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ABSTRACT

The micromechanics of radial crack initiation produced in
indentation of soda-lime glass, fused silica and quartz are
discussed in terms of a two-step, nucleation and growth model.
Particular attention is focussed on the strong rate effects in the
presence of environmental water, as manifested by a tendency to
delayed crack pop in with decreasing contact duration.
Microscopic examination of the indentations indicates that
deformation "shear faults", which accommodate the intense strains
associated with the penetrating indenter, control the kinetics of
the initiation process. The geometrical constraints which
determine the stress concentrations for crack nucleation from
these faults are structure-sensitive.

INTRODUCTION

Recent studies on the micromechanical response of soda-lime
glass in Vickers indentation have shed new light on the mechanisms
of crack initiation in brittle amorphous solids.!”2 Essentially,
the initiation process takes place within the deformation zone
beneath the indenter, and thereby generates characteristic
"radial" cracks from the corners of the impression.“’5 There is
an intrinsic scale effect in this process, in that the radial
cracks appear only above some threshold in the loading; fracture
instability may be identified with the attainment of a critical
flaw size in the near-contact region.e’7 The feature of this
threshold which is arousing the greatest current interest,
particularly in the context of strength in the ultra-small flaw
region (e.g. optical fibers),®’? is a strong rate dependence in
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the presence of environmental moisture.! The rate effect is most
dramatically manifested as an increasing tendency for the radial
cracks to "pop in" after completion of the indentation cycle with
decreasing height or width of the force-time pulse. Attempts to
model the kinetic response have thus far been restricted to
qualitative descriptions of the nucleation and growth of
microcracks from incipient '"shear faults" within the deformation
zone, with due recognition of the residual contact field as a
primary driving force.!

In this paper we expand our data base on soda-lime glass,
and extend our material compass to two other silicate
modifications, fused silica and quartz. Fused silica is known to
be "anomalous'" in its deformation behavior, in that the
penetrating indenter is accommodated by a densification rather
than by a cooperative shear failure of the glass structure, 0
Quartz, the "ordered" counterpart of fused silica, introduces a
crystallographic element into the indentation response. By
encompassing a broader range of deformation modes we may hope to
gain some insight into the fundamental structural requirements
for the operation of crack-initiation processes, and ultimately
to develop quantitative models for characterizing flaws in the
subthreshold region.

EXPERIMENTAL

A schematic of the experimental arrangement used to observe
the indentations is shown in Fig. 1. The Vickers indenter arm is
activated by an electromagnetic coil drive, with facility to
control (via a function generator) the load-time pulse, P(t). A
piezoelectric cell in the arm allows for continuous monitoring of
this pulse. The most commonly used pulse shapes in our
experiments are square and half-sine, characterized by height P
and base-width T. The indenter system seats on to the stage of an
inverted microscope for in situ viewing of the contact area. 1In
this way the pop-in time t_ from start of the pulse to appearance
of the first radial crack €an be measured directly. The specimen
is housed within a simple enclosure for environmental control.

The soda-lime and fused silica glass specimens were in the
form of microscope slides. Quartz specimens were cut from
synthetic single crystals, parallel to the basal plane. Some of
the specimens were specially prepared for post-indentation
examination by scanning electron microscopy for clues as to the
nature of the underlying initiation processes.
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Figure 1. (a) Schematic of optical system for in situ viewing of
Vickers indentations in transparent specimens.
(b) Definition of load-time parameters used to
characterize kinetics of radial crack pop in.

RESULTS

Radial Pop-in Kinetics

Let us now examine some of the more general features of the
delayed pop-in kinetics. Figure 2 illustrates the influence of
environment and indentation load on the fracture time response.
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Figure 2. Median times to radial crack pop in as function of
square pulse peak load, at fixed contact duration, for
soda-lime glass in different environments.
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Figure 3. Median times to radial crack pop in as function of
square pulse indentation hold time, at fixed peak loads,
for soda-lime glass in air.
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The data in this figure are for soda-lime glass using
square-shaped load pulses of fixed duration 10 s. For the inert
environment (dry N, gas) there is a well-defined cutoff load below
which radial cracks cannot be made to pop in. In water, on the
other hand, pop in occurs almost spontaneously as the indenter is
removed, down toward the lowest attainable loads with our
apparatus. An intermediate response is observed in air (557%
relative humidity). Thus the delay time for radial cracking
increases as the indentation load and the moisture content in the
environment diminish.

