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The Solubility of Gése§ in Gléss -~ A Monatomic Modeln
Perry L. Studt
Lawrénce‘RadiationfLaboratory, Livermore, California 9&550;1
| and “
James F. Shackelford and Richard M. Fulrath
Inorganic Materials Researcthivisions Lawrence Radiation Labofétofy,
and Department of Materials Science and Engineering,
Coilege of Engineering, Unifersity of California,

Berkeley, California 94720

A statistical mechanical model bf gas solubility in.
~glass is presented. For equilibrium, the Gibbs free energy
of the free gas is equated to that of the gas in solutioﬁ.
Expressions for the Gibbs energies are obtained from |
aésumptions of the atomic motion in the frée gas and
dissolved states. The resulting solubility equations
express the solubility (in atoms per em® of glass) as
aAfunction‘of gas pressure, température, fundamental

constants, and material parameters. An initial
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'eﬁaluation of the model is made by comparison with literature
data for helium agd neon in fused silica. |
INTRODUCTION

The use of glass (and‘ceramics containing glaséy phases) in a
variety of gas atmospheres makes this study of practical interest. For
the ﬁoderate_gas atmosphere pressures and dilutevsolutions usually en-
countered, one can expect a reasonably idezlized moéel to provide a
meaningful representatioﬁ of the ph&sical system.

A iarge body of experimental data on gas solubility in glass is
available in reviews.l’2 Adequate quantitativé models.for this systém

[ :
are lacking. However, statistical models have been proposed for gas

solubility in metals.3-6 These theories have successfully described
the.solubility of Hy both with and without "the formétion of an hydfide
phase.: Monatomic gas solution in crystalline oxides has been treated for
UOz,7 tridymite,8 gna‘cfistobalite.S This paper proposes a statistical
mechanical modéi for gas solution in glass. |

The dissolved gas atom in previous étatisticalvmodels was usually
treated as én Einstein oscillator. The model developed in this paper
also considers the possiﬁility of translational motion by the dissolved
‘gas atom.; However, the oscillator model is shown fo be satisfactory in
considering thg_solubility of helium and neon in fused silica.

| THE MODEL

The model assumeé an ideal gas in equilibrium with the species in
»solution. The ideal gas is represented by free particles in a three-
dimensional box. The dissolved state may be considefed as a combination

of translational (particle-in-a-bcx) motion and/or vibrational (simple

|
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harmoﬁic oScillator) motion. Such a modél is considered reasondble in
light of the success of similarly idealized zmodels in treating gaseous
equilibria‘and Langmuir adSorption.9

Equilibtrium between'theAgaseous and dissolved states requires
G(g) = G(s) ' (1)

where G(g) and G(s) are the Gibbs free energy for the gaseous and dis-

solved states, respectively. Equation (1) is equivalent to

H(g)-15(g) = K(s)-TS(s) | (@)

with H, T, and S the enthalpy, absolute tenperature, and entropy,

respectively.

Expressions for the enthalpy and entropy can be obtained from the

9,10

assumed atomic model using

i -B,ln Q 9 1In Qi
H o= KT (a Tn T) you TE (a Tn .V)T,N (3)
and
_ d In Q , :
§ = k(amin T)V,N +k 1n Q _ (1})

where Q is the canonical ensemble partition functionj; k is Boltzmann's

constant; and V is the volume containing a number of particles,'N.
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Assuming the gas to be ideal, the Q is that for a system of N

| .
indistinguishable particles in a three-dimensicnal box, i.e.

SN 3/2
_q _1 2mmkT N _ .
S T [( hzl') v (5)

where m is the mass of one atom, h is Planck;s constant, V is the volume
of the box, and g is the partition function for a single particle. Sub-
stituting Eq. (5) into‘Eqs. (3) and (4) and using the ideal 'gaévlaw

' (pV=NKT), one obtains.expressions for the enthalpy and entropy which

| :

-combine to give

m\3/2 :
G(g) = -RT1n (gg)(?—“"”) (6)

h?
where p is the pressure of the gas atmosphere and R is the gas constant,

T

For the dissolved state,

H(s) = H(Q) + E(0) (7).

and

S(s)

1]

s(a) + &, . o (8)

H(Q) and S(Q) are given by Egs. (3) and (4) where Q is now the
partition function associated with the motion of the gas atom in the
dissolved state. For the monatomic case, the motion shall be assumed

to be combinations of translation (the particle in a box) and vibration



-5~ UCRL-19039Rev.

