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Surface Tension of Molten Alkali Silicates

Leo Shartsis and Sam Spinner

The surface tensions of a series of lithium, sodium, and potassium silicate melts were
measured by a maximum-pull-on-cylinder method. The order Li>Na >K was established
for surface tension as well as for the algebraic value of the temperature coefficient of surface
tension. Lithia and soda raised the surface tension, and potash lowered it. The surface
tension curves of different alkali content converged with increasing temperature for lithium
and sodium, but diverged for potassium silicates. Liquids containing less than 33 mole
percent, of lithia had positive temperature coefficients of surface tension. Correlation was
observed between alkali content, volume expansivity, and temperature coefficient of surface

tension.

I. Introduction

One of the fundamental aims of the scientific study
of glass-forming systems 1s to find relationships
between composition and properties that will lead to
a better understanding of the glassy state. For this
purpose, studies of the change in properties resulting
from systematic variations in composition of simple
glass-forming systems are necessary. In planning
such experiments, it is neither necessary nor desirable
to limit the composition range to formulations where
glasses are readily formed on cooling. In many
such systems, the glass-forming region shades off
gradually into the non-glass-forming region, and useful
mformation may be obtained by extending the form-
ulations range beyond the glass-forming region.

Surface tension is one of the physical properties of
glass-forming materials that is related to certain
working properties of glasses. These properties
include the fining of glass (removal of bubbles),
healing of glass blisters, the adhesion of hot glass to
hot glass and other heated solids, the fire polishing
of rough edges and surfaces, ete.

The common constituent of practical glasses is
Si0,.  Unfortunately, there are not many oxides
that can be conveniently added alone to S10, to form
glasses. However, the alkaline oxides, Li,0, Na,O,
and K,O, are among those that form binary glasses
with Si0,, and a study of these systems was under-
taken. The objectives of this investigation were to
determine (1) how the surface tension varied with
composition and temperature, (2) how the tempera-
ture coefficient of surface tension varied with com-
position, and (3) how the temperature coeflicient of
surface tension varied with expansivity.

II. Preparation of Melts and Methods of Tests
1. Preparation of Melts

The liquids investigated were made by melting in
platinum crucibles the requisite amounts of raw
materials of the purity * used for optical glasses. The

1 A typical analysis of silica is Si05-99.71, Fes03-0.01, R:03-0.11, HF residue-0.20
ignition loss-0.09. Potash is required to contain over 98% of K:COj;, negligible
amounts of coloring oxides (Mn, Cr, Ni, Fe) and be completely soluble in water.
Soda ash is required to contain at least 58%, of NayO, same negligible amounts of
coloring oxides and be completely soluble.

melts, weighing approximately 500 g, were stirred
with a motor-driven (propellor-type) platinum stirrer.
When they seemed homogeneous, they were poured
into iron molds.

2. Chemical Analysis

Samples from each melt were analyzed for alkali
oxide content by evaporation to dryness on a steam
bath with HF to the corresponding fluosilicate and
followed by drying at 135° C to constant weight.
With higher alkali content better reproducibility of
the analyses was obtained by evaporation with HF
and 1,50, to the sulphate, followed by heating to
constant weight at approximately 600° C.  Analyses
were made also of many of the samples remaining
from the individual determinations of surface tension.

3. Measurement of Surface Tension

The method for measuring surface tension in use
in this laboratory [1]® was that of determining the
maximum pull exerted on a thin-walled platinum
cylinder when its lower edge was in contact with the
test liquid. In general the first determination of
surface tension of any melt was made at 1,400° C.
Subsequent measurements were made at 100-deg C
intervals, decreasing the temperature until the glass
was too viscous to yield in a reasonable time, or
until crystallization occurred.

4. Measurement of Density

In order to obtain accurate values of surface ten-
sion with the method used, it was necessary to know
the density of the liquid at the temperature of test.
These densities were determined by a counter-
balanced-sphere method [2]. Expansivities were
calculated from the change of density with tempera-
ture.

