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Abstract—Using the Knudsen effusion mass spectrometric method in the temperature range 1100—1520 K,
the vaporization processes and thermodynamic properties in the Cs,0—Al,O5 system were studied. The data
on the component activities were fitted using the Redlich—Kister polynomial to calculate the excess Gibbs
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system at the temperature 1200 K.
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INTRODUCTION

Ceramics and melts based on the Cs,0—Al,0; sys-
tem are known to take part or occur in various import-
ant high temperature processes and applications [1—
5]. Odoj and Hilpert [1] studied the vaporization pro-
cesses of ceramics based on the Cs,0—Al,0;—SiO,
system with the aim to determine the potential of the
compounds in this system for retention of cesium,
which is of crucial importance in the nuclear technol-
ogy both for operation of the fuel elements in presence
of fission products and for immobilization of spent
nuclear fuel. Hilpert et al. [2] showed that adding alu-
mina and silica to the UQ, particles increased the
retention of cesium in the nuclear fuel unless glassy
phases accompanied the formation of cesium alumi-
nosilicates. To avoid formation of cesium-containing
glasses, it was recommended to increase the Al,O,
amount and lower the SiO, content to bind cesium in
the Cs,0—Al,0;—Si0, ceramics. Solomah et al. [3] as
well as Petrov et al. [5] pointed out that the mineral-
like matrices made of alumina and titania allow for
efficient disposal of radioactive wastes by incorporat-
ing and immobilizing radioactive cesium and its decay
product barium in the crystal structure. Van Hoek
et al. [4] mentioned that the Cs,0—Al,0O; system can
serve as a base for advanced materials in thermionic

energy converters and in closed-cycle magneto hydro-
dynamic generators. It was shown that alumina
ceramics is the most suitable material to be used in the
construction of nuclear thermionic converter devices
that are to be operated under a severely corrosive envi-
ronment in presence of cesium vapor [6, 7].

Despite significant importance of the Cs,O—Al,04
system for development of modern materials science,
the physicochemical properties of this system remain
largely unstudied, probably due to difficulties in the
sample synthesis. On many occasions, this resulted in
a situation when properties of multicomponent sys-
tems involving cesium and aluminum oxides as com-
ponents were studied significantly better than the cor-
responding characteristics of the Cs,0—Al,O; system.

Few data on the phase equilibria of the Cs,0—
Al,O; system have been reported in the literature. The
only studies on the phase diagram of the binary Cs,O—
AlL,O; system were carried out by Langlet [8] and
Semenov et al. [9]. Two compounds were confirmed
in the system under consideration: Cs,0-Al,0O;, which
was stable up to 973 K, with thermal decomposition or
vaporization occuring at higher temperatures, and
Cs,0-11AL,05 with the stability range up to the tem-
perature 1323 K [8]. Semenov et al. [9] investigated
glass formation in the Cs,0—Al,O; system and man-
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aged to obtain only the glass containing 60 wt % of
Cs,0 and 39 wt % of Al,Os.

The complete phase diagram of the Cs,0O—Al,O;
system is not available. However, to obtain the most
general understanding of what it can look like, one can
consider the phase diagram of the K,0—Al,O; system
[10] since potassium and cesium are analogous alkali
metals. In the K,0—Al,O; system, three compounds
were identified: KAIO,, KAlssOg45, and KAIl;;O;
[10]. The KAIO, melting temperature was found to be
2508 K while the eutectic temperature between KA1O,
and KAIl,;0,; was 2192 K [10]. Therefore, this tem-
perature is the minimal one at which the melt appears
in the concentration range KAlO,—Al,O; and, analo-
gously, can be regarded as such in the range CsAlO,—
Al,O; of the Cs,0—Al,O; system.

It should be mentioned that more information on
the physicochemical properties, including phase equi-
libria, is available for multicomponent systems involv-
ing the binary Cs,0—Al,O; system, such as Cs,O—
AlL,0;—TiO, system [3, 11], CaO—Cs,0—Al,O; system
[4], Cs,0-Al,0;,—Si0O, system [1, 2, 12, 13], and BaO—
Cs,0—Al,05;—TiO, system [5]. The vaporization pro-
cesses were studied earlier in the Cs,0—Al,0;—SiO,
[1, 2] and Cs,0—Al,0,—TiO, [3] systems. However,
information on the vaporization of the Cs,0—Al,O,
system has not been reported so far. So, it may be help-
ful for the further consideration to outline the data
available on the vaporization processes of the pure
oxides.

Unfortunately, there are scarce data in the litera-
ture on vaporization of pure cesium oxide. This is
explained by high reactivity of cesium oxide towards
oxygen, water, and carbon dioxide, which complicates
synthesis of Cs,0 as a pure compound. Klemm and
Scharf [14] studied the vaporization processes of Cs,O
using only the effusion data based on the composition
of the sublimate obtained as a result of the Cs,O
vaporization in vacuum. They found that the Cs,O
vaporization processes depended on temperature and
proposed the following reactions for the Cs,O vapor-
ization above 623 and above 723 K, respectively [14]:

[Cs,0] = (Cs,0), (D
2[Cs,0] = [Cs,0,] + 2(Cs), )

where brackets correspond to the condensed phase,
and parentheses correspond to the gaseous phase.

