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Deformation and fracture of synthetic

a-quartz

N. E. W. HARTLEY, T. R. WILSHAW

Materials Science Laboratory, School of Applied Sciences, University of Sussex, UK

The deformation and fracture properties of synthetic a-quartz crystals were measured
using hardness, pre-cracked bend and Hertzian tests over the range 20 to 545°C in air
and dry nitrogen. The resistance to fracture decreases significantly with increase in
temperature and is orientation-dependent (becoming very small as the inversion
temperature is approached), while the microhardness remains relatively insensitive to
temperature and environment. These effects are interpreted in terms of the moisture
content of the environment and the intrinsic water content of the crystals.

1. Introduction

The deformation and fracture behaviour of
quartz is of fundamental interest to the earth
sciences and many branches of technology.
Previous work has centred either on the deforma-
tion problem, using hardness tests [1-3] and
compression tests [4-11], or on the fracture
behaviour [12-14]. The outcome of these studies
has been the identification of some of the para-
meters which influence the mechanical behaviour
of quartz, such as impurity content [2, 3] (par-
ticularly water [4, 5]), chemical environment
[6], temperature [7, 8] and loading rate [5, 9].
The role of these variables is often difficult to
measure and even more difficult to explain in
terms of a fundamental model. Although quartz
is readily obtainable in the form of large single
crystals it is nevertheless a difficult material to
work with because, in addition to being subject
to the variables listed above, it is anisotropic
with some tendency to cleave.

This paper is an attempt to quantify the effects
of many of these variables and thereby to deter-
mine their relative importance. The approach to
the problem has been to separate as far as
possible fracture from deformation in order that
a study of each might be made. Synthetic
a-quartz was chosen as the principal material.
The temperature range from room temperature
up to 545°C was investigated using Vickers
hardness indentation (deformation) and Hertzian
contact loading (fracture). The results are dis-
cussed with particular reference to the hydrolytic
weakening model of quartz [5].

© 1973 Chapman and Hall Ltd.

1.1, Structure and physical properties of
quartz

The standard reference work on the structure
and properties of quartz and the silicates is the
book by Dana [15]. A concise account has
recently been given [8] of the relationship
between the high pressure/high temperature
phases of silica, one or more of which may be
produced during hardness indentation [3].
a-Quartz crystallizes with a hexagonal lattice
which exists up to 573°C at atmospheric pres-
sure, and has no centre of symmetry and no
plane of symmetry. The primary structural unit
is the SiO, tetrahedron in which one silicon atom
sits interstitially between four oxygen atoms.
The extension of these units in three dimensions
produces a framework structure in which each
of the oxygen atoms at the corner of a tetra-
hedron acts as a link between adjacent tetra-
hedra [15].

Of the many twinning modes that can exist in
quartz [15], twinning by a 180° rotation about
[0001], is the only mode which may be produced
as a result of mechanical forces [i]. This is
known as the Dauphiné twin and is referred to
later in the discussion of Section 4.

Synthetic hydrothermally grown quartz
crystals were obtained from the Sawyer Research
Corporation, USA. Mass spectrometry revealed
that there was a small difference between the
metallic impurity content of synthetic and
Brazilian quartz specimens (Table I). Generally,
synthetic quartz has a higher intrinsic water
content than natural quartz [8] and this was
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TABLE I Mass spectrometry analysis of impurities in
quartz (ppm)

1 Br K CI Al Mg Na
Brasilian 50 100 40 250 60 40 120
Synthetic 1 1 15 50 50 60 120

found to be the case with the Sawyer crystals
from estimates of ir. spectra [16]. Hydro-
thermally grown quartz crystals have a charac-
teristic extremely low dislocation density.

The crystals were oriented by Laue back-
reflection and were then cut up on a diamond
saw to within 4%° of the required crystallo-
graphic plane. They were then subjected to an
abrasion treatment for Hertzian testing, or were
pre-cracked for fracture toughness testing, In
this series of experiments the three mutually
perpendicular planes shown schematically in
Fig. 1 were studied. The three cuts correspond
to the conventionally denoted X, Y and Z cuts
which identify with the planes (1120), (1100)
and (0001) respectively.

