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A mass-spectrometric Knudsen effusion method has been applied to study the vaporization
behavior of three cesium-containing borosilicate glasses in the temperature range 845-1150 K.
Vapor species of CsBO,(g) and Cs,(BO,),(g) have been identified for the glass containing Cs,O,
and NaBO,(g), Na,(BO,),(g) and NaCs(BO,),(g) have been identified in addition to CsBO,(g)
and Cs,(BO,),(g) for glasses containing Na,0 and Cs,O. The vapor species of Na(g) has been
further observed in the initial stage of heating to 1000 K for the glass in which the mole ratio of
Na,O plus Cs,0 to B,0O, is larger than unity, while no vaporization of Na(g) occurs for the glass
in which the ratio is equal to unity. Enthalpies of vaporization, enthalpies of formation and
dissociation energies for the vapors and chemical activities of pseudo components in the glasses
have been determined from the measured partial pressures and discussed by comparing with those
for sodium borosilicate glasses, NaBO,(s) and CsBO,(s).

1. Introduction

In the near future, high-level radioactive wastes will be stored after solidifi-
cation by incorporating most likely into borosilicate glasses. Among radioac-
tive elements in high-level radioactive wastes, cesium is the most hazardous
and its vaporization during vitrification treatments and in possible fire acci-
dents in storage may be a serious problem. Many studies have been done on
the vaporization of cesium from borosilicate glasses containing simulated
high-level radioactive wastes [1-10]. However, only a few studies have been
done on the chemical forms of cesium-containing vapors. Hastie, Plante and
Donnell [8] detected CsBO,(g) by the mass spectrometric method. Yamanaka,
Terai and Hara [9] determined the mole ratio of Cs,O to B,0; in the
volatilized products as almost unity. The presence of Cs(g) [1,5] and CsO(g)
[1,5] in the vapor was postulated from the consideration of their partial
pressures over Cs,O(l).

In the present work, a mass-spectrometric Knudsen effusion method has
been applied to the determination of the chemical forms of vapors and their
partial pressures for three cesium-containing borosilicate glasses. The composi-
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Table 1

Compositions of glasses used in the experiments

Glass Composition

Glass-1¥ 1Na,0-1B,0,-3Si0,

Glass-2 ™ 1Na,0-1.5B,0,-3Si0,

Glass-3 ¥ 1.5Na,0-1B,0,-3Si0,

Glass-4 1Na,0-1B,0,-38i0,-0.15Cs,0
Glass-8 0.85Na,0-1B,0;-38i0,-0.15Cs,0
Glass-9 1Cs,0-1B,0,-3Si0,

8 Used in previous work {11].

tions of the glasses used in the present work are shown in table 1 along with
those used in previous work [11]. Glass-4 has a composition in which 0.15
mole Cs,O is added to Glass-1. The mole ratio of Na,O plus Cs,O to B,O, in
Glass-4 is slightly larger than unity, while it is adjusted just equal to unity in
Glass-8. Glass-9 replaces Na,O in Glass-1 by Cs,O.

Very recently, the present authors have briefly reported the vapor species
over Glass-4 [12] to be NaBO,(g), Na,(BO,),(g), CsBO,(g), Cs,(BO,),(g)
and NaCs(BO,),(g). The vapor of Na(g) has also been observed in addition to
the above species in the initial stage of heating to 1000 K. The influence of the
excess alkali content on the vaporization of Na(g) will be discussed in the
present work in detail. Furthermore, enthalpies of vaporization, enthalpies of
formation and dissociation energies for vapors and chemical activities of
pseudo components in the glasses have been determined on the basis of
measured partial pressures of vapor species and discussed by comparing those
with the data for Glass-1 [11), Glass-2 [11], Glass-3 [11), NaBO,(s) [13,14] and
CsBO,(s) [13,14].

2. Experimental

Experiments were carried out with a 0.2 m radius of curvature, 90° sector
single focusing Hitachi RM-6K mass spectrometer equipped with a platinum
Knudsen cell in a tungsten holder. The cell has an inside diameter of 7 mm
and an inside height of 9 mm. The diameter of the effusion orifice is 0.5 mm.