Finally, above 773 K, Cs,0, vaporized in vacuum
at a constant temperature leaving no residue [14].
However, Klemm and Scharf [14] emphasized that
further studies with a mass spectrometric analysis of
the vapor composition over Cs,O were necessary.
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A brief account of the other studies devoted to the pure
Cs,0 vaporization was given elsewhere by Stolyarova et al.
[15]. It was found that Cs,O vaporizes primarily with
dissociation into Cs and O, according to:

[Cs,0] = 2(Cs) + 0.5(0,). 3)

Since temperature dependences of the partial pres-
sures of the vapor species over Cs,O had not been
experimentally studied earlier, in the present study it
was decided to calculate the partial pressures of the
atomic cesium over pure Cs,0, p°(Cs, Pa) in the tem-
perature range 900—1300 K using the thermodynamic
data compiled by Gurvich et al. [16] in assumption
that Cs,O vaporizes according to Eq. (3):

_5825 557, (4)
T

log p°(Cs,Pa) =
Thus, it follows from the literature outline that the
physicochemical properties of the Cs,0—Al,O; system
have not been studied earlier despite the facts that the
system under consideration is a part of many materials
of great practical importance, especially in high tem-
perature technologies, and that several multicompo-
nent systems containing the Cs,0—Al,O; system have
been examined to a certain extent. Therefore, the main
goal of the present study is to investigate the vaporiza-
tion processes and thermodynamic properties of the
ceramics based on the Cs,0—Al,O; system at high
temperatures by the Knudsen effusion mass spectro-
metric (KEMS) method, including the vapor compo-
sition, partial pressures of the vapor species over the
samples, the component activities, and integral ther-
modynamic functions of the system.

EXPERIMENTAL
Sample Synthesis and Characterization

The sample of the Cs,0—Al,O; system containing
33 mol % of Cs,0O was synthesized by the conventional
solid-state method. Cesium carbonate Cs,CO; and
low-temperature modification of alumina 7Y-Al,O;
were used as the starting reagents. Cesium carbonate
was initially heated at the temperature of 1073 K for
12h. The low-temperature alumina modification
v-Al,O; was obtained by thermal decomposition of
aluminum nitrate nonahydrate at the temperature of
573 K. Then, the mixture of Cs,CO; and y-Al,O; was
ground in an agate mortar for 1 h. Because of the Cs,CO;
hygroscopicity, grinding of the starting reagents was
carried out in the isopropyl alcohol medium. The
powder obtained was pressed into pellets using a man-
ual press mould made of organic glass. The pellets
were subjected to a thermal treatment in corundum
crucibles at 973 K for 365 h.

The sample of the Cs,0—Al,O; system containing
20 mol % of Cs,0 was synthesized by the glycine-
nitrate method [17]. As the starting reagents, Cs,CO;
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Table 1. The chemical and phase compositions of the samples in the Cs,O—Al,O5 system

Oxide content, mol %
Sample by synthesis XRFA? EPMA? Phase composition
Cs,0 Al,O4 Cs,0 Al,O4 Cs,0 Al,O4
1 333 66.7 33.3+0.4 | 66.7+0.2 |329+0.2 | 67.1 £0.2 | AI(OH);, y-Al,03, CsAlO,
2 20.0 80.0 19.6+0.2 |1 80.4+0.3|19.44+0.3|80.6+0.3|Al(OH);, 0-Al,03, Cs,(Al,O(OH))

4 XRFA is X-ray fluorescence analysis, EPMA is electron probe microanalysis.

and aluminum nitrate nonahydrate were used. The
required amounts of the regents were dissolved in a
dilute solution of nitric acid heated constantly using a
sand bath. After complete dissolution of the reagents,
glycine C,Hs;NO, was added to the solution in the

mole ratio Hcs,co, RAL(NOy);-9H,0 Hc,HNo, =
1.0 : 8.1 : 17.2. Evaporation of the solvent led to forma-
tion of a gel and its subsequent combustion. The
obtained residue was fine white powder, which was
pressed into pellets using a manual press mould made
of organic glass and heated in corundum crucibles at
973 K for 870 h.

The elemental compositions of the samples were
established by X-ray fluorescence analysis using an
EDX 800 HS energy dispersive X-ray spectrometer
(Shimadzu Corporation, Analytical and Measuring
Instruments Division, Tokyo, Japan) (Table 1). Anal-
ysis was carried out in vacuum in the spectral range of
characteristic emission lines of elements from carbon
to uranium.

The phases formed in the samples after the synthe-
sis were characterized by X-ray phase analysis using an
Ultima IV automated multipurpose X-ray diffractom-
eter (Rigaku Corporation, Tokyo, Japan) with copper
anode (Cuk,,, radiation) operating at a voltage of
40 kV. Analysis of the X-ray diffraction patterns was
performed with the ICDD PDF-2/Release 2011 and
ICDD PDF-2/Release 2016 databases (International
Centre for Diffraction Data, Newtown Square, Penn-
sylvania, USA).

The results of the phase composition determina-
tion are presented in Table 1. X-ray diffraction analysis
of sample 1 showed presence of amorphous and crys-
talline phases. The main diffraction maxima were
observed in the range of diffraction peaks of crystalline
gibbsite AI(OH); (14: P121/n1, ICDD PDF-2 Release
2020 RDB, 00-033-0018), y-Al,05 (227: Fd-3m ICDD
PDEF-2 Release 2016 RDB, 00-047-1292), and cesium
monoaluminate CsAlO, (227: Fd-3m, ICDD PDF-2
Release 2016 RDB, 01-074-2291).

In the X-ray diffraction pattern of sample 2, the
main diffraction maxima corresponded to the crystal-
line structure of AI(OH); (14: P121/n1, ICDD PDF-
2/Release 2011, 01-080-7022). Besides this phase, the
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phases of triclinic AI(OH); (2: P-1, ICDD PDEF-2
Release 2016 RDB, 01-077-9948), corundum o-
Al,O; (167: R-3c ICDD PDF-2 Release 2016 RDB,
01-074-4582) and Cs,(Al,O(OH),) (ICDD PDF-2
Release 2016 RDB, 00-036-0465) were also identified
in sample 2. The presence of hydroxoforms in the
phase compositions of samples 1 and 2 may be related
to hygroscopicity of cesium compounds.

