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I. SUMMARY

Chemical durability of glass can be improved by applying a coating on

the surface. It was also found that an addition of a minor quantity of
calcium to the alkaline solution drastically improves the durability of
glass. It was confirmed that calcium is deposited on the glass surface
and protects the glass. It is suggested that this phenomenon of sorption

is playing an important role in the chemical durability of glasses.

The strength of glass is strongly influenced by the environment in
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which it is measured, but the exact cause of the phenomenon is not clear.
Mechanical strength of high silica glass was measured in various liquids,
as a function of strain rate. At a constant strain rate, the strength of
glass measured in various liquid correlated well with the volume change of
a high silica porous glass immersed in various liquid. These phenomena in
turn showed a good correlation with the surface energy reduction of giass
in liquids. These experiments suggest that the surface energy produces the
mechanical stress which causes the volume change of porous glass and this

stress influences the mechanical strength of glass.

II. RESEARCH AND RESULTS

1. Chemical Durability Improvement

In the course of the investigation of the effect of coating on the
chemical durability of glass, it was found that an addition of the minor
quantity of calcium to the alkaline solution has the drastic effect in re-
ducing the etching rate of 5102 glass. The details of the mechanism were
investigated and it was established that calcium is deposited on the glass sur-
face and reduces the etching rate. Specifically calcium deposition on the glass
surface was confirmed by Auger spectroscopy and the sorption experiment on the

porous glass surface. It is expected that this phenomenon of sorption is a




common occurence and has a great influence on the chemical durability of
various solids.
The initial stage of the research has been described in a paper published

in Journal of the American Ceramic Society. The reprint of the paper is

attached to this report as Appendix I.

2. Swelling and Mechanical Strength of Glass

Mechanical strength of glass is strongly influenced by the environ-
ment in which it is measured. For example the strength measured in water is
lower than that measured in vacuum at a constant strain rate. One explanation
of this phenomenon is in terms of the chemical reaction between glass and
environment. But the strength reduction is observed even in a medium which
does not react with glass, e.g. an organic solvent. Another mechanism suggested
is the lowering of the surface energy in the Griffith equation. However,
the surface energy in the Griffith equation is the fracture surface energy
related to bond strength of the material, and it should not change with en-
viornment. In this part of the research, the real cause of the environmental
effect on the mechanical strength of glass has been sought. First, the
mechanical strength of a high silica glass was measured in various solutions
as a function of strain rate. Since water is known to have the greatest
influence on the mechanical strength of glass, all the organic liquids were
treated with molecular sieves to eliminate the trace amount of water. The
mechanical strength at a given strain rate showed a good correlation with the
resultant surface energy of the glass in the liquid. Next, the volume change
of a porous high silica glass was measured in various liquids. The amount
of the volume change correlated well with the surface energy reduction of

glass by the liquid. Thus this swelling of the porous glass is caused by

the reduction of the glass surface energy by the liquid. The surface energy,




thus, is producing a stress on the glass surface, which causes the volume
change. This experiment shows the direct correlation between surface energy
and mechanical stress which influences the mechanical strength of glass.
Combining two sets of experimental results, a reasonably good correlation
was obtained between the mechanical strength of glass in various liquids
and the extent of swelling caused by the reduction of the surface energy.
This work will be presented at XIIth International Congress on Glass to be
held at Albuquerque, N.M., in July 1980, and will be published in the pro-
ceedings of the conference. The manuscript is attached to this report as

Appendix II.
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Calcium Deposition on Glass Surface as an
Inhibitor to Alkaline Attack

Y. OKA.* K. S. RICKER," and M. TOMOZAWA"*

Some metal ions in solution reduce the alkaline attack on glass.
Hudson and Bacon' studied the ettect of many metal 1ons, but not
calcium, on alkaline attack of soda-lime glass. They found that
beryllium was the most effective in reducing alkaline attack. with
zinc next best. Since it s wetl known that the calcium oxide 1n alkah
silicate glass drastcally improves chemucal durability.? ot s ex-
pected that the caleium won 1n solution also has a beneticial effecton
the durability of glass. Ishikawaer af.* tound that the etching rate of
soda-lime glass 1s slower in CaOH), than in NaOH solution at the
same pH value. They suggested the formation of a calcum silicate
protective film, but did not give expenmental evidence. The deposi-
tion of the mesal ion on the silica surtace was contirmed by ller! for
the aluminum ion on collodal silica. He found that the solubihity of
silica in water was Jecreased with increasing aluminum content in
solution. It was suggested that deposited aluminum forms nega-
tively charged sites and that o repels hydroxyl wons from surround-
ing areas.

