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Partially leached glass rods show a marked increase in strength when tested in water. The strengthening effect is due to development of 
compressive stresses in the constrained porous glass layer of such rods resulting from adsorption of water. 

Completely leached porous glass rods that have been abraded prior to testing in water recover some of their strength, the degree of 
recovery depending on the internal surface area, the chemical composition, and the temperature and acidity of the aqueous Solutions in 
which they were aged prior to testing in the presence of water. The partial recovery of strength is attributed to crack blunting. The decrease 
in internal surface area that accompanies the strength increase of abraded high-surface area porous glass rods leads one to conclude that the 
partial recovery of strength observed on aging porous glass in hot water or dilute acid is associated with an increase in the crack-tip radius 
and structural changes of the porous glass itself. 

Festigkeit von porösem Glas in Wasser 

Teilweise ausgelaugte Glasstäbe zeigen einen merklichen Anstieg der Festigkeitswerte, wenn sie in Wasser mit Hilfe der 
Vierpunkt-Biegemethode bestimmt werden. Der Festigkeitsanstieg ist auf Druckvorspannungen zurückzuführen, die sich auf Grund der 
Wassereinlagerung in der ausgelaugten porösen Schicht der Stäbe ausbilden. 

Vohständig ausgelaugte poröse Glasstäbe, die vor der Naßmessung geschmirgelt wurden, zeigen ebenfalls einen Anstieg der Festigkeit. 
Die erzielte Festigkeit hängt jedoch von Parametern und Vorbehandlungen ab, wie zum Beispiel: innere Oberfläche, chemische 
Zusammensetzung und Temperatur sowie Säuregehalt des Wassers oder der wäßrigen Lösung, die für die Lagerung der geschmirgelten 
Stäbe vor den Festigkeitsmessungen benutzt wurde. Das teilweise Wiedererlangen der Festigkeit läßt sich der Rißabstumpfung im Glas 
zuschreiben. Die Verringerung der inneren Oberfläche, die den Festigkeitsanstieg begleitet, läßt die Schlußfolgerung zu, daß das teilweise 
Wiedererlangen der Festigkeit nach der Behandlung der Stäbe in heißem Wasser oder in verdünnter Säure mit der Vergrößerung des 
Rißradius und mit strukturellen Veränderungen des mikroporösen Glases verbunden ist. 

1. Introduction 

Α brief examination of the hterature on the strength 
of glass shows that surface defects play an enormous 
role as regards the strength of glass [1 and 2] , that the 
effect of water is to diminish the strength [3], that 
cracks can be propagated or healed by increasing or 
decreasing the applied load [4 and 5], and that glass 
scored by a diamond regains some strength on 
Standing due to partial heahng of the fissure [6]. 

It is the purpose of this paper to present 
experimental evidence that abraded porous 96 % 
Si02 glasses recover some of their strength on 
exposure to water or acid S o l u t i o n s , and that the 
strength increase in porous glass is attributed to crack 
blunting caused by chemical reaction of the shica 
surfaces with water. 

2. Experimental 
2.1. Porous glass specimens 

Two types of porous glass were used in this study. The 
specimens were in the form of rods, approximately 
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10 cm long and 5 or 3.5 mm in diameter. Additional 
specimens were also used that had been prepared by 
partiahy leaching heat-treated rods in hot 1 Ν H N O 3 . 
Porous glass is an intermediate glass obtained by heat 
treating and leaching a special soft alkali borosihcate 
glass [7]. One phase, which is rieh in boric oxide and 
alkali, is leached out to leave a porous high-silica 
structure. The compositions of the two types of 
porous glass rods are given in table 1. 

The surface area and pore size of porous glass 
rods Α and Β based on nitrogen as the adsorbate are 
given in table 2. Their pore size distribution is narrow 
as can be seen in figure 1. 

