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Vickers deformation/fracture indentations have been investigated in six silicate glasses. The
characteristic damage patterns fall into two distinct groups, according to whether the glass
shows “normal” or “‘anomalous’ mechanical behaviour. Observations of the damage morph-
ology during and after contact, of the scales of the deformation and fracture zones, and of the
residual stress intensity about the impressions, all point to a basic difference in the local stress/
strain micromechanics. This difference is discussed in relation to the factors which control the
brittleness of glass.

1. Introduction

It is now well established that silica-rich glasses exhibit certain anomalous
behaviour in their mechanical and thermal properties [1—3]. Fused silica is the
classic example of the so-called “‘anomalous™ glasses. Glasses with a substantial
component of network modifiers in their structure behave more “normally”, i.e. as
typified by most crystalline solids. It is generally accepted that the explanation of
anomalous behaviour rests with the tetrahedral bond structure of the basic silica
network, in particular with the relative movements of atoms in the Si—O-S;j link-
ages; modifying ions are seen as restricting these movements.

This distinction between normal and anomalous behaviour extends to the
deformation [4—9] and fracture [10,11] properties of glasses. The aim in the
present work is to investigate the effect of glass composition on basic deformation/
fracture parameters, using an indentation technique. Based on the principles of
indentation fracture mechanics [12], our study considers the micromechanics of
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crack development within a geometrically similar, deformation-controlled contact
field [13—15]. The results obtained will be seen to follow the normal/anomalous
dichotomy, pointing to some basic difference in the nature of the indentation
process.

2. Indentation experiments
2.1. Materials and test procedure

The glasses studied were in the form of microscope slides 75 X 25 X 1.5 mm,
from the same source as the specimens used by Wiederhorn and co-workers to
fabricate test pieces in their fracture mechanics studies [10,16]. Table 1 shows the
compositions of the glasses. Each slide had been pre-annealed, silica excepted, to
remove residual stresses.

Indentations were made with a Vickers diamond pyramid, over a load range
0.1-100 N. A dry nitrogen test environment minimized kinetic effects in the
indentation micromechanics. Each glass surface could accommodate several
hundred such indentations without any detectable interaction between neighbours.

2.2. Deformation/fracture morphology

Examination of the indentation damage by optical microscopy showed a clear
distinction between the normal and anomalous glasses. Some of the features to be
described here have been noted in other studies [17—22]. We concentrate on those
details which highlight the differences in the two glass types. Basically, the normal
glasses were characterized by well-defined, classic sharp-indenter patterns, whereas
the anomalous glasses showed somewhat more complex configurations. Typical
patterns are shown in figs. 1 and 2, with soda-lime and silica glasses taken as
representative of normal and anomalous types respectively.

Table 1

Composition (weight fraction) of glasses studied. (After [10,16].) N denotes normal, A denotes
anomalous

Glass Type SiO, B,03 Al,bO3 Na,O KO0 MgO CaO PbO
Silica A 0.998

96% silica A 096 0.03 0.01

Borosilicate A 0.80 0.14 0.02 0.04

Soda-lime N 0.72 0.02 0.14 0.01 0.04 0.07
Lead-alkali N 0.60 0.04 0.10 0.02 0.24
Aluminosilicate N 0.57 0.04 0.20 0.01 0.12  0.06




A. Arora et al. [ Indentation deformation/fracture of glasses 417

Fig. 1. Polarized light micrographs of Vickers indentations in soda-lime (left) and silica (right)
glasses, taken in situ from beneath contact zone (central dark square): (a) full load (P = 40 N),
(b) complete unload. Optical contrast from median/radial (M) cracks exceeds that from cone
(O) or laterial (L) cracks, owing to near-edge-on orientation with respect to light beam. Width
of field 600 um. Note relatively small residual birefringence in silica specimen.

The first method of observation was aimed at following the entire evolutionary
sequence of the indentation deformation/fracture patterns. It has already been esta-
blished [19] that the unloading half-cycle is of no less importance than the loading
half-cycle in generating a driving force for the cracks, due to the development of
residual stresses about the deformation zone [23,24]. The indentation process was
carried out in situ on the stage of an inverted microscope, and viewed from below
in polarized light [25,26]. Fig. 1 shows indentations observed in this way at maxi-
mum load and complete unload. In contrasting the two types of pattern in these
micrographs, special note may be made of the relatively weak residual stress bire-
fringence in the anomalous glass.