2. Deformation

The most convenient method of determining the
deformation behaviour of strong brittle solids is
the microhardness test. An indenter of known
geometry, e.g. a Vickers diamond pyramid or
Knoop indenter, is forced into the surface under
a known load, and the depth of penetration is
directly related to the resistance to flow of
material around the indenter. Microhardness
data have been interpreted in terms of the flow
stress [17] and more recently in terms of the
operative slip systems [18]. Very brittle materials
such as glass [19] and quartz [1-3] will perman-
ently deform even at room temperature under the
action of an indenter. A basic question arises
as to what physical mechanism or mechanisms
are responsible for the permanent displace-
ments created by a microhardness indent.

The object of the hardness tests in this work
was to determine the effect of temperature,
orientation and environment on the resistance
to plastic deformation. Since fracture is essen-
tially a limiting stage in the plastic deformation
process it is important to determine the relation-
ship between the two phenomena.

The tests were carried out on mechanically
polished surfaces under loads ranging from 10 to
100 g. Visible cracks appear at the corners ot
indentations in quartz at loads above 30 g, but
the presence of cracks did not affect the hardness
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Figure 1 Schematic diagram of the orientation of the three
principal cuts with reference to the quartz crystal lattice.

number. The load applied during identation was
maintained for 30 sec.

It was not possible to detect a difference in
hardness between the planes (1120), (1100) and
(0001) although Taylor [20] is quoted as finding
{1070} harder than (0001), and Westbrook’s
data show that the prism plane is about 159
harder than the basal plane. Since the specimens
were polished before testing it is possible that
residual stresses were introduced into the surface,
although no evidence for this was found. The
results of hot-hardness tests on a well polished ¢
(0001) specimen are shown in Fig. 2. Also
included are the results obtained when hot
nitrogen was flushed over the surface of the
specimen. (The nitrogen environment was
designed to compare with the nitrogen condi-
tions described in Section 3.3.) The results of
Westbrook [1] are represented by the dashed
line.

2.1. Deformation mechanisms in quartz

There are four ways by which strain may be
accommodated during indentation: (i) by dis-
location motion away from the indented region,
(i) by densification, (iii) by twinning, or (iv) by
a microfracturing process such as that proposed
by Brace [2] for quartz. Densification has been
shown to occur under indentations in glass [21].
However, in quartz which is more dense than
glass and whose bonds are directional and partly
ionic [22] it is doubtful that densification is
primarily responsible for accommodating the
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Figure 2 Vickers hardness on (0001) synthetic quartz plane for air and nitrogen environments as a function of

temperature.

large strains (about 89, [23]) associated with
indentation. Firstly, extremely high pressures are
required to form either of the denser forms of
quartz (coesite and stishovite) and secondly
there is evidence that even under suitably high
conditions of pressure and temperature the trans-
formation to coesite is thermodynamically un-
favourable since the time required is long at low
homologous temperatures [24]. Nadeau and
Brace have considered the case for the formation
of coesite below an indenter [2, 3]. Although
microcracking and twinning do occur under
most indentation conditions these processes do
not accommodate sufficient amounts of dis-
placement to warrant serious consideration as
the principal deformation modes either.

By a process of elimination, therefore, the
most likely mechanism is plastic deformation by
a slip process produced by dislocation motion.
The recent analysis of Brookes et al [18] is based
on the critical resolved shear stress acting below
a Knoop indenter, and the observed directional
anisotropy in hardness correlates well with the
predicted contributions from the established slip

systems of several crystals. However, it has not
been demonstrated to date that dislocations on
slip planes are responsible for accommodating
displacements in quartz. If the ability of quartz
to deform under hardness impressions is pre-
dominantly determined by dislocation motion,
then it is probable that the slip which takes place
is non-crystallographic. The suggestion that
indentations are formed as the result of plastic
flow involving dislocations has been made by
Nadeau [3]. Analysis of the results of Knoop
hardness tests on quartz [25, 27] shows that the
small degree of directional anisotropy in hard-
ness which exists in quartz cannot be assigned to
variations in the critical resolved shear stress on
crystallographic slip planes of low index.