Table 1. Chemical compositions of porous glass rods Α and Β and 
core glass of Α in wt% 

constituent oxide rods Α core glass rods Β 

Si02 93.9 72.8 96.6 
B2O3 4.7 15.3 2.9 
NazO 0.24 4.0 0.02 
AI2O3 0.50 2.1 0.19 
Zr02 + Ti02 - - 0.30 
PbO 0.56 5.8 -



The partiahy leached rods had a leached porous 
layer of 159 μιη thickness. They were prepared from 
the same base glass as that used in the preparation of 
porous glass rods A. 

2.2. Strength testing 

It is well known that the strength of glass specimens 
depends on the duration of apphcation of the load 
used to test the specimens and that the growth of 
cracks in the glass is responsible for eventual failure. 
Static fatigue generally refers to the decrease in 
strength with time under load resulting from slow 
growth of cracks and flaws. In this study some of the 
porous glass specimens were subjected to aging in 
aqueous Solutions prior to application of stress. Ah 
strength tests were made in air or in disthled water at 
room temperature using a constant stress rate of 
70 MPa/min. 

The modulus of rupture (MOR) Of measurements 
were made both in air or in distihed water. The rods 
were mounted on a testing machine using double 
knife edges having a support span of 8.9 and 5 cm for 
the 5 and 3.5 mm diameter rods, respectively, and an 
inner span of 1.9 cm. 

Ah tests were carried out by four-point loading 
both abraded and unabraded specimens. Α jar mih 
containing 30-grit SiC was used for abrading the 
surface of the rods as per ASTM C-158 (flexure 
testing of glass). The mih (—3.81 load capacity) 
contained about 500 g of grinding media and 10 
specimens per charge. It was rotated at 95 rpm for 
15 min. The equation used for calculating Of was: 

16 La 

where L is the failure load, α is the moment arm 
between the inner and outer knife edges, and d is the 
diameter of the specimens. The values in the tables 
3 to 5 represent the average four-point bending 
strength of ten rods. The Standard deviation, expres­
sed in percent, for the abraded and unabraded rods 
ranged from 5 to 11 % and 9 to 22 %, respectively, 
the narrow ränge being typical of abraded glass. 

Some of the abraded specimens were aged in 
disthled water at 22 or 95 °C, or in 1 Ν H N O 3 at 
95 °C, prior to testing in distihed water at room 
temperature. Some of the hot Solutions were presat-
urated with sihca to prevent dissolution of the porous 
sihca-rich structure during the aging treatment [8]. 

3. Results and discussion 

3.1. Strength of partially leached rods in air and 
water 
The average Of values of abraded and unabraded rods 
having a porous surface layer of 159 μm thickness are 
given in table 3. It should be noted that the strength is 

Table 2. Surfaee area and pore size of porous glass rods 

rod diameter 
in mm 

surfaee area 
in m^/g 

average pore size 
in nm 

Α 

Β 

5.0 

3.5 

58.6 

203.1 

5.18 

4.54 

Table 3. Strength of abraded and unabraded, partially leached rods 
in air and water 

abraded test in average Of Standard 
in MPa deviation 

in % 

yes air 90.0 8.2 
yes H2O 169.0 5.1 
no air 336.0 22.0 
no H2O 426.9 15.4 

Table 4. Strength of abraded and unabraded porous glass rods Α in 
air and water 

abraded test in average Of Standard 
in MPa deviation 

in % 

yes air 19.7 11.0 
yes H2O 38.9 5.7 
no air 115.1 20.9 
no H2O 122.7 13.3 

Table 5. Strength of abraded porous glass rods Β after 24 h 
treatment in H2O or 1 Ν HNO3 

treatment t e s t i n a v e r a g e Of S t a n d a r d 

i n MPa d e v i a t i o n 

i n % 

none H2O 21.8 9.1 
H2O at 22 °C H2O 22.3 10.8 
H2O at 95 °Ci) H2O 27.2 10.4 
1 Ν HNOs at 95 °C H2O 29.4 8.1 
1 Ν ΗΝθ3 at 95 °0) H2O 28.2 9.1 

^) indicates that the S o l u t i o n was presaturated with silica. 

