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Abstract 

 

Monotonously increasing water concentrations at silica surfaces can be 
described by a mass transfer surface condition for diffusion that hinders 
free water penetration from a water vapour environment into silica. So 
far, the related mass transfer coefficient has been determined predomi-
nantly for tests at temperatures 250°C. For an extension of the database, 
experimental results from literature at temperatures  200°C are studied. 
These measurements are surface water concentrations and disk curvature 
measurements, both under saturation vapour pressure.  
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1. Results by Helmich and Rauch [1] 

1.1 Water concentrations 
An extensive study on the uptake of water at silica surfaces was published by Helmich 
and Rauch [1]. In the present report we use these results obtained in vapour at saturat-
ion pressure in order to determine the water concentrations at the glass surface as a 
function of soaking time. Helmich and Rauch [1] used the NRA-Technique (Nuclear 
Reaction Analysis) for the determination of the hydrogen- and the oxygen concen-
tration. In order to distinguish between water oxygen and the oxygen in the SiO2 struc-
ture, they used water with 18O content. For the H-concentrations in [1] a rather large 
scatter has to be taken into consideration as is visible from Fig. 1a for measurements at 
200°C.  
A fitting procedure according to the erfc-profile for the hydrogen concentration 
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(t=soaking time) resulted in the surface concentration Hx=0 and the diffusivity D. 
Figure 1b shows the surface H-concentrations vs. t. Saturation is visible for t  144h. 
The bars indicate the 90% Confidence Intervals (CI). 
The results for Hx=0 are also compiled in Table 1 (last column) with the 90%-CI in 
brackets. Measurements on oxygen concentration showed negligible scatter. The 18O 
surface concentrations are given in the third column of Table 1 and in Fig. 2a. 

 

 
Fig. 1 a) Hydrogen concentration in the glass vs. depth x under the surface; b) related water 

concentrations at the surface with 90% Confidence Intervals. 

500 1000 1500 2000

1 

2 

3 

4 

5 

6 

7 

t=5 h 

144 h
240 h

480 h

1020  
/cm3 

H 

x   (nm)

a) 

5 10 15 20

1

2

3

3.5

(H/2)

1020  
/cm3 

Cw 

t  (h)

b)



 2

For large times, t  144h, the constant H-concentration indicates a constant water con-
centration at the surface, Fig. 2a. Nevertheless, the oxygen surface concentration in-
creases continuously. The 18O measurements are given by the solid circles and the 
result from the H-measurements as the open circles. The difference in the water con-
tents from O- and H- measurements C, Fig. 2b, must be caused by oxygen exchange 
in the O-data (exchange of 16O of SiO2 by the 18O of the water). For discussion of the 
oxygen exchange see [1] and [2]. The difference C is nearly proportional with time. 
This fact enables to transform the oxygen concentrations in water concentrations. 
Figure 3 and the fourth column in Table 1 represent the corrected data. Again the 
water concentrations Cw from H/2 are plotted as the open symbols and those from 
oxygen measurements as the solid ones.  

Temp. °C Time h From 18O (1020) O exchange 
eliminated 

From H (1020/cm3) 

200 5 2.12 2.04 4.11[3.71,4.51] 
200 10 2.68 2.52  
200 20 3.19 2.86  
200 144 6.0  6.50[6.07,6.93] 
200 240 8.0  6.20[5.92,6.48] 
200 480 11.3  6.47[6.23,6.71] 

Table 1 Results of water concentration from Helmich/Rauch [1]. 
 

 

 
Fig 2 a) Results on oxygen surface concentrations from Helmich/Rauch [1] (solid circles), compared 

with the water concentration via hydrogen measurements (open circles), b) effect of oxygen exchange. 
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Fig. 3 Data from Fig. 1b compared with the oxygen results (18O/16O-exchange eliminated), (solid 

circles). The oxygen result at t=5h is identical with the value H/2 and therefore not visible. 

   
Fig. 4 a) Solubility of water at silica surfaces under saturation pressure by Zouine et al. [3] (open 

circles) and Helmich and Rauch [1] (red circles and squares); b) hydroxyl water species (same 
symbols as in part a)). 

