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Abstract

The reaction of water with silica is described by the equilibrium
constant k. This property depends on temperature and is affected by
stresses. The experimental determination of k& is in most cases carried
out in presence of swelling stresses. Knowledge of the reaction
volume AV allows an elimination of the swelling stresses and the
determination of an equilibrium constant for the case of a stress-free
material. An analytical expression of kj as a function of temperature,
ko=1(T), will be suggested.
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1 Hydroxyl concentration under water saturation pressure

1.1 Results from literature

Water in silica reacts with the silica network according to
=Si-O-Si= +H,0 <> =SiOH+HOSi=

with the concentration of the immobile hydroxyl [=SiOH]= S and that of the mobile
molecular water [H,O]= C, [1]. Hydroxyl concentrations at silica surfaces below
500°C are available from investigations by Tomozawa and co-workers [2,3,4] and
Zouine et al. [5]. The results from Zouine et al. [5] are shown in Fig. 1. The saturation
pressures p, under which the tests were carried out, are represented in Fig. la. For
these measurements the nuclear reaction analysis (NRA) was applied that subsumes
molecular and hydroxyl water.

Whereas in [2-4] the S-concentration was measured via the IR-method, the data by
Zouine et al. [5] represent the total water content C,, at the surface. The results are
shown in Fig. 1b. From these measurements, also the water species S and C can be
obtained.
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Fig. 1 Results by Zouine et al. [5], a) saturation pressure with symbols indicating the test conditions,
b) solubility of water at silica surfaces under saturation pressure.



1.2 Computation of molecular and hydroxyl water concentrations

In molar units, the total water concentration is given by
C,=C+1S=C(1+1k) (1.1)

where the quantity £ is the equilibrium constant describing the ratio of A=S/C.
The experimental results on equilibrium ratios from literature were expressed in [6] for
the temperature range of 90°C<7<350°C by the empirical relation

_S. _9
k= c= A, exp( RT) (1.2)

(4=32.3 and Qs~=10.75 kJ/mol, subscript “s” for saturation pressure) as is shown by
the straight line in Fig. 2 together with the 95%-confidence limits of the straight-line
fit as the dashed curves.
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Fig. 2 Plot of £=S/C as a function of 1/7, from [6].

Equations (1.1) and (1.2) result in

C
C=—2% 1.3
1+1k’ (13)
C
§=n
(1 1) (1.4)
7+7
2 k



and in mass units

s=1l G 14

2 k

(the ratio 17/18 reflects the different mole masses of water and hydroxyl). For the
temperature range of 20°C<0<200°C, the straight-line dependency can be approxi-

mated as

B
Piat EBl exp(_R_;-,j (15)

(B1=5.79x10 kPa, B,=41.28 kJ/mol).

Under the common assumption that the molecular water species at the surface is pro-
portional to the pressure of the water vapour, Cocp/T, the combination with the two
1/T-depenencies for k£ and p makes clear that the total water concentration at the sur-
face, eq.(1.1) not necessarily shows a straight line in an Arrhenius plot. This behaviour
is visible from the dashed curve in Fig. 1b.

The concentrations of molecular and hydroxyl water were computed from the meas-
ured total water concentration by using eq.(1.3) and (1.4a) and are plotted in Fig. 3
versus 1/7. The dashes curves are guidelines for the eyes.
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Fig. 3 Surface concentration of the molecular (blue) and hydroxyl (red) water species obtained via
eqs.(1.3), (1.4a).



1.3 Semi-logarithmic description

Figure 4a shows the total water concentration in a semi-logarithmic plot with linear
temperature scaling. The measurements can approximately be described by the simple
expression

C,, =0.000780exp(0.00868 6)  for 23°C<0<200°C (1.6)

with the temperature 0 in °C. Fig. 4b illustrates the S-data in a similar plot with a
slightly curved averaging curve given by
5 0.000780 exp(0.00868 &)

S=1 1.7
! %+A%‘_exp(QS/RT) (1.7)

with the parameters 4 and Q in eq.(1.2).
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Fig. 4 a) Total water from Fig. 1b and hydroxyl data of Fig. 3 plotted with linear abscissa scaling, b)
hydroxyl water concentration, curve: eq.(1.7) obtained by combining eqs.(1.6) and (1.2).

For simple computations in the reduced temperature range of 70°C<6<200°C, tolerat-
ing a few percentage deviations from the curve in Fig. 4b, a straight-line representation
is suggested that reads

S, ~0.000265exp(0.0143 9)  for 70°C<O<200°C (1.7a)



This approximation is introduced in Fig. 5 as the red line. For extrapolations, the
eq.(1.7a) should not be used. Already at 6=250°C, the hydroxyl concentration is over-
estimated by about 30%.
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Fig. 5 Hydroxyl data of Fig. 4b together with the simple straight-line approximation by eq.(1.7a).

