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ABSTRACT 

Sodium and boric oxides account for -90% of the semi-volatile 
off-gases that are generated during vitrification of Savannah 
River Plant waste. The two oxides volatilize as the thermally 
stable compound sodium metaborate, NazO·BzO,. The quantity of 
semi-volatiles increases with increases in (1) the temperature 
of the melt, (2) the time of vitrification, .(3) the surface 
area of the melt, and (4) the sodium content of the glass-forming 
mixture. The amounts of semi-volatiles evolved in three hours 
varied from 1.5 to 9.0 mg per cm2 of melt surface. Values between 
3.5-4.0 mg/cm2 were typical for normal melting conditions and 
compositions 

Cesium oxide volatility averaged 0.11 mg/cm2 from samples 
that contained 0.06 wt % CszO. Volatilities ranged from 0.09 to 
0.2 mg/cm2. Volatility of CS20 was not significantly suppressed 
when Ti0 2 was added to the glass melt. Cesium volatility was 
unaffected when Cs was added to the melt as Cs-1oaded zeolite 
rather than a CS2CO, solution. Over a range of 0.03-0.09 wt % 
CS20 in the melt, volatility of Cs 20 increased when the Cs 
content of the melt increased. 

Lithium volatility was low and was unaffected by changes in 
melting conditions or melt composition. Lithium, like sodium, 
volatilized from borosilicate melts as the metaborate, Li20·BzO,. 
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VAPORIZATION OF SEMI·VOLATILE COMPONENTS FROM SAVANNAH 
RIVER PLANT WASTE GLASS 

I NTROOUCTI ON 

Radioactive high-level waste that is stored at Savannah 
River Plant (SRP) consists of an alkaline supernate, crystallized 
salts,and a precipitated sludge. Most of the la7 Cs and small 
amounts of other radionuclides are contained in the supernate 
and soluble salt fractions of the waste. Nearly all of the 90 Sr 
as well as other hydrolyzable radioactive elements are precipi­
tated with the sludge. In the conceptual process of solidifi­
cation of SRP waste, the cesium is concentrated and added to the 
sludge,which is then incorporated into a borosilicate glass 
matrix by spray calcination and electric melting. Components of 
both the waste sludge and the borosilicate glass frit will volat­
ilize at the high temperature used for fixation of waste into 
glass. Therefore, Savannah River Laboratory (SRL) initiated a 
program to determine the types and quantities of species that 
vaporize from the calciner/melter system. These studies provide 
some of the basic data required to design an off-gas clean-up 
system for a proposed Defense Waste Processing Facility (DWPF). 
This report details the laboratory studies of the vaporization 
of the semi-volatile components Na, Cs, Li, and B from glass 
melts. The chemical form in which each species volatilizes, the 
mechanisms of vaporization, as well as some of the factors that 
determine volatility are discussed. Volatility of radionuclides 
from SRP waste glass was reported previously by Kelley.! A future 
report will describe the volatility of Ru and will discuss trap­
ping methods for vapors of Ru and Hg. 

The principle source of sodium, lithium, and boron in SRP 
waste is the glass-forming frit, though some sodium,and to a 
much lesser extent, boron are present in the waste sludge. 2

,3 

Cesium originates from the waste supernate and is introduced 
into the glass as the calcined eluate from the ion exchange 
(Dowex) process for decontamination of supernate. 3 Ces'ium can 
also be sorbed onto zeolite and the cesium-loaded zeolite added 
directly to the melt. 

