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Abstract

The measurement of the threshold stress intensity
factor K, for sub-critical crack growth of
soda—lime glass in a water environment was per-
formed using the interrupted static fatigue test. The
experimental procedures suggested in a previous
paper by the current authors were followed. In the
first approach, K, was calculated as the stress
intensity factor at which half of the specimens fail
during the constant stress phase of the test. In the
second approach, the fatigue limit was determined
from the stress intensity factor applied to the weak-
est surviving sample during the stress hold. For both
cases, values of the stress intensity factor were
obtained for increasing hold times, which ranged
from 1 hour to 20 days. The estimated K, values
decrease with holding time but are expected to
reach a limiting value, equivalent to the true thresh-
old at long times. For holding times of 20 days, values
of 0-16 and 0-15 MPa m'? were obtained by using
the two different approaches. For the current test,
the necessary limit in the estimated K,, values was
not obtained, suggesting that if a threshold exists, it
must be equal to or less than these values. These
values are significantly lower than previous K, esti-
mates that were obtained by extrapolation from
crack velocity and time-to-failure measurements
(0-2-04 MPam'?).

1 Introduction

Sub-critical crack growth in silicate glasses is a
well-known phenomenon. As a result of such
behaviour, the strength depends on loading time
and environmental conditions and this fatigue
effect has been extensively studied. Some works
have shown that this sub-critical behaviour seems
to possess a lower limit, in the sense that the crack
propagation velocity tends to zero for some par-
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ticular value of the applied stress intensity fac-
tor."® This value is termed the fatigue limit or the
threshold stress intensity factor. From an engi-
neering design point of view, the existence of a
fatigue limit turns out to be extremely desirable,
as it allows an applied stress to be defined, below
which delayed failure does not occur. The deter-
mination of the fatigue limit is therefore of practi-
cal importance and this effect has aroused the
interest of many researchers.

In early works on sub-critical crack growth in
silicate glasses, samples were loaded at different
stress levels in bending and the lifetimes were mea-
sured.>!” The “endurance limit’ was defined as the
stress at which the fatigue curve shows asymptotic
behaviour. For soda-lime glass in a water envi-
ronment, values ranging from 0-15 to 0-4 times the
strength measured in liquid nitrogen were extrapo-
lated from time-to-failure measurements.!®!® The
same approach, used in more recent work by
Pavelchek and Doremus'® and Gehrke er al.,'*?!
furnished similar results.

Studies devoted to sub-critical crack growth
velocity determination as a function of the applied
stress intensity factor also showed, in some cases,
the existence of a threshold below which crack
motion did not occur. In these studies, double
cantilever beam and double torsion fracture
mechanics geometries were often used and crack
advancement was measured as a function of time.
Values of the threshold ranging from 0-18 to 0-40
MPa m'? were put forward.!®? It must be
pointed out, in these cases, that the fatigue limit
corresponded to a value extrapolated from crack
velocity measurements.

Although a significant number of studies have
been performed, definitive proof for the existence
of a fatigue limit is still an open problem and
many uncertainties are present. For example,
Simmons and Freiman® observed crack arrest in
soda-lime glass in water at stress intensity factor
of 027 MPa m'? but they defined this threshold as
an ‘apparent’ effect, because it was not associated
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with crack tip blunting, as predicted by the theory
of Hillig and Charles.'” Conversely, Michalske
demonstrated the occurrence of crack tip blunting
for stress intensity factors lower than 0-25 MPa
m'? using crack ageing experiments.?

In a previous paper,?* a theoretical analysis of
the interrupted static fatigue (ISF) test was devel-
oped. This test has been used previously for the
determination of the fatigue limit in various glass
and ceramic materials.”>>! In the theoretical analy-
sis,** some procedures were proposed for the cor-
rect evaluation of the threshold. In the current
paper, the measurement of the fatigue limit in
soda-lime silicate glass in water environment was
attempted on the basis of these procedures.?

2 Experimental Procedure

Soda-lime silicate glass rods from a commercial
source (0080 Code, Corning Glass Works) were
used in this work. The composition of the glass is
reported in Table 1. The rods, with a nominal
diameter of 3-2 mm, were cut into 90 mm length
samples and these were annealed at 520°C for 24
h in order to remove any residual stress. Heating
and cooling rates of below 1°C min™' were used
for this purpose.