The second method of observation provided a closer look at events in the imme-
diate vicinity of the deformation zone. Some of the glass slides were pre-cracked,
and indentations made across the crack trace immediately behind the arrested tip.
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Fig. 2. Reflected light micrographs of Vickers indentations in soda-lime (left) and silica (right)
glasses: (a) half-surface, (b) section, views. Indentation load 30 N. Width of field 220 um. Crack
labelling as in fig. 1. Note different deformation zone configurations (near-semi-circular region
immediately below impression) in (b).

Subsequent breaking of the slides produced convenient matching half-surface and
section views of the contact damage [22]. Reflected light micrographs of such
views are shown in fig. 2.

From the optical observations we identify the following sequences of events for
normal and anomalous glasses:

2.2.1. Normal glasses.

Loading half-cycle: (a) at low loading the deformation processes in the region of
high shear and compression immediately below the contact generate incipient flaw
nuclei, the remnants of which are seen in fig. 2 (left) running approximately parallel
to the zone boundaries [22]; (b) at some threshold one or more of these flaws
reach a critical size, and grow into small, subsurface, penny-like “median”’ cracks on
tensile symmetry planes defined by the load axis and an impression diagonal
[14,19]; (c) on further loading, the contact continues its expansion and drives the
median cracks stably downward into the glass, giving rise to the characteristic star
pattern in fig. 1a (left). Unloading half-cycle: (d) on load reversal, mismatch stresses
associated with stress/strain incompatability between deformation zone and
surrounding elastic matrix begin to dominate the applied field, thereby driving the
medians further outward and upward toward the specimen surface, fig. 1b (left); (e)
on approaching completion of the cycle the residual stresses begin to dominate the
field, and drive sideways-spreading, saucer-like “lateral” cracks from within the
deformation zone, fig. 1b (left) [23]. Some variants occur in this somewhat
idealized pattern of behaviour, notably at low loads: even if the threshold stage (b)
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is not attained during the loading half-cycle the residual stress field may become
sufficiently intense to initiate and drive near-surface “radial” cracks outward from
impression corners as the indenter is withdrawn, thereby producing a final surface
crack configuration to all intents and purposes identical to that of fig. 1b (left).

2.2.2. Anomalous glasses.

Loading half-cycle: (a) at low loads the deformation processes again activate
flaw nuclei, particularly at or about the surface zone boundary, figs. 1 and 2 (right);
(b) at threshold a critical nucleus grows unstably from the surface into a “ring”
crack about the impression, with more or less classical Hertzian geometry [12]; (c)
at increasing load the ring crack propagates stably downward until its surface trace
is encompassed within the expanding contact, whence a new ring initiates, until
ultimately a multiple system of steeply penetrating “cone” cracks obtains; at the
same stage in the loading variable median/radial and lateral cracking may occur, but
in a manner severely restricted by the preceding cone cracks, fig. 1a (right).
Unloading half-cycle: (d) load reversal produces little change in the cone/median/
radial crack configuration; (¢) as unloading completes, a collar of material often
detaches from part way down one or more of the cones to leave an annular surface
crater, especially in heavily loaded surfaces, fig. 1b (right). In exceptional cases,
where the cone initiation stage (b) is for some reason suppressed, a reasonably well-
developed median crack system can be realized — however, even then the radial
surface traces tend to be irregular, often emanating well away from the impression
corners, and residual-stress driven extension during unloading remains slight.

The major conclusion to be drawn here, echoed by similar observations on all
the glasses listed in table 1, is that the processes responsible for initiating the
fracture patterns are quite different in the normal and anomalous glasses. This in
turn implies a difference in the deformation mechanisms themselves, bearing in
mind that the geometrical conditions of indentation (viz. rigid pyramid indenter;
flat, isotropic, homogeneous specimen) are essentially invariant. We shall look more
closely at the influence of glass structure on the mode of deformation in the
Discussion.

2.3. Parameters of the deformation/fracture patterns

An attempt was made to relate the scales of the deformation and fracture zones
in the indented glasses to basic brittleness parameters. In accordance with the
scheme outlined in recent indentation fracture analyses [13—15] the idealized
median crack geometry of fig. 3 was taken as the basis for measurement. As we
have just seen, crack patterns closely following this geometry are the rule in normal
glasses, but the exception in anomalous glasses. Data in the latter case are therefore
somewhat limited and variable.