The samples under study were also characterized
by scanning electron microscopy (SEM) using a Mer-
lin field emission microscope (Carl Zeiss AG,
Oberkochen, Germany) with the GEMINI 11 electron
optical column and oil-free vacuum system. Detection
of secondary electrons was carried out with the stan-
dard In-lens SE and SE2 detectors. Determination of
the compositions of the selected points on the surfaces
of the samples was performed using the additional
INCA X-Act detector (Oxford Instruments plc,
Abingdon, UK) for electron probe microanalysis
(EPMA).

The surfaces of the samples under study are com-
pared in the microphotographs at magnification of
%x10000 presented in Fig. 1. It follows from Fig. 1b that
morphology of the surface of sample 2 was not homo-
geneous in shape and size of crystallites and crystal-
lites of cubic and spherical forms could be observed.
The particles of sample 1 containing higher amount of
Cs,0 were larger. Crystallites of sample 1 did not have
a pronounced habit as can be seen in Fig. 1a.

The chemical compositions of samples 1 and 2 esti-
mated by EPMA agreed within the determination
uncertainty with the results of characterization of the
samples under study using the X-ray fluorescence
analysis as shown in Table 1. Moreover, the compo-
nent contents obtained by the chemical analysis meth-
ods corresponded to those planned by synthesis evi-
dencing no changes in the sample compositions
because of the Cs,O selective vaporization during the
sample synthesis at 973 K in air for more than 360 h.

Thus, it was concluded from the abovementioned
characterization results that the samples synthesized
in the present study in the Cs,0—Al,O5 system could
be used for the further investigation by the KEMS
method.
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Fig. 1.
Cs,0—Al, 05 system: (a) sample 1, (b) sample 2 (according
to Table 1). SEM imaging parameters were as follows:
electron high tension voltage was 20 kV, microscope work-
ing distance was 9.3 mm, residual pressure was less than

10~ Pa, in-lens detector of secondary electrons was used.

Microphotographs of the samples in the

KEMS Method

The Knudsen effusion mass spectrometric
(KEMS) method [18, 19] performed with an MS-1301
magnetic sector mass spectrometer [20—23] (Institute
of Analytical Instrumentation, St. Petersburg, Russia)
was applied to study the vaporization processes and
thermodynamic properties of the samples in the
Cs,0—Al,0; system. The characteristics of the instal-
lation and experimental techniques were described in
detail on many occasions elsewhere [15, 24, 25].
Therefore, only the most important features of the
present KEMS study will be presented here.

The samples of the Cs,0—Al,O; system were
vaporized from a molybdenum Knudsen effusion cell
inserted in a low-temperature vaporizer. The low-tem-
perature vaporizer of the MS-1301 mass spectrometer
contains a resistance furnace with the maximum heat-
ing temperature of 1400—1600 K. The temperature of
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the Knudsen cell was measured by a Pt—PtRh thermo-
couple. The ionizing voltage used to obtain mass spec-
tra of vapor over the samples in the effusion cell was
30 V. Calibration of the installation was carried out by
the complete vaporization of CsCl and comparison of
the experimental results obtained with the literature
data [16].

The partial pressures of atomic cesium over the
samples under study were determined by the ion cur-
rent comparison method:

I(CsHT(Cs)o(Ag)V(Ag ) f(Ag") (5)
1(Ag")T(Ag)o(Cs)Y(Cs") f(Cs")

where p(i), 7(i), and o(i) are the partial pressure, the
temperature, and the ionization cross-section of the
vapor species i over sample under study, respectively,
I(i"), y(i"), and f(i*) are the ion current intensity, the
coefficient of the secondary electron multiplier, and
the isotopic abundance, respectively, of the ion i* in
the mass spectra of vapor resulting from ionization of
the vapor species i. Asshown in Eq. (5), silver was cho-
sen as the internal vapor pressure standard in the pres-
ent study, with the data on the Ag partial pressure over
pure silver p(Ag) being taken from the report by Paule
and Mandel [26]. o(i) for Cs and Ag were taken from
the technical report by Drowart et al. [19]. y(i*) was
considered as being inversely proportional to the
square root of the ion molar mass, M(i*).

p(Cs) = p(Ag)

To obtain the partial pressures of oxygen p(O,) over
the samples in the Cs,0—Al,O; system, the Hertz—
Knudsen equation modified by Zeifert [27] was used
taking into account the Cs,O vaporization according
to Eq. (3):

_ M@©,)
p(0,) = 0.25p(Cs) M(Cs) (6)

Dependences of the partial pressures of the vapor
species on temperature over the samples of fixed com-
positions are usually described by equations of the fol-
lowing type:

log p(i) = —A/T + B, @)

where A and B are coefficients. The A coefficient in
Eq. (7) can be obtained in the KEMS method by mea-
surement of the temperature dependence of the loga-
rithm of the product of the ion current intensity in
mass spectra of vapor over a sample and the tempera-
ture of the sample vaporization, log I(i*) T, because
the partial pressure of vapor species in an effusion cell
is known [18, 20] to be proportional to the product
IGHT:

p(i) = kMIGT, ®)

where k(i) is the mass spectrometer sensitivity coeffi-
cient.

No. 14 2024



3458

The B coefficient in Eq. (7) is obtained by determi-
nation of the absolute values of p(/) over a sample
under study, which was carried out in the present study
using the ion current comparison method by Eq. (5).

