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The dynamic fatigue characteristics of two glasses,
soda—-lime silicate and borosilicate, in water have been
studied using a controlled indentation flaw technique. It
is argued that the indentation approach offers several
advantages over more conventional fatigue testing pro-
cedures: (i) the reproducibility of data is relatively high,
eliminating statistics as a basis of analysis; (ii) the flaw
ultimately responsible for failure is well defined and may
be conveniently characterised before and after (and
during, if necessary) the strength test; (iii) via adjustment
of the indentation load, the size of the flaw can be
suitably predetermined. Particular attention is devoted
to the third point because of the facility it provides for
systematic investigation of the range of flaw sizes over
which macroscopic crack behaviour remains applicable.

The first part of the paper summarises the essential
fracture mechanics theory of the extension of an inden-
tation flaw to failure. A distinctive feature of this
theory is the explicit incorporation of a residual contact
term associated with elastic/plastic mismatch stresses
in the indentation processes into the stress intensity
factor for the growing crack. A scheme is thus devised
whereby the indentation load is treated as a key
test variable in the construction of universal dynamic
fatigue curves. It is demonstrated that basic kinetic
fracture -parameters, relating to the crack velocity
functions for macroscopic cracks, may be obtained in the
usual way from slope and intercept measurements on
plots of strength against stress rate; accommodation of
the residual stress term is achieved via simple ‘trans-
formation’ relations for converting ‘apparent’ kinetic
parameters (i.e. evaluated on the basis of a flaw with no
residual stress) to ‘true’ values.

In the next part of the paper the results of dynamic
fatigue tests on glass rods in distilled water are de-
scribed. Data are obtained for Vickers indentation loads
in the range 0-05-100 N, corresponding to contact
dimensions of 2-100um. The data fall on universal
fatigue curves, within experimental scatter, as predicted.
Evaluations of kinetic fracture parameters from these
curves are consistent with those from independent de-
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terminations by other workers using macroscopic crack
configurations.

Finally, the implications of the results in relation to
the response of ‘natural’ flaws are discussed. It is
suggested that flaws in the sub-micrometre domain could
be of a nature somewhat different to that of true
microcracks. Larger flaws, in the size range covered
here, appear to behave as macroscopic cracks, provided
account is taken of the crack driving force associated
with residual stress fields. The residual term is shown to
have a vital influence on the mechanics to failure;
ignoring this term can lead to serious errors in eva-
luations of the parameters from fatigue data. This
influence is manifest in borosilicate as well as soda—lime
glass, even though the former is ‘anomalous’ in its
indentation deformation properties, with significantly
reduced susceptibility to elastic/plastic mismatch
processes.

Numerous recent studies have provided compelling
evidence that fracture mechanics data on macroscopic
cracks can be used to predict the fatigue properties of
glasses and other ceramics.’ ? The underlying basis
of the fracture mechanics approach is that fatigue
failure occurs from rate dependent, subcritical exten-
sion of a microscopic flaw to an instability con-
figuration; it is implied that the flaw is simply a scaled
down version of the well defined macrocrack. Analysis
of the strength characteristics under fatigue conditions
then follows from two basic starting equations for the
crack propagation: the first equation represents the
driving force on the crack, K ~ac!/2, where K is a
stress intensity factor, ¢ is a uniform applied tensile
stress, and ¢ is a characteristic crack dimension; the
second equation represents the ensuing stress en-
hanced motion of the crack, v =v(K), where v(K) is a
crack velocity function. In principle, once the para-
meters of these two equations have been determined
from controlled fracture specimens, the foundation is
laid for the analytical prediction of fatigue response
over a seemingly unlimited range of service
conditions.