The influence of contact duration is seen in Fig. 3. These
data are for loads of 1 N and 5 N on soda-lime glass in air, taken
under effectively the same test conditions as represented in
Fig. 2. The delays to pop in increase abruptly below some
critical duration, or "incubation time", this quantity diminishing
with increasing load.

The use of square load pulses to obtain the data in Figs. 2
and 3 immediately provides us with useful information as to the
nature of the critical condition for pop in. The fact that even
under the most conducive of fracture conditions (i.e. high water
contents, large loads, or long contact times) initiation occurs
only on unloading the indenter means that some constraint must
exist to prevent radial development while the system is maintained
at maximum load. (Actually, at sufficiently high loads, well
above the threshold limits defined here, cracks can generate on
loading, but these are of a different kind - subsurface medians
rather than surface radials.l) On the other hand, it is
impossible with square pulses to determine exactly where on
unloading this constraint is released.

It is in this context that the facility to change over to
half-sine pulses proved useful. With this continuous load-time
function it could be established that the constraint on crack
instability disappears at P ~ 0.3 P , on the unload half-cycle,
marking the instant at which the refidual field begins to
dominate. As a consequence of this capacity for initiating cracks
within the contact cycle, the load-time configurations for which
the instant of pop in just coincided with completion of the
indentation cycle, defined by the condition P_ = P* and tC =T,,
could be determined to relatively high accuracy. (Experimentally,
these points were obtained by making series of indentations at
preselected loads and systematically adjusting the pulse duration,
decreasing or increasing T depending on whether pop in occurred
without or within the load cycle.) Figure 4 shows data thus
obtained for soda-lime glass and fused silica in air. A certain
analogy may be noted between the plotting scheme in this figure
and the lifetime plots used to characterize the fatigue strength
of brittle materials!
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The data in Fig. 4 suggest a strong dependence of the
initiation mechanics on molecular structure. We see that the
threshold load in inert environments is substantially greater for
soda-lime than for fused silica glass, ~10 N compared to =5 N.
On the other hand, soda-lime shows a relatively larger
susceptibility to hydrolytic rate effects (as measured by the
inverse slope of the lines through the data points), so that at
loads below =1 N cracking generates more easily than in fused
silica. The thresholds for quartz are much lower than for their
glassy counterparts, below 0.5 N under even inert conditions;
those indentations which did not produce radial cracks immediately
did so within minutes on exposure to air. Similar observations on
quartz have been reported by Nadeau.!? It would appear that the
main influence of structure lies in the magnitude, rather than the
nature, of the initiation driving force that can be generated; the
same qualitative effects are seen in all three materials studied,
but with substantially different sensitivities to extraneous
variables.
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Figure 4. Plot of critical sinusoid load-time conditions to
produce radial pop in at immediate unload point of
contact cycle, for soda-lime and fused silica glasses in
air. Vertical high-load cutoffs indicate spontaneous
(time-independent) threshold limits in inert
environments.
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Microscopy of Indentations

Scanning electron microscopy provides some insight into the
underlying mechanisms of radial crack initiation.!=2 One of the
most revealing procedures for observing the contact zone is to
indent across a pre-existing hairline crack, and then to run this
crack through the specimen to obtain a cross section view.
Examples of Vickers indentations made in this way are shown in
Fig. 5 for soda-lime and fused silica glass.