Pore radius in nm 

Figure 1. Pore size distribution of porous glass rods Α and B . 
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Figure 2. Retardation measured in core of a partially leached 
2 mm-thiek plate as a function of immersion time in distihed water. 
Porous surface layer is 118 pm thick. 

Sorption of water. Thus, the partiahy leached rods 
are stronger in the wet than in the dry State. 

The above findings are not suφrising since, first, 
it is well known that expansion occurs when porous 
glass is allowed to adsorb water, and, second, 
compressive stresses are set up in porous glass if this 
expansion is prevented by adjacent impervious glass. 
Weibuh plots of the Of data for the partially leached 
rods are shown in figure 3a. 

It is noteworthy that Oka, Wahl and Tomozawa 
[9] investigated the stresses generated in the core of 
partially leached glass specimens on immersion in 
various organic liquids and water, finding that the 
largest stress was generated in water. However, they 
did not determine the strength of their partially 
leached specimens in these hquids. 

dramatically increased when such rods are tested wet 
rather than dry. From polariscopic measurements of 
the core of partially leached plates prepared from the 
same glass composition as rods A, it is found that the 
relative retardation in the unleached glass (core) in­
creases on W e t t i n g in distihed water reaching a finite 
value when the porous surface layers are completely 
filled with water (see figure 2) . The tensile stress in the 
core, calculated from the retardation value, increases 
to 9.1 MPa on total W e t t i n g . To account for such in­
crease in tensile stress, one must conclude on the 
basis of Newton's 3rd law that the compressive stress 
in the porous layer of the plate is increased on ad-

3.2. Strength of porous glass rods 

Table 4 shows Of data for rods Α that, unlike the 
previous rods, had been totally leached. The data 
show that the abraded strength of the porous glass 
rods that were tested in distihed water is significantly 
higher than that of similarly abraded rods tested in 
air. The former were immersed for about 30 min in 
distihed water at room temperature prior to wet 
testing, whereas the latter were not wetted. The 
table, furthermore, shows that no lowering in me­
chanical strength occurred on testing the unabraded 
specimens in water. As a matter of fact, the Weibuh 
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Figures 3a to c. Strength of abraded and unabraded glass rods tested in air or disthled water at room temperature (Weibuh distribution: 
m = Weibuh modulus, Sq = seahng factor); 
a) partially leached rods, curve 1: mean = 90.0, m = 13.3 and 5o = 93.3, curve 2: mean = 169.0, m = 21.5 and Sq = 173, curve 3: 
mean = 336.0, m = 4.6 and Sq = 368, curve 4: mean = 426.9, m = 6.7 and Sq = 456; 
b) porous glass rods A, curve 1: mean = 19.7, m = 9.6 and 5o = 20.6, curve 2: mean = 38.9, m = 18.8 and 5o = 34.7, curve 3: 
mean = 115.1, m = 4.6 and 5o = 125.6, curve 4: mean = 122.7, m = 8.6 and Sq = 130.3; 
c) porous glass rods B , curve 1: mean = 21.8, m = 11.8 and Sq = 22.7, curve 2: in H 2 O at 22 °C, 24 h, mean = 22.3, m = 10.0 and Sq = 23 A, 
curve 3: in H 2 O at 95 °C, 24 h, mean = 27.2, m = 10.4 and Sq = 28.5, curve 4: in 1 Ν H N O 3 at 95 °C, 24 h, mean = 29.4, m = 13.6 and So = 30.4, curve 5: in 1 Ν H N O 3 at 95 °C, 24 h, mean = 28.2, m = 10.7 and Sq = 29A. The S o l u t i o n s of H 2 O and 1 Ν H N O 3 used for the 
glass rods in curve 3 and 5, respectively, were presaturated with silica. 
Further symbol explanations; O: in air abraded, Δ , O, • , V: in water abraded, ·: in air unabraded, • : in water unabraded. 



plot in figure 3b indicates that the wet strength of the 
weakest unabraded specimens is significantly higher 
than the dry strength of the weakest unabraded 
specimens. This suggests that chemical precondition­
ing of the specimens before mechanical testing affects 
the strength of porous glass. 