Glasses were prepared by melting mixtures of sodium carbonate, boric acid,
silicon dioxide and cesium carbonate in platinum crucibles for 1.5 h at
1200°C. All chemicals were of reagent grade available from Ventron-Alfa.
The samples showed no X-ray diffraction lines before and after vaporization
experiments, indicating that no crystallization took place.

About 50 mg glass was put in the Knudsen cell and heated by radiation
under a background pressure of less than 4 X 10~> Pa. The temperature of the
sample was measured with a well calibrated WSRe/W26Re thermocouple
inserted into a hole at the bottom of the cell holder.
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Vapors effusing from the cell were ionized by electron impact. Ion species
were identified from the peak distances between ions of interest and back-
ground ions of known masses for all the ions and further from isotopic
abundance ratios for boron-containing ions. Appearance energies for the
identified ions were determined by a linear extrapolation method. Ion intensi-
ties were measured by raising and lowering step by step the sample tempera-
ture to obtain the temperature dependence of corresponding partial pressures.

The resolution of the mass spectrometer was kept at about 1200 based on
the 50% valley definition, in order to avoid the interference of background
ions at the same nominal mass numbers. For the Na,BO;", NaO* and CsO™
ions among the ions of interest, however, the resolution was raised to about
2700 to obtain better mass separation.

The measured ion intensity I, of the vapor species i was converted into the
corresponding partial pressure p; at the sample temperature 7 by the relation
p;=kI,T/o,g,n,, where k is the pressure calibration constant, g; is the relative
ionization cross-section, g; is the gain of the electron multiplier and n; is the
isotopic abundance ratio. The value of & was obtained by the silver reference
method. Ionization cross-sections for NaBO,(g) and Na,(BO,),(g) were
estimated by the method described by Kordis and Gingerich [15] under the
assumption that the cross-sections for simple ionization and dissociative
ionization from molecules are equal. The cross-section for CsBO,(g), however,
was assumed approximately equal to the atomic ionization cross-section for
Cs(g), because the value calculated by the above method is smaller than that
for oo, The values for Cs,(BO,),(g) and NaCs(BO,),(g) were estimated by
the relations of o¢,(po,), = 1.5 0¢s and on,cyBo,), = 075 (ONapo, + Ocs), re-
spectively. Here, atomic 1onization cross-sections were taken from the litera-
ture [16]. Multiplier gains for individual ions were measured by the pulse
counting method [17). Isotopic abundance ratios for ''B and '°O were taken
from the literature [18).

3. Results and discussion
3.1. Determination of vapor species

The search for ion species was made at 1100 K by impacting vapors with
electrons having an energy of 53 eV, where the maximum ion intensity is
obtained. Ion species identified in the present work are shown in table 2
together with appearance energies and corresponding vapor species. It is
known that the vapor species containing alkali metal elements for borosilicate
glasses may be similar to those for alkali metal metaborates [4]. The vapor
species determined from the comparison of the ionization behavior for the
borosilicate glasses with those for NaBO,(s) (19] and CsBO,(s) [20] are listed
in table 2.
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Appearance energies for the Na* (except for A(Na*)=5.1+0.5 eV),
NaBO, , Na,BO;, Cs* and CsBO, ions are in good agreement with those
for NaBO,(s) and CsBO,(s), respectively, indicating that the Na* and Cs*
ions are formed by both dissociative ionization and positive-negative ion pair
formation from NaBO,(g) and CsBO,(g), respectively, the NaBO; and CsBO;
ions by the simple ionization of NaBO,(g) and CsBO,(g), respectively, and the
Na,BO; ion by the dissociative ionization from Na,(BO,),(g). The values of
appearance energies for the NaCsBO; ion for Glass-4 and Glass-8 are
comparable with 4(Na,BO; ) for NaBO,(s) and A(Cs,BO;") for CsBO,(s),
indicating that the NaCsBO," ion is formed by the dissociative ionization
from NaCs(BO,),(g).