The purposes of this note are to report that calcium ion in NaOH
solution reduces the etching rate and to present the experimental
evidence of calcium deposition on glass surfaces using a porous
glass technique and Auger electron spectroscopy (AES).

Fused-silica slide glass was used for etching and AES expen-
ments and porous glass* for calcium Jdeposition to avoid other
metal-ion eftects. Figure | shows etching data with 0.5 and 1.5V
NaOH solutions at 80"C. The etched-layer thickness was calculated
from the weight loss and the density of the glass; 0.003 mol ot CaCl,
was added in each solution for comparnison. The etching rates were
reduced remarkably by the addition of calvium on. To observe the
calcum deposition on the glass surface, porous glass with a high
surface area { =130 m¥/g) (Ref. §) was used.

Presented 1n part & the Nist Anpual Meceting, The Amencan Ceramic Sowiery,
Cincannati, Ohio, Apnl W, 1979 1Glass Divivien Noo 6 G "9 Recened June v,
1979 s ned copy received August 2, 1979

Suppurted by the Othce of Nangl Research uader Conteact Noo NOIS X O
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The weiters are with the Materials Envineening Department. Rensaelaer Polvtechnw
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Fig. 2. Calkcium deposition vs weight of purous glass: glass

was treated 1n 100 mL of NaOH wiution with v 001 mol
CaCly addition at 30°C tor ) h

Concentration Rat

Weight ot Porous Glass

Porous glass was crushed into small particles (20 to 35 mesh),
etched with 3¢ HF for 2 mun to remove surface contamunants, and
dried in an oven at 30°C. Ditferent weights of porous glass were
unmersed 1n 100 mL of NaOH solutions with vanious voncentra-
tions. Calcium chloride (0 001 mol) was added to each solution and
the solution was oven-heated at 80°C tor 2 h. a preliminary expern-
ment showed that 2 h were sufficient to reach equilibrium

The calcrum concentration remaining in the solution after treat-
ment was determined by atomic absorption analysis. The Jepusi-
tion, indicated by the ratio of calcium content remaining in a
soltutton (C) 1o the tmtial calcium content (C ), is shown n Fig. 2.
Even without alkali solution. a smail amount of calcium is depos-
ited; this deposition probably comes from the nature of porous glass
as atrace wn getter 47 In alhaline solutions, the calcium deposition
creases das the weight or surface area of porous glass increases.
Also. the mgher the slkahnity of a solution, the more caicium s
deposited. suggesting that the reaction between calcium and siica is
accelerated in more atkaline environments. When the higher cal-
« tum concentration or the larger amount ot porous glass was used, a
tleecy precipitate appeared 1n the solution. This precipitate was
separated and Jdried 1n an oven. Measuning 1 by ir analysis showed
sihicate compound peaks and an X-ray dittraction pattern simalar to
that reported s C-S-H(D) (0 %5-1.5C40-S$10,0.5-2.5H,01 by
Taylor,” with other peaks identitied as CaCO, and otner types of
calcrum siicate hydrates. CaCO; may be a by -product in the drving
process. The precipitate 1s probably a reaction product of cajcum
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and silica and entered the solution from the glass surface. The AES
spectra also showed a calcium signal on the silica glass surface after
the alkah solution treatment with CaCl, (Fig. 3). In these spectra.
signals assigned to Cl and C came from surface contaminants which
are usually observed on a glass surface” and a signal of Cl was
enhanced in spectrum () because of the addition of CaCl,.