For this study, all glasses were prepared from a nonradio­
active mixture of metal oxides and a premelted borosilicate glass 
frit. The nonradioactive metal oxides simulated calcined waste. 
Frits 21 and 18, two high alkali frits, were used in all studies. 
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EXPERIMENTAL. PROCEDURE 

The apparatus used to measure glass volatility is shown 
schematically in Figure 1. The crucible, collection tube and lid 
assembly, and hypodermic tubing were fabricated from platinum. 
The transfer line from the collection tube to the scrubber was 
stainless steel and the scrubber glass. Volatility of the melt 
was determined by mixing the required proportions of glass frit/ 
simulated sludge in the crucible, which was then introduced into 
the furnace. The furnace was heated to the melting temperature 
prior to introduction of the sample. Normal melting conditions 
consisted of holding a 2 g sample at 11SO°C for three hours. The 
melt was blanketed with Nz, introduced through the hypodermic 
tubing. A vacuum was applied to the scrubber to ensure that all 
volatilized species were removed from the reaction crucible. 

CaI_ 
Tube (Ptl 

H'tr J ",Ie Tubing (Pt, 

- FHter 

FIGURE 1. Volatility Apparatus 

~TO Vccuum 

The semi-volatiles condensed at the top of the collection 
tube, on the hypodermic tubing, in the transfer lines, and on 
the surface of the filter. Less than 1% of the semi-volatiles 
penetrated the filter and collected in the scrubber. The con­
densed gases were washed from the various parts of the ap­
paratus and analyzed for Na, B, Li and Cs by atomic absorption 
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spectrophotometry (AA) or neutron activation analysis (NAA). 
A 0.1 M HN03 solution was used for washing out the apparatus 
and as a scrubber solution. 

In preliminary experiments, the quantity of off-gases 
depended on the rate at which the N2 atmosphere was swept across 
the melt surface. The quantity of off-gases initially increased 
with increased atmosphere sweep rate, and then reached a plateau 
at a flow rate of -500 mL/min (Fig. 2). A flow rate of 750 mL/min 
was used in most of the experiments reported here. This flow rate 
is well within the plateau region of the curve and assures repro­
ducible results. The dependence of volatility on flow rate was 
observed by several other workers" 5 and is explained by Barlow' 
in terms of diffusion through the melt and evaporation from the 
surface of the melt. 

The value used for the surface area was the area of the circle 
formed by the melt line of the molten glass. This value was used 
since the crucible was not a right cylinder and the surface area 
depended on the height of the melt in the crucible. For a 2 g 
sample the surface area calculated by this method was 4.7 cm2 • 
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FIGURE 2. Effect of Nz Sweep Rate on Ueight Loss 
60/40 Frit/Sludge - 3 Hours at l150°C 

1000 

ANALYTICAL TECHNIQUES 

Atomic Absorption (AA) and Neutron Activation Analysis (NAA) 

Analysis of the condensate from the melting apparatus by AA 
or NAA was the major analytical technique used in these experiments. 
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Samples were analyzed for the metals Na, Li, B, and Cs. Atomic 
absorption was used for all metals; NAA was used in some cases 
to analyze for Na and Cs. The results for samples analyzed by 
both techniques were in good agreement (Fig. 3). Boron presented 
a particular problem because it could not be determined with NAA, 
and the detection limit of AA for boron analysis was quite high. 
When B was present in quantities below the detection limit, B was 
assigned a value equal to the detection limit. Since this problem 
occurred in only about 2% of the cases, the few times that B was 
assigned a value had no influence on the conclusions drawn from 
the data. 
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Volatility Measured by AA, mg 

FIGURE 3. Comparison of NazO Volatility Measured by NAA and AA 

Electron Spectroscopy For Chemical Analysis {ESCA} 

The surfaces of some melts were studied by electron spectro­
scopy for chemical analysis (ESCA). The surface of the samples 
was analyzed to determine the degree of sodium depletion by 
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measuring the Na/Si ratio. No attempt was made to measure Na/Si 
ratios at depths greater than a few microns. 

Knudsen Cell Analysis 

The composition of the vapors evolved from a sample of 
glass-forming frit and a sample of frit/simulated sludge was 
determined by a Knudsen cell analysis. The sample of glass was 
remelted in a Knudsen cell-mass spectrometer, and the generated 
vapors were analyzed. At melt temperatures of 800, 1000, 1100, 
and l200°C, the composition of the vapors was determined. 