2 Influence of swelling stress

The swelling stresses at the glass surfaces are given by

c,.=0, 6 =K £ S=-28 GPax S 2.1)

W,z swW,y 3(1 _ V)

with the hydrostatic stress

o,.,=x(0c, . +0, )=—187GPaxS$ (2.2)

swh — 3 sW,z sw,y)

For the computation of the swelling stresses, the necessary hydroxyl concentration can
be determined via eq.(1.4a) with the equilibrium constant according to eq.(1.2). Intro-
ducing the hydroxyl concentrations from eq.(1.7) results in the swelling stresses

_ 13.75MPa exp(0.00868 0)

O, (2.3)
" 1+ exp(Q/RT)

represented by the curve in Fig. 6a.
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Fig. 6 a) Hydrostatic swelling stresses under saturation water pressure, b) equilibrium constant for
disappearing swelling stresses, ko, as a function of 1/7 shown by the red straight line and the closed
circles, obtained via eqs.(3.1) and (3.2). Black curve and open circles: values of £ from measurements
under saturation water vapor pressure (from Fig. 2).

3 Equilibrium constant in the absence of any stress

The equilibrium constant of the water/silica reaction is given by

LI exp{ﬂ} 3.1
k()

where ky is the equilibrium constant in the absence of any stress, namely externally
applied stresses and swelling stresses, AV is the reaction volume, the change in the
volume of the glass during the chemical reaction, i.e., the volume of the products mi-
nus the volume of the reactants during the reaction. R is the universal gas constant and
T is the temperature in K. The reaction volume was found in [7] as

AV =2V, =15.03cm’/mole [14.22,15.8] (3.2)

with the 95%-CI in brackets.

By using eq.(2.3), the data k; for the specimens for saturated water vapour pressure
were transformed in kj via eqgs.(3.1) and (3.2). The resulting data points are represent-
ed by the red circles in Fig. 6b. They were fitted by an Arrhenius dependency accord-
ing to

k, =4, exp(— EJ (3.3)



(4¢=58.9 and Qy=12.14 kJ/mol with subscripts “0” for disappearing swelling stresses)
as is shown by the red line in Fig. 6b. The black line and the open circles show again
the equilibrium constants from Fig. 2 for saturation pressure.

A short remark seems to be necessary with respect to the meaning of the measured
equilibrium constants. In the preceding equations, the measured values of the equilib-
rium constant were interpreted as values representing all the water present at and be-
low the glass surface. It has to be noted that in the region below the surface the water
concentrations decrease with the distance to the surface. This implies that the swelling
stresses and the equilibrium constant must also vary with depth z.

The value £ is mostly obtained in literature by transmission IR measurements of hy-
droxyl and molecular water. These measurements reflect average values k& over the
whole water profiles

_ S S(z)dz
LG (3.4)
C j C(2)dz
Having this in mind, eq.(1.2) has to be understood as
- S 0
k =—==Aexp| ——— 3.5
c Xp( > Tj (3.5)

4 Application of the equilibrium constants

In order to eliminate the effect of increasing surface concentrations with increasing
saturation pressure, Fig. 1a, the concentrations were normalized on the pressure of 355
Torr. In contrast to Fig. 3, the surface concentrations decrease with increasing temper-
ature. This makes clear that the increasing curves of Fig. 1b and Fig. 3 reflect strongly
the increasing saturation pressure.

The data in Fig. 7a, transformed via eq.(1.2) and describing concentrations of molecu-
lar water and hydroxyl in the absence of externally applied stresses, can be represented
by straight lines for 1/7>0.0022/K:

4.1)

Cisston = eXp[— 23.58+ M:‘

and

4.2)

S(0)ss570r = exp{— 20.16 + M}

In order to show the effect of the swelling stress on the hydroxyl concentration, we
computed again the S-concentration for a pressure of 355 Torr by application of
eq.(3.3) and introduced the results as the solid red circles in Fig. 7b. Since 355 Tor is



the saturation pressure at 80°C, the data below this temperature (black circles) are
without physical relevance. The open circles represent measurements were reported by
Davis and Tomozawa [3]. Whereas the hydroxyl concentration decreases with increas-
ing temperature for temperatures 6<250°C, it increases for 6>250°C.
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Fig. 7 a) Concentrations of molecular and hydroxyl water from Fig. 3, normalized on a constant water
vapour pressure of p=355 Torr, b) data by Zouine et al. [5] transformed from saturation pressure to
355 Torr via eq.(3.3) (solid red circles) and results reported by Davis and Tomozawa [3] (open cir-
cles).
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