Such observations indicate that the non-recoverable component
of the indentation deformation is a far from homogeneous process.
Distinctive fine structure, on the micrometer scale, is apparent
within the hardness impressions. This discrete detail may be
interpreted in terms of an intermittent "faulting" mechanism,
whereby the intense strains associated with the penetrating
indenter are accommodated by local, catastrophic shear failures of
the structure at the specimen surface.l’10°13°1% The periodicity
of this "punching'" mode is attributable to the need to build
stresses back up to the theoretical strength of the glass after
qach fault is formed. The shear offsets associated with the fault
:races on the free surfaces are measurably large, again on the
order of micrometers,!" attesting to the catastrophic nature of
the failure events. On etching in dilute hydrofluoric acid the
fault traces show up much more clearly,? demonstrating that the
slipped regions must have the character of high energy interfaces.
It is clear from micrographs such as those in Fig. 5 that it is
indeed these shear faults which provide the nuclei from which the
radial cracks generate.

It is interesting at this point to examine the features of
the fault patterns which differ in the materials studied. Some of
these features may be distinguished in Fig. 5 for the two glass
types. In soda-lime the faults propagate well into the subsurface
region, ultimately intersecting with neighbors from other
quadrants of the hardness impression. The high concentration of
network modifier ions in this glass apparently provides more or
less continuous paths of "easy slip" through the structure.l0°15
In fused silica the absence of modifying elements precludes such
cooperative slip modes, and the subsurface material accommodates
the indentation volume by network densification. !0 Accordingly,
the stress intensifications associated with the surface faults are
not so easily relieved in the fused silica (although in some
favorable instances the constraints can be overcome by propagation
into a cone crack configuration, Fig. 5), so the thresholds for
radial initiation are somewhat lower than for soda-lime. On the
other hand, the densification mode leaves the surrounding material
in a relatively low state of residual strain, so the newly
initiated radials do not propagate as far outward from the
impression corners as do their counterparts in soda-lime glass.10
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Figure 5. Scanning electron micrographs of Vickers indentations
made at P = 2 Nand T = 10 s in (a) soda-lime and
(b) fused silica glasses, showing surface plus section

views.
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Similar fault markings are seen within surface indentations in
quartz,ls’17 with some indication that slip now occurs
preferentially on certain crystallographic planes.!® It is
conceivable that the additional constraints on the slip
flexibility imposed by such crystallographic requirements could
account for the ease with which cracks initiate in quartz, but our
current understanding of the basic mechanisms of deformation in
this mat:erial,12 particularly in the subsurface deformation zone,
is too obscure to allow for any more definitive a conclusion than
this.

The question we now need to address is, do the observed shear
fault patterns show any distinctive changes with contact duration?
Our only attempts to answer this question thus far have been
confined to observations using the optical microscope setup of
Fig. 1. At the limits of resolution attainable with this setup
one could just discern the incidence of individual shear events as
lines of enhanced reflection within the square contact shadow of
the Vickers pyramid. On reducing the contact duration the
intensity of these reflections appeared to diminish. This trend
correlated with an increasing '"pincushion'" distortion of the final
impression; in soda-lime glass at P = 1 N, for instance, the ratio
of "short" (edge center to opposing edge center) to "long" (corner
to corner) dimensions (0.707 for ideal, square impression) dropped
from 0.61 + 0.02 at T = 10 s to 0.55 * 0.02 at T = 0.1 s. The
implication here is that the faults have less time to develop
fully at the faster loading rates, indicating that the deformation
process itself has an intrinsic kinetic element.

MODEL

The preceding observations lead us to a simple, two-step
model for the crack initiation, depicted in Fig. 6.1 The first
step involves nucleation of the microcrack from which pop in
ultimately ensues. The nucleation is expected to occur at points
where the constraints on fault expansion are high, notably along
the impression diagonals. Thus the major dimensions of the
responsible defect configuration may remain effectively invariant
during this stage of initiation; the process of stress
intensification would then be more akin to flaw "sharpening' than
to flaw "lengthening'". The driving force for this first step
comes from the shear component of the field, which reaches its
maximum intensity at peak load but persists to a significant
degree (as evidenced by the fact that the impression depth does
not fully recover!®) after removal of the indenter.