GLASS COMPOSITIONS 

Table 1 lists the two borosilicate glass-forming frits used 
in these studies. Frit 21 is identical to Frit 18 except that 
4 wt % Li has replaced some of the Na. Frit 21 reduces the vis­
cosity of the glass during both melting and pouring operations. 
The high Fe, high AI, and average simulated calcined sludges were 
prepared by mixing quantities of the dried metal oxides in the 
proportions required to give the compositions shown in Table 2. 
The compositions are based on actual analyses of SRP waste sludge

2
" 

and represent waste tanks with typically high Fe concentrations, 
Al concentrations, and an overall average concentration for 'all 
tanks sampled. 

The cesium content of SRP waste glass was calculated to be 
0.06 wt % (CS20). Since this small amount of solid could not be 
added to the 2 g samples, Cs was added either by adsorption of 
the Cs onto zeolite or by aliquots of a CS2CO, solution to the 
glass-forming mixture. When Cs was added from solution, the 
sample was dried to remove excess water before it was placed in 
the melting furnace. This prevented entrance of particulates 
into the vapor stream by entrainment in water vapor. 

TABLE 1 

Frit Compositions (wt %) 

Component Frit 21 Frit 18 

Si02 52.5 52.5 

Na20 18.2 22.2 

B20, 10.0 10.0 

Ti02 10.0 10.0 

CaD 5.0 5.0 

Li20 4.0 
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TABLE 2 

Composition of Simulated Calcined Sludges 

Amount of MetaZ Oxide 

MetaZ Oxide 
in SLu1ff.,e' wt % 

High Fe Hi~ At Average SLudge A 

Fe20, 61.4 6.0 31.0 41.7 

AhO, 5.6 86.3 35.0 24.8 

MnO. 4.1 4.9 10.0 11.3 

U,O. 14.2 1.5 10.0 

CaO 4.2 0.4 3.0 3.9 

NiO. 10.5 0.9 5.0 4.7 

Na20 10.1 

SiO. 2.3 

FACTORS AFFECTING OVERALL VOLATILITY 

Three factors significantly affect the overall volatility 
from borosilicate glass melts. The volume of semi-volatile 
off-gases increases with (1) increases in the temperature of vitri­
fication, (2) the time of vitrification and (3) the surface area 
of the melt. 

Effect of Temperature 

No appreciable amount of semi-volatiles was evolved at 
temperatures below 900 0 e. Volatility was determined by measuring 
w8 i ght losses from 2 g samples of 60% Frit 21/40% Sludge A. 
Vitrification was carried out at temperatures of-9DO; 1050, and 
llSOoe for three hours. Vitrification was done under static 
conditions, i.e., without sweeping a stream of Nz across the sur­
face of the melt. This resulted in relatively low total weight 
losses. The effect of temperature on volatility is summarized 
in Table 3. Weight losses after 3 hours at 900°C show negligible 
volatility, with a total weight loss of 0.02 mg/cm z. This small 
weight loss is probably from the volatilization of CszO. Total 
volatility increased at 10SOoe to 0.9 mg/cmz and at 11SOoe to 
1.6 mg/cmz . The low volatility at 900 0 e was also observed when 
a Nz stream was swept across the melt surface. This confirms 
that no semi-volatiles vaporized at temperatures below 900 0 e. 

- 12 -



, 
'. 

\ 

.' 

.' 