However, the fracture mechanics approach to the
fatigue problem is not without its difficulties. For a
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start, there is the statistical aspect of strength proper-
ties. Strength measures a combination of intrinsic
toughness and flaw size, and the latter quantity is
subject to considerable variability in the typical brittle
material. It is accordingly necessary to test large
sample populations to obtain reliable parameters for
prediction purposes. Some attempts have been made
to circumvent this difficulty by introducing controlled
abrasion flaws into the test surfaces.® This procedure,
although improving the reproducibility of results,
nevertheless does not allow for a priori characteri-
sation of the critical flaw; apart from the problem of
quantifying the growth history of any individual
abrasion flaw, it is generally not possible to specify
which flaw will ultimately cause the failure.

A second difficulty concerns the assumed forms of the
starting fracture mechanics equations mentioned above.
The crack velocity function v(K) has been subjected to
particular scrutiny in this regard. It is common for this
function to show more than one distinctive region of
behaviour, corresponding to changes in rate control-
ling mechanism in a given material/environment sys-
tem, although there is some doubt as to whether this
is likely to be of significant influence in fatigue
behaviour;®'? the region of lowest velocities (region I),
governed by reaction kinetics at the crack tip, is
expected to be dominant in the determinations of times
to failure. On the other hand, knowledge of the exact
analytical form of the velocity function in this region is
vitally important when extrapolating short term data
to the long lifetime domain;'? in this context it needs
to be noted that the v(K) equations in general use are
empirically based. But it is not only the crack velocity
function which requires qualification. The simplistic
relation K ~ oc'/? must be seen as a special case (the
‘Griffith limit’) of a more general configuration where
the forces initially responsible for creating the flaw
persist (in whole or in part) to augment the ensuing
crack propagation force.!! Studies of indentation
induced cracks in glass in these laboratories'!-!3 have
provided a convenient model ‘flaw’ system for quan-
tifying residual stress effects of this kind. A sharp
contact geometry is used to create a highly localised
region of irreversible deformation, from which the
cracks generate. It then becomes necessary to add
an appropriate residual term to the stress intensity
factor for crack propagation to allow for elastic/
plastic mismatch contributions to the fracture driving
force."* 1If ignored in fatigue analyses, the residual
term can lead to large discrepancies between predicted
and observed strength characteristics.(!>-19)

A third difficulty with the fracture mechanics ap-
proach relates to the scale of the flaw. Do the laws of
macroscopic crack growth continue to apply at the
level of the typical flaw? There is now some evidence,
particularly from studies on ultra high strength optical
fibres,!7-18) to suggest that the entire nature of flaws in
glass changes as the scale is reduced below some
critical level. This is consistent with the concept of a
threshold for development of well defined microcracks
in concentrated stress fields,''® a concept fully borne
out by analysis of indentation flaw initiation in a wide
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range of brittle materials.?°: 2! Extrapolation into the
ultra high strength domain is therefore subject to an
element of uncertainty, requiring that due attention be
paid to potentially significant departures from the
conventional mechanics of fatigue failure.

The present paper describes a study of the dynamic
fatigue characteristics of the glass/water system, using
the indentation flaw technique as a means of circum-
venting the major difficulties just described.
Indentation patterns are generally highly reprodu-
cible, in which case the statistical element of strength
measurement is conveniently eliminated, thereby al-
lowing for accurate evaluation of materials. Moreover,
the failure site is identified beforehand, so one may
follow the crack evolution throughout the test se-
quence. With this facility, it is possible to investigate
the factors which contribute to the basic fracture
mechanics equations; the important contribution of
residual stress effects to the stress intensity factor is a
case in point which has already been mentioned.
Finally, since the scale of the indentation event is
readily amenable to strict control via the contact load,
the way is open for establishing the range of validity of
macroscopic crack laws. This last point forms one of
the major thrusts of the work to be described below. In
this sense our study may be seen as an extension of
earlier indentation fatigue analyses of the glass/water
system.!** 1) However, a somewhat simplified experi-
mental procedure, based on a more recently developed
theoretical description,'?? is adopted here. Further, in
addition to the soda—lime glass type used previously, a
borosilicate glass is also analysed. Apart from provid-
ing a wider base for comparison with results from
other workers,>®> 25 the latter glass type, which is
‘anomalous’ in the indentation deformation re-
sponse,?® affords the opportunity for investigating a
material somewhat removed from the idealised stereo-
type assumed in the theoretical derivations.