The Cs,O activity values, a(Cs,0), in the Cs,0—
Al,O; system were determined by the following equa-
tion in assumption that Cs,O and the samples of the
Cs,0—Al,0, system vaporize according to Eq. (3):

2 0.5 2.5
a(CS2O) — pz(CS)po_s(Oz) — pz_s(CS)’ (9)
P,(C)p, " (Oy)  p;7(Cs)

where the o symbol corresponds to pure Cs,O. The
p(Cs) over the samples in the Cs,0—Al,O; system and
p,(Cs) over pure Cs,0O were obtained by Egs. (5)
and (4).

To determine the concentration dependences of
the thermodynamic properties in the Cs,0—Al,O; sys-
tem, the samples based on this system were vaporized
completely and ion current intensities in the mass
spectra of vapor were measured over them. This
allowed evaluation of the changes in the condensed
phase composition of the samples because of the Cs,O
selective vaporization using the complete isothermal
vaporization method [28, 29].

The Al,Oj activity values in the system under con-
sideration were calculated using the concentration
dependence of the Cs,0 activities that was fitted by the
Redlich—Kister polynomial [30] in assumption of the
continuous solid solutions in the concentration range
under study:

In a(Cs,0) _
x(Cs,0)
— x(AL0O3)) + D(x(Cs,0) — x(A1,05))
X (5x(Cs,0) — x(ALO3))],

x’(ALO;)[B + C(3x(Cs,0)

(10)

where x(7) is the mole fraction of the component i, i =
Cs,0 or Al,O4, B, C, and D are fitting coefficients. The
values of the B, C, and D coefficients were estimated
by the method of least squares based on the experi-
mental values of the Cs,O activities. Then, these val-
ues of the coefficients enabled calculation of the Al,O4
activities and excess Gibbs energies, AGE, by the fol-
lowing Redlich—Kister polynomials:

a(A1,0;) = x(ALO,) exp(x’*(Cs,0)[B + C(x(Cs,0)

— 3(A1,05)) + D(x(Cs,0) — x(Al,05)) (11)
X (x(Cs,0) — 5x(A1,0;))]),
AGE = RTx(Cs,0)x(Al,05)[B + C(x(Cs,0) (12)

— X(A1,03)) + D(x(Cs,0) — x(AL,05))’].
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Modeling Based on the Generalized Lattice Theory
of the Associated Solutions

For the further fruitful discussion of the results
obtained for the first time in the Cs,0—Al,Oj; system,
the generalized lattice theory of associated solutions
(GLTAS) [31] was used. The main points of the
GLTAS method [31] are as follows. Molecules of the
A, B, ... types of the solution are distributed over the
sites of a model lattice with a coordination number z,
each molecule occupying ry, rg, ... sites. Considering
the number of neighboring sites, contact points of i, &,
... types are attributed to each type of molecule. It can
be shown that the number of contact points ¢, of mol-
ecule A is related to the lattice parameters r, and z as

(13)

A pair of contact points, i and k, belonging to mol-
ecules 4 and B, respectively, represent chemical bond

Cy =147 —2r,+2.

A—B characterized by certain interaction energy U ,j:B.
Contact points are grouped into classes W, Vv ... with

equal interaction energies. Let U:VB be a free energy of
exchange of the pL-type contact point of the structural
unit A and v-type contact point of the structural unit
B (quasi-chemical approximation). Using this nota-
tion, a system of non-linear equations for a set of

. A . .
unknown variables X, u is written:

XNy X = 0lxa/2, (14)
where x, is the mole fraction of component A, Q; is
the number of U-type contact points of molecule 4,

and nﬁVB =exp(—U, ;VB /kT) is the corresponding energy
parameter of the model (quasi-chemical approxima-

. A J . .
tion). The unknowns X' are auxiliary variables intro-

duced for determination of n:VB . For a particular com-
position and a selected set of the energy parameters

n:VB , the system of Eq. (14) can be solved and the val-

ues of unknowns X, : can be found. Substitution of
these values into equation:

N =2X XN, [ =[], (15)

where N fVB is the number of the l1- and v-type contact
points of the A and B structural units, respectively, and
N is the total number of structural units in the system,

allows calculation of the relative numbers of bonds of
different types in the model lattice.

Optimal set of the energy parameters n:f may be
determined by multiple substitution of their trial val-
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Table 2. The Cs and O, partial vapor pressures over and the Cs,O activities in samples 1 and 2 in the Cs,0—Al,05 system

Sample 1: Sample 2:
Cs,0 : Al,O; =33.3:66.7, mol % Cs,0 : Al,O3=20.0: 80.0, mol %

T,K p(Cs), Pa p(0y), Pa  |a(Cs,0) x 10* T,K p(Cs) x 10, Pa|p(O,) x 10, Paja(Cs,0) x 103
1249 0.51 0.06 10.2 1083 0.14 0.02 0.80
1207 0.19 0.02 2.23 1056 0.08 0.01 0.42
1175 0.07 0.01 4.50 1078 0.11 0.01 0.50
1155 0.04 0.005 1.68 1106 0.21 0.03 1.16
1192 0.09 0.01 5.42 1122 0.34 0.04 2.33
1220 0.20 0.02 1.93 1139 0.42 0.05 2.6
1235 0.26 0.03 2.58 1158 0.53 0.07 2.92
1259 0.48 0.06 7.15 1175 0.68 0.08 3.49

ues into the system of Eq. (14), obtaining the solutions
{X f}, and substituting them into equation:

AWy = RT[EY QL In(X[! /X, /x,)
+ riz/2=Dn (> rx/ry)],

that relates the component excess chemical potentials

(16)

Apf in the system under study with the model param-
eters. R is the gas constant, 7 is the temperature, and

X : ? is the solution of system of equations (14) for pure

component 4. The base for optimization of the ther-
modynamic data is the comparison of the Auf result-
ing from Eq. (16) with the experimental dependences.