For present purposes-it is necessary only to summarize the essential details of
the deformation/fracture mechanics. In the case of the deformation zone the
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Fig. 3. Parameters of well-developed deformation/median-crack system at Vickers indentation,

characteristic dimension g of the impression relates to the load P via the hardness
H:

P/a?= aH = constant . m

Measurements investigating this relation are generally taken in the deformation-
controlled region of behaviour ¢ <a, but the incidence of cracking does not appear
to influence the deformation mechanics, as long as the impression remains
reasonably well defined. Taking @ as the impression half-diagonal as in fig. 3, and
defining hardness in terms of the mean indentation pressure over the projected
contact area (not the actual contact area, as conventionally used in defining the
Vickers hardness number), we have oy = 2. For the crack pattern the analogous
equation is given in terms of the fracture toughness K :

P/c3'? = B,K . = constant . @))]

Crack measurements are usually made in the region ¢ >>a, where the median
system is considered to be well-developed [13]. Uncertainties in the fracture
mechanics preclude a theoretical estimate of the numerical constant $, to within
much better than a factor of two or three, and an empirical adjustment becomes
necessary.

In discussing how an indentation pattern of the type modelled in fig. 3 reflects
on the brittleness characteristics of a material, Lawn and Marshall [15] point out
that data representing eq. (1) and (2), suitably normalized, may be conveniently
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Fig. 4. “Universal” deformation/fracture diagram showing indentation data plotted for normal

and anomalous glasses.

Table 2

Hardness and toughness of glasses studied )

Glass H/GPa K/MPz m1/2
Silica 7.6 0.79
96% silica 6.9 0.72
Borosilicate 6.1 0.76
Soda-lime 5.6 0.75
Lead-alkali 4.9 0.68
Aluminosilicate 6.6 091

3) Hardness data from present study, measurement error + 5%. Toughness data from ref. [10],

error = 2%.
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plotted on a single, “universal” deformation/fracture diagram. Such a plot is shown
in fig. 4 for all the glasses under consideration in the present study: using the appro-
priate values of H and K listed in table 2, load is normalized in terms of K(K/H)?
and linear dimensions in terms of (K./H)? to produce dimensionless test variables.
It is clear from the fracture data that the value of B, for the anomalous glasses
differs significantly from that for the normal glasses. Physically, , can be regarded
as a geometrical factor which relates the normal indentation force to the effective
centre-loading force driving the penny-like median cracks [27]: a variation in this
quantity accordingly implies a difference in the near-contact deformation mecha-
nisms responsible for redistributing the applied loading.

2.4. Stress birefringence measurements

The classification of the deformation/fracture characteristics noted above into
two distinctive groupings prompted a closer look at the residual stresses about the
indentation sites. Evidence exists that residual-stress effects can be significant in the
indentation fracture mechanics [28,29], and we have already made special mention
of the marked difference in behaviour shown by normal and anomalous glasses
during the unloading half-cycle. A standard optical birefringence technique was
therefore used to provide a comparative measure of stress levels in the tested slides.
The indentations were viewed normal to the plate between crossed polars, and a
compensator used to determine the retardation close to the impression sides, where
the birefringence was a maximum. As with the hardness data, the incidence of
cracking appeared to have little effect on the results.

It is readily demonstrated that the birefringence measurements contain quantita-
tive information on the residual stress field. The retardation is defined as

t
r= fAn(z) dz 3)
0

where An is the birefringence, i.e. the difference in the principal refractive indices
perpendicular to the optical path, here integrated over the plate thickness . Now
the birefringence relates directly to the corresponding differences in principal
stresses (by symmetry, directed parallel and perpendicular to the impression sides)
Ao, via the stress-optical coefficient 4, such that

t
r=4 on(z)dz. 4)
0

Since the spatial extent of the field must scale with the impression half-diagonal a,
and the intensity of the field likewise with the hardness H, eq.(4) may be
conveniently normalized to give

t/a

I'=AHa f [Ao(z/a)/H] d(z/a) . 5)
0
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Eq. (1) may be used to eliminate a:

P=nAHl/2P1/2 (6)
where we define the dimensionless quantity
t/a
n=0g'"? [ [Ao(z/a)/H] d(z/a). )
0

We may note that the constancy of n rests with geometrical similitude in the
residual field.

