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Abstract

The effect of water soaking on the strength of silica glass is studied. When
silica glass is immersed in warm water and held there for an extended
period of time, the strength increases over that of freshly damaged glass.
The increase in strength is interpreted as the consequence of water diffusion
into exposed surfaces of the test specimen, which results in swelling of the
glass and shielding of cracks present in the surface of the glass. Experi-
mental results are compared with theoretical predictions.
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1. Introduction

In earlier publications [1, 2, 3, 4], we explored the idea that water can toughen silica
glass by diffusing into the glass structure from the crack tip. This process sets up a
negative stress intensity factor that shields the crack tip and enhances the strength of
the specimen. Because diffusion rates increase with temperature, crack tip shielding
should also increase as the temperature is increased, as should the specimen strength.
Using the model presented in [2], we explored the mechanism of crack tip shielding
and showed that the calculated changes in strength resulting from water exposure at
88 °C agreed sufficiently with experimental values measured on high-silicate glass
Vycor by Ito and Tomozawa [5], and Hirao and Tomozawa [6]. The effects on inert
strength at this rather low soaking temperature are only about 10%. In this paper, we
will address the same phenomenon, but at higher temperatures, 250 °C.

Strength measurements at 250°C are in principle known from literature. Li and
Tomozawa [7] soaked silica bars for up to 4 days soaking time and tested the strengths
in dynamic bending tests under subcritical crack growth conditions. To the authors’
knowledge, So far no really inert strength measurements are available for silica.

1.1 Water diffusion in silica
Water diffusion into the surface of silica glass has been studied experimentally by a
number of investigators, and shown to depend on temperature according to

D, = A, exp[-0, / R(T +273°)] (1)

where Q,, is the activation energy, (7+273°) is the absolute temperature, and R is the

gas constant [8]. As reported in reference [8] for silica, Q,, = 72.3 klJ/mol, log;o 4y

=-8.12 (4, is in m%/s) for the effective diffusivity in the temperature range 0 °C to

200 °C).

The diffusion distance b, an appropriate measure for the thickness of the diffusion zone

(where the water concentration is roughly half of that at the surface) is given by
b=.D,t (2)

w

with the time ¢ after the first water contact.

The water in the diffusion zone reacts with the silica network according to
=Si-O-Si= +H,0 <> =SiOH+HOSi= 3)

with the mobile molecular water H,O and the immobile hydroxyl groups SiOH. If the
concentration of the hydroxyl is denoted as S = [=SiOH] and that of the molecular
water C = [H,0], these sum of the two species of “water” result in the total water
solubility Ci,

C,=C+15 (4)



Water diffusion into the surface of silica glass in the temperature range of 23°C <
T<200°C was studied experimentally by Zouine et al. [8]. From this paper and the
derivation in [4], the hydrogen concentration at the surface can be calculated as

C, =11.15x10% cm™ exp[0.0097] (5)

This dependency is plotted in Fig. 1a. Here the solid curve represents the strengths for
the region in which D and ¢, were measured, the dashed curve parts show the
temperature range in which these parameters were extrapolated. The squares represent
the measurements by Zouine et al. [8]. Also for higher soaking temperatures up to
250°C, Eq.(5) may be used as an approximation.
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Fig. 1 Temperature dependence of hydrogen concentration at the surface from Zouine et al. [8], b) the
occurrence of hydroxyl and molecular water species in the glass ahead of a crack tip, squares: from
Zouine et al.[8], circles: from Tomozawa and co-workers [12-14], triangles: from Wiederhorn et al.

[15].

1.2 Volume swelling

From measurements by Shelby [9], Shackelford [10], and Briickner [11] at tempera-
tures >1000°C it could be concluded that water entrance results in a volume expansion.
Since the water at such high temperatures is practically present by 100% in the form of
silicon hydroxide, [SiOH]=S, the experimental results on swelling by water at least
hold for the hydroxide species. So far no information on volume increase is available
for the molecular water [H,O]=C. Therefore, the authors tentatively used the same
swelling for both of the water species [1-4].

In the following considerations let us now consider the case of different swelling
behavior for the hydroxyl and the molecular water. The total swelling strain ¢, is then



composed by the individual contributions of the hydroxyl and the molecular water
according to the rule of mixture

S/2 C
6= o bg 6)

v = Est €c,
C+S5/2 C+S8/2
where ¢, is the total volume strain due to Eq. 3, &g is the volume strain due to the
presence of S/2 moles of =SiOH in a volume of the glass containing C+S5/2 moles of
glass, ¢ is a similar definition for interstitial molecular water.