2 Figures in brackets indicate the literature references at the end of this paper
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III. Results and Discussion
1. The System Li,O-SiO,

Table 1 gives the surface tension values obtained,
and figure 1 shows the data in graphical form.
Below 16 percent of lithia, surface tension measure-
ments could not be made at temperatures less than
1,300° C because of crystallization.® Above 20
percent of lithia the lowest temperatures at which
surface tensions could be measured rose from 1,000° C
to about 1,200° C. The curves of surface tension
versus temperature appear to converge with in-
creasing temperature. It will be noted (fig. 1) that
the surface tension values of liquids containing less
than 20 percent of lithia increases with rise in tem-
perature, which means that in this case the tempera-
ture coefficient of surface tension (dg/dt) has a posi-
tive sign. This result can be contrasted with fam-
iliar liquids whose surface tension decreases with
rise in temperature, that is, do/dt has a negative
sign. In discussing changes in the magnitude of
do/dt of ordinary liquids it has been tacitly assumed
in the literature that the sign is always negative and
only the absolute values are of concern. However,
in the present study liquids exhibiting both positive
and negative temperature coefficients are encount-
ered, and the algebraic sign as well as the magnitude
must be kept in mind.
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Frcure 1. Surface tension of liquids in the system Li0-SiO,

as a function of temperalure.
The percentage of LizO is shown just above each curve.

The upper part of figure 5 shows a plot of the
surface tensions of lithia-silica liquids at 1,300° C
as a function of composition. The surface tension
goes up with increasing lithia content. The value
found by Jaeger [3] for the metasilicate composition
(cross in fig. 5) is about 10 dynes/cm higher (2.8
%) than that obtained in this investigation. The
lower portion of figure 5 shows a plot of the tem-
perature coefficient of surface tension at 1,300° C
versus composition. The temperature -coeflicient
becomes more negative with increasing amounts of
lithia. Liquids containing less than 33.4 mole
percent of lithia have positive temperature cofficients.

These data permit inferences regarding the
properties of vitreous silica. Unless the curve (fig.
5) has a minimum in the region below 21.5 mole
percent of lithia or shows other unusual dependence
on lithia content, the surface tension of vitreous
silica. at 1,300° C is of the order of 300 dynes/cm.
With the same reservations a parallel inference that
the temperature coefficient of surface tension is
positive may be made.

2. The System Na,0-SiO,

Table 2 gives the results obtained with liquids in
the soda-silica system, and figure 2 shows the results
in graphical form. The effect of increasing tem-
perature is to decrease the surface tension for a
given composition and to decrease the magnitude
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Freure 2. Surface tension of liquids in the system NayO-

Si0; as a function of temperature.
The percentage of NazO is shown just above each curve.
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Tasre 1. Surface tension, temperature coeflicient of surface tension, and expansivity of liquids in the system LiyO-SiO,
Weight Mole Surface tension at— Volume
oL L1z ) 1,400° C. | 1,300°C. | 1,200°C. | 1,100°C. | 1,000° C. ! 1 it
Dz)nes/cm Dynes/cm Dynes/cm Dynesjcm Dynes/em | (Dynes/em)® C. m{°.C,

12.0 21.5 B3 (R [en SIS IO R ¢ _1{_,_/_4__)__ i

12.9 22.9 316.3 1) | TR el | T R s S

16.1 28.6 316.5 315.1 313. 5 +0.015

17.8 30.3 316. 8 316.7 316. 2 +.003

19. 4 32.6 318.8 318. 4 317. 8 ~+. 005

20.0 33.4 320.1 320.2 320.0

21.8 35.9 322.7 323.5 323.9 —0.006

23.9 38.7 327.9 328.4 329.1 —. 006

25.9 41.3 331.1 332.1 333.1 -—. 010

27.8 43.6 332.2 334. 2 336. 3 —. 020

29,7 45.9 337.1 340.8 343.4 —. 032

341.8 344.5 348. 1 —.032

3L.9 48.5 { 341.0 343.9 346.9 —.030

33.6 50.3 349.1 352.3 355. 5 —.032

43.1 60. 4 364. 4 369. 1 373.9 —. 048

46.9 64.0 370.0 374.9 379.1 —. 046

49.3 66. 2 373.6 BT ER] R [ EIEN —. 08

a Figures in brackets are extrapolated values.
Tasre 2. Surface tension, temperature_coefficient of surface tension, and volume expansivity of some
liquids @n the system Na,O-SiO,
Weight [Mole per- Surface tension at— Volume
percent of cent of ?";/U‘%(,(‘,t expan-
N2:0 | Naz0 | y40000 | 1,300°C | 1,200°C ' 1,100°C ‘ 1,000°C 900°C vl hatsy
Dynes/cm Dynes/cm Dynes/cm Dynes/cm Dwes/cm Dynes/em | (Dynes/em)/°C| ppm/°C