A thermally activated softening phenomenon
was observed by Griggs and Blacic [4] from
uniaxial compression data obtained over a range
of temperatures. The onset of weakening occur-
red at a specific temperature dependent on the
intrinsic water content of the crystals (Fig. 3).
Although the fundamental mechanism has not
been clearly established, the hydrolytic weaken-
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Figure 4 Schematic model of the Frank-Griggs mech-
anism of dislocation motion by hydrolysis and hydrogen
bond exchange; A: sessile hydrolysed edge dislocation
with anhydrous neighbours; B: neighbouring bridge
hydrolysed by water migration; C: dislocation moves by
exchange of hydrogen bond with neighbouring bridge
[5].

ing model proposed by Griggs [5] is consistent
with most of the major features of this pheno-
menon. A schematic representation of the model
is presented in Fig. 4. The suggested mechanism
of hydrolytic weakening is assumed to have
taken place via the migration of hydrogen-
bonded Si-O links of the form Si-OH . . . HO-Si
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through the silica lattice in such a way that dis-
location kinks may move easily by hydrogen
bond exchange.

It was anticipated that the hardness data
would reflect any softening processes since the
hardness test measures the resistance to disloca-
tion motion. However, the temperature-depend-
ence of the hardness (Fig. 2) shows no indication
of a softening transition temperature and corre-
lates more closely with the temperature-depend-
ence of the elastic moduli (Fig. 5). For very hard
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Figure 5 Temperature dependence of Young’s modulus of
quartz for direction perpendicular and parallel to the
optic axis [0001]. (From [47]).

materials small changes in hardness are difficult
to detect. In quartz it is unlikely that complete
saturation by hydrogen ions will occur owing to
the extremely high density of dislocations in the
vicinity of an indentation. The data of Fig. 2 do
not necessarily exclude the existence of hydro-
Iytic weakening, since softening brought about
by incomplete hydrolysis will probably not be
resolved by the hardness test.

3. Fracture

The principles of basic fracture property measure-
ment are relatively simple; a crack of known
length is propagated in a specimen of known
geometry under specified loading conditions.
The resistance to crack propagation, usually
expressed as the fracture toughness y(Jm-%), or
the critical strain-energy release rate Ge(Jm=2),
may be calculated from the applied force which
causes unstable fracture. The well-known Griffith
equation is a formulation of this general state-
ment.

There are few materials whose fracture be-
haviour can be exactly represented by simple
theory based on the assumptions that materials



DEFORMATION AND FRACTURE OF SYNTHETIC «-QUARTZ

respond to stress in a linear elastic manner and
that their physical properties are isotropic.
Quartz has highly anisotropic elastic properties;
it shows some tendency to cleave, some irre-
versible deformation occurs in the region of the
crack tip prior to fracture [26, 27] and the
fracture toughness is affected by the nature of
the chemical environment, i.e. the resistance to
crack propagation depends on the crack velocity
[6, 271.

Some insight into the fracture behaviour of
anisotropic brittle solids can be gained from the
study of isolated cracks under well defined load-
ing conditions. Two types of fracture test were
used; the first utilizes large single cracks of
known lIength fractured in three- or four-point
bending [28] and is used to determine absolute
values of fracture toughness. The second test —
the Hertzian fracture test [29] — involves the
propagation of surface microcracks and is
employed here to measure changes in fracture
toughness as affected by temperature, environ-
ment, and orientation.

3.1. Pre-cracked bend tests

The simple and effective pre-cracking technique
of Brace and Walsh [14] shown in Fig. 6 was
employed in this work. A rectangular slice of
the Sawyer crystal of known orientation and
containing a centrally drilled hole is compressed
in one direction. Small cracks are made to
initiate and propagate in the general direction
of the compressive force. These natural cracks
were not planar but followed certain cleavage
planes of the {1071} type. A pre-cracked prism
was then prepared by sawing each side of the
arrested crack (see Fig. 6a).