Theoretical background

Vickers induced radial crack system as strength
controlling flaw

We summarise here the essential features of the
general theory of dynamic fatigue for indentation
flaws,??) with additional attention to the role of the
scale of contact, as determined by the indentation
load, as a test variable. Simplicity in the experimental
test programme and in the ensuing analysis of the data
is a key consideration in the formulation of the
problem. To facilitate this simplicity, it is necessary to
incorporate some ostensibly complicating elements
into the mathematical derivations, notably a residual
contact term.

A schematic of the model indentation flaw system is
shown in Figure 1.?" The pattern corresponds to that
produced by a standard Vickers diamond pyramid
indenter used in routine hardness testing. At a peak
load, P, the pattern has characteristic surface dimen-
sions, a, representing a central (‘plastic’) deformation
zone and c, representing the radial traces of as-
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Figure 1. Schematic surface view of deformation/fracture pattern
produced by a Vickers indenter showing the characteristic radial
crack dimension, c,, the hardness impression dimension, a,, and the
subsequent applied tensile stress, c,. The driving force for radial crack
system determined by peak indentation load, P, is not indicated.

sociated cracks. The dimension qa, is a measure of the
resistance to irreversible deformation, and relates to P
via the material hardness, H, defined as the mean
contact pressure, by

a, =(P/2H)'2, (1

Similarly, the dimension ¢, is a measure of the
resistance to crack propagation and relates to P via
the material toughness, K, the critical stress intensity
factor for crack extension under conditions of
mechanical equilibrium, by

Co= (XrP/Kc)2/3 (2)

where y, is a geometrical (material dependent'!#)
parameter. Comparison of the dimensions in
Equations (1) and (2) affords a useful measure of
material ‘brittleness’;'?!) the region c, S a, is of parti-
cular interest in the context of the present work, for it
signifies that the flaw must be encompassed within the
deformation zone, corresponding to the sub-threshold
realm of crack initiation. The effect of the deformation
zone on the crack development is not confined to this
region, however; it is found that well developed radial
cracks in glass, i.e. at ¢, > a,, remain well within the
sphere of influence of the residual stress field (as
revealed by birefringence!!?) centred about the con-
tact area. In fact, the residual stress component of the
indentation field is the source of the primary crack
extension force, causing the radial crack to grow to its
equilibrium size, ¢y, during the unloading half cy-
cle.!¥ An important manifestation of this residual
stress component is the continued, slow crack growth
that is observed in glass after completion of the
contact cycle;'® this growth, activated by atmos-
pheric moisture, takes the crack to some non-
equilibrium configuration, say, ¢y > ¢,.

Consider now the response of the radial crack flaw
at ¢ to a subsequently applied uniform tensile stress
o,. The stress intensity factor for the crack must now
contain two components!2-13)

K =y, P/c*?* +6,(nQc)'/? (c=cp) (3)

where Q is another geometrical parameter. We may
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note that Equation (2) follows from Equation (3) if we
insert the equilibrium requirements K=K . and ¢
=, at the initial condition ¢,=0. Also, at zero
residual stress, y, =0, Equation (3) reduces to the
special case of Griffith-like cracks. The strength is then
determined as the level of applied stress, o,=o0, at
which a configuration of unstable equilibrium is at-
tained, i.e. at which the conditions K = K_ and dK/dc
> 0, are satisfied.