20.0 19.5 273.1 274. 6 275.6 276.2 L ¢ ol S NN i, —0. 008 54
30.8 30.1 B35y 277.0 279.7 282.1 284.3 286. 0 —.026 66
33.6 32.9 274. 4 277.9 280. 9 283, 8 286. 4 289.0 —.030 82
36.9 36.2 275.6 279. 9 282.8 285. 6 SRRABT - sfvald B s —. 035 88
50.0 49.2 284.3 289.0 204. 6 SO0 T3 e s T oy —. 052 112

of the difference in the surface tensions of the
different compositions.

The upper part of figure 3 shows the effect of
varying the soda content on the surface tension at
1,300° C. The straight line was drawn through the
data of other investigators, while the curved line was
drawn through the data of the present investigation.
Three of the other investigators [4, 5, 6] used a
maximum pressure method and one [7] used a
modified drop-weight method. All the data are
agreed in showing that the surface tension increases
about 10 to 15 dynes/em as the soda content in-
creases from 20 to 50 percent by weight. The values
in the present investigation are lower by approxi-
mately 6 dynes/em (2.19%) than the average of the
other investigators. In a previous mvestlgatlon of
the PbO-Si0, [8] system it was found that the maxi-
mum pull-on-cylinder method was higher than the
drop-weight method [7] by about 9 dynes/cm. This
suggests that differences between methods may be
influenced by the compositions of the materials
tested. The lower part of ficure 3 shows a plot of
the temperature coefficient of surface tension versus
composition. Nearly all the available data indicate
that the temperature coeflicient becomes increasingly
negative with increasing soda content.

As in the lithia-silica system the inference that
vitreous silica at 1,300° C has a surface tension value
of the order of 300 dynes/ecm may be drawn unless the
curve starts upward again as the silica content is

increased. The data of Parmelee et al. [4] (hollow
circles) suggest that this is indeed the case. The
inference that da/dt for vitreous silica is positive may
also be drawn from its relation to soda content.
Parmelee’s [4] data (hollow circles) show, however,
some evidence of a decrease or even a reversal of the
tendency for the temperature coefficient to become
more positive with decreasing soda content in the
region below 25 percent of soda.

3. The System K,0-SiO,

Table 3 gives the results of two sets of determina-
tions on eight liquids of different K,O content, and
figure 4 shows the data of the second set of determi-
nations in graphical form. It may be seen that the
effect, on surface tension of differences in potash con-
tent is very small at 1,000° C but increases with
increasing temperature. This divergence of the
curves with increasing temperature is contrary to the
experience with the lithia and soda silicates (figs. 1
and 2) where the different composition curves con-
verge with increasing temperature. These con-
trasts in behavior correlate with the fact that both
lithia and soda raise the surface tension of SiO,,
whereas potash lowers it.

Some conclusions may be drawn regarding changes
in surface concentration of potash by applying the
Gibbs adsorption isotherm [9]. The divergence of the
curves with increasing temperature means that the
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TABLE 3. Surface tension, temperature coefficient of surface tension, and volume expansivity of some liquids in the system K,0-SiO,