Pre-cracked tests of this type are now well
established. The load to cause the crack to
propagate, and the initial length of the crack
(measured on the fracture surface), were both
substituted in the appropriate equation for y to
obtain a value of 11.5 4 1.5 Jm~2, for a-quartz
in air at room temperature. The only previously
reported values of 0.41 to 1.03 Jm~% were
obtained from Gilman tests [14] (Fig. 6b). How-
ever, if there is insufficient uncracked material
ahead of the cleavage crack then the constraint
afforded by the specimen is reduced. In this situa-
tion an error arises which leads to an under-
estimation of y on short specimens [30]. This
may account for the much greater value of y
recorded for three-point bend tests in this work
and the earlier work [14] on Gilman specimens.
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Figure 6 Schematic diagram of pre-cracking technigue
(a), Gilman test (b), and three-point bend test (c). In (a),
the sawing directions required to produce three-point
bend specimens are shown by the broken lines.

3.2, The Hertzian fracture test: theoretical
background

The Hertzian fracture test is a new approach to
fracture toughness testing and is convenient,
simple, and entails a minimum amount of speci-
men preparation. The instability event is marked
by the instantaneous growth of surface micro-
cracks [31, 32]. The essential features involve
pressing a spherical ball onto a prepared surface,
until a small macroscopic cone crack suddenly
appears. The critical force required to produce
this crack is directly related to the fracture
toughness. In several ways this test is analogous
to the indentation hardness test except that it is
resistance to fracture that is measured rather
than resistance to deformation. That a complete
theoretical treatment of Hertzian fracture in
anisotropic media is not yet available is not
considered to detract from the usefulness of this
experimental situation.

It is instructive to examine the special case of
Hertzian fracture in isotropic solids, for example
glass. The development of unstable fracture is
shown in Fig. 7, together with the important
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Figure 7 Schematic diagram of Hertzian instability and
fracture parameters.

geometrical parameters and material properties.
A spherical ball of radius r is loaded onto a
surface which has been abraded in a controlled
way [33] to introduce surface microcracks of
effective depth ¢;. The ball makes contact over
a circular region radius a, related to the applied

load P by
4 (kPr)
ad =z |+

3\ F 1)

where

9 \ o E
k=ﬁ{(1—v)+(1—v )E'} @)

and E, E’, v, v refer to the indented medium and
ball respectively, and have their usual meaning.
The near surface material outside the circle
of contact experiences a tensile stress in the
radial direction. On the surface itself this stress
is distributed according to the relationship
-2 P

o= I 3

This stress diminishes very rapidly with depth
below the surface; however, if the microcracks
¢r are sufficiently small to experience a uniform
tensile stress, a simple equation for the critical
fracture load P. may be derived. Assuming that
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the fully developed Hertzian cone crack initiates
from a crack of length ¢ at yc, and that it is
equivalent to a single edge crack in tension, the
fracture criterion is

1 2Ey )
7= m{(l - v2)7rcj @

and the critical fracture load P, is obtained from
combining Equations 3 and 4:

32 kry
31122 (1 - ) (1 — 2w)?

e\~ e\t

5 (5 o
It is then possible to calculate v using Equation
5, by substituting all the values of P, ct, ye, and
v. However, it is not possible to measure cr very
accurately since it is only a few microns in depth
within the range of applicability of Equation 5.
Consequently any absolute determination of y by
this technique is subject to large errors and is
very approximate [27]. Alternatively, if ¢¢ and ye
are maintained constant, i.e. the specimen
surfaces are prepared consistently, then the
Sracture toughness is directly proportional to the
Jracture load.

The following experiments were designed to
determine the effects of temperature, environ-
ment and orientation on the fracture toughness
by measuring the Hertzian fracture load.

Pe

3.3. The Hertzian fracture test: experimental

A 12.7 mm diameter tungsten carbide ball was
loaded onto a carefully abraded specimen surface
at a rate of approximately 10 Ns—! which corre-
sponds to a constant velocity of approach of
10-% msec—. The instability load P was recorded
by stopping the test as soon as the Hertzian cone
crack appeared.