Inert strengths were determined by a four-point
bend test performed in paraffin oil. Samples were
initially stored in a furnace at ~120°C for 15 min
and then immediately immersed in a paraffin oil
bath. The bend fixture, with outer and inner spans
of 80 and 20 mm, respectively, was also com-
pletely immersed in an oil bath, as shown in Fig. 1.
In this way, the inert conditions were maintained
during the testing of the glass rods. A crosshead
speed of 15 mm min™' was used for these tests.
Forty rods were used for strength determination
and the diameter of each sample was measured,
after failure, close to the fracture surface.

The strength of 40 samples was also measured
in water environment at the same crosshead speed
as in the inert measurements. For these tests, the
four-point fixture was immersed in a detonized
water bath (Fig. 1).

The interrupted static fatigue tests were per-
formed in a deionized water bath (pH 6-0-65).
A constant load was applied to groups of eight
samples using free-hanging weights. A schematic
of the apparatus used for the ISF test is shown in
Fig. 2. The glass samples were placed on two
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Fig. 1. Schematic of the four-point bending fixture used for
strength testing in paraffin oil and in deionized water.
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Fig. 2. Schematic of the apparatus used for the ISF test.

stainless steel rods which were Suspended by a
stainless steel frame. The load was applied in a
four-point bend configuration by use of the two
hooks. Outer and inner spans were again 80 and
20 mm, respectively. Great care was taken to
avoid any contact of the hooks with the rods
before the final loading. The hanging weights con-
sisted of a set of steel bars to obtain the desired
load. To avoid any contamination of the deion-
ized water from the steel bars, each weight set was
contained in a plastic bag which was carefully
closed and sealed with silicone grease. The con-
stant load was maintained on the specimens for
times ranging from 1 h to 20 days. Care was taken
to account for the buoyancy force acting on the
steel bars, in the evaluation of the applied stress.
Samples which did not fail during the constant
phase of the testing were then broken in four-
point bending using the same procedure as that
described for the strength determination in water.
Before this final testing, samples were marked on
their edge in order to load them in the same orien-
tation that was used during the static hold.

Table 1. Composition (wt%) of the soda-lime silicate glass used in the present work

Si0, ALO, MgO Ca0

Nazo

Kzo BaO B203 Other

68-1 2:2 38 57

15-5

07 -9 1.5 0-6
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3 Analysis of Results and Discussion

Figure 3 shows the Weibull plot for the strength
distributions determined in paraffin oil and in
water. Failure probability F of each specimen was
determined from the relationship:

J
N+1

()

where j is the rank in the ascending distribution
and N is the total number of specimens which, in
this case, is equal to 40.

The sub-critical crack growth phenomenon is
responsible for a marked decrease in strength
when the testing is performed in an active envi-
ronment, even with the high stressing rates used in
this study (~47 MPa s). A Weibull modulus of
5-5 was determined by linear regression of the
inert strength data shown in Fig. 3.

In a previous paper,”* Sglavo and Green sug-
gested two different approaches to measure the
threshold for sub-critical crack growth K, by the
ISF test. In the first approach the estimate of K,
is calculated as the stress intensity factor at which
50% of the samples fail during the stress hold. In
the second approach, the fatigue limit is estimated
as the stress intensity factor corresponding to the
weakest specimen in the strength distribution of
samples that survive the hold stress. It was
pointed out that the second approach is preferred
for materials with low Weibull modulus. In this
work, even if the second approach would be
more opportune, the threshold measurement was
attempted using both procedures. For both pro-
cedures, a critical facet of the approach is to deter-
mine the K; estimates as a function of hold time.**

Figure 4 shows the strength S, measured in
water, after the hold, as a function of the applied
stress o for holding times varying from 1 h to 20
days. The number of samples surviving and failing
during the ISF test is also shown. The strength of
the surviving specimens, S|, is substantially equiv-
alent to the strength measured in water on
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Fig. 3. Weibull plot of the strength distributions measured in
paraffin oil and in deionized water.
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Fig. 4. Average strength S; measured in deionized water, after
the hold, as a function of the applied stress o for holding
times of (a) | h, (b) 1 day, (c) 3 days, (d) 5 days and (e) 20
days. Initial strength S, measured in water, is shown at o = 2
MPa for comparison. The error bars represent the standard
deviation of the data. Empty square symbols correspond to
specimens which failed during the stress hold. Each symbol is
marked by the corresponding number of specimens.
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Fig. 5. Average strength S; measured in deionized water, after
the hold, as a function of K, for holding times of (a) 1 h, (b)
1 day, (c) 3 days, (d) 5 days and (e) 20 days. Initial strength
S,, measured in water, is shown at K,, = 0-01 MPa m'” for
comparison. The error bars represent the standard deviation
of the data. Empty square symbols correspond to specimens
which failed during the stress hold. Each symbol is marked
by the corresponding number of specimens.