The appearance energies of the NaO*, B*, Cs**, CsBO* and CsO* ions
could not be determined owing to very weak intensities. From the similarity of
ionization processes of vapors for the glasses to those for NaBO,(s) and
CsBO,(s), however, it is assumed most likely that the NaO* ion is formed by
the dissociative ionization from NaBO,(g), the Cs?*, CsBO* and CsO™ ions
by the dissociative ionization from CsBO,(g), and the B™ ion by the dissocia-
tive ionization from NaBO,(g) and/or CsBO,(g). The vapor species corre-
sponding to the Na,BO, ion and the Cs* and CsO™ ions are not Na,BO,(g)
reported by Wilds [5] and C$(g) and CsO(g) reported by Albrethsen and
Schwendiman [1] and Wilds [5], respectively. Very weak intensity of the
Cs,BO; ion, which is probably formed by the dissociative ionization from
Cs,(B0O,),(g), was detected for Glass-4 and Glass-8 above about 1150 K and
for Glass-9 above about 1000 K.

In the initial stage of heating, Glass-4, in which the mole ratio of Na,O
plus Cs,0 to B,O; is slightly larger than unity, shows the ionization efficiency
curve for the Na* ion varying with the lapse of time. Just after the sample
temperature was raised to 1000 K, a clear bend cannot be observed in the
curve and the only value of A(Na™) = 5.1+ 0.5 eV is obtained as shown in fig.
1. However, in the case of the Na* ion for NaBO,(s) [19], the ionization
efficiency curve, which is also illustrated in fig. 1, shows a distinct bend at
about 10.1 eV energy of impact electrons, and the shape of the curve is quite
similar to that of the Na™ ion for Glass-4 after 180 min at 1000 K. It is well
known that for NaBO,(s) [19] the Na* ion with A(Na")=10.1+0.5 eV is
formed by the dissociative ionization from NaBO,(g) and the Na™ ion with
A(Na*)=4.7+0.5 eV is formed by the positive-negative ion pair formation
from NaBO,(g). These indicate that after 180 min at 1000 K the vapor species
corresponding to the Na* ion for Glass-4 is concluded to be NaBO,(g) as
described already. However, in the initial stage of heating the shape of the
ionization efficiency curve for the Na* ion differs from that after 180 min at
1000 K as well as that for NaBO,(s) [19], indicating that the vapor species may
not be a single species. The value of the ionization energy of Na(g), /(Na™) of
5.139 eV [21] suggests that the vapor species corresponding to the Na™ ion in
the initial stage of heating may be a mixture of Na(g) and NaBO,(g).

In contrast to Glass-4, the shape of the ionization efficiency curve of the
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Fig. 1. Variation of ionization efficiency curves of Na* ion for Glass-4 with heating time at 1000
K; the curve for NaBO,(s) is given as a reference.

Na* ion for Glass-8 is quite similar to that for NaBO,(s) [19] even just after
heating to 1000 K as shown in fig. 2. This means that Na(g) does not vaporize
over Glass-8, in which the mole ratio of Na,0O plus Cs,0 to B,O; is equal to
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Fig. 2. lonization efficiency curves of Na™ ion for Glass-8 just after heating to 1000 K: the curve
for NaBO,(s) is given as a reference.
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Fig. 3. lonization efficiency curves of €s™* ion for Glass-4 just after heating to 1000 K and after
180 min at 1000 K; the curve for CsBO,(s) is given as a reference.

unity, and that the corresponding vapor species of the Na' ion is only
NaBO,(g).

For the Cs™ ion for Glass-4, the shape of the ionization efficiency curves at
1000 K in all heating times including the initial stage is quite similar to that
for the Cs™ ion for CsBO,(s) [20], showing a bend at about 9.3 eV energy in
fig. 3. This indicates that the vapor species corresponding to the Cs™ ion is
only CsBO,(g) and that no vaporization of Cs(g) occurs over Glass-4. The
shape of the ionization efficiency curves for the Cs™ ions for Glass-8 and
Glass-9 is also similar to that over Glass-4 and CsBO,(s), indicating that the
vapor species corresponding to the Cs™ ions is not Cs(g) but CsBO,(g).