Step two involves growth of the newly formed microcrack to
some critical instability point. The driving force now comes from
the tensile component of the field which, as we have alluded,
develops in the nucleation region only as the indenter is being
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Figure 6. Schematic model of radial microcrack initiation FC from
fault FF, in one quadrant of Vickers impression. Shear
SS and normal NN stresses drive fault and crack
respectively.

unloaded. Accordingly, this step should operate more effectively
after than during the contact cycle. (This last assertion gains
weight from the observation that reloading contact half-cycles
cause any fully developed radial cracks to close up at the
specimen surface.l)

The fact that crack initiation occurs more easily at higher
indentation loads (Fig. 2) could have its explanation in either of
the two steps above. Generally, the effect of increasing the load
is not to increase the intensity of the stress field (as governed
by the hardness, which remains more or less invariant), but rather
the spatial extent of this field."* Thus in the nucleation stage
we would expect the size of the embryo crack to increase in some
proportion to the size of the critical shear fault. In the growth
stage this same crack would be subject to smaller gradients of
tensile stress in the field of larger impressionms. At a
sufficiently large indentation size the driving forces reach a
level where both stages occur spontaneously, thereby defining the
critical conditions for inert environments.

Insofar as rate effects are concerned, either step could
exert a controlling influence. Here the paramount consideration
is the role of water. This role has been explored in depth in the
general deformation!®’20 and fracture21’22 properties of amorphous
and crystalline silicates. In terms of the specific model of
Fig. 6, we expect the shear faults to provide preferred diffusion
paths for atmospheric water; the interfaces, although in a
basically compressive indentation zone, nevertheless represent
planes of cohesive weakness, as evidenced by their susceptibility
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to attack in etch solutions. Further, hydrolytic weakening of
these interfaces (''decohesion") may then redistribute the active
shear stresses, so as to build up the stress concentrations at the
impression corners. Once nucleation has occurred, the water is
free to enter the newly formed microcrack and promote slow growth.

This leaves us with the influence of contact duration to
account for. Clearly, the data in Figs. 3 and 4 are qualitatively
consistent with any load-dependent rate process. Decreasing T at
given P effectively reduces the time available to drive the
initiation during actual contact, thereby increasing the tendency
to delayed pop in under the persistent action of the residual
field. Our observation that the initiation does not reach
completion within the initial, loading half-cycle now takes on a
special significance. It suggests strongly that of the two stress
components pertinent to our model, the shear driving the fault and
the tension driving the microcrack (Fig. 6), it is the former
which is the more crucial. We have implied that the normal
stresses at potential .initiation centers must remain highly
compressive up to (and beyond) the peak contact configuration; and
yet rate effects are evident even in square pulse experiments
where the development of the residual tension is effectively
instantaneous. Moreover, if initiation does not occur within the
contact cycle the delay times can be inordinately large, orders of
magnitude greater than the contact duration itself (Fig. 3),
consistent with the assertion that the shear driving forces remain
operative, but at diminished intensity, in the unloaded state.
Finally, we may recall the tendency to less pronounced development
of the shear fault configurations (as reflected in the increased
pincushion distortion of the overall impressions) on going from
relatively long (T = 10 s) to short (T = 0.1 s) contacts,
corresponding to a shift from the spontaneous to the delayed
pop-in regions in Fig. 3.

CONCLUSIONS

We have proposed a two-step, nucleation and growth, model of
radial crack initiation beneath sharp indenters. The evidence on
silicate structures presented in support of this model leads us to
conclude that it is the micromechanics of '"shear fault" evolution
in the presence of interactive (moist) environments which hold the
key to the strong rate dependence apparent in the threshold
conditions. The nature of this evolution remains somewhat
obscure. The faults clearly represent catastrophic failure
events, operating at or close to the theoretical strength of the
silicate structures, but do not fit in with the classical
description of slip by dislocation motion and regeneration, or of
fracture by a shearing mode; in the first instance the process
occurs in both glassy and crystalline modifications of the SiO,
structure, and in the second the existence of remnant interfacial
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cohesive forces violates the requirement of stress-free
boundaries. There is a need for closer investigation of these
defect structures (e.g. by transmission electron microscopy) in
different brittle materials, as well as of the crack nuclei that
develop from these structures.
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