Weight Mole | Determi- Surface tension at— As/At at 1,300° Volume
percent | percent nation i C ’ expan-
of K20 | of K20 | number | 4500 | 1300°C | 1,2000C | 1,100°C | 1,000°C SLY
Dynes/cm Dynes/cm Dynes/cm Dynes/cm Dynesjem | (Dynes/em)[°C| ppm/[°C
43.6 33.0 { 1 207.7 212.1 216.1 221.1 223.0 | - 119.4
. . 2 204.7 209.5 214.6 21016 TN | SR —0.050 | _____.
Avg 206. 2 210.8 215.4 22053 B S —.046 | ______
1.6 31.2 { 1 209.0 214.1 218.2 221.8 220720 R A 102.0
. . 2 207.3 211.8 216.1 220. 5 224.8 —.044 | ______
Avg 208. 9 213.0 217.2 221.2 225.5 —.045 | _____.
38.7 28.7 1 211.4 213.1 218.7 221.9 226525 [ Ren o et 112.1
g . 2 208.7 212.8 216. 6 220.7 224.6 —-.040 | ___._.
Avg 210.0 213.0 217.6 221.3 225.4 —.038 | ...
36.6 2.9 { 1 211.0 212.8 216.7 220.9 22502 | BN i 86.3
i . 2 209.3 213.2 217.1 221.4 225.3 —.039 | -
Avg 210.2 213.0 216.9 221.2 225.2 —.03¢ | _____.
1 213.9 216.5 218.6 221. 4 227.6 A 95.1
329 2B { 2 2134 216.1 219.8 222.6 226.2 Zhoaz | L.
Avg 213.6 216.3 219.2 222.0 226.9 —.028 | _._.__
29.9 9.4 { 1 216.3 219.0 220.0 222.5 226080 e 74.1
% 2 216. 6 218.5 220. 5 224.1 227.4 —.020° | ...
Avg 216. 4 218.8 220. 2 223.3 226. 6 (] IR [
2.7 18.8 { 1 218.8 220.4 224.2 224.6 226.8 | oo 79.5
bt . 2 218.2 220.2 222.6 225.0 227.6 —.022 | _._.__
Avg 218.5 220.3 223. 4 224.8 227.2 —.024 | .-
= 1 217.9 220.1 220.8 224.0 228.4 | .. 70.4
2339 Ly { 2 219.9 22,0 223.9 255 | T2 |
Avg 218.9 221.0 222.4 224.8 | ... —.018 | _._._.
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~ -0.06 each curve.
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Ficure 3. Surface tension and temperature coeflicient of
surface tension of liquids in the system Na,0-SiO, at 1,300° C.
Hollow circles represent data of Parmelee et al. [4] with a bubble pressure
method, filled circles represent data of Appen [7] with a modified drop-weight
method, half-filled circles represent data of the present investigation, the cross
represents datum of Williams and Simpson [6] with a bubble pressure method,
and the triangle represents the datum of Amberg [5] with a bubble pressure
method.
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change of surface tension with change in concentra-
tion of potash, Ag/Ac which may be called the con-
centration coefficient for convenience, increases in
absolute magnitude with temperature. Since Ag/Ac
is negative, the concentration of potash in the surface
is gr cater than in the interior of the liquid according
to the Gibbs adsorption isotherm. The increase in
negative magnitude of Ac/Ac Wlth increase in tem-
perature means that the excess potash in the surface
becomes greater as the temperature is raised. In
the lithia and soda systems, the concentration coeffi-
cients are positive and become smaller as the tem-
perature is raised. As there is less of these alkalies
mn the surface than in the interior and since this
deficiency becomes less as the temperature is raised,
the concentration of alkali in the surface increases
with temperature.

In the above considerations, concentrations have
been used instead of activities. A recent publication
of Callow [10] has given the order of magnitude of
the activity coefficients to be associated with the
alkali concentrations. As the activity coefficients
are always positive, they cannot change the alge-
braic sign of the concentration coefficients. There-
fore, the general conclusions drawn here will not be
affected.

The upper part of figure 5 shows a plot of the sur-
face tension at 1,300° C as a function of the potash

content. The effect of increasing the potash content
is to lower the surface tension. There is a reason
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Frcure 5. Comparison of the surface tension and temperature
coeflicient of surface temsion at 1,500° C of alkaiz silicate
liquids as a function of the mole percent of alkalr.

Cross was obtained by linear extrapolation of Jaegers [3] data above 1,380° C.

928109—51

for not expecting a linear extrapolation of this curve
to 0 percent of potash to yield a correct value for the
surface tension of pure silica at 1,300° C. When a
substance lowers the surface tension of the liquid,
the effect of the initial additions is usually much
greater than that of the succeeding additions [9].
Therefore, linear extrapolation to 0 percent of K,O
would be expected to give too low a value for the
surface tension of pure silica at 1,300° C.

The lower part of figure 5 shows the effect of com-
position on the temperature coefficient of surface
tension at 1,300° C. The general trend is for the
temperature coeflicients to become more negative
with increasing K;O content. Linear extrapolation
of the temperature coefficient to 0 percent of potash
indicates a positive temperature coefficient of surface
tension for pure silica at 1,300° C, in agreement with
the measurements of the 1i,0-Si0, and Na,O-SiO,
systems.