as-annealed samples. Some variations, probably
connected to the small number of samples used in
this testing, can be detected. The average stress
intensity factor K,, applied to the samples during
the hold can be calculated as:**

g
Kav - Kc(?j (2)

0

where S, is the average inert strength and K rep-
resents the fracture toughness, assumed to be
equal to 0:75 MPa m'? (Ref. 32). Figure 5 shows
strength results of Fig. 4 as a function of K,,. As
suggested in our previous paper,? the ‘potential’
threshold is first estimated as the value of the
stress intensity factor, (K, )se, at which 50% of
samples fail during the hold. Due to the particular
stresses used in this work, (K,,)sw, could not be
calculated for holding times of 1 h and 1 day. For
these two cases, only values larger than 0-18 MPa
m'? could be assumed for (K,)sy,. In order to
take into account the scatter shown by the
applied stress and, more importantly, by the inert
strength, the average value of (K,,)sy, was calcu-
lated, more precisely, according to the following
relationship:*

K05y,

g %
(Ka)son = Kc[ ;°/J+ —g V) (a)
9 0

where o, is the applied stress corresponding to
50% of failures during the holding and V(S,) rep-
resents the variance of the inert strength, i.e. the
square of the standard deviation.*® The second
term in egn (2a), usually very small, is related to
the transformation used to calculate (K,,)s,
from o and S;,, both of which are random
variables.*® Analogously, the standard deviation

[V(K,.)s0,)]"? was calculated from:*
Ya

% |(K A
&) = [ SC]ZV(oso»/o +[ ‘;j"] V(Sy) | (2b)

0 0

where V(osy,) represents the variance of the
applied stress corresponding to 50% of failures.
o5y, can be calculated by linear interpolation
between two distinct applied stress values, o, and
oy, corresponding to the percentages of specimens
failing during the stress hold, n; and n, with
n; < 0-5 < n,. The variance V(o) was evaluated as:®

Vow) = [0—5_—”1J Vo) + [w] Vo) (20)

ny — n n, —n,

where V(o)) and V{(o,) represent the variance of
the two applied stress values used in the interpola-
tion. The results of these calculations are shown in
Fig. 6. As was expected, a large scatter is shown
by the stress intensity values, due to the low
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Fig. 6. (K,.)so, as a function of the holding time as calculated

on the basis of the results shown in Fig. 5. The error bars

represent the standard deviation of the data and are discussed
in the text.

Weibull modulus associated with the inert
strength. Nevertheless, a general trend is evident
in Fig. 6: (K,,)sp, decreases for increased holding
times. A value of 0-16 + 0-03 MPa m'? is obtained
at t = 20 days for the K, estimate. It is important
to note that (K,,)sp, has not reached an invariant
limit for this hold time, as required in the proper
determination of K;.>*
" An alternative approach to the determination of
the fatigue threshold was performed by consider-
ing the strength distribution of samples that sur-
vive the hold stress.?* Figure 7 shows the strength
distributions corresponding to different holding
times. A failure strength equal to zero was assigned
to samples which failed during the stress hold. For
each holding time, the data corresponding to the
two upper applied stress shown in Fig. 4 were
analysed. The weakest survivor in each distribu-
tion was considered and its inert strength S, was
calculated from the data shown in Fig. 3, on the
basis of its failure probability. The stress intensity
factor K, applied to this weakest surviving sample

was calculated as:
K, =K|-Z 3)
W C Sow

where o is again the applied stress during the
hold. Figure 8 shows the results of these calcula-
tions. The stress intensity factor applied to the
specimens directly preceding and following the
weakest sample in the ascending strength distribu-
tion is also shown in Fig. 8. In this way, an esti-
mate of the possible computation error can be
furnished. K, decreases for increased holding
times and for ¢ > 72 h the trend is similar to that
shown in Fig. 6. For a holding time of 480 h, K,
assumes a value of ~0-15 MPa m'” but, again, no
invariance is seen in K, for the longer hold times.