The ratio S/C as a function of temperature can be seen from measurements by (Zouine
et al. [8] (squares in Fig. 1b), Tomozawa et al. [12, 13, 14], (circles), and Wiederhorn et
al. [15], (triangles). A fit relation for the experimental results is

=5 fexp| &
k=2 Aexr{ R®J (7)

with the absolute temperature ®=273°+T, A=32.3 and 0=10.75 kJ/mol. For 7=250°C it
results S/C=2.78 (open square in Fig. 1b).

In the past, there was no information on the swelling strains for molecular water
available. Therefore, we assumed in [1-4] that S and C might cause the same effect.
From recent measurements of deformation by swelling stresses [15] it is suggested that
g¢>> £c.

Therefore, we assume that the actually unknown contribution by molecular water, &,
may disappear completely resulting in

S/2
C+S§5/2

e.=0=>¢, = Eg (8)
Due to the proportionality of water concentration and swelling strain, the volume strain
for silicon hydroxyl can be written as

S/2
& =0.00147—"=_ exp[0.009T 9
, C+S/2 xp[ ] )

as derived in [4].

A volume element near the surface that undergoes swelling cannot freely expand. If the
diffusion zone is small compared to the component dimensions, expansion is
completely prevented in the surface plain and can only take place normal to the surface.
This results in the compressive equi-biaxial swelling stress at the surface [16]

e E

%730y (10)

where £ is Young’s modulus and v Poisson’s ratio.



2 Computation of the total stress intensity factor for a surface crack

As in the earlier publication [4] we begin our analysis by estimating the magnitude of
the total stress intensity factor, Ky, experienced by the critical crack during the
strength test. The total stress intensity factor consists of three contributions: K,,,, which
is primarily the result of the applied stresses and the geometry of the crack; Ky, which
results from water penetration into the fresh fracture surfaces and the other surfaces of
the fracture specimen. The condition for crack growth is Ky > Kje.

In order to provide a transparent analysis we restricted the possible aspect ratios, to the
commonly chosen semi-circular surface crack with the depth given by a (Fig. 2) and an
aspect ratio of a/c=1. The plane of the crack is assumed to be perpendicular to the
specimen length axis.
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Fig. 2 Single failure relevant crack in an infinite body exhibiting a diffusion and swelling zone, a) side
view, b) top view on the semi-elliptical surface crack.

The applied stress intensity factor given by Eq. 11 and Eq. 12 below were derived and
discussed in [17] for the case of straight specimen surfaces. Since the initial natural
surface cracks are very small compared to the specimen thickness W, a/W<<1,it holds
for the stress intensity factor at the deepest point (A)

Ky s =0, 1.173a (11)
and for the surface points (B)

Ky s =0,,129a, (12)

where in bending tests o,y 1s the outer fiber tensile stress. This solution can also be
used for cylindrical specimens if the crack depth is small compared with the cylinder
radius, a/R<<1. As outlined in reference [4] for the current experiment, a/R<0.01; the
crack 1s assumed to be at the midpoint of the test specimen, with one axis perpen-



dicular to the specimen length axis and the other principal axis in the plane of the
specimen surface.

As noted above, two contributions make up the shielding stress intensity factor: one
coming from the diffusion zone originating from the crack faces, the second ori-
ginating from the external surfaces of the specimen.

The shielding stress intensity factors at the deepest point A and the surface points B,
K, 4 and Ky, p, are for b<<R [4] and 0.15<b/a<1.25

K, ,=117Jao, tanh(0.698\/E + 0.3172] (13)
a

a

and

K, ,=129Jaao, tanh(1.327\/g + 0.0642J (14)
a

a

3. Toughness and inert strength

3.1 Apparent Toughness
The total stress intensity factors including shielding are given by

Kyi=Kg,+K (15a)

tot , A appl , A

Kys=K,5+K (15b)

tot,B appl ,B

where K, 4 and K,,, 5 are obtained from eq.(11) and eq.(12); K, 4 and K, 5, from
eq.(13) and eq.(14). The applied stress intensity factors for inert tests have to be
computed using the initial crack dimensions @, and c.