The surface abrasion conditions were deter-
mined from a preliminary set of tests designed
to achieve maximum reproducibility in P, within
a minimum preparation time. Each specimen
was lapped under a pressure of about 10 Nm~—*
for 1 h using F500 (12.8 pm) SiC followed by a
further hour with F1000 (4.8 um) SiC. The
abrasive grit was continuously applied as a water
slurry and completely recharged every 10 min.
Specimens were finally rinsed and ultrasonically
cleaned in ethyl and methyl alcohol or water,
and air-dried prior to testing. The majority of
tests were carried out in air on a specially con-
structed hot-stage. Some experiments were also
performed whilst enveloping the surface of the
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Figure 8 Results of Hertzian tests on X, Y and Z-cut synthetic quartz in air as a function of temperature.

specimen with dry nitrogen. Nitrogen was
chosen because it does not react with quartz,
and also because it is readily available as a
nominally water-free gas. For the high tem-
perature experiments (Fig. 9) the N, was heated
before reaching the environmental chamber.

The spacing of the indentations was arranged
$0 as to optimize on the amount of surface avail-
able whilst ensuring that there was no interaction
from residual stress fields due to neighbouring
cracks. This enabled between 12 and 36 tests to
be performed on a single specimen. The Hertzian
fracture load calculated from the data corre-
sponds to a 509, probability of a cone crack
occurring at that load [33]. The error bars shown
in Figs. 8 and 9 represent the minimum confid-
ence in the 509% probability value of P, cal-
culated from the total number of tests carried
out at each specific temperature.

The room temperature results are presented
in Table II along with data for soda lime glass
and silica for a comparison. The results of vary-
ing temperature, orientation and environment
are summarized in Figs. 8 and 9, and will be
discussed in the next section.

TABLE II Hertzian fracture data (in air at room

temperature).
P(N)  yefa 14
Soda-lime glass 450 1.37 0.23
Fused silica 250 1.40 0.184
Synthetic quartz (0(_)01) 510 1.25 0.118
. , (1100) 150 1.20 0.014
" . (1120 120 1.15 0.1

4. Discussion

4.1. Anisotropy

4.1.1. Crystal symmetry

For elastically isotropic materials such as glass,
P is marked by the instantaneous formation of
a complete cone crack which, on further increase
in load, propagates stably down into the speci-
men. The extension of stable cone cracks under
increasing load can be analysed to evaluate
fracture surface energy [34]. With anisotropic
materials the analysis is more complicated since
the cone crack is often only partially complete
at instability and its inclination may vary with
sectioning direction. This was found to be the
case even with quartz which is considered to
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Figure 9 Results of Hertzian tests on X, Y and Z-cut synthetic quartz in nitrogen as a function of temperature.

have very low cleavage tendency. For example,
on m (1100) the indenting load had to be
increased to 2P to complete a partial cone crack.

Lawn has pointed out that the indentation of
crystals would result in a cone crack whose
surface trace reflects the symmetry of the crystal
structure [35]. Photographs of etched cone
cracks on ¢ (0001), m (1700) and a (1120) are
shown in Fig. 10. The “symmetry” of the crystal
structure below the surface appears to be
governing the shape of the indentations. This is
most marked on the basal plane (Fig. 1la).
Similar observations of symmetry were recorded
by Schubnikov and Zinserling [12] and also,
more recently, by Schldssin [36]. Schubnikov and
Zinserling described the results of percussion
(i.e. impact) and pressure experiments with a
steel ball on sawn sections of natural quartz in
some detail and claimed elsewhere (see account
in [1]) to have observed a 15:1 reduction in
“yield point” between room temperature and
573°C. A recent summary of their observations
on cone crack morphology has been given by
Brace [2]. In general our observations are in

