were also
excluded from present phase diagram analysis.
The remaining compounds, Sr3UO6, Sr2UO5, Sr3-
U2O9, SrUO4, and SrU4O13, were used for the iden-
tification of various phases prepared in the present
work. The d-values of the 10 strongest lines in the
decreasing order of intensity of the above men-
tioned ternary compounds in the SrO–UO3 systems
are also included in Table 3.

In the literature, there is no reported solubility of
Cs2O, SrO and UO3 in each other or in the com-
pounds formed from them.

The pseudo-ternary phase diagram of Cs2O–
SrO–UO3 system, shown in Fig. 1, was drawn on
the basis of phase analysis of the samples listed in
Table 1, the knowledge of reported phases in
Cs2O–UO3 and SrO–UO3, discussed above and a
new phase Cs2Sr2U4O15, identified during the pres-
ent work. In the phase diagram, the compositions
investigated by XRD to establish the coexisting
phases, listed in Table 1, are shown as triangles.
In the figure, the new phase, Cs2Sr2U4O15, is shown
as an open hexagon and the ternary compounds
considered in present work are shown as squares.
The stable phase boundaries are drawn on the basis
of the analyzed samples, considering the reported
ternary compounds and the new quaternary
compound.
in this work

Refs.

0.3474 0.3443 0.3203 0.6963 0.3423 [7]
0.3412 0.3022 0.3392 0.2562 0.4322 [7]
0.3085 0.1743 0.2163 0.1843 0.1343 [7]
0.3085 0.2163 0.2152 0.2412 0.2032 [7]
0.2142 0.1772 0.1732 0.2562 0.2142 [9]
0.2028 0.1988 0.1968 0.3838 0.3798 [9]
0.3963 0.2073 0.6432 0.2762 0.1682 [9]
0.3995 0.2705 0.4074 0.2534 0.2033 [9]
0.1784 0.2634 0.2103 0.1972 0.1611 [20]
0.2002 0.1811 0.1691 0.6331 0.1341 [21]
0.1493 0.1182 0.1052 – – [6]
0.4783 0.2503 0.2473 0.1923 0.1903 [12]

ts).
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Fig. 1. Isothermal section of the pseudo-ternary phase diagram of the Cs2O–SrO–UO3 system at 900 �C.
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