The present authors [11] have studied the vapor species for three sodium
borosilicate glasses Glass-1, Glass-2 and Glass-3, and showed that the vapor
species are NaBO,(g) and Na,(BO,),(g) for Glass-1 and Glass-2 in which the
mole ratios of Na,O to B,O, are equal to unity and less than unity, respec-
tively. For Glass-3 in which the ratio is larger than unity, however, the
vaporization of Na(g) is observed in addition to NaBO,(g) and Na,(BO,),(g).
Schultz, Stolyanova and Semenov [22] have studied the vapor species for
sodium borogermanate glasses. Similarly to the vaporization trend in sodium
borosilicate glasses [11], they have observed the vaporization of Na(g),
NaBO,(g) and Na,(BO,).(g) for the borogermanate glasses in which the mole
ratio of Na,O to B,0, is larger than unity and did not observe Na(g) for the
borogermanate glasses in which the ratio is less than unity. The vaporization
behavior of Na(g) is quite similar to the case of Glass-4 and Glass-8 in which
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the ratios of Na,O plus Cs,0 to B,O; are slightly larger than unity and equal
to unity, respectively.

Furukawa and White [23] have studied the variation of Raman spectra of
sodium borosilicate glasses to interpret the distribution of the Na™* ions
between silicate and borate units in the glasses, and they have reported that in
the glasses with the mole ratio of Na,O to B,O, being less than unity all Na*
ions are associated with borate units. A similar conclusion has been reached
from an NMR study [24]. The preferential association of the Na* ions with
borate units may be confirmed by the fact that the free energy of formation
for NaBO,(s) is larger than half of that for Na,SiO4(s) [25,26]. Consequently,
in the present glasses all Na* and Cs™ ions are associated with borate units,
except for Glass-4, in which a small portion of Na* and Cs* ions might be
shared with silicate units.

Since vapor pressures over alkali metal metaborates are much higher than
those over corresponding alkali metal metasilicates [13,27,28], the vaporization
over the present glasses must occur from the Na™ and/or Cs” ions associated
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with borate units. As shown in fig. 4, the free energy of formation for
NaBO,(g) as well as the enthalpy of formation and the dissociation energy to
Na(g) and BO,(g) is smallest among alkali metal metaborate vapors. This
indicates that the dissociation of NaBQO,(g) is preferential to that of CsBO,(g).
Then, it can be explained from this thermochemical trend that the vaporiza-
tion of Na(g) occurs but not vaporization of Cs(g) is observed over Glass-4 in
which the amount of Na plus Cs is in excess for forming NaBO, and CsBO,
imaginary compounds in this glass.

3.2. Partial pressures of vapor species

The partial pressure of NaBO,(g) was calculated from the measured intensi-
ties of the Na* and NaBO;" ions. The contribution of the NaO™* and B™* ions
to the pressure was negligibly small. Similarly, the intensities of the Cs™ and
CsBOS ions were used for the determination of the partial pressure of
CsBO,(g). The partial pressures of Na,(BO,),(g), Cs,(BO,),(g) and
NaCs(BO,),(g) were obtained from the intensities of the Na,BO;", Cs,BO;
and NaCsBO; ions, respectively.