(the simple harmonic oscillator). E(O) is the energy of the atom ét rest
(the lowest-quantum state) in solution relative to the éimilar rest

state in the free gas, i.e., removed from the potential field of the
solid. E(0) will be discussed further in the next section.. 55 is ﬁhe

partial molal entropy of mixing for the gas. It is of the form7

_ N
5§ =R 1n(;; : (9)

where NS is the number of solubility sites available per cubic ;ehtimeter
and n is the number of gas atoms dissolved per cubic centimeter of
glassf The value of n_ at one atmosphere pressure will be called "the»
sOlubility." Tﬁe derivation of Eq._(9) assunmed that NS and nS were
large numbers and that NS>>nS. These assumptions shouid be valid fbr
all real systems discussed in this paper.

Fouf cases of solubility will be coﬁsidered:

(i) The’dissolved species is held in a specific solubili£y site
which is large enough>to permit threé degrees of translational ffeedom.

For this case

m\3/2 o
Q= qN = [(hml:T) } VS]N . (10)
h o

This is essentially the form of Eg. (5) except that the VS is the vdlﬁme
of a single solubility site and no N! term appears as the species dis—‘
solved at specific solubility sites are distinguishable.

'fii) The solubility site is disc-shaped and réstricts tran;lation

to two directions while adding on2 degree of vibrational freedom. For
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" this case

!

: N 2mmk T e
Q=gq = A , . (11)
h? s l-e'_u
where As is the area available for translation and u = (hy/kT) where v
is the vibrational frequency of a simple harmonic oscillator.

(iii) The solubility site is cylindrical restriéting translation

to one dimension and yielding two degrees of vibrational freedom. For

’ 1/2 -u/2\2 | N '
N _ 2mmkT e . _ .
GTe T [( h? ) LS(l-e"“) ] o

where LS the length available for translation.

this case

(iv) The solubility site completely restricts the dissolved atom

. from any translation giving three degrees of vibrational freedom. For

—u/2 \ 38 -
Q=qN=<e _u) - (13)
l-e )

Substituting Eqs. (9) to (13) into Egs. (3), (L), (7), and (8) give

this case

expressions for H(s) end S(a) for each of the four solubility cases. -
Combining H(s) and S(s) gives G(s). By equéting G{s) to the givén»G(g)

in Eq. (6) and rearranging terms, one obtains the final results:

(1) For three degrees of translation in the dissolved state,

[t

—55 = (k1)7% N_V_'exp (-1) exp [-E(0)/mT]. (14)
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(ii) For two‘degrees of translation and one degree of vibration,

o

ns : h'z 1/2 -1 e..;u/2 : - . ) |
D =<2ﬂka> (kT) 7 N A LU exp (- 3) efp [-z(0)/RT]. (15)

.(iii) For one degree of translation and two degrees of vibration,

2

..n S y2 -u/2 :
s _ h -1 e 1 . - :
o <§F§§f) (xT) N, L <1;e_u.) exp (- 3) exp [—h(O)/hP]f.. (16)
(iv) For three degrees of vibration,
nS . . \o -—1 _ e-u/2 3 : | : _
il (e (kT) = N :;E exp [-E(O)/RT]. (17)

The translational motion considered in Egs. (14), (25), ana (16)
could actually arise in two ways. First, translation could be in
localized sites (e.g., pores) as previously described. ©Second, trans-
lation could be throughout the solid strﬁctufe, i.e. non~localized with
the soiid serving as a potential field with the potential beiﬁg‘E(O).