, 
, 

TABLE 3 

Effect of Temperature on Volatility 

Cumu~ative Weight LOS8, mg/em' 
Temp. °c O. ii hOurs 1 hour 2 hOur8 3 hours 

900 0.0 0.01 0.01 0.02 

10S0 0.4 O.S 0.8 1.0 

1150 0.6 0.8 1.3 1.6 

Glass mixture: 60:40 mixture of Frit 21/S1udge 
A; Run under static conditions 

Effect of Time of Vitrification 

The evolution of off-gases increased when the time of vitri­
fication was increased. Weight losses from samples that contained 
60% Frit 21/40% Sludge A were measured for times ranging from 30 
minutes to 3 hours (Table 4). No air flow across the surface was 
used in the initial series of tests. The cumulative amount of 
off-gas increased with increased vitrification time at both 1050 
and l150°C. Total volatilities for the l150 0 C temperature ranged 
from 0.6 mg/cm2 after 30 minutes to 1.6 mg/cm 2 after 3 hours. 
Comparable values for 10500 C were 0.4 mg/cmz after 30 minutes 
and 1.0 mg/cm2 after 3 hours. In a second series of tests, N2 

was swept across the surface of the melt at 750 mL/min, increas­
ing the volatility to 3.5-4.0 mg/cm 2 after 3 hours and 8.5-9.0 
mg/cm2 after 5 hours. 

TABLE 4 

Increase in Volatility l~ith Increase in Time of Melting 

Cumu~ative 
Temp. °c Time of Melting, hr Weight Loss, mg/em' 

1150 0.5 0.6 

1150 1 0.8 

1150 2 1.3 

1150 3 1.6 

1150 4 2.0 

1050 0.5 0.4 

1050 1 0.5 

1050 2 0.8 

1050 3 1.0 

Glass mixture: 60/40 mixture of Frit 21/Sludge A; Run 
under static conditions 
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Effect of Sample Surface Area 

Volatilization occurs at the surface of the melt and is 
independent of the melt's volume. Both Barlow" and Walmsl ey 5 re­
port a similar effect of surface area on glass volatility. For 
the present study, samples with nominal weights of 2, 5 and 9 
grams were vitrified and the weight loss measured. The wt % 
ratio of Frit 2l/Sludge A was held constant at 60/40. The 
failure of weight loss to vary with changes in sample weight 
and volume indicated that only a small surface portion of the 
sample contributes to volatility of semi-volatiles. This is 
consistent with a diffusion mechanism of volatility discussed 
by Barlow." Analysis of off-gases shows that the volatile oxides 
in a small layer (-1-3 mm thick) at the surface could completely 
account for the quantity of gases volatilized. Table 5 shows 
that the thickness of the layer that produces various amounts of 
semi-volatiles is independent of the weight of the melt. A com­
parison of the data in Table 6 demonstrates that semi-volatiles 
vaporize by diffusion from the surface while true volatiles (e.g. 
H20 vapor) depend on the volume of the sample. When the 2, 5 and 
9 gram samples were heated to 900°C, the weight loss of each 
sample was proportional to the volume of the sample. This was 
expected since the components which volatilize at 900°C are not 
surface-area limited. When the same samples were melted at ll50°C, 
the semi-volatile off-gases produced were proportional to the 
surface area and not to the volume or weight of the melt. 

TABLE 5 

Thickness of Melt Required to Produce 
Different Amounts of Semi-Volatiles 

TotaZ Weight Loss, Thickness ot La~ep, em 
mg/em 2 Li20 Na20 B203 

4.3 0.8 1.2 0.06 

8.4 0.7 2.0 0.2 

8.6 0.9 2.5 0.2 

9.1 1.1 2.6 0.2 
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TABLE 6 

Effect of Total Sample Weight on Weight Lossa 

Relative Los8 Relative Loss on 

Weight, Relative on Me Hi!!!!. Heati!!!!. to 900°C 
b b Sample g Weight mg/=2 (mg/gJ (mg/gJ 

31-3 8.7329 4.3 1.2 0,3 4.3 

31-2 5.0527 2.5 1.3 0.5 2.1 

31-1 2.0089 1 1 1 1 

a. Sample heated at 11SO·C for 3 hours. 
Sample composition 60/40, Frit 21/simulated sludge. 