4, Comparison of the Surface Tensions of the Alkali
Silicates

The upper part of figure 5 shows a plot of the sur-
face tension at 1,300° C of the systems investigated
versus the mole percent of alkali. The order
Li>Na >K found is the same as that observed by
Jaeger [3] for molten salts and by Badger [11] for
equal molar alkali additions to a soda-lime-silica base
glass.

The lower part of ficure 5 shows a plot of the
temperature coefficient of surface tension at 1,300°
C versus mole percent of alkali. Comparing the
values of the coefficient (at the disilicate composi-
tion) the order Li>Na >K is found to hold in the
sense that i gives more positive coefficients than
Na and Na gives more positive ones than K.

5. Temperature Coefficients and Expansivity

The normal process tending to lower the surface
tension as the temperature is raised is generally con-
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Frocure 6. Volume expanswity at 1,300° C versus temperature
coefficient of surface lemsion at 1,300° C of alkali silicate
liquids.

Filled circles represent LiO liquids, hollow circles represent KO liquids, and
half-filled circles represent NaO liquids. Circles whose right half is darkened
represent data of the present investigation, those whose left half is darkened
represent Appens [7] data, and those whose lower half is darkened represent data
of Parmelee et al. [4]
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sidered to be associated with the decrease in the
force of attraction between adjacent molecules as
their average distance of separation increases with
rising temperature. This suggests that the mech-
anism leading to negative temperature coefficients
should have some relation to the expansivity. It
has been deduced from theoretical considerations [9]
that the ratio of the temperature coefficient * of sur-
face tension to that of cubical expansion should be
constant. This deduction is based on the assump-
tion that the liquids discussed are strictly homoge-
neous, that is, they each contain only one kind of
molecule. Obviously, constancy of the ratio cannot
be expected in solutions where different kinds of
molecules exist and where the surface composition
is generally different from that of the interior.
Nevertheless, in a series of liquids containing one
solute in different concentrations in the same solvent,
one may expect some systematic relation between
the two coefficients. The tendency for the temper-
ature coefficient to increase in negative magnitude
with increasing expansivity may be expected.

Figure 6 shows a plot of the volume expansivity
versus the temperature coefficient of surface tension.
In the case of the system Na,O-Si0,, expansivity
data were calculated from density data in the
literature [12] combined with the data of the sphere
method [2]. The general trend for the temperature
coefficient of surface tension to become more negative
as the expansivity increases is quite marked.

The authors invite attention to the large scatter
in the temperature-coefficient data as well as the
volume-expansivity data. The precision of such
measurements is necessarily low because each value
is derived from a small difference between two
relatively large quantities. The differences between
the two large quantities are often not much greater
than the reproducibility of the method used so that
a large scatter in the coefficients is to be expected.
No exact laws can be deduced from such data;
instead, only general trends may be observed.

In a previous publication [8] where the relation
between temperature coefficient of surface tension
and expansivity was discussed, the expansion data
used were not in the same temperature region as that
at which the surface tension was measured, princi-
pally because suitable data were not available. It

3 The temperature coefficient referred to in the literature [9] is 1 (1/e) (do/dl),

whereas the one used in this paper is Ae/At, where ¢ is the surface tension and
# the temperature.

was tacitly assumed that the expansivities in the
liquid region would parallel those i the solid range.
Recent experience [2] in measuring densities has
shown that such an assumption is not valid. The
comparison of different properties must be based on
measurements made over the same temperature
range.

IV. Summary and Conclusions

The surface tensions of a series of lithium, sodium,
and potassium silicates have been measured. In-
creasing the lithia and soda content was found to
raise the surface tension, whereas increasing the
potash caused a lowering in surface tension. The
order Li>Na >K was established for surface tension
as well as for the temperature coefficient of surface
tension.  The surface tension-versus-temperature
curves of differing alkali content were found to con-
verge with increasing temperature in the case of the
lithium and sodium silicates and to diverge in the case
of the potassium silicates. Liquids containing less
than 33 mole percent of lithia had positive tempera-
ture coefficients of surface tensions. Correlation
was observed between alkali content, volume ex-
pansivity, and temperature coefficient of surface
tension.
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