In molar units, the total water concentration is given by  

 )1( 2
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where the quantity k is the equilibrium constant describing the ratio of k=S/C.  
The experimental results on equilibrium ratios from literature were expressed in [4] for 
the temperature range of 90°CT350°C by the empirical relation 

0 50 100 150 200

0.1 

0.15 

0.2 

0.3 

0.5 

    (°C) 

Cw,0 

(wt-%) a) 

5h

10h
20h

200h

0 50 100 150 200

0.05

0.1

0.2

0.5

S 

(wt-%)

    (°C) 

b) 

5h

10h
20h

5 10 15 20

0.5 

1 

2 

2.5 

3 

3.5

Cw 

t  (h)

(H/2) 

1020  
/cm3 



 4

 







RT

Q
A

C

S
k exp  (3) 

(A=32.3 and Q=10.75 kJ/mol). Equations (2) and (3) result in 
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and in mass units 
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(the ratio 17/18 reflects the different mole masses of water and hydroxyl).  

 

Temp. °C Time h Cw (wt-%) S (wt-%)
200 5 0.299 0.289 
200 10 0.367 0.355 
200 20 0.421 0.408 
200 200 0.439 0.425 
180 10 0.316 0.305 
160 10 0.272 0.244 

Table 2 Results of total and hydroxyl water for interpolations with respect to temperature and time. 

1.2 Analytical description of the time dependences via mass transfer coefficient 
The data for t20h, which had to be corrected only slightly, were fitted as the total 
water concentration at the surface, C(0), according to 

 ])erfc[]exp[1()0( 2 ttCC    (6) 

with the mass transfer parameter abbreviated as  

 
D

h
  (7) 

(h=mass transfer coefficient, D=Diffusivity). It has to be emphasized that eq.(6) is an 
approximation ignoring stress effects on diffusivity and solubility. 

Curve fitting of eq.(6) to the results in Fig. 3 results in  

 )h/1(]576.0,468.0[523.0 , )cm/OH(10]56.3,40.3[48.3 3
2

20C  (8) 

(with the 90% confidence intervals in brackets). Equation (6) with the fitting parame-
ters  and C of (8) is represented by the curve in Fig. 3. The value C is in agreement 
with the data by Zouine et al. [3] that were found in the range of 3.15-3.651020 
(H2O/cm2). 
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2. Disk-soaking results by Wiederhorn et al. [4] 

2.1 Bending moments and surface stresses 

A second method to show the effect of water concentration on time has been shown by 
Wiederhorn et al. [4]. Stresses due to water in the surface region of silica were derived 
by measuring the change of the curvature of silica disks after hot-water soaking at 
200°C. The bare silica disks were heat-treated on both sides and then stepwise etched 
from one side in a buffered HF solution. After each etching step the change of 
curvature was determined resulting in the released bending moment per unit width 
versus total removed surface layer as plotted in Fig. 5a for different soaking times.  
The bending moment per unit width caused by a thin surface layer of stresses  in a 
plate of thickness W is given by  
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If the surface is removed by an amount of d, the remaining moment after a total 
surface removal (single etching depths accumulated) is  
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and the related change of moment  
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The left-hand side of (11) is known from measurements of curvature.  
Equation (11) is an integral equation with respect to the unknown stress distribution 
(z). Since the integrand does not depend on d explicitly, its solution can simply be 
obtained by taking the derivative with respect to the removed layer thickness d 
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This equation holds for the case that the removed layer-thickness is small compared 
with the thickness of the disk, i.e. for d<<W.  
The measured change of the bending moment per unit width (Nm/m) is plotted in Fig. 
5a. In the procedure described in [4] the swelling stresses were first represented by 
appropriate erfc-type functions with unknown parameters and then integrated accor-
ding to eq.(8), for details see [4]. The resulting bending moments were then fitted to 
the measured data resulting in the best set of parameters for the stress distribution (z). 
Figure 5b shows the stress distributions from [4]. Finally, Fig. 5c represents the 
stresses at the surface as a function of soaking time. The stresses slightly increase with 
time. The standard deviations for each of the measurements were for all tests with 
soaking times 20h maximum SD 0.00037 Nm/m. Only for the short time of 2h at 
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196°C, a clearly larger standard deviation of about SD=0.001 Nm/m was found that 
was caused by warping of the disk. The red bars in Fig. 5a represent the spans of 1 
SD for the 196°C tests, which are in the case of the 20h soaking hardly visible. 
 