The shielding effect is responsible for an apparent increase of the fracture toughness
which is, in general, identified with the applied stress intensity factor at failure, Kyppicr-
From eqs.(15) the apparent fracture toughness, in the following denoted as K, simply

results as

A

Kie =Kppror =Ky =K, (16)

Ic appl cr

Since K<0, it holds K K. On the other hand it becomes clear from the fact that the

inert strengths are proportional to the applied stress intensity factor, o, oc Kyppicr, that
the two properties increase by the same factor. In the following considerations, we
therefore concentrate on the strength, exclusively. The apparent toughness for the
surface points and the deepest point of a semi-circular crack is shown in Fig. 3a.

3.2 Inert strength

Using the temperature dependent swelling strain together with the temperature effect
on the diffusivity, the inert strengths could be computed as a function of 7 in the same
way as outlined in [4]. The inert strength, o, 1s given by the condition

5



(17)

o :Min ch_Ksh,A ch_Ksh,B
‘ 1.17da ~ 1.29Va

Strength predictions are shown in Fig. 3b. For this purpose initial inert strengths were
assumed to be 0,=100, 150, and 200 MPa. From Fig. 3b an effect of water swelling is
predicted which gives a strength increase by a factor of about 2 for 250°C depending
on the soaking time.
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Fig. 3 a) Apparent fracture toughness K .. after hot-water soaking for a semi-circular crack of 30 um

depth, b) calculated inert strengths as a function of water-soaking temperature 7" and soaking time,
predicted for inert strengths of 6.=100, 150, and 200 MPa for freshly abraded test specimens.

4. Strength measurements

We studied strength behaviour on the silica glass ENOSNB (GVB, Herzogenrath) con-
taining 99.98% Si0,. Cylindrical bending bars of 45 mm length were cut from silica
rods of 4 mm diameter, maintaining the original gleam surface from manufacturing.

Then all specimens were annealed for 1h at 1150°C in vacuum to eliminate residual
surface stresses introduced by cooling from melting temperature. In order to avoid any
water contact, the series intended for strength measurements in an inert environment
were stored in fresh silicon oil immediately after cooling as proposed by Sglavo and
Green [18] who considered the silicon oil to be an inert medium.

Bending strength tests were carried out in liquid nitrogen in a 3-point testing device to
avoid any interaction of the specimen with water in the environment. The results for
specimens soaked soaked for 192h at 260°C, compared to unsoaked specimens (circles)



are shown in Fig. 4 in a Weibull representation. The distribution of the unsoaked
specimens shows the expected Weibull straight-line with a Weibull modulus of m =
12.3 and a characteristic strength 6, =171.3 MPa both obtained by application of the
Maximum Likelihood procedure [19].

From the median strength of o,.¢= 160.6 MPa and the fracture toughness of K;.=0.8
MPavVm [20], a median initial crack depth of gy = 14.9 pm can be concluded. This
value is less than the water penetration depth of » = 21um under soaking conditions;
thus, the cracks are fully embedded in the diffusion/swelling zone.

The soaked specimens show clearly larger strengths. In contrast to the unsoaked speci-
mens, the soaked specimens exhibit a bimodal distribution caused by two different
flaw populations. The Weibull distributions of the flaw populations “1” and “2” are
given by

F, =1—-exp| - e (18)
| %

and F,=1-exp| - e (19)
- %

with the two different characteristic strengths c,; and o, and the related Weibull expo-
nents m; and m,. Superposition of these flaws results in the total failure probability (for
details see e.g. [21], Section 8)

F—FI+F2—F1F2—1—exp[—[§°J —(;-CJ ] (20)
01 02

The Weibull parameters obtained by curve-fitting according to eq. (20) are compiled in
Table 1.

Flaw population “1” | Flaw population “2”
m co1 (MPa) my G2 (MPa) Confidence Level
21.4 | 437.5[435,439] | 2.7 | 394 [388, 400] 10%
21.4 | 437.5[425,450] | 2.7 | 394 [362, 427] 50%
21.4 | 437.5[404,471] | 2.7 | 394 [306, 482] 90%

Table 1: Weibull parameters for the water soaked specimens with confidence intervals for
characteristic strengths.