It was revealed that calcium in an alkaline environment reacts
with glass surfaces to form insoluble calcium silicate compounds.
This reaction can be intuitively speculated by checking glass sur-
faces after etching with and without calcium: the former was hazy,
suggesting coverage with some film, whereas the latter was sull
clear. The amount of calcium deposited on the glass surface can be
roughly esumated from the surface area of the porous glass as 1.0
Ca/lnm? for 0.01.N NaOH, 2.8 tor 0.05V NaOH. and 3.6 toc Q.1 N
NuOH.
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Appendix II
SWELLING AND MECHANICAL STRENGTH OF GLASS

Y. Oka, J. M. Wahl and M. Tomozawa

Materials Engineering Department
Rensselaer Polytechnic Institute
Troy, NY 12181 USA

When the surface energy 1s reduced, a material expands
exhibiting a swelling phenomenon. This phenomenon can
be easily observed when the material has a large sur-
face area. Using a partially leached porous glass, the
stress caused by the swelling was measured in various
solvents. Ilechanical strength of the high silica glass
prepared by consolidation of the porous glass was also
measured in various liquids. The extent of swelling
was [ound to be well correlated with the mechanical
strength reduction. It was suggested from these observ-
ations that the environmental effect on the mechanical
strength of glass is due to the swelling of the surface.

INTRODUCTION

The fracture strength of glass is strongly influenced by the environ-
ment. For example, the fracture strength measured in water 1s almost
half of that in vacuum{1l,2]. Several different mechanisms have been
suggested for this phenomenon. One explanation is chemical attack at
the crack tip by water[3]. However, the strength reduction is ob-
served even in inert environments, such as in organic sclvents(1l,2,4,
5,5]. For example, McCommond et al.[5] mcasured the strength of
zlass in various solvents and found that it decreases monotonically
with 1lncreasing polarity of various solvents including water. Thus
the reaction with water does not seem to be the predominant factor in
causing short-time fracture of glass. Another popular mechanism 1is
the reduction in the surface energy. Orowan([7], for example, attempt-
ed to explain the lower strength of glass in water in terms of the
lower surface energy term in the Griffith equation, and this mechan-
ism was invoked bty many investigators[l,6,8] to explain the fracture
strength reduction of glass in organic solvents as well as in water
vapor. However, in the Griffith eguation([9], the surface energy,

fy, 15 that of the lreshly formed surface upon rracture {fracture
surface energy) and this should not be influenced by environment.

It is the purpose of this paper to present an alternative mechanism
of the environmental effect on the fracture strength of glass. The
surface energy, Yy in general, works to reduce the surface area.
Thus, when tnis sur,face energy is reduced, the surface area and con-
sequently the volume, increase leading to the phenomenon of swelling.
It is proposed here that this swelling influences the fracture
strength of glass. It is suggested that the Griffith eguation has to
ve modified to include the surface energy, Yy, which is different
from the fracture surface energy, Yp, also. The proposition of the
present mechanism is based upon the correlation which was found be-
~ween the extent of swelling and the fracture strength decrease of a

S




-high silica glass measured in various liquid environments. ‘ !
_EXPERIMENTAL

The glass sample used in the swelllng study is borosilicate glass 1
with the nominal ccomposition of 3102 70, 8203 23, Na20 7 wt%." Boro- f

silicate glass rods (6mm in dia.) were heat-treated at 550°C for 3
days to induze phase separation. The phase separated rod was cut
int> @ rectangular shape of 2.5mmx3mmx100mm and immersed in 3N HCL
saturated with [iHyCl at room temperature to leach out the alkall bor-
ate-rich phase. Leaching was stopped approximately half way and the
partially leached bar was cut into pieces about 3mm length. The
glass piece was rinsed in water and then dried in the cven at 400°C
for 5 hours to remove organic residue. The stress in the center of
tine unleached core produced by the swelling of the leached clad was
measured at room temperature using a polariscope. Orientation of the
specimen with respectto the polarized light path 1s indicated in the
inset of Figure 1. Pirst, the stress of the specimen socaked in water
for approximately 12 hours was measured and deslignated as So. Then
the specimen was dried at 80°C for 5 hours and immediately brought
into an organic solvent. The stress was measured after 12 hours and
was designated as S. Subsequently the specimen was heated at 400°C
for 5 hours to eliminate the organic solvent and the whole process
was repeated for other organic solvents. Namely the stress in water
was measured before measurement in each organic solvent, to make sure ’
that the specimen surface condition is similar for all experiments

and to normalize the stress in a given solvent to that in water. As

for the drying temperature between S5 and S measurements, other temp-
erature such as 400°C was also employed. All organic solvents were
reagent grade chemicals and they were treated by molecular sieves to
eliminate a trace amount of water which might exist.