The final equations are nearly the same for both cases. The factof:of
exp(-x/3) where x is the number of translational degrees of freedom
would be absent from Egs. (1h) to (16) in the case'of nén—localized trans-

lation., The latter case is essentially the approach taken by Fovler

and Smithells.3 In this case, the term Vst (or Ast or Lst) becones

the total volume (or area or length) available for translation. How-

ever, as long as there is a significant structural barrier between
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solubility sites, the assumption of localized.vibration rather thaﬂ‘hon—
localized translation is preferable,

The trénslational motion has been treated classically in all thé
above cases, This is Vélid for translational distances down to a few
angstroms in the temperature region of room temperature or above. How-'
ever, for such translational distances which are on the order'of'inﬁer—
étomic spacings in solids, the potential well would be expected to be
nearly parabolic as associated with the harmonic oscillator rather than

738

square as associated with the particle in a box. Therefofe, smail
solubility sites arevagain expected to produce vibrational motion rather
than translation. |

DISCUSSION

Equations (14) through (17) expreés the solubility (ns) of avmoné_
tomic species at a given pressure.as a function of temperatufe, funda-
mental constants, and material parameters. The model considers the pos-
sibility of translational motibn by the dissolved atoms. Locaiiied!ﬁrans—
lation could occur in relatively large solubility siteé such as micro-
pores produced in glass manufacture. Non-loCalized translation céuld
occur through the silica network. However, for small solubilityvsites
sepérated by even smaller pathways, the assumption of localized vibration
rather thén ﬁonflocalized translation is preferred.

Tﬁé temperature range of interest extends from room temperatufe.to
tﬁe'glass transition temperature. The mass, m, of a given dissolved
-species is:clearly fixed. The number of sites per unit Volume} Ns,fcan
be calculated with great accuracy for a crystal and is simply'the nﬁmber

of most probable (usually largest) openings in the structure which would
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serve as solubility sites. The disordered structure of glass makes

such estimates more.difficult.‘ For glasses with structures similar to
known crystalline forms, a satisfactory estimate can be expected. Cal-
culation of the solubility site geoﬁetry (Ls’,As’ or VS) depends upon a
similar knowledge of the structure. The vibration freguency, v; of the
dissolved species can be estimated by comparison with litgraﬁﬁre data
for simila;ly impinged species. The calculation of E(0), the effect of
the solid's potential field on the dissolved atom, is made by summing
ﬁhe attractive and repulsive forces acting on the dissolved atom in the
assumed solubility site. This is a difficult calculation even for a
well defined site in a crystalline structuré. Consequently, E(O) was
chosen to best fit experimental solubility data by varying it o?ér the

7,8

range found by otﬁer; for helium and neon in similar crystalline
oxides. |

While there is a lack of much consistent or précisé data on gas
solubiiity in fﬁe current literature,l en initial evaluation of the model
can be made for fhe systems of helium and neon in fused silica. Data are
available.which werevobtainéd indirectly from permeation and diffusion

11,12

measurements, Figures 1 and 2 show a comparison of experimental

data for these systems with plots of Eq. (17) which assumes thé dissolved
atom to be é.siméle harmonic oscillator. For silica with sites approxi-
mately 3 X iﬂ diameter, one would expect the dissolved species té be
represented by localized Eihste;n oscillators. This is consistentvwith
the assumption of Barrer and Vaughan for helium and neon in cristobalite.8
Figure 1 compares the experimental data for He in fused silical

| -
with the plot of Eq. (17). The mass, m = 6.6 x 10 2hg, is that for
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V to be in the range of 1.9 to 7.8 x 10'? sec
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3

. . ' 2
helium. The number of sites, Ns = 2.22 x 10 2 sites per cm® of glass,

is that calculated for fused silica which has a slightly distorted

1) ana E(0)

( = -1.5 kcal/mole) were chosen to give the best visual fit to the ex-
perimental data. Both of these values are in good agreement with the
range of values found for helium solubility in c¢rystalline oxides in-

7,8

For instance, Barrer and Vaughana calculated

-1

cluding cristobalite,
and E(0) from _2f0 to
-3.16 kcal/mole for He in cristobalite with the variation depénding‘
upon the method of palculation. This agreement of experiment.and theory
using reasonable parameters is considered highly satisfactory.