b. mg volatitized/total gram of sample 

SPECIFIC ELEMENT VOLATILITIES 

The volatility of specific elements was determined by a 
factorial experiment which utilized two frit types (Frits 21 and 
18), three sludge types (high alumina, high iron and average) 
and three sludge loadings (25, 35 and 45 wt %). The volatility 
of each element was determined by collecting the off-gases and 
analyzing for the metals by the techniques discussed in the 
section on analytical procedures. Also, two samples were analyzed 
by a Knudsen cell to determine which species occurred in the vapor 
phase, 

Sodium, Boron, and Lithium 

Volatilities of Na, Li, and B are discussed together since 
these species vaporized from the melt as alkali borates. The 
thermally stable compound sodium metaborate, Na,OoB,03 comprised 
~90% of the off-gases when glasses were vaporized. Small quanti­
ties of LiBO" LioNaBO" Na,BO, and B,03 were also detected in 
the vapor. The species in the vapor were determined by the 
Knudsen-cell mass spectrometer analysis. In the condensed phase 
measurements, the species that volatilized were determined from 
the molar ratios of Na/B and eLi + Na)/B in the condensate. A 
ratio of one would indicate the metaborate, a ratio of two would 
indicate the diborate and a mixture of the two compounds would be 
indicated by a ratio between one and two. The ratio of Na/B 
should be less than one when the melt contains lithium, since 
only part of the boron is associated with Na; the rest forming 
a lithium borate. The ratio of eLi + Na)/B would equal one, 
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however, if Li,O'B,03 and Na,O'B,03 are the compounds that 
volatilize. A melt that contains Na, but no Li, should give a 
Na/B ratio of 1 if Na,O'B,03 is the vaporizing species. When 
Frit 21, which contained both Na and Li was used to prepare 
glasses (Table 7), the average molar ratio of Na/B was 0.89 and 
of (Na + Li)/B was 1.02. Off-gases from glasses prepared from 
Frit 18, a frit that contains no Li, gave an average Na/B ratio 
of 1.05 (Table 8). These three ratios show that the alkali and 
the boron volatilize as the compounds Na,O'B,03 and Li,O'B,03' 
Solomin6 and Walmsl ey 5 also concluded that alkalis volatilize 
from borosilicate melts as thermally stable alkali borates. 

TABLE 7 

Volatility of Na. Li,and B From Frit 21 Glass Melts 

Code 

21-Avg-2S 

.-35 

-45 

21-Fe-25 

-35 

-45 

'I-AI-'S 

-35 

-45 

Na20 in GlasB, 
moZe % 

13.6 

17.1 

15.7 

14.2 

16.1 

14.5 

12.6 

TABLE B 

Volatility, mq/am 2 

Na20 Li 20 B203 

0.4 0.04 0.4 

0.4 0.05 0.5 

0.9 0.14 1.2 

1.4 0.20 1.5 

1.4 0.20 2.0 

0.7 0.13 1.0 

1.3 0.16 2.0 

0.7 0.13 1.0 

0.5 O.OS 0.5 

- Average ~ 

Mo lar Ratio8 

1 1.1 

1 1.1 

0.S4 0.97 

0.99 1.1 

0.S2 0.93 

0.S3 0.9S 

0.74 0.S4 

0.S4 1.0 

1 1.2 

0.S9 1.02 

Volatility of Na and B From Frit lB Glass Melts 

COIle 

lS-Avg-25 

-35 

-45 

lS-Fe-25 

-35 

-45 

lS-Al-25 

-35 

-45 

Frit 18 

Frit 21 

Ncr.20 in Gl.ass, 
motH ~ 

21.2 

19.4 

17.1 

21.6 

19.9 

17.7 

20.4 

lS.2 

15.8 

22.7 

17.S 

VolatiUty 
ivrnO 

2.6 

1.9 

1.5 

I.S 

2.2 

1.0 

0.7 

1.5 

1.2 

4.0 

1.7 
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mg/cm 2 Molar Ratio 
;;,&, iia2G/EiSa 

3.0 0.97 

1.9 1.1 

1.6 1.1 

1.9 1.1 

2.3 1.1 

1.4 0.S6 

0.7 1.1 

1.9 0.93 

1.2 1.2 

Average..... 1. OS 

4.5 

'. 