The effect of aging of abraded 96 % Si02 porous 
glass rods Β in hot or cold distihed water, or in hot 
1 Ν HNO3 Solutions, is ihustrated by the Of data 
shown in table 5 and the Weibuh plots in figure 3c. 
Aging in water at 22 °C had no significant effect on 
strength. However, aging at 95 °C resulted in an 
increase in strength, namely from 21.8 MPa (not 
aged) to 27.2 and 29.4 MPa for rods aged in hot water 
and 1Ν HNO3, respectively. The absence of an 
increase in strength on aging at room temperature 
was surprising in view of the fact that water treatment 
of porous glass rods Α showed a 98 % increase in 
strength over that of untreated rods (see table 4). The 
observed strength increase for rods Α in water can be 
explained by blunting of crack tips which according to 
Charles and Hilhg [10] resuhs in a reduction in the 
stress concentration at the crack tips at the time of 
loading of the specimens. The fact that rods Β which 
had been aged in water at 22 °C showed no improve­
ment in strength suggests that the mechanicahy 
induced cracks in these porous glass rods remained 
essentiahy unaltered by such treatment. This is 
possible since rods Β have a markedly higher internal 
surface area than rods Α (203.1 versus 58.6 m^/g) 
enhancing dissolution of silica from regions other 
than the crack tip. 

The increase in strength resulting from water 
treatment at 95 °C shown in table 5 is accompanied by 
a decrease in surface area from 203.1 to 201.0 mVg. 
Treatment in 1 Ν HNO3 at 95 °C results in a further 
lowering of surface area to 185.9 m^/g. Such lowering 
of surface area, most hkely, is related to polymeri­
zation and restructuring of the microporous, hydrat­
ed shica products that results on leaching and aging in 
hot aqueous Solutions [11]. It is also in keeping with 
the reaction scheme proposed by Ito and Tomozawa 
[12] for changes in crack-tip geometry resulting from 
dissolution and precipitation in a high-sihca glass. 
The surface area reduction could also be associated 
with partial healing of the mechanically induced 
surface damage in porous glass because from the 
thermodynamie Standpoint, partial reestabhshment 
of bonding between crack surfaces of glass is possible 
since it represents the reversion of the system to a 
State of lower surface energy. 

Further experimentation is needed to determine 
how cracks formed in porous glass are healed. It 
should include the use of strong acids since they 
accelerate condensation reactions and cause restruc­
turing of not only the sihca skeleton but also the 
cohoidal deposits in the pores of the leached glass 
that resuh from acid leaching of heat-treated base 
glass. Surface area and pore size measurements, both 

before and after treatment, infrared spectroscopy, 
electron microscopy, and electron spin resonance 
studies of surfaces may also prove helpful in explain­
ing the chemical reactions involved in the healing of 
cracks in such glasses. 

4. Conclusions 

Modulus of rupture measurements show that the 
strength of abraded porous glass rods is increased 
significantly when the rods are aged in water or dilute 
acid Solutions prior to testing in water, with the de­
gree of recovery of strength depending on the inter­
nal surface area of the rods. Abraded rods with low 
surface area that had been treated in water at room 
temperature showed the greatest increase in strength. 
Aging in hot water or in hot dilute acid Solutions was 
necessary to achieve a significant increase in strength 
with high surface area porous glass rods. Since the 
treatment in the hot acid Solutions was accompanied 
by a reduction in surface area, it is concluded that 
the partial recovery of strength is associated with 
structural changes at the crack tips and the porous 
glass itself such as have been reported by Ito and 
Tomozawa [12], and Elmer [11], respectively. 
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