Figufe 2 compares the experimental data fér,Ne in f_‘usedvsilical2
Qith the plot of Eq. (17). All parameters are the same except:tﬁe mass ,
m, the binding energy, E(0), and the vibratiénal frequency, v. The
mass of a neon atom is 3.35 x 10—23g. The best visual fit to the ex-
perimental data was obtained with values of E(0) = -2.9 kcal/mole and

v =2.9 x 1012 sec”l

. The E(O) is in the same range found for helium
and agrees favorébly with the calculations of Barrer and Vaughan8 for
neon in crystalline silica. The lower V is expected as the vibrétibnal
frequency of a harmonic oscillator is inversély proportiénal to the
square root of its mass. In facﬁ,.the vHé/vNe ratio is almost exactly
equal to the /5;;7/5;; ratio. As for helium, very good agreemenﬁ is
shown in Fig. 2 between the Ne—SiOz data and the model. |
Experimental studies are currently planned with the hope of obtain-

ing more direct tests of the various equations developed above. Solu-

bility measurements for glasses with known microporosity would allow a



-11- , UCRL~19039 Rev.

direct test of the equations containing translational terms.,
One can also note ﬂhe success of a statistical modsl for solubllity

T

in a crystalline oxide. ‘Olander’ assumed helium dissolves in U0; as a
simple harmonic oscillator. Conscqﬁently; he obtained a solubility
equation essentially equivalent to Eq. (17). At 1200°C, his caléulated
n, was 2 x 101? atoms—cmf3 —atm—l. The experimsntal value was 1 - 2 x
107 atoms—cm_3—atm—l.

The model, as preSented; might be described as "ideal" solubility
in that the dissolved state was assumed to be a combination of indepen-
dent particle-in-a-box translation and simple-harmonic—oécil;ator
vibration. However, inﬁermediéte states might occur. ‘A similar'prbbiem ‘

in adsérpiion theory (hindered translation) has bteen treated,g The

.present daté would not warrant such 'a refinement of the theory, but
future data might justify such a treatment.

The current model was limited to monatomic gas solution.: Extehsibn
of the theory to cases of.polyatomic gas solution in which dissociaﬁion
of the species may or may not occur is planned.

Finally, a brief comment on a recent model of gas solubility in

_glassgs is appropriate. Doremus[lh has proposed a "free volume" mbdel
of solubility ﬁhich»considers the free volume or "openness" ofzthe glass
structure to determine the magnitude of solubility. The modei waé bfb—

.posed while emphésizing that ng divided By the free>gas density, cg
(= p/kT), is constant with temperature for a variety of gases. In térms
of our model, this is equivalent to assuming that the dissolvéd gas'atoms

retain three degrees of translational freedom. For solution in localized

sites, the solubility, n_, is given by Eg. (14). For non-localized
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translation throughout the solid structure, the exp(-1l) term is omitted
from Eq..(lh) as previously discussed in the MODEL section, Diviaing
ﬁs by Fg (= p/kT) produces Arrhenius tyfe equation with.a temperature
independenﬁ pre-exponential form. Any temperature depehdence is re-
lated to the interaétion energy, E(0). For E(0O) = O, complete tempera-

ture indepehdence is achieved. For localized translaticn,

B

S opgvet, : (18)
c s s _

om

For non-localized translation,

o]

T s ‘.
— =NV, : | (19).

. 0a

Howéver, this approach is not preferred for two reasons. First, the
ns[cg plots are only approximately independent of temperature, and ahy
of thé fdur éolubility states considered in this paper could produce .
small temperathre dependencies. Second, the reasonableness of thg
solubiiity state being considered as three degrees of vibration (the:
Einstein oscillator) has been previously stated and was then justified
by the successful comparison of model and experiment in Figsf‘(l) and
.(21. However, the primary objection ta the "free volume" model is that
it considers the available volume of the structure to be represented by
the amount of gas solubility. The more fundamental model of this pa@er

b'shows that at equilibrium only a small fraction of the available'volume

is occupied, i.e. nS/NS<<l.

o
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FIGURE CAPTIONS
Comparison of experimental solubility data for helium in fused

silica with a plot of Eq. (17) using the parameters

-1

v = 6.5 x 1012 sec™™ and E(0) = -1.5 kecal/mole.

Comparison of.experimental solubility data for neon 'in fused

silica with a plot of Eq. (17) using the parameters

-1

v =2,9 x 10'? sec and E(0) = -2.9 kcal/mole.
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