The two approaches used to determine the
‘potential’ threshold furnished similar results.
Both (K,,)se, and K, decrease for increased hold-
ing times, according to the arguments pointed out

20 T — T
(a) s
10 b B 1
B
& oof . 1
E 10 F :: 'Y b
= b
E 20F E
O o=0MPa
° 4 o«416MPa
3.0 F o B c=459MPa] 7]
-40 L O. | P | PR 1 P
4.0 44 48 52 56 6.0
In s|
20 T T T T
(b)
10 | b
T oo0f 3
z
c -0} 3
£ ]
s =20F 3
O o =0MPa ]
4 O =404 MPa
30 F ° B o=426MPa| 3
4.0 4 9 I PP e 1 " iaa
4.0 4.4 48 52 5.6 6.0
in S‘
2.0 T T T T
(c)
1.0 b b
& o00F 3
T
 a0f ]
[~ Q
- @
g 20F § e
Oo O G=0MPa
[ A o=426MPa
-30 F <] ® cu489MPal] ]
L [+]
_4.0 1 A e L A L 1
4.0 4.4 4.8 52 56 6.0
In s'
20 —r——r——r—T . .
(d) o :
1.0 & o B
- b s e ]
c oof 2 4
S b 3
£
e 20F 3
] ¢ o=0MPa
o ° A O=426MPa
30 F ° 8 g-439MPa] 7
o [
_4‘0 A A " ) IR A 1 i A i L e PR A A A A
4.0 44 48 52 56 8.0
In s|
2‘0 T L) T T
(e) o
10 p rY .
- B A ]
¢ 00 | 1
c 5
ps 10 3
E ]
e -20F 3
S O o=0MPa 1
30 £ ° A 0O =36.0MPa 3
1 B Gud25MPaf 3
° ]
4.0 N 1 L - Lea 1
4.0 44 48 52 56 8.0
InS

1

Fig. 7. Strength distribution evaluated after the stress hold,

for holding times of (a) 1 h, (b) 1 day, (c) 3 days, (d) S days

and (e) 20 days. The initial strength distribution, measured in
deionized water, is shown for comparison (o= 0 MPa).
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previously.” These two parameters seem to be
approaching a limiting value around 0-14-0-15
MPa m'"? though the holding times used in this
work are not long enough to be conclusive on this
point. Nevertheless, results of Figs 6 and 8 lead to
some important considerations.

First of all, values of the ‘potential’ threshold
for soda-lime glass presented in this work are
lower than the fatigue limit extrapolated from
crack velocity measurements and reported by
other authors.'*%% Values of K, ranging from
0-18 to 0-40 MPa m'? have been proposed for
soda-lime glass in water environment.'*%?
Results of this work show a better agreement with
data presented in early works on static fatigue of
soda-lime glass where the ‘endurance limit’ was
assumed as the stress equal to 0-2 — 0-4 times the
strength measured in liquid nitrogen.!®'""'*1¢ These
values correspond to a stress intensity factor of
0-15 — 0-30 MPa m'? On the basis of the argu-
ments pointed out by Sglavo and Green,®* mea-
surement of the real value of the fatigue limit
from an ISF test would require even longer hold
times. The decision to use such long hold times
would depend on various factors like experimental
costs and the importance of the threshold
information in component design.

4 Conclusions

The interrupted static fatigue test was used to
determine the threshold for sub-critical crack
growth in soda-lime silicate glass in water envi-
ronment. The two procedures described in a previ-
ous paper were followed. First of all, the
‘potential’ fatigue limit was calculated as the stress
intensity factor at which 50% of samples fail dur-
ing the static hold for different hold times. In a
second approach, K, was determined as the value

of the stress intensity factor applied to the weakest
specimen in the strength distribution that survived
the stress hold. Holding times ranging from 1 h to
20 days were used and ‘potential’ threshold values
appeared to decrease for longer times. Theoretical
calculation had shown that the estimates could be
considered to be threshold values if they become
invariant with hold time. Values of 0-16 and 0-15
MPa m'? were obtained by the two different pro-
cedures at holding times of 20 days. Unfortu-
nately, although an asymptotic behaviour was
shown by the calculated threshold values, invari-
ance with hold time was not shown. Nevertheless,
values of K, calculated at 20 days are lower than
fatigue limit values presented in previous works
for soda-lime glass in water environment. Only
the use of longer holding times would allow a
more precise evaluation of the threshold.
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