Inert strength

In any analysis of fatigue it is convenient to take the
inert strength as a reference baseline. This is the
strength that obtains in a truly inert environment such
that no nonequilibrium crack extension occurs during
stressing to failure; inert strengths may be effectively
achieved by testing at fast load rates or at low
temperatures. Accordingly, putting K=K_ into
Equation (3) and solving for the applied stress, !>

0, =[K./(nQc)""*][1 — 1. P/K.c*"], 4

we may identify the inert strength ¢ =g, =0, in terms
of a maximum in the function o,(c), corresponding to
an instability in the function K(c) in Equation (3), at
(0m>Cm), Where

e PP =431, /K 1P (52)
0P = (/4K /@) I [K /1], (5b)

Physically, the presence of the maximum means that
the crack will undergo a stage of precursor stable
growth, from ¢, to c,,, prior to failure. As a corollary
to this point, the condition cy<c, is a necessary
proviso for identifying ¢; with ¢ ,. It may be noted that
the critical configuration expressed by Equation (5) is
totally independent of ¢;, so that, within the confines of
the proviso just mentioned, the inert strength is
insensitive to the crack history between indentation
and failure testing.

In this way o, and c, serve as useful reference
parameters for indentation flaws produced at any
given load, P.??) In our present case, where P is to be
used as an important test variable, it may be seen from
Equation (5) that the constant quantities c,,/P%? and
o, P!’ afford a more general basis for data reduction.

Dynamic fatigue strength

Let us now deal with the strength behaviour under
dynamic fatigue conditions, i.e. stressing at a fixed
rate, 6, =4,t (6, constant), such that nonequilibrium
crack extension occurs prior to failure. For glass, such
nonequilibrium extension occurs because of the ac-
cessibility of the crack tip to moisture. Thus the
approach to the final crack instability proceeds along
some subcritical path, K(c) < K, in accordance with
some specified crack velocity function, until Equation
(4) is ultimately satisfied at ¢ = ¢; > c,,; the correspond-
ing strength region ¢ <o, appropriately defines the
domain of dynamic fatigue. If we adopt as repre-
sentative over the entire subcritical region, 0 <K
<K, the most commonly used crack velocity
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function'®
v=0o(K/K,)" (6)

where v, and n are kinetic constants for the given
material/environment system, we obtain from
Equation (1) the differential equation!>

¢fvo ={[x/KIP/c>? + [(nQ)!?/K J6,c' 2t} (7)

This must generally be solved numerically for the time
to failure, t, i.e. the time to take the crack from c; to
¢;, for any given values of P and g,; the strength ¢
= &,t; then follows.

At this point it is useful to rewrite Equation (7) in
terms of reduced variables and so avoid having to
specify numerous adjustable quantities for integration
to proceed. The reference parameters o, and c,
defined in the previous section are used as the basis for
normalisation, thus:??

$,=0,/0n (8a)
C=c/cy (8b)
T =tvy/cp- (8¢c)

Equation (7) accordingly reduces to
C =(1/4C3% +38,CV*T/4y 9)

where C=dC/dT and S, =S,/T. Strictly, the time to
failure T; should be evaluated in terms of an initial
crack size, C,, and final crack size, C; (>1, as
determined by the condition € =1). However, it can
be shown that the integration is insensitive to the
initial crack size in the range C, < C, < C,,, where C,
=0-397, cf. Equations (2) and (5a), and C, = 1;??
under such circumstances one may take T=0 and C
=0-397 as an invariant initial condition. It will be
noted that Equation (9) contains no reduced variable
corresponding to y, in Equation (7); the residual stress
term has conveniently been incorporated into the
reference crack dimension, c,, in Equation (5a).

Thus for any fixed value of the kinetic constant, n,
Equation (9) may be solved to generate the dynamic
fatigue function, S(S,).** When plotted in logarith-
mic coordinates these functions tend to linearity in the
fatigue domain S<S,;=1 (this tendency increasing
with n), and may accordingly be represented by the
usual kind of strength/stress rate relation>-”)

S=(A1Sa)l/(n'+l) (10)

where A’ and n’ are intercept and slope parameters;
the primed notation is used here to remind us that we
are dealing with solutions of the fatigue equations
with the residual stress term included, so data analysis
from as-indented specimens using Equation (10) in the
conventional manner would yield ‘apparent’ values for
the constants in the crack velocity function. Both A’
and n’ can be uniquely related to the ‘true’ crack
velocity exponent, n, by means of empirical analysis of
the numerical fits to Equation (10);*?