 

 

Fig. 5 a) Change of the bending moment during stepwise etching one surface (red bars for the 196°C 
tests represent 1 SD), b) swelling stresses vs. depth, c) surface stresses as a function of time, data 

from [4]. 
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2.2 Extended evaluation of results from [4] 
As mentioned before, the results for disks soaked for 2.2h, Fig. 6a, the maximum stan-
dard deviations for the tests with t20h were at least 3-4 times smaller. Therefore, the 
rather large scatter for the tests with 2.2h soaking time may be addressed.  
Figure 6 shows the individual results of the moment measurements as the circles 
measured at four angles on the disk. Whereas three of the moments showed the same 
standard deviation as all the other disks, at one angle the measurements are clearly 
different indicating warping of the disk. We repeated the evaluation in [4], represented 
by the squares, and tentatively excluded the deviating data. The result of the analysis is 
represented by the solid line in Fig. 6. 
 

  
Fig. 6 Re-evaluation of 2h tests, individual moments (circles) compared with the data from Fig. 5a 

(squares); solid line: mean-value curve for the clearly deviating data points excluded. 

Temperature/ 
Exposure Time ( / t) 

Measured surface stress [4] 
(MPa) 

Surface stress for =200°C 
(MPa) 

196 °C/2.2h -41.8 -36. 
196 °C/20h -46.9  -48.6 
216 °C/20h -50.3  -43.4 
201 °C/96h -54.7  -54.2 
188 °C/168h -53.5  -59.8 

Table 3: Prediction of surface stresses using mass transfer parameter h/t, by eqs.(6, 7). 

The determination of the saturation stress value for infinitely long times, 0, is of 
course hardly possible from Fig. 5c, because the apparent data “scatter” due to slightly 
different soaking temperatures is in the same order of magnitude as the expected 
further increase. 
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In this report we will first determine the saturation stress 0, the surface stress for long 
times, t, when transient effects by a finite mass-transfer coefficient on surface 
concentrations are finished.  
In context with the results of Table 1, we have to keep in mind that not a constant 
temperature of 200°C was involved in the tests. The soaking temperatures reached 
from 180°C to 216°C being responsible at least for a part of data “scatter”.  
The surface stress must be a function of time t and temperature . The first, t, is due to 
the restricted mass transfer from the environment into the surface that is time depen-
dent, eq.(2). The latter is due to the temperature dependence of the water concentration 
C0 that would be reached under saturation conditions and the temperature dependence 
of the mass-transfer parameter h/D.  
In order to eliminate the temperature dependence, we computed the ratio S()/S(200°C) 
and corrected the systematic influence of deviating temperatures according to Table 2 
by  

 )(
)(

)200(
)C200( 
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  (13) 

The results are entered in the last column of Table 3 and shown in Fig. 7a. 
 

       
Fig. 7 a) Surface stresses for =200°C compared with the solid line according to eq.(14), dashed line 
as prediction for 200°C, b) parameter h/D as a function of temperature from [5], solid line. Symbols: 

h/D from eq.(8), blue square, and from eq.(15), red square. The vertical bars represent 90%-
confidence intervals.  
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 ])erfc[]exp[1( 2
0 tt    (14) 

by making the same assumption of negligible stress effects as mentioned in Section 1.2. 
Curve fitting of eq.(14) to the results in Fig. 7a yields the data 

 ]88.0,3.0[)h/1(59.0 , 68] [56;MPa620   (15) 

Water uptake measurements were used in [5] to determine the parameter h/D in 
eq.(6). The parameters h/D could be described for temperatures 300°C (straight line 
in Fig. 7b) by  
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where the parameters were found to be log(A)=5.82 -for A in (1/h1/2)- and Q=35.1 
(kJ/mol).  
The result from eq.(8) is introduced in Fig. 7b by the blue square and the blue bar as 
the 90% confidence interval. The red square and bar show the result of eq.(15). These 
mass transfer parameters are by a factor of about 10 larger than expected from the 
extrapolated dependency, eq.(16), indicated by the dashed line. This strong increase 
will be discussed in a separate paper in the light of the results by Zhuravlev [6].  
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