RESULTS

In mass spectra of the vapor over the samples 1 and
2 containing 33 and 20 mol % Cs,0, only the Cs* ions
were identified in the temperature range 780—1500 K.
Aluminum-containing ions were observed in the mass
spectra at temperatures above 2100 K. The Cs*
appearance energy coincided within the determina-
tion uncertainty with the atomic cesium ionization
energy of (3.9 £ 0.3) eV. This evidenced that the sam-
ples under study vaporized according to Eq. (3) in the
forms of Cs and O, vapor species. The Cs and O, par-
tial vapor pressure over and the Cs,O activities in sam-
ples 1 and 2 in the Cs,0—Al,O; system obtained
according to Egs. (5), (6), and (9) are presented in
Table 2.

The temperature dependencies of the Cs partial
vapor pressures over samples 1 and 2 may be repre-
sented according to Eq. (7) by the following expres-
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sions in the temperature range 1155—1259 K for sam-
ple 1:

log p(Cs, Pa) = —(15400 + 1000)/T
+(11.940.8)

and in the temperature range 1056—1175 K for
sample 2:

log p(Cs,Pa) = —(10000 = 400)/7 + (7.4 £ 0.4). (18)

It should be emphasized that these data were
obtained in the temperature ranges when the changes
in the sample compositions during vaporization were
less than one mole percent and the values of the Cs*
ion current intensities during these experiments were
reproduced in the frame of the traditional accuracy of
the KEMS approach not exceeding 5%.

Isothermal heating of samples 1 and 2 allowed the
concentration changes in the Cs,0—Al,O; system
because of the Cs,O selective vaporization to be calcu-
lated using the complete isothermal vaporization
method [28]. The Cs* ion current intensities in the
mass spectra of the vapor over the samples were
detected during the Cs,O selective vaporization as
shown in Fig. 2. This led to the determination of the
Cs partial vapor pressures and the Cs,O activities in
the wide concentration range of the system under
study.

Tables 3 and 4 represent the data on the Cs partial
pressures obtained as a result of vaporization of sam-
ples 1 and 2 in the concentration ranges of the Cs,O—
Al,O5 system from 33.3 till 0.5 mol % Cs,O and from
20.0 till 0.1 mol % Cs,0, respectively.

The Cs,O activities obtained as the temperature
1200 K as a result of studying the vaporization of sam-
ples 1 and 2 were fitted according to the Redlich—Kis-
ter polynomial [30], Eq. (10), in assumption of a con-

7)
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Fig. 2. The Cs" ion current intensities as a function of the vaporization time in mass spectrum of vapor over (a) sample 1 with the
ratio of Cs,0O : Al,O3 = 33.3:66.7, mol %, (b) sample 2 with the ratio of Cs,0 : Al,03 = 20.0 : 80.0, mol %.

tinuous solid solution in the concentration range of
the Cs,0—Al,O; system under study. The following
values of the coefficients in Eq. (10) were obtained:
—10.8 £ 0.7, C=42.7+2.4,D=26.9 £ 2.4. The
root mean square error of the regression was 0.52 when
calculating for the natural logarithm of the Cs,O activ-
ity coefficients and 1.5 x 103 when calculating for the
Cs,O activities. The coefficient of determination R?
was 0.99 for both Cs,0 activity coefficients and activ-
ities. The obtained values of the Redlich—Kister poly-
nomial coefficients enabled the Al,O; activities in the
Cs,0—Al,04 system to be calculated at 1200 K accord-
ing to Eq. (11) as shown in Fig. 3. The component
activities evidenced significant negative deviations
from the ideal behavior in the Cs,0—Al,O; system at
high temperatures.

DISCUSSION

It is reasonable to discuss thermodynamic data in
the Cs,0—Al,0; system found in the present study for
the first time at the temperature 1200 K and higher
using the GLTAS [30] statistical thermodynamic
approach described above.

The obtained mass spectrometric data indicate
that alumina component in the Cs,0—Al,0; system
is non-volatile in the temperature range of the exper-
iments and that the system is characterized by strong
negative deviations from ideality. The uncertainty of
the data for aluminum oxide that can be obtained
using Gibbs—Duhem equation or Redlich—Kister
polynomial increases significantly in this case since it
requires extrapolation of the Cs,O activity coefficient
to zero Cs,O concentration. Modeling of the thermo-
dynamic properties of the system based on the
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GLTAS approach enables evaluation of the thermo-
dynamic properties of the second component and of
the system as a whole. Additionally, lattice model
allows calculation of the relative number of bonds of
different types.

The Cs,0O activity data obtained at the temperature
1200 K by KEMS served the experimental basis for
modeling and were treated as a single dataset in the
optimization procedure. The concentration depen-
dences of the component activities optimized using
Eq. (16) are presented in Fig. 4. The solid and dashed

10°
1072
1074
106
108

10—10

10712

0 005 010 015 0.20 0.25 030 0.35

x(Cs,0), mole fraction

Fig. 3. The Cs,0 (1) and Al,O3 (2) activities in the Cs,O—
Al,O3 system at the temperature 1200 K fitted using the
Redlich—Kister polynomials, Egs. (10) and (11), in com-
parison with the experimental values obtained as a result of
studying the vaporization of samples 1 (l) and 2 (O).
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Table 3. The Cs* ion current intensities, /(Cs"), in the mass spectra of the vapor and the Cs and O, partial vapor pressures,
p;, over sample 1 in the Cs,0—Al,O; system with the initial ratio of Cs,O : Al,O; = 33.3: 66.7, mol %

Vi i- i 1 ;%< 10, P V. i- i 1 ;< 10, P
Zz[t)i(())rrll x;, mol % (Cs). Di , Pa Za;;;ioorrll x;, mol % 1(Cs), Di , Pa
ime. | K rel. time. | 'K rel.