The curve fit according to eq. (20) is introduced in Fig. 4 by the solid curve. The dash-
dotted straight lines give the asymptotes representing the individual flaw populations.
Due to their high strengths, the soaked specimens shattered in more than two fracture
pieces (mostly 4-6 fragments). Therefore, it was not possible to carry out a
fractographic study on the broken test pieces.
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Fig. 4 Inert strengths measured on cylindrical bending bars in liquid N, under 3-point bending load
(triangles: median values)

5. Strength predictions

Measurements in liquid nitrogen showed a strong increase of the inert strength. The
results of Fig. 4 are plotted once more in Fig. 5 together with the predictions according
to eqs.(11-17). The predictions for the 10 soaked specimens were based on the Weibull
distribution for the unsoaked specimens. First, the strength of the n™ specimen was
computed for a total number of N specimens via

o, :a{ln ! J 21)
1-(n-0.5)/N

For each selected specimen, the eqs.(11-17) were applied resulting in the predicted
strength of soaked specimen corresponding to the same failure probability F. This
procedure yields the solid red curve in Fig. 5. This curve is slightly curved, but can,
nevertheless, be approximated by a Weibull straight line. Application of the Maximum
Likelihood procedure results in the dashed line represented by the characteristic
strength of 6;=414 MPa and the Weibull modulus m =20.3.

predicted measured
my | oo (MPa) | m co; (MPa) Confidence Level
20.3 413.8 | 21.4 | 437.5[425, 450] 50%
20.3 413.8 | 21.4|437.5[404,471] 90%

Table 2: Comparison of Weibull parameters for the predicted characteristic strengths of flaw
population “1” with measurements.



Good agreement can be stated between the prediction and the measurements for the
soaked specimens as can be seen from the comparison made in Table 2. The predicted
strength is about 95% of the measured one.
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Fig. 5 Strengths of water-soaked specimens (red curve) predicted from the strengths of the unsoaked
specimens (black Weibull line) by application of eqs.(11)-(17), red dashed straight-line: predicted
strengths fitted by a Weibull distribution, blue curve: measured strength of soaked specimens from Fig.
4 together with asymptotes given by the blue dash-dotted lines.

6. Discussion

From the nearly linear shape of the strength distribution of unsoaked specimens in the
Weibull plot, we conclude that the initial cracks responsible for failure were also
Weibull distributed.

The bimodal strength distribution of the soaked specimens calls for an interpretation by
a superposition of surface and volume flaws as observed e.g. by Bansal et al. [22,23]
(see also [21]).

In order to discuss the observed curve shape, let us assume the coexistence of the
surface defects (cracks) and inner flaws (pores) as schematically illustrated in Fig. 6a.
The blue line indicates the strengths for the surface cracks, whereas the red line gives
the strengths for the pores.

Under normal circumstances, the specimens will fail at the surface, because the
strength is lowest there. Failure starting from internal defects is rare, and can occur
only when the two curves intersect at a very small failure probability F.
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Fig. 6 a) Strength for failure starting at the surface flaws and at inner defects, b) shift of the surface
strength by soaking resulting in a bimodal strength curve.

Fig. 7 Fracture surface for a test in lab air at room temperature showing pore-like internal defects,
some of them indicated by arrows.

Soaking the specimen strengthened its surface and the blue dotted line in Fig. 6b
shifted to higher strength values as indicated by the arrow. The measurable strength is

the minimum of the shifted blue and the red line. This results in the kinked black curve
observed in our measurements. Figure 7 shows some internal pore-like defects
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obtained from strength measurements at room temperature where only two fragments
occurred that allowed microscopic inspection.

Figure 8 shows the predicted strength in comparison with the measured strength. Since
the strength increase (strength with soaking minus strength of unsoaked specimens)
should be proportional to the swelling strains according to eqgs. (10), (13), (14), and
(17), its value represents reflects the amount of swelling.

The ratio of the predicted to measured strength

(O-c,souked - Gc,unsoaked )predicted — (O-sw )predicted _ (gsw )predicted (22)

(Gc,saaked - Gc,unsoaked )measured (Gsw)measured (gsw )meamred

is plotted in Fig. 8 as the square together with the ratio of the predicted and measured
bending moments by water soaking according to [15]. The square represents the ratio
for the characteristic strength values o, from Tables 1 and 2, namely, (413.8-171.3)/
(437.5-171.3)=0.91. The 90%-confidence interval of Table 1 yields the perpendicular
bar.

The filled in circles in Fig. 8 show the agreement between direct measured bending
moments due to swelling with theoretical predictions according to egs. (8-10) reported
in [15]. It has to be noted that the indirect evaluation via inert strength measurements
confirms conclusions from the direct measurement of bending moments and swelling
stresses.
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Fig. 8 Predicted and measured swelling effects: Circles — a comparison of the measured
bending moment with calculations based on measured concentrations water in silica glass and
the volume expansion results in [15], square: ratio of the swelling contributions according to
eq. (22) with the bar representing the 90%-convidence interval in Table 1.
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