Analysis of the birefringence measurements was carried out in accordance with
eq. (6). First, the stress-optical coefficient for each glass was determined from a
routine calibration test, in which a known uniaxial stress was applied along the
diameter of a disc-shaped test piece and the resultant birefringence measured along
the disc axis [30]: the values are listed in table 3. The experimental data were then
plotted as T A~1H~1/2P~1/2 against load, fig. 5. Each glass gives a horizontal plot,
confirming indentation similarity with load, but the data again fall into two
distinct groups. The level of residual stress, as reflected in the integral of eq. (7), is

clearly smaller for the anomalous glasses, consistent with the crack morphology
observations.
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Table 3

Stress-optical coefficients of glasses studied 2)
Glass A/[(TPa)1

Silica 3.53

96% silica 3.90

Borosilicate 3.83

Soda-lime 2.65

Lead-alkali 3.03

Aluminosilicate 2.68

a) Measurement error + 2%.

3. Discussion
3.1. Anomalous properties of glasses

Our study reveals basic differences in the indentation deformation/fracture
behaviour of normal and anomalous glasses. A survey of the structural character-
istics of fused silica and its modifications [1—-3] shows that these differences
correlate with a number of other mechanical and thermal properties. In particular,
anomalous glasses are distinguished by an unusually low coefficient of thermal
expansion (negative at low temperatures), and a positive temperature gradient and
negative pressure gradient of bulk modulus. These are properties which are highly
structure-sensitive, suggestive of a strong dependence on the spatial arrangement of
the silica tetrahedra. The observation of similar anomalous behaviour in other tetra-
hedrally-coordinated glasses [e.g. GeO,, BeF,, Zn(P0O),] but not in glasses with
threefold coordination (e.g. B,03) [31] reinforces this conclusion. Most workers
agree that the transverse bending or vibrational modes of the Si—O-Si linkages
between the network tetrahedra play a dominant role in the anomalous behaviour
of fused silica, with network modifying ions in the interstices of the structure
inhibiting these modes in the normal glasses: however, the detailed mechanism of
structural response to stress or temperature remains a matter of some contention.

Of special relevance here is the role of such structural features in the deforma-
tion properties of silicate glass. Because of its brittleness, glass is not readily amen-
able to conventional mechanical testing methods; there is a tendency to spontane-
ous failure before any deformation mode can manifest itself in the stress/strain
response. Techniques which involve large components of hydrostatic compression to
inhibit fracture are therefore necessary. It is in this context that the indentation
test is currently arousing considerable interest in the study of brittle materials: the
contact field is primarily one of compression and shear (although not entirely free
of tension, as evidenced by the indentation cracking), thereby allowing for
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controlled production and study of irreversible deformation. Thus, following earlier
studies of the residual impressions left by sharp indenters in a variety of glass
compositions [32,33], Marsh [34] concluded that the deformation of glass is essen-
tially plastic in nature. Subsequent workers, notably Neely and Mackenzie [7] and
Ernsberger [8], citing results from high-pressure “belt” apparatus [4—6], argued in
favour of a densification mode, especially in pure fused silica; Ernsberger’s study, in
particular, produced definitive evidence for the existence of densified material
about indentation sites, although he could not refute the possibility that plastic
flow accompanies the compaction. Peter [35], in detailed microscopic investiga-
tions of the indentation topography, noted a transformation from essentially radial
to lateral (“pile-up”) displacement of material about the indenter as the modifier
content was increased, suggesting a corresponding transformation from densifica-
tion to plasticity in the deformation mechanism. There is an implication here that
normal glasses deform largely by a shear-dominated flow process, which is neces-
sarily reconstructive in the bond configuration (i.e. bonds must be continually
broken and remade with new neighbours), whereas anomalous glasses deform by a
pressure-dominated densification process, thought be to basically displacive (as
indicated by the recovery of the impression on annealing [6]). The role of modify-
ing ions in the structure is then seen as one of providing “easy-slip” paths through
an otherwise rigid, strongly covalent network [36]. Details of the actual mecha-
nisms, however, remain obscure.