D Cs,0 | ALOs | units | Cs 0, 7 Cs;0 | ALOs | ypits | Cs 0,
min min

0 1183 333 66.7 95 3.10 0.38 200 1227 17.7 82.3 4.5 0.15 0.02
5 1187 31.3 68.7 91 2.99 0.36 210 1228 17.4 82.0 4.5 0.15 0.02
10 1199 29.3 70.7 87 2.89 0.35 225 1228 16.9 83.1 4.5 0.15 0.02
12 1200 | 28.6 71.4 65 2.16 0.26 240 1228 16.5 83.5 4.5 0.15 0.02
15 1201 27.8 72.2 42 1.39 0.17 250 1228 16.2 83.8 4.2 0.14 0.02
17 1201 27.4 72.6 37 1.23 0.15 260 1228 15.9 84.1 4.2 0.14 0.02
20 1201 26.9 73.1 31 1.03 0.12 270 1230 15.6 84.4 4.2 0.14 0.02
23 1201 26.4 73.6 25 0.83 0.10 280 1232 15.3 84.7 4.2 0.14 0.02
25 1201 26.2 73.8 21 0.69 0.08 300 1232 14.8 85.2 3.6 0.12 0.02
27 1201 25.9 74.1 20 0.66 0.08 310 1233 14.5 85.5 3.6 0.12 0.02
32 1201 25.4 74.6 18 0.59 0.07 315 1233 14.4 85.6 33 0.11 0.01
35 1201 25.2 74.8 16 0.53 0.06 320 1233 14.3 85.7 33 0.11 0.01
40 1202 | 24.8 75.2 15 0.49 0.06 345 1233 13.7 86.3 3.0 0.10 0.01
45 1203 | 244 75.6 13 0.43 0.05 360 1233 13.4 86.6 3.0 0.10 0.01
50 1205 24.1 75.9 12 0.40 0.05 360 1022 13.4 86.6 6.0 0.16 0.02
55 1207 | 23.8 76.2 12 0.40 0.05 361 1349 13.2 86.8 | 27 1.00 0.12
60 1208 234 76.6 11 0.36 0.04 363 1370 12.5 87.5 | 60 2.27 0.28
65 1209 | 23.1 76.9 11 0.36 0.04 365 1380 11.5 88.5 | 63 2.40 0.29
70 1212 22.8 77.2 10 0.33 0.04 370 1389 9.2 90.8 | 42 1.62 0.19
75 1213 22.6 77.4 10 0.33 0.04 375 1399 7.6 924 | 28 1.08 0.13
80 1217 22.3 71.7 9.0 0.30 0.04 380 1390 6.5 935 | 19 0.73 0.09
85 1220 | 22.0 78.0 9.0 0.30 0.04 385 1392 5.7 943 | 14 0.54 | 0.06
90 1222 21.8 78.2 8.0 0.27 0.03 390 1399 5.1 949 | 11 0.42 0.05
95 1223 21.5 78.6 8.0 0.27 0.03 400 1399 4.1 95.9 8.0 0.31 0.03
100 1225 21.3 78.7 8.0 0.27 0.03 410 1388 3.5 96.5 5.1 0.19 0.02
105 1226 21.1 78.9 7.0 0.23 0.03 420 1389 3.0 97.0 3.6 0.13 0.01
115 1228 | 20.7 79.3 7.0 0.23 0.03 420 1419 3.0 94.0 5.0 0.19 0.02
120 1228 | 204 79.6 7.0 0.23 0.03 421 1455 2.9 97.1 12 0.48 0.05
125 1229 | 20.2 79.8 6.5 0.22 0.03 427 1490 2.0 98.0 | 16 0.66 0.08
135 1228 19.8 80.2 6.3 0.21 0.03 430 1490 1.6 98.4 9.0 0.39 0.04
140 1227 19.6 80.4 6.0 0.20 0.02 435 1488 1.1 98.9 6.0 0.24 0.03
150 1229 19.3 80.7 5.7 0.19 0.02 440 1501 0.9 99.1 5.4 0.22 0.02
165 1228 18.8 81.2 5.4 0.18 0.02 450 1502 0.4 99.6 24 0.10 0.01
180 1229 18.3 81.7 4.8 0.16 0.02 460 1502 0.1 99.9 1.2 0.05 0.01
190 1228 18.0 82.0 4.5 0.16 0.02 480 1502 0 100.0 0 0 0
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Table 4. The Cs* ion current intensities, /(Cs"), in the mass spectra of the vapor and the Cs and O, partial vapor pressures,
p;», over sample 2 in the Cs,0O—Al,05 system with the initial ratio of Cs,O : Al,05; =20.0: 80.0, mol %

Vapf)ri— X;, mol % 1Cs™), p; x 10, Pa Vappri— X;, mol % 1Cs™), p; * 10, Pa
zation . zation X
ime. | DK relative ime. | K relative
e, Cs,0 | ALOs | ynits | Cs 0, 1 Cs,0 | ALO; | ypits | Cs 0,
min min
0 1109 | 20.0 80.0 3.9 0.10 | 0.01 210 1231 10.1 89.9 1.2 | 0.04 0.004
1 1127 | 19.9 80.1 4.8 0.13 | 0.02 220 1231 9.9 90.1 1.1 | 0.03 0.004
3 1176 | 19.8 80.2 12 0.34 | 0.04 230 1234 9.7 90.3 1.1 | 0.03 0.004
5 1213 | 19.3 80.7 27 0.79 | 0.09 240 1235 9.6 90.4 1.2 | 0.03 0.004