agreement with those of this early work with the
exception of the ring cracks produced on {1070}
which failed to reveal the re-entrant charac-
teristic depicted in their sketch (reproduced in
Fig. 10d). Fig. 10a shows clearly the develop-
ment of Dauphiné twins which are revealed by
etching in a solution of HF. The production of
twins in quartz as a result of externally applied
mechanical forces* is one of the earliest observa-
tions on quartz recorded, and has been discussed
in detail by Thomas and Wooster [48] and also
in a recent translation of Russian work [37]. In
the Hertzian fracture of quartz it is necessary to
make a clear distinction between twins nucleated
at the first point of contact of the indenter and
the surface as a result of contact loading, and
those which may occur in the bulk of the speci-
men from mechanical strain below the indenter.
Whether or not Dauphiné twins are associated
with cone crack fracture is still to be resolved.
Pressure-induced Dauphiné twins extend for
very large distances as revealed at the surface
(Fig. 10a) and involve only small local atomic
motions without macroscopic resultant. The

*Such Dauphiné twins are not normally bounded by rational twinning planes, but have irregular outlines.
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Figure 10 Photographs of cone cracks on X, Y and Z-cut planes after a 2 h etch in HF (1 + 1, 409 HF + water):
(@) X-cut (1120), (b) Y-cut (1100), (¢) Z-cut (0001). Marker = 1 mm. (d) Form of ring cracks produced by

Schubnikov and Zinserling [12].

reason why Dauphiné twin patterns form when
quartz surfaces are point-loaded is that quartz is
elastically anisotropic and the formation of
twins in sectors allows the imposed elastic strain
to be more efficiently accommodated in the
manner explained by Klassen-Neklyudova [37]
and by Thomas and Wooster [48]. Schléssin, in
a recent study of the static compression of
a-quartz, concluded that Dauphiné twins were
invariably produced “ahead of fracture” during
contact loading. It is possible that the production
of Dauphiné twins during point-loading con-
tributes towards “crystallographic” indentation
figures. It was not possible to establish this un-
ambiguously from etching experiments on com-
plete cone cracks. However, Withers has shown
[38] that under laser-induced conditions of

extremely high impact, local fracture in quartz
shows more crystallographic symmetry than in
the static case (Fig. 11b). This unusual observa-
tion of strain-rate sensitive symmetry appears
to be the reverse of that experienced by Schub-
nikov and Zinserling.

For isotropic materials in which the ring crack
and contact area are concentric, Equation 5
may be used to calculate y provided yc/a is
known with sufficient accuracy. In quartz the
contact area is often not centrally placed within
the ring crack and therefore it is necessary to
make careful observations of the point of initia-
tion of the ring crack at instability (initiation
arc). One method of establishing the position
and extent of the contact area of transparent
anisotropic materials is to indent through a
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Figure 11 SEM photographs of cone cracks completely removed from (0001) specimens by milling away lower
surface after fracture; (a) quasi-static loading (10 Ns—1), (b) shock loading (107 Ns—*). Marker = 0.5 mm.

vacuum-evaporated thin film of aluminium. On
abraded quartz the thin coating is punctured
over the region of contact and may be photo-
graphed on a transmission optical microscope
(Fig. 12).

4.1.2. Poisson’s ratio
The Hertzian fracture of anisotropic bodies is
extremely complicated even for the simple cubic
case [39]. Lawn indicates that the computation
of Hertzian cone crack paths in diamond [35]
gives unreliable results and our experience with
quartz indicates the same. It may be more
instructive to consider a model for anisotropic
fracture based on an elastic continuum.

The two material variables in Equation [5] are
v and y. For quartz y is essentially independent
of orientation since the cleavage planes are ill-
defined. However, v varies greatly [40] and
principally accounts for the very high variation
in P; observed from plane to plane. A simple
modification of isotropic theory, which takes
into account the angular variation of Poisson’s
ratio in the plane of indentation as a function of
azimuth angle ¢ gives

| — v P
S O S

Since Hertzian fracture is initiated from planes
approximately perpendicular to the plane of
indentation, it is necessary to know accurately
the value of v for the direction within the plane
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corresponding to the “initiation tangent” of the
ring crack. This may be a useful starting point
for theoretical models, since the ability of a
material to crack under contact loading depends
on its ability to translate contact compressive
forces into remote tensile stresses and this ability
is affected by elastic anisotropy. For this reason
average values of » corresponding to small
viations in ¢ over the initiation region of the
ring cracks are included in Table II. The import-
ance of Poisson’s ratio in the contact loading
situation has been recognized also for the case
of glass [41] in which v is strain dependent [42],
but constant within the plane of indentation.