Logarithmic values of the determined partial pressures of NaBO,(g),
Na,(BO,),(g), CsBO,(g), Cs,(BO,),(g) and NaCs(BO,),(g) over the present
glasses are shown as a function of reciprocal temperature in fig. 5, where the
unit of pressure is Pascal. The partial pressures of CsBO,(g) and Cs,(BO,),(g)
over Glass-9 are fairly higher than those of NaBO,(g) and Na,(BO,),(g) over
Glass-1, respectively. The result corresponds to the fact that the partial
pressures of CsBO,(g) and Cs,(BO,),(g) over CsBO,(s) [13] are evidently high
as compared with those of NaBO,(g) and Na,(BO,),(g) over NaBO,(s) [13],
respectively. For the same reason, over Glass-4 and Glass-8 the partial
pressures of CsBO,(g) are slightly higher than those of NaBO,(g), although
the mole fraction of the Cs,O component is smaller than that of Na,O in
these glasses. The partial pressures of NaCs(BO,),(g) over Glass-4 and
Glass-8 are lower than those of Na,(BO,),(g) over Glass-1, Glass-4 and
Glass-8. The ratio of the partial pressures of NaCs(BO,),(g) to those of
Na,(BO,),(g) is about 0.16, being nearly equal to the mole ratio of Cs,O to
Na,O in these glasses.

The partial pressure of Cs,(BO,),(g) could not be measured over Glass-4
and Glass-8 because of the too weak intensity of the Cs,BO; ion. At 1150 K,
the intensity ratio of the Cs,BO; ion to the Cs* ion was below 1 x 107*. In
the following section the thermochemical reason why both Na,(BO,),(g) and
NaCs(BO,),(g) are easily identified but Cs,(BO,),(g) is not over Glass-4 and
Glass-8 will be described.

The lines drawn by the least-squares treatment of data in fig. 5 are given by
the equations in table 3 together with the temperature range. The errors
quoted in the equations are the standard deviations of slopes and intercepts.
Uncertainties in the partial pressures arise from errors in measurements of ion
intensities and also conversions of ion intensities to partial pressures. From
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Fig. 5. Partial pressures of NaBO,(g), Na,(BO,);(g), CsBO,(g). Cs,(BO,),(g) and
NaCs(BO, ), (g) over Glass-1, Glass-4, Glass-8 and Glass-9.
Table 3
Least-squares equations for partial pressures of vapor species over Glass-1, Glass-4, Glass-8 and
Glass-9
Glass Vapor Temperature log p=A—(Bx10%)/T®
species range (K) P B
Glass-1 NaBO,(g) 9151100 12.28+0.08 15.06 +0.08
Na,(BO,).(g) 1045-1172 12.834+0.15 17.88+0.16
Glass-4 NaBO,(g) 1005-1150 12.78+0.31 15.87+0.33
Na,(BO,),(g) 1036-1150 13.38+£0.23 18.78 £0.25
CsBO,(g) 1005-1120 13.22+0.25 16.11+0.27
NaCs(BO, ),(g) 1074-1150 13.41+0.57 19.68 +0.63
Glass-8 NaBO,(g) 1002-1122 13.43+0.27 16.55+0.28
Na,(BO,),(g) 1002-1122 13.4410.14 18.70+£0.15
CsBO, () 1002-1122 12,78+ 0.35 15.651+0.37
NaCs(BO,;),(g) 1028-1122 13.85+0.74 20.03+0.80
Glass-9 CsBO,(g) 845-1036 14.91+40.31 15.83+0.33

0 Unit of pressure is Pascal.
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experimental and probable errors, the uncertainties in the partial pressures are
estimated to be A log p,= +0.2.

3.3 Thermochemical quantities for vaporization

Usually, second-law enthalpies of vaporization can be derived from the
slopes in the equations of the partial pressures in table 3. However, the
enthalpies of vaporization for NaBO,(g) and CsBO,(g) were obtained from
the slopes of the relation of log I,T=a — b/T by the use of the intensities of
the NaBO, and CsBO; ions, respectively. The Na* and Cs™ ions would have
kinetic energies when these ions are formed by the dissociative ionization from
NaBO,(g) and CsBO,(g), respectively. It is known that the kinetic energies
give rise to some spurious temperature dependences of the intensities of the
Na* and Cs™ ions [29-31]. For this reason, the second-law enthalpies of
vaporization for NaBO,(g) and CsBO,(g) cannot be yielded from the slopes in
the partial pressure equations influenced mainly by the Na™ and Cs™ ions,
respectively.