'. 

.' 

. ' 

The quantity of Na20'B203 evolved increased exponentially 
when the mole % of Na in the glass melt was increased (Fig. 4a&Ii). 
Measurements were made over a range of 12-23 mole % Na20 in the 
glass. Volatility varied from 1.5 mg/cm2 (at 12 mole % Na20) 
to 8.5 mg/cm2 (at 22.7 mole % Na20). A linear relationship between 
the logarithm of total weight loss of the sample and Na20 content 
of the melt was also obtained by Kolykov 7 when he studied the 
system Na20-B203-Si02. Barlow" confirmed that sodium volatilizes 
from a borosilicate glass melt as either sodium metaborate or 
sodium diborate, and that volatility depends on the initial Na 
content of the melt. 

Electron spectroscopy for chemical analysis (ESCA) showed that 
the surface of the melts are depleted in Na, but not Ti, as the 
time of vitrification increases (Table 9). 

TABLE 9 

Elemental Ratios at Surfaces of Glass Melts 
as Measured by ESeA 

Time lZ50·C EZementaZ Ratios 
hr>s Na/Si Ti/Si 

0 3.7 1.3 
1 2.3 1.3 
3 1.0 1.0 

Lithium metaborate volatility was about 1/10 that of sodium 
borate. Changes in melt composition or in melting conditions had 
no appreciable effect on Li volatility . 

The type sludge, the type frit, and the concentration of 
other components affected volatility only to the extent that changes 
in these variables changed the mole % of Na20 in the glass melt. 

Cesium 

Cesium, which volatilized from the melt elementally or as 
an oxide, was the most volatile of the three alkali metals 
studied. An average of 0.11 mg/cm2 of Cs (as Cs 20) volatilized 
from samples that contained a range of 0.03 to 0.09 wt % cesium, 
All samples were held at the melt temperature of l150·C for 3 
hours. Because previous workers have reported that addition of 
Ti02, B203 or Mo03 to glass melts reduced volatility, one part 
of this work compared Cs volatilization from glass melts prepared 
from frits containing 0, 5, and 10 wt % Ti02, A comparison was 
also made between cesium volatility from melts which contained 
Cs as Cs-loaded zeolite or as a CS2C03 solution. 

- 17 -



9 

8 TXI!! SIu5;lgg 

0 Average 

7 0 High Iron 

N 
V High Aluminum 

E 

t 6 X Pure Frit 

~ 5 
Filled Symbols .. Frit 18 

j Open Symbols .. Frit 21 
0 
:> 4 Metting Time '" 2 hours 
OM 

Melting Te"!'peratute = 1150°C 
N ., 

6 3 .. z 
2 

12 14 16 18 20 22 24 

Na2 0 Concentration, mole % 

(a) 

10 
9 

e 
)( 

7 

N 6 

~ 5 E '. 

i 
4 

~ 
"0 
> 
cS 3 

N 

'" 
0 

N 
~ z 

2 
8' 
...J 

~' __ ~~ ________ L-______ -L ______ ~ ________ L-______ ~ 

12 14 16 18 20 22 24 

Na20 Concentration, mole % 

(b) 

FIGURE 4. Volatility of Na 20·B 20 3 at Various tJa20 Concentrations 
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Tables 10-12 summarize the effect of wt % Ti02, form of Cs 
addition, and concentration of Cs in the melt on the volatility 
of Cs. The high per cent volatilities reflect the high surface 
area to-weight ratios for the small samples' used and should not 
be interpreted as a direct measure of the amount of Cs expected 
to volatilize from a full scale melter. If these levels of 
volatility are scaled up to a 2.2 ton/day me Iter they represent 
volatilization of 0.05% of the Cs in the melter charge. Battelle 
Northwest Laboratories, by comparison, measured -0.3% Cs vola­
tility when they vitrified simulated Light Water Reactor (LWR) 
waste that contained 0.2 wt % CS 20,8 A melting temperature of 
1050·C for 6 hours was used in the Battelle study. 