10 1226 | 18.0 82.0 17 0.50 | 0.06 250 1235 9.4 90.6 1.2 | 0.03 0.004
15 1227 | 17.1 82.9 13 0.38 | 0.04 260 1235 9.2 90.8 1.0 | 0.03 0.004
20 1221 | 16.4 83.6 7.0 | 0.20 | 0.02 270 1234 9.1 90.9 1.0 | 0.03 0.004
25 1222 | 16.0 84.0 5.7 0.16 | 0.02 280 1234 8.9 91.1 1.0 | 0.03 0.004
30 1223 | 15.7 84.3 4.8 0.14 | 0.01 290 1234 8.8 91.2 0.9 | 0.03 0.003
35 1224 | 154 84.6 4.5 0.13 | 0.01 300 1238 8.7 91.3 0.8 | 0.02 0.003
40 1222 | 15.1 84.9 4.5 0.13 | 0.01 310 1238 8.5 91.5 0.8 | 0.02 0.003
45 1222 | 14.8 85.2 4.2 0.12 | 0.01 320 1239 8.4 91.6 0.8 | 0.02 0.003
50 1222 | 14.5 85.5 3.9 0.12 | 0.01 330 1239 8.3 91.7 0.7 | 0.02 0.003
55 1224 | 14.3 85.7 33 0.10 | 0.01 340 1238 8.2 91.8 0.7 | 0.02 0.003
60 1224 | 14.19 | 85.9 33 0.10 | 0.01 350 1237 8.1 91.9 0.7 | 0.02 0.002
65 1225 | 13.9 86.1 33 0.10 | 0.01 360 1236 8.0 92.0 0.7 | 0.02 0.002
70 1226 | 13.6 86.4 33 0.10 | 0.01 360 1250 8.0 92.0 1.2 | 0.04 0.004
75 1226 | 13.4 86.6 30 | 0.10 | 0.01 363 1343 7.8 92.2 4.8 | 0.15 0.02
80 1221 | 13.2 86.8 24 | 0.07 | 0.008 || 365 1369 7.5 925 | 15 0.50 0.06
85 1221 | 13.1 86.9 2.5 | 0.07 | 0.009 || 366 1391 7.2 928 | 25 0.85 0.10
90 1221 | 12.9 87.1 24 | 0.07 | 0.009 || 370 1406 5.6 94.4 | 26 0.89 0.11
95 1221 | 12.8 87.2 2.3 | 0.07 | 0.008 || 375 1412 3.9 96.1 | 15 0.51 0.06
100 1220 | 12.6 87.4 2.1 0.06 | 0.008 || 380 1413 2.9 971 81 | 0.28 0.03
105 1224 | 12.5 87.5 2.0 | 0.06 | 0.007 || 385 1414 24 97.6 54 1 0.19 0.02
110 1226 | 12.3 87.7 2.1 0.06 | 0.007 || 390 1413 2.0 98.0 42 | 0.14 0.02
115 1228 | 12.2 87.8 2.1 0.06 | 0.007 || 390 1443 2.0 98.0 4.5 | 0.16 0.02
120 1228 | 12.0 88.0 2.1 0.06 | 0.007 || 391 1460 1.9 98.1 6.9 | 0.24 0.03
125 1228 | 11.9 88.1 2.0 | 0.06 | 0.007 || 393 1483 L.5 98.5 | 15 0.54 0.07
130 1228 | 11.7 88.3 1.9 | 0.06 | 0.007 || 395 1499 1.0 99.0 | 13 0.47 0.06
135 1228 | 11.6 88.4 1.8 0.05 | 0.007 || 398 1502 0.5 99.5 5.7 | 0.21 0.03
140 1228 | 1L.5 88.5 1.9 | 0.05 | 0.007 || 400 1503 0.3 99.7 4.2 | 0.15 0.02
150 1228 | 11.2 88.8 1.7 | 0.05 | 0.006 || 402 1504 0.2 99.8 2.1 | 0.08 0.01
160 1228 | 11.0 89.0 1.4 | 0.04 | 0.005 || 405 1516 0.1 99.9 1.2 | 0.04 0.005
170 1228 | 10.8 89.2 1.4 | 0.04 | 0.005 | 410 1515 0.1 99.9 0.4 | 0.01 0.002
180 1230 | 10.6 89.4 1.3 | 0.04 | 0.005 || 412 1513 0.1 99.9 0.3 | 0.01 0.001
190 1231 | 10.4 89.6 1.3 | 0.04 | 0.005 || 415 1525 0.1 99.9 0.1 | 0.004 |4.6x 10~*
200 1231 | 10.2 89.8 1.2 | 0.04 | 0.004 || 417 1524 0 100 0 0 0
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Fig. 4. Thermodynamic activities and excess chemical potentials of (/, 3) Cs,0 and (2, 4) Al,O3 in the Cs,0—Al,0O3 system at
1200 K simulated within the GLTAS approach. The experimental values in the plot are marked by ] and o for the samples con-
taining 33.3 and 20.0 mol % Cs,0, respectively. Dotted curve shows the results of the Redlich—Kister approximation.

curves in the figure are the results of calculations for
two different sets of model parameters.

Originally [31], the theory was developed for
organic solutions in which the relative molar volumes
of components can be accurately expressed by the
number r of sites occupied by the components in the
model lattice [32]. When the theory is applied to inor-
ganic oxide systems, the parameters used for modeling
are usually near their minimal possible values (z = 3,
r= 1-2) and therefore the choice of the lattice model
satisfying Eq. (13) is rather limited.