n =0763 n
A'=2:51 %2,

(11a)
(11b)
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Evaluation of fracture parameters from universal
dynamic fatigue curves

Equation (10) lays the foundation for plotting dy-
namic fatigue data on universal curves, from which the
true kinetic fracture constants may be evaluated.
Taking note of the way in which the load variable, P,
is displayed in Equation (5), we may write the norma-
lised strength and stress rate from Equation (8) in the
form

S =0/, =0P"3/[s,P"?] (12a)
S, = 6,Cm/0mVo =6, P[(Cn/ P**)/(6.nP )0, ] (12b)

where the terms in square brackets are invariants for a
given system. Then Equation (10) may be de-
normalised thus

oP13 =(Jp5,P)V D (13)
where

Ap=N(04P' )" (c/ P**) 5. (14)
Combination with Equation (11) then gives

n =131n (15a)
vy =284 n'**62(g  P'3Y(c,.,/P*3)/ Ap. (15b)

It is estimated that Equation (15a) is accurate to ~ 19,
and Equation (15b) to ~ 10%, in the region n> 1022
(which covers most brittle solids studied thus far).

Hence a complete characterisation of fatigue re-
sponse may be obtained from a universal, linear plot
of log(a P'/3) against log(é,P) over the load range of
interest, together with appropriate inert strength de-
terminations. The fracture parameters evaluated from
such analysis may be expected to be representative of
true macroscopic crack behaviour.

Experimental

Materials preparation and test procedure

Rod specimens of soda-lime silicate (wt%, compo-
sition 69Si0,, 13Na,0, 4CaO, 1B,0,, 4Al,0;,
2K,0, 4BaO, 2MgO, 1other) and borosilicate
(81Si0,, 13B,0,,4Na,0 + K, 0, 2Al1,0,) glass* were
cut from 5 mm diameter cane into 215 mm lengths. All
the rods were annealed, the soda-lime at 520°C and
the borosilicate at 610°C, for 24 h to remove any
existing surface stresses. They were then etched in a
solution of 109, HF/10%, H,SO, for 6 min to nullify
any large handling flaws.

Each rod was indented midway along its length
with a standard Vickers indenter. Special care was
taken to align the indenting pyramid symmetrically
with respect to the rod, such that the impression
diagonals (Figure 1) were oriented perpendicular and
parallel to the rod axis. All such indentations were
made in air, at a constant 10 s contact duration, using
microhardness testing equipment covering a working
load range 0-05-100 N. A microscopic examination

*Schott-Ruhrglas, GMBH.
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was made of all indentation sites to ascertain first,
whether crack initiation had occurred and second, the
nature of the ensuing crack pattern. In accordance
with a previous study,?® radial crack formation was
much better defined in the soda—lime than in the
borosilicate specimens, the latter being complicated
by the incidence of spurious ring cracks and a ten-
dency for the radials to grow outward from points on
the impression perimeter away from the corners.
Bearing in mind our stated aim in this study to
investigate the range of validity of macroscopic crack
laws, the criterion for accepting any given specimen
for subsequent strength testing was that there should
be a reasonably well developed radial crack trace
closely parallel to a rod circumference (thereby ensur-
ing the existence of a suitable dominant flaw nearly
normal to the designated tensile axis of the rod). For
both glass types the minimum loading at which such a
configuration obtained was of order 1 N, but for
soda-lime glass this threshold could be reduced
dramatically, to <0-05 N, by immersing the newly
indented surfaces in a solution of 19, HF/1%, H,SO,
for ~60 s; borosilicate remained immune to any such
treatment. A more detailed description of this crack
initiation process will be given elsewhere.?”