The slight suppression of Cs volatility by the addition of 
Ti02 can be seen by comparing samples in Table 10. The volatility 
is decreased so slightly that the Cs vaporization encountered 
during glass melting would not be significantly reduced. The 
failure of TiOz to significantly reduce Cs volatilization is 
explained by the work of Ra~togi, et al. 9,10 who found that 
reductions in Cs volatility were obtained only at temperaLures 
below 1000·C and for vitrification times <1 hour. For example, 
the model compound Cs 20,4 TiO z does not volatilize at 400·C, but 
31% does volatilize at 1200°C. Rudolph, et al. ll and Kupfer and 
Schulz lZ report that Ti02 effectively suppresses Cs volatilization 
in the 1000-1050·C temperature range. The failure of Ti02 to 
significantly suppress Cs volatility is probably caused by the large 
amounts of B203 in the melt compositions used for SRP glasses. 
Rudolph, et al. 11 found that B203, though not as effective as Ti02, 
does reduce volatility of Cs. The effect of Ti02 is probably 
reduced when the melt contains B203 as a constituent. 

Incorporation of Cs into the glass as Cs-loaded zeolite (.02 
gm Cs/gm zeolite), rather than as a CS2C03 solution, did not affect 
Cs volatility from the glass melt. Table 11 shows that Cs vola­
tility did not depend on the form of Cs addition. Kell ey13, in 
his work on radionuclide vaporization from SRP waste, concluded 
that volatility of Cs was unchanged when Cs-10aded zeolite was 
substituted for direct addition of CS 2C0 3 • 

Total Cs VOlatility increased when the total amount of Cs in 
the melt was increased (Table 12). The increase in volatility 
was proportional to the increased Cs concentration, suggesting 
that Cs vaporized by diffusion from the melt surface. 

Albrethsen and Schwendiman,14 in their work on radionuclide 
volatility, proposed that Cs volatilizes from glass melts according 
to: 
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The relative amounts of the two gaseous species are dependent on 
the oxidizing conditions since the reaction, 

occurs in the vapor phase. Though the relative abundance of the 
gaseous species will vary, the total Cs volatility is probably 
independent of oxidizing conditions. The Knudsen cell studies 
did detect elemental Cs above the melt at a temperature of 1200°C. 
No cesium borates were detected. 

TABLE 10 

Effect of Addition of Ti0 2 On Cesium Volatility 

Cesium CS20 Ti02 
Added As in GlaSB, wt % in Frit, wt % VoZatiHty, mg/em2 

Zeolite 0.03 0 0.08 

Zeolite 0.03 10 0.06 

Carbonate 0.03 a 0.08 

Carbonate 0.03 10 0.06 

TABLE 11 

Effect of Form of Addition on Cesium Volatility 

Cesium CS20 Ti 02 CS20 
Added As in GZass, wt % in Frit, wt % VoZatiUty, mfl/cm2 

Zeolite .03 a 0.08 
Carbonate .03 a 0.08 
Zeolite .03 10 0.06 
Carbonate .03- 10 0.06 
Zeolite .09 10 0.10 
Carbonate .09 10 0.15 

TABLE 12 

Effect of Cs 20 Concentration on Cesium Volatility 

CS20 Ti02 VoZatiZity 
in GZass in FPitl. wt % mfl/em2 • 

.03 a 0.08 

.03 10 0.06 

.06 5 0.11 

.06 5 0.-13 

.09 0 0.21 

.09 10 0.15 
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