ETLY

Vycor branat™ high silica glass rods were used in the fracture study.
The glass rods (2mm in dia.) were cut into approximately o.4cm length
and dried at 150°C for 3 hours. The glass surface was abraded by
putting 30 glass rods in a 2% jar mill with 300g of J.3u A1203 dry

powder in vacuum and tumbling for 30 minutes. After abrasion the
glass rods were washed in an ultrasonic cleaner in the same organic
solvent as that to be used in the fracture study. Fracture strength
was measured by four pcint bending method at various stress rates in
organic solvents dried by molecular sieves in advance. I[easurement
at each stress rate was made {or at least 30 samples. Average and
standard deviation were obtained by Weibull distribution analysis.

RESULTS AND DISCUSSION

1. Swelling ard surface energy reduction

Normalized stress values observed in the center of the unleached core
at room temrerature are plotted in Figure 1, against polarity of or-
Zanic solvents. Similar plots in terms of other properties of sol-

vents such as dipole moment, dielectric constant, solubility para-

meter and surface tension were also made to see a possible correla- i
tion but it was found that the polarity scale used here, proposed by i
Reichardt[10], gave the best correlation. The polarity is determined g
from the light adsorption band shirf:c of a dye molecule in an organic 4

t Custom made glass,Owens-Illincis Technical Center, Toledo, Ohlo.
+t Corning 7900, Corning Glass Works.
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solvent and expressed in
kcal/mole. In Figure 1,
the stresses corresponding
to two different drying
temperatures of the speci-
men, 80°C and 400°C, are
shown and it can be seen
that for both temperatures
the stress values increase
with increasing polarity
and tnat the value for 8C°C
is greater than that for
400°C by a coanstant amount
which is almost independent
of polarity. The depen-
dence of the stress measur-
ed in CCl, on the drying
temperature of the specimen
is snown in Figure 2, and
the stress value decreases
with increasing drying
temperature. The TGA anal-
ysis indicated the weight
loss in the same tempera-
ture range suggesting that
the stress vaiue decreases
as the surface adsorbed
water 1s eliminated at
nigher temperature.

'The observed stress varia-
tion with solvents and
temperatures can best be
explained by swelling or
expansion of the porous
glass which was caused by
surface energy reduction.
Yates[11l] showed that the following equation is applicable to the
2xpansion of the porous glass by gas adscrption.

AL _ Ip
T % Y

Figure 1. Normalized stress value vs po-
laricty of organic solvent. S and S5 are
tne stress in the unleached core in an
organic sclvent and water, respectively.
Inset shows the schematic sample shape.

where ¢ and Al are length and length change of the specimen, respec-
tively; £ 1is the specific surface area; p 1s the density; E is cthe
Young's modulus and Ay 1s the surface energy reduction. In the pre-
sent experiment, when the porous clad expands by the reduction of
tne surlace energy, namely S = Ay. Boyd and Livingston([l2] measured
the surrface energy reduction of quartz by gas adsorption. Assuming
that quartz has a similar surface to high silica glass, their data
can be used to examine the correlation between surface energy reduc-
tion and polarity. In Figure 3, the surface energy reduction cf
quartz is plotted against polarity. From this figure, it can be
concluded that the surface energy reduction of the glass surface 1s
greater in the solvents with greater polarity although the available
data are limited. The initial surface condition depends upon the
drying temperature of a specimen beflore soaking. The higher the
drying temperature, the larger the surface energy becomes, because
of the removal of adsorbed water iand silanol groups on the glass
surface. Therefore, initlial surfice energy of the specimen dried at
30°C is already lowered compared with the specimen dried at 400°C,

piving a finite stress even befor. the specimen 1s socaik2d In solvents.