5. Effect of temperature and environment

The decrease of P, with temperature in air or
N, is by no means solely due to the decrease in
Young’s modulus, which remains virtually
constant until the « — f transition is approached
(Fig. 5). There is a very significant difference
between the behaviour in air and the drier
environment of nitrogen which suggests that
the fracture behaviour of quartz is strongly
influenced by the presence of water. This occurs
in two separate forms, in the external environ-
ment in the vicinity of the contact area (referred
to as “extrinsic” water), and water present with-
in the crystal as a result of hydrothermal growth
during manufacture (“intrinsic” water). The
role of these two sources of OH~ contamination
will be discussed in turn.
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Figure 12 Hertzian ring cracks on (1120), (1100) and (0001) photographed through a thin film of aluminium

to reveal the position of the circle of contact. Marker
light circular region contained within the ring crack.

5.1. Extrinsic water

The influence of water vapour on the mechanical
behaviour of silica-based glass has been known
for several years and the phenomenon of static
fatigue has been the subject of many investiga-
tions. The work of Wiederhorn [43, 44] and of
Schonert [45] is of particular interest. Basically
the highly stressed material at the region of the
crack tip chemically reacts with water and as a
result a reduction in silicon-oxygen bond
strength occurs. This reaction introduces kinetic
factors into the dynamical effects at the crack
tip. The slower the crack propagates, the more
time there is for the reaction to take place and

0.1 mm. The contact area extends completely over the

the greater is the reduction in measured fracture
toughness. Thus y is velocity-dependent, in-
creasing as the crack velocity increases until the
crack travels too fast for the reaction to occur.

This is believed to be the primary mechanism
behind the observed environmental effects pre-
sented in Figs. 6 and 7. It is worth remarking
that the Hertzian test is very sensitive to changes
in environment whereas the three-point bend
test is not. This may be attributed to the absolute
initial crack size which initiates the final fracture
event. The cracks in Hertzian tests are only a
few microns in length before instability and thus
increase by a significant proportion of their
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length while accelerating in a stable manner. In
the pre-cracked bend test however, the initial
crack is usually of the order of a few millimetres
long and so the change in absolute crack size
due to stable (slow) crack growth prior to
instability is not sufficient to influence the
fracture load. This commends the Hertzian test
as being extremely useful for measuring environ-
mentally modified changes in y which might
have gone undetected if a more conventional
form of fracture test had been used.

The stress-corrosion effects of water have been
quantified by Wiederhorn [44] using a semi-
empirical thermally activated velocity equation.
It would be difficult to make appropriate
measurements for quartz because of its cleavage
tendencies, but it is reasonable to expect that it
will behave very similarly to amorphous silica
for which data are available.

It is also apparent from Figs. 8 and 9 that the
extrinsic water influences the fracture behaviour
over the whole range of temperature investigated.
Water is strongly adsorbed onto the quartz
surface and is still effective up to the maximum
temperature investigated. The attempts to
produce an atmosphere free of water by using
dry nitrogen are probably only partially suc-
cessful in that the initial moisture adsorbed on
the surface can never be completely removed.

5.2. Intrinsic water

Although no evidence for intrinsic water-
weakening was found during microhardness
testing, the humps in the basal plane data of
Fig. 8 imply a change in mechanism and it is
tempting to suggest that this marks the beginning
of the regime in which intrinsic water-softening
takes over from the extrinsic effects predominant
at lower temperatures. It is possible that in
nitrogen, intrinsic weakening is revealed more
clearly because the environment is failing to
replace the water desorbed from the abraded
surface during heating. Experiments are cur-
rently in progress at the University of New
South Wales under vacuum conditions and it is
hoped that intrinsic and extrinsic effects may
be more thoroughly separated.