The slopes in the partial pressure equations for Na,(BO,),(g) and
NaCs(BO,),(g), however, were used for the determination of the second-law
enthalpies of vaporization for them. Here, the partial pressures of
Na,(BO,),(g) and NaCs(BO,),(g) have been calculated from the intensities
of the Na,BO, and NaCsBO ions, respectively. The enthalpy of vaporiza-
tion for Cs,(BO,),(g) over Glass-9 could not be evaluated, because only a few
measurements of the partial pressures were made.

The second-law enthalpies of dimerization reaction in the vapor phase were
calculated on the basis of the second-law enthalpies of vaporization for
NaBO,(g), Na,(BO,),(g), CsBO,(g) and NaCs(BO,),(g).

Table 4 shows the values for the present glasses together with those for
Glass-1 [11], NaBO,(s) [14] and CsBO,(s) [14]. The enthalpy of vaporization
becomes large when going from NaBO,(g) through Na,(BO,),(g) to
Na,(BO,);(g). A similar trend is seen between CsBO,(g) and Cs,(BO,),(g).
These trends can be easily understood from the partial pressures being of the
order NaBO,(g) > Na,(BO,),(g) > Na,(BO,),(g) and CsBO,(g) >
Cs,(BO,),(g). The enthalpies of vaporization for NaCs(BO,),(g) over Glass-4
and Glass-8 are slightly higher than those for Na,(BO,),(g) as predicted from
lower partial pressures of NaCs(BO, ),(g) than Na,(BO,),(g).

The enthalpies of dimerization reaction yield the enthalpies of formation
for Na,(BO,),(g) and NaCs(BO,),{g) when combined with the enthalpies of
formation for NaBO,(g) [14] and CsBO,(g) [14], and the dissociation energies
between Na (or Cs) and BO, bonds for Na,(BO,),(g) and NaCs(BO,),(g)
when combined with the enthalpies of formation for Na(g), Cs(g) and BO,(g),
respectively [25]. The values obtained are shown in table 5. The enthalpies of
formation and the dissociation energies for Na,(BO,),(g) determined from
the vaporization of Glass-1, Glass-4 and Glass-8 are in agreement with those
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from NaBO,(s) [14], respectively, and the agreement between the values for
NaCs(BO, ),(g) obtained from Glass-4 and Glass-8 is good.

The dissociation energy for Na,(BO,);(g) is about 1.5 times as large as that
for Na,(BO,).(g), indicating that an additivity rule is held between the
dissociation energies, since the number of the bonds between Na and BO, is
six in a cyclic Na;(BO,);(g) molecule and four in Na,(BO,),(g). The en-
thalpy of formation and the dissociation energy for NaCs(BO,),(g) are not
largely different from those for Na,(BO,),(g) and Cs,(BO,),(g), respectively.

The partial pressures in table 3 give free energies for dimerization reaction
at 1000 K as shown in table 6. As can be seen in this table, the value for
2CsBO,(g) = Cs,(BO, ),(g) is significantly small. This means that when the
partial pressures of NaBO,(g) and CsBO,(g) are equal, the partial pressure of
Cs,(BO,),(g) is fairly lower than those of Na,(BO,),(g) and NaCs(BO,),(g).
In fact, the partial pressure of Cs,(BO,),(g) could not be experimentally
measured over Glass-4 and Glass-8.

3.4. Chemical activities of components in glasses

The pseudo components obtained from the consideration of the vapor
species over the glasses are shown in table 7. According to Wenzel and
Sanders [32], the same chemical compositions as the vapor species were
selected as the pseudo components.