EhruL -

[
b3
(=4

>
o

LY 44N

Surtoce Energy Reduction (erg /cmd}
[=3
o

w
=
—

100 w7 Twe T e
Orying Temperature 1C)

0
30 40 50 &0
Potarnty (keg/moie)

rFigure 2. Dependence c¢f the Figure 3. Surface energy

nermaliczed stress value in : reduction of quartz vs.

CCly on drying temperature . polarity. Surface energy

of the sample. Eed?ction data f{rcm Ref.
12].

Since the difference between the stress values for specimens dried at
80°C and those at 400°C comes primarily from the difference of the
initial surface energy, it is expected to be 2 constant for all sol=-
vents consistent Wwith the experimental observation shown in Figure 1.
Thus this part of tile present experiment establishes that the stress
which developed in the unleached core, wnen a partially leached
specimen is scaked in solvents, was causead by the swelling of the
lzached layer, which in turn was caused by the surfacs energy reduc-
Tion.

The stress in a partially leached glass can originate from various

other sources[13] such as the differential expansion of clad and core,

also in tn2 present experiment, hcwever, only the effect of the
ent liguids on tne stress is being investigated by using an
‘uentlcal specimen and comparing the magnitude of the stress in var-
Liguids.

2. Mechanical strength of glass

The stress rate dependence of fracture strength of high silica zla
rods 1s shown in Figure 4 in two environments, one in water and :th
other in CCiy. As was described above, water 1s expectad ro reduc
the surface energy most while CCly reduces it l2ast among sclvents
emplcyed for swellling study. FPlgure 4 shows that although the
streng=h of the glass rods in <Cly is always higher than that in
water at any given stress rate, the stress rate dependences are guite
similar for both cases. traight lines are obtained in a log-iog
plot in both cases and the stress corrosion constant n calculated
from the slopes of the lines using the dynamic fatigue theory uvre-
posed by Charles{14] are nearly the same, 21.0 for CCly and 19.4 for

(be(ﬂ

water. The n value for fused silica usually lies in the range of 15
and 35{15]. The same dependence of fracture strength cn stress rate
for CCly and water suggest that :tn@ reaction of glass with water may

Ty
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snown in rfigure 4, similar
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Combining the two measurements, the stress developed by swelling and
the fracture strength, Figure § shows the linear relaticnsnip. The
only exception is the strength value obtained in nitrobenzene. The
extremely low strength 1n tnis liquid nas been reoor: earlier(l

but exact cause 1s not xnown. The swelling stress of the *peviwen
soaked in water was found to increase slightly wi:h the soaking time
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*ty he stress rate was 2.°5x ing stress value for 30°C in
1907 psi/mlw. Fig,1l. The stress rate was 2.5
x13%psi/min.  For opun circle h
see Text. i




by the glass

surface and water reactlon,

while other solvents

showed

no such time dependencelluv]). Since the stress was measured after 12
hours soaking tlme, the value without reaction in water 1s expected
to be slightly lower. The estimated vilue s Indicated by an open
circle. The stralght line In Migure o was obtalned by least sguare
analysis of the dava using this corrected data point tor water and
excluding the polnt toer nictrobencene.

In a study of this type of environmental effect on glass, the trace
amount ot impurity water i{s certainly a matter ot great concern,
Water content in reagent ygrade orguanic solvents employed was 1ess
than 0.05% in all cases and the treatment with molecular shieve s
expected to reduce this to less than Hppm. Thus the etr'tfect of im-

purity water 1is

The present experiment

mechanical strength 15 reluted Lo the swelling, 1.e.

the pliass caused by the reduction of the surtuace energy. swe
equivalent to the stretehing of atomlce bonds or the adtditional
slle stress on the surtace, [t is then natural that the swelling

duces the mechanic

NCLUSTON
A correlation was found between
silica glass in varlous liqulids

or
that the environmental el
determined by the tensile
is caused by the surtace
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