The low bond strength of the Si-OH . . . HO-Si
complex means that the generation and propaga-
tion of dislocation kinks [5] is associated with
partially ruptured bonds. For the case of fracture,
an isolated crack is propagated by the complete
rupture of the bonds at the crack tip. The
activation energy for bond-breaking may be
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reduced in the presence of a stress, such as that
experienced by an abraded crack under the
action of the stress field due to Hertzian contact.
Weber and Goldstein [46] have shown that the
stress-enhanced diffusion causes Na* ions to
migrate to crack tips in glass and thus cause
substantial weakening in the vicinity of the most
highly strained bonds. A similar mechanism
may take place in quartz in which OH- ions
diffuse rapidly in regions of high local strain. In
Hertzian testing the agglomeration of OH- ions
via kink motion will probably be reflected in a
lower instability load since the stress-relaxation
mechanism (irreversible deformation at the
crack tip) is of itself supplying the corrosive
medium,

Some additional experiments revealed that
intrinsic water appears to influence fracture
behaviour from room temperature upwards.
Both natural and synthetic quartz crystals were
annealed at various temperatures before being
Hertzian-tested at room temperature. The results
are presented in Fig. 13. The fracture loads were
observed to increase quite significantly for the
synthetic crystals, whereas there was a relatively
small effect for the natural crystals. The synthetic
specimens became visibly cloudy as the annealing
temperature was raised as a result of intrinsic
water condensing in the form of microscopic bub-
bles. This had the effect of denuding the lattice
of water and consequently reduced the availability
of a potential weakening source. The increase in
P. at room temperature after annealing implies
that stress-enhanced diffusion of OH- takes
place at ambient temperatures. It is remarkable
that intrinsic water is still effective well below the
softening temperature observed by Griggs
(Fig. 3). The microhardness experiments of
Nadeau [3] on natural quartz complement our
observation of intrinsic water mobility in two
ways — firstly, a very “heavy” anneal (24 h at
1400°C) was found to increase the room-
temperature microhardness by about 409/, and
secondly, annealing increased the hardness over
the entire temperature range and removed the
weakening effect normally observed above
500°C.

The fracture load tends to a very small value
as the transition temperature is approached
(Figs. 8 and 9). This trend in P. appears to
manifest itself well before the rapid reduction in
elastic moduli. Reference has already been made
to Schlossin’s proposal {36] that cone fracture is
preceded by the formation of Dauphiné twins.
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Figure 13 Results of annealing experiments on natural and synthetic quartz. Abscissa is the temperature at which
each specimen was annealed for 1 h, ordinate is the room temperature value of P. after furnace cooling.

The external (mechanical) driving force required
to nucleate a twin near the surface may fall to
zero at a temperature where the crystal is on the
point of changing its structure. It is difficult to
determine the effect of twins on fracture be-
haviour and this has yet to be experimentally
verified.

6. Conclusions

Under conditions of contact loading quartz may
become extremely weak and is temperature and
environment-sensitive. Below 520°C the hard-
ness of synthetic quartz is unaffected by intrinsic
water. These results of fracture and deformation
experiments support the intrinsic hydrolytic
weakening phenomenon in quartz, which may
occur at low temperatures due to stress-enhanced
diffusion. The role of OH- ions in the silica
lattice is not clarified but appears to be markedly
affected by annealing.

Poisson’s ratio is a very important parameter
in Hertzian fracture experiments and largely
accounts for the great variation in P, observed
for quartz planes of different orientation at
constant temperature. Extrinsic water, either
supplied by the environment or locked into the
surface during abrasion, may induce slow crack
growth and reduce the fracture toughness.

The fracture toughness of synthetic quartz
under conditions of rapid crack propagation
from a large crack in three-point loading is
11.5 4+ 1.5 Jm~2 in air at room-temperature.
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