No less obscure than the mechanisms of deformation in glasses are the mecha-
nisms of fracture. Wiederhorn and co-workers [10,11] have identified basic
differences in the fracture behaviour of normal and anomalous glasses, and have
considered possible explanations of these differences in terms of the way the net-
work structure responds in the region of intense tensile stress at the tip of a
propagating crack. Bearing in mind the signs of the pressure gradients of bulk
modulus in the two glass types, one may expect the stiffness of the structure to be
locally depressed in the crack-tip region for normal glasses, and correspondingly
enhanced for anomalous glasses. This could account for a relatively high ratio of
fracture energy to elastic modulus observed for anomalous glasses [10], fracture
energy (hence toughness) relating explicitly to conditions within the crack-tip zone
[37]. It is also suggested [11] that such structural conditions could explain the fact
that the normal glasses show intrinsic slow crack growth in vacuum, whereas the
anomalous glasses do not: however, the role of modifying ions in assisting crack-tip
bond rupture in the former case has yet to be fully clarified, making it difficult to
come to any definitive conclusion concerning crack-tip processes.

3.2. Indentation deformation/fracture behaviour
We are now in a position to place some physical interpretation on the indenta-

tion results reported in section 2. The invariance of the indenter/specimen contact
geometry in the Vickers test arrangement leads us to conclude that the normal and
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anomalous glasses must differ in some fundamental way in their stress/strain
response. Unfortunately, there exists no detailed comparative stress analysis of the
sharp-contact problem for materials which deform by competing flow and densifi-
cation modes, although some semi-empirical calculations have recently been
attempted [24,38]. Difficulties in this type of analysis include the precise form of
the appropriate constitutive relations, the boundary conditions at the indenter/
specimen interface, and the presence of the free surface outside the contact area
(ignored, for instance, in “expanding cavity” models). Nevertheless, one may draw
certain inferences concerning the driving forces for the attendant fracture from the
evidence presented here for a comparatively small residual stress effect associated
with indentations in the anomalous glasses:

3.2.1. Crack initiation.

The nature of the deformation-induced crack nuclei responsible for the ultimate
indentation fracture patterns must reflect strongly on the deformation processes
themselves. Our residual-stress observations lend support to the contention that the
mode of deformation transforms from reconstructive flow-dominated to displacive
densification-dominated as one goes from network-modified to more open silica-
rich glasses [6,35]. Accordingly, in normal glasses flaws generate on planes of
apparent shear displacement within the subsurface contact zone, as in fig. 2 (left)
[22]. In anomalous glasses, on the other hand, generation occurs preferentially in
the near-surface regions immediately surrounding the compacted contact zone,
where local enhancement of tensile stresses is expected, fig.2 (right). This
difference in flaw mechanism would explain the tendency to median-crack forma-
tion in the normal glasses, cone-crack formation in the anomalous glasses.

3.2.2. Crack propagation.

. Once developed, the indentation cracks propagate according to some fracture
miéchanics relation ¢(P). In our analysis of the median/radial crack system the
distinction between anomalous and normal glasses is marked by a shift in the data
represéritifig this relation on the universal plot of fig. 4. We have already indicated
(section 2.2) that such a data shift can be accommodated only by a change in the
indentation constant g, in eq. (2); it cannot, for instance, be accommodated by any
anomaly in K, as might be inferred from Wiederhorn’s toughness data [10], since
variations in this parameter simply displace the fracture data along the normal
curve. A systematic change in o can in fact arise from residual-stress effects: a
proper analys1s leading to eq. (2) incorporates stress intensity factors representing
an applied field. based on purely elastic contact plus a residual field arising from
elastic/inelastic mismatch [39], and omission of the second term effectively results
in an overestimate in f,. Quantitative estimates from fracture mechanics studies
of indentation cracking in soda-lime glass [39] indicate an increase by a factor
~1.8, whereas a factor ~2.1 is needed to account for the shift in fig. 4. It is
likely that other factors contribute to this effect, for example the constraint of
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dominant cone cracks on the expanding radial cracks in the anomalous glasses, but
this is not easily quantified.

The conclusions drawn in this study bear on a number of important fracture-
related technological problems. Indentation mechanics is currently being adopted as
a basis for analysing strength degradation, surface erosion, wear, grinding and
abrasion, etc in brittle materials [12], and [40—42]. Analyses of this type generally
begin with the assumption of model indentation deformation/fracture system,
geometrical similitude providing the cornerstone for mathematical formulation. It
is apparent from the present results that inter-comparisons of predicted properties
for different material types need to be made with due caution.
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