The chemical activity of a given pseudo component in the glass was
determined from the ratio between the partial pressure of the corresponding
vapor species for the glass and that for a pure compound of the same chemical
composition as the vapor species. For example, the activity and the activity
coefficient for the CsBO, pseudo component in Glass-9 were calculated by the
following equation:

1 Pcspo, 1 .
YCsBoz=GCsBozxm= Xm~ (1)

[
pCsBOZ

Table 7
Chemical activities, mole fractions and activity coefficients of pseudo components in glasses at
1000 K

Glass Pseudo composition a® X y @
Glass-1 2NaBO,-38i0, 0.095 0.40 0.24
1Na, (B0, ),-3Si0 0.035 0.25 0.14
Glass-8 1.7NaBO0,-3Si0, -0.3CsBO, 0.044 0.34 0.13
1.7NaB0,-13Si0,-0.3CsBO, 9.1x107° 0.06 1.5%x1073
Glass-9 2CsBO,-38i0, - 8.3%1073 0.40 0.021
1Cs, (BO, ),-3Si0, 8.6x10°° 0.25 34x107¢

» Value of component underlined.
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It was assumed that Glass-9 consists of the 2CsBO,-3Si0, pseudo binary
system. Those for the Cs,(BO,), component in Glass-9 were calculated by

1 Pcs,(80,), 1
YCsy(B0y); = FCsy(80, X 735 =

(2)

X b4
pgsz(BOz)z 0.25

under the assumption that Glass-9 consists of the 1Cs,(BO,),-35i0, system.
Here, p is the partial pressure over Glass-9, p° is the partial pressure over
CsBO,(s) [13], a is the chemical activity, y is the activity coefficient and 0.4
and 0.25 in the equations are the mole fractions of CsBO, and Cs,(BO,), in
Glass-9, respectively.

In the calculations for the pseudo components with underlines in Glass-1
and Glass-§ in table 7, the partial pressures of NaBO,(g) and Na,(BO,),(g)
over NaBO,(s) [13] were also used. Since the Na,O and Cs,O contents in
Glass-4 are in excess for forming the imaginary compounds NaBO, and
CsBO,, it is impossible to rewrite the composition by the use of NaBO, and
CsBO, pseudo components. Therefore, the result for Glass-4 is not included in
table 7.

The chemical activities and the activity coefficients for the CsBO, and
Cs,(BO,), components in Gtass-9 are smaller than those for NaBO, and
Na,(BO,), in Glass-1, respectively. From these results it can be concluded
that the vaporization of CsBO,(g) and Cs,(BO,),(g) is thermochemically
suppressed much more than that of NaBO,(g) and Na,(BO,).(g), respec-
tively.

As described above, the chemical activities of the components in the glasses
permit to study the degree of the suppression of the vaporization of individual
vapor species.

4. Conclusion

The vaporization behavior of three cesium-containing borosilicate glasses
was studied by a mass-spectrometric Knudsen effusion method in the temper-
ature range 845-1150 K.

Vapor species of CsBO,(g) and Cs,(BO,),(g) were identified over the glass
containing Cs,0, and the identification of NaBO,(g), Na,(BO,),(g) and
NaCs(BO,),(g) was made in addition to CsBO,(g) and Cs,(BO,),(g) over
glasses containing Na,O and Cs,0. In the initial stage of heating the glass, in
which the mole ratio of Na,O plus Cs,O to B,0, is slightly larger than unity,
the vapor species of Na(g) was still observed at 1000 K, while no vaporization
of Na(g) took place over the glass, in which the ratio is equal to unity.
Regarding the vaporization of Cs(g), it cannot be found over all of the glasses
in all heating times.

The enthalpy of vaporization became large when going from NaBO,(g)
through Na,(BO,),(g) to Na;(BO,),(g) and similarly from CsBO,(g) to
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Cs,(B0O,),(g). The enthalpy of formation as well as the dissociation energy for
NaCs(BO,),(g) was not largely different from those for Na,(BO,),(g) and
Cs,(BO,),(g). The chemical activities of CsBO, and Cs,(BO,), pseudo
components were smaller than those of NaBO, and Na,(BO,), in the glasses,
respectively. This gave evidence that the vaporization of CsBO,(g) and
Cs,(BO,),(g) was thermochemically suppressed much more than that of
NaBO,(g) and Na,(BO,),(g), respectively.

This study was partially supported by the Grants-in-Aid for Scientific
Research and for Installation from the Ministry of Education, Science and
Culture, Japan.
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