The specimens which passed the above ‘acceptance’
test were then broken in four-point bending, using
apparatus constructed in accordance with ASTM
specifications,?® with an inner span of 20 mm and an
outer span of 60 mm. A crosshead testing machine was
used to deliver the bending force, which was moni-
tored at slow stress rates (5100 MPa s™') by a
conventional strain gauge instrumented load cell and
at fast rates (2100 MPa s~!) by a piezoelectric cell.
Both cells gave a linear load/time response at constant
crosshead speed; the stress at failure and the stress rate
were then evaluated from this response using simple
beam theory. The practical range of stress rates
available with our equipment was 0-1-2000 MPa s .
To ensure that the indentation flaws were always
located at the maximum tensile surface in the bending
rig, a metal flag was attached to the end of each rod
prior to indentation; it was then a simple matter of
maintaining the flag vertical during the two stages of
testing. The average interval between indentation and
bending was &~ 1 h, during which time the cracks were
exposed to air (except, of course, for those specimens
exposed to the post-indentation etch treatment men-
tioned above). During the bend test the crack environ-
ment was controlled to meet the requirements of
equilibrium and nonequilibrium extension: inert
environments were obtained either by blowing dry
nitrogen gas through a plastic sleeve encasing the rod
or by covering the indentation sites with a drop of
silicone oil; the noninert environment was similarly
obtained by covering the indentations with a drop of
distilled water. All broken specimens were examined
to confirm that failure had occurred from the inden-
tation flaw; a few specimens broke from other origins
(more frequently at the lower indentation loads) and
these were deleted from the results. The post-
indentation examinations served also to ensure that
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the crack dimensions at failure were sufficiently small,
<one-tenth of the rod diameter, for specimen size and
shape effects to be neglected.

Before conducting the test runs proper, a pre-
liminary check was made on soda-lime glass to
investigate the strength characteristics of specimens
containing cracks induced by post-indentation etch-
ing. It could be argued that such cracks might tend to
be blunt and thereby give rise to higher strengths than
appropriate to cracks produced in air. Accordingly,
specimens were indented at P =0-7 N, at which load
spontaneous crack ‘pop-in’ occurred in about one half
of the cases; those apparently free from cracks were
etched. Inert strengths were then measured for both
groups, giving 136 + 10 MPa (12 specimens) and 134
+ 10 MPa (16 specimens) respectively. Thus the crack
severity is insensitive to the formation history.

Determination of inert strength parameters

Test runs were made in silicone oil and nitrogen gas
environments to determine the inert strength param-
eters contained in Equation (5). In the case of the
nitrogen tests the rods were prepared with three
ostensibly identical indentations in their surfaces in-
stead of the usual one, for reasons to be made clear
below. To obtain the parameter in ¢, the strengths
were measured over a range of indentation loads and
stress rates for both glasses. The results are shown in
Figure 2, as a plot of ;P! against ¢, P; this mode of
graphical representation, based on the scheme for
normalising fatigue curve coordinates in Equation
(12), is useful for establishing the domain of truly inert
strengths. The soda-lime rods do in fact show some
tendency to fatigue at 6,P <100 MPa s~ ! N, indica-
ting that the environments are not entirely free of
moisture. The data points in Figure 2 represent means
and standard deviations, in logarithmic coordinates,
of 6-15 specimens. The average standard deviation is
~ 8%, somewhat higher for borosilicate than for
soda-lime glass.* Computation of the mean and
standard deviation for all rods falling within the
fatigue-free region of Figure 2 accordingly gives
6,P'3=137+8 MPa N!/3 (87 specimens) for soda-
lime glass and ¢,P'?*=173+19 MPa N3 (129
specimens) for borosilicate glass.

Next, the specimens broken in nitrogen were exam-
ined optically to obtain the parameter in ¢, in
Equation (5. For this purpose, surface trace
measurements were made of the two indentation flaws
which had survived each rod failure. It is argued that
the radial cracks perpendicular to the tensile bend axis
must have been taken very close to the instability
configuration, and accordingly provide a measure of
¢m- The radial cracks parallel to the tensile axis should,
of course, be unaffected by the bending, and thus

*This compares with the 2-3%, error obtainable in the biaxial testing of
indented soda-lime glass plates, where specimen alignment difficulties can be
effectively eliminated altogether.*® The choice of rods rather than plates in
this study is a reflection of our ultimate aim of expanding the test programme
to the domain of optical fibres.