0 0.2 0.4 0.6 0.8 1.0
x(Cs,0), mole fraction

Fig. 5. The excess Gibbs energy in the Cs,O—Al,O3 system

at 1200 K optimized within the GLTAS approach using the
experimental data on the Cs,O activity. (/) Values calcu-
lated using equal energies of the Cs—O[Al] and Al—O[Cs]
bonds and (2) the results when the energies of the
Cs—OJ[Al] and AI-O[Cs] bonds were treated as indepen-

dent adjustable parameters.
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To make the modeling method more flexible, it is
slightly modified in the present study. The number of
contact points assigned to the structural units is
increased, allowing a more accurate account for the
molar volumes of the components, the ratio of which
in the Cs,0—Al,O5 system is 2.53. A model lattice with
the coordination number 4 is chosen, each Cs,O
structural unit occupying 3 sites of the lattice and
Al,O; occupying 1 site. Cs,O is assigned 2 cesium-type
contact points of the first type, 2 cesium-type contact
points of the second type (denoted in the text below as
Cs and Cs', respectively), and 2 oxygen-type contact
points. Al,O; has 2 aluminum- and 2 oxygen-type
contact points. The interaction energies of the Cs—C:s,
Al—Al, and O—O pairs are set zero.

Hence, the adjustable energy parameters corre-
sponding to Cs—OJ[Cs], Cs'—0O[Cs], Cs—OJAl], and
Cs'—O]JAl] bonds, where in brackets the atom of the
second coordination sphere is indicated, were consid-
ered in the computations. Moreover, two approaches
to considering the Cs—OJ[Al] bond were employed. In
the first approach, the Cs—OJ[Al] bond was not differ-
entiated. In the second version of the modeling, the
Cs—OJ[Al] and AI-O[Cs] bonds were treated as inde-
pendent adjustable parameters. The energy parameter
for Al—O—Al bond was determined in our earlier study
as a result of optimization of the Al,0;—Si0,—Zr0O,
system [21].

The GLTAS optimization of the experimental ther-
modynamic data resulted in the concentration depen-
dences of the excess Gibbs energy (Fig. 5) and the rel-
ative numbers of bonds of different types in the model
lattice (Fig. 6) in the Cs,0—Al,O; system.
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Fig. 6. Relative numbers N;_qy;/N of bonds in the Cs;0—Al, O3 system calculated using the GLTAS approach. Atoms of the sec-
ond coordination sphere in the bonds under consideration are indicated in brackets: (/) Cs—O|Cs], (2) Cs'—O[Cs], (3) AI-OJAl],
(4) Cs—OJAl], (5) Cs'—OJAl], (6) AlI—O[Cs]. The energy parameters of the Cs—O[Al] and Al-O[Cs] bonds were considered (a)

equal and (b) as the independent adjustable variables.

If the volumes of the A and B structural units in a
binary system A—B do not differ greatly, they occupy
an equal number of sites in the model lattice, the dif-
ference in the energies of the A—O[B] and B—OJ[A]
bonds does not affect the results of optimization since
only their sum is the actual input parameter in the cal-
culations. For the model lattice of the Cs,0—Al,O;
system in which the numbers of sites occupied by the
components are related as 3 : 1, a much better agree-
ment between the modeling and experimental results
can be expected if the Cs—OJ[Al] and Al—O[Cs] bonds
are assigned separate adjustable energy parameters.
The results of such computations are shown in Figs. 4
and 5 (solid curves). The concentration dependence of
the Cs,O activities simulated by assuming different
energy parameters of the Cs—OJ[Al] and Al-O[Cs]
bonds (curve 3in Fig. 4) demonstrates a nearly perfect
approximation of the experimental data, which is close
to that of the Redlich—Kister polynomial and is supe-
rior to the simpler model with no differentiation of the
Cs—OJAl] bond (curve /in Fig. 4). The data obtained
show that the interaction energies of Cs in real struc-
tures of the solutions in the Cs,0—Al,O; system are
spread over the energy range of 1—2 kJ/mol at tem-
peratures about 1200 K. Thus, it may be concluded
that the modified version of the model with additional
contact points and bonds in the lattice is justified and
can be further developed.

The obtained results confirm that the systems with
very strong deviations of the thermodynamic proper-
ties from ideality can be adequately described within
the framework of the GLTAS model. The observed
shift of the minimum of the curve in Fig. 5 and max-
ima of the curves 4—6 in Fig. 6 towards compositions
enriched with Al,O; can be explained largely by the
difference in the molar volumes of the components
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and the corresponding coordination numbers of the
components in the lattice. Since the molar volume of
Cs,0 is much larger than that of Al,O;, the relative
number of mixed bonds in Fig. 6 reaches its maximum
at lower concentrations of cesium oxide.

CONCLUSIONS

This study is the first where the vaporization pro-
cesses and thermodynamic properties of the Cs,0O—
Al,O; system were examined by the Knudsen effusion
mass spectrometric method. The vapor composition,
the partial pressures of the vapor species, and the Cs,O
activities in the system under consideration were
determined experimentally in the temperature range
1100—1520 K, demonstrating significant negative
deviations from the ideal behavior. The Al,O; activities
and excess Gibbs energies were calculated at 1200 K
using the Redlich—Kister polynomial and based on
the generalized lattice theory of associated solutions,
which illustrated the correlation between the devia-
tions of the thermodynamic properties from the ideal-
ity and the concentration dependences of the relative
numbers of bonds of various types formed in the
model lattice when the second coordination sphere is
taken into account. The partial pressures of the vapor
species over the samples of the Cs,0—Al,O; system
may be of interest for the further development of the
materials based on this system, including their synthe-
sis by the vapor deposition techniques. Thermody-
namic data obtained in the present study in the
Cs,0—AlL,0; system using the Knudsen effusion mass
spectrometric method in the temperature range
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1100—1520 K may be successfully used in the further
modeling of the multicomponent systems that are of
importance for nuclear applications based on the
CALPHAD approach.
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