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A comprehensive Hertzian fracture study has been made of quartz, fused silica and
soda-lime glass. The two main aspects are: (i) vacuum tests, which reflect the intrinsic
bond strength of the -Si-O- network, and (ii) water-environment tests, which reflect the
rate processes involved in hydrolytic bond weakening. Temperature, load rate and
chemical concentration are the variables investigated. The incorporation of new

features into the elementary Si~O bond-rupture picture of crack extension is necessary
to account for the results. In vacuum, the Hertzian fracture strength of quartz decreases
dramatically as the a—f inversion temperature is approached; no such effect is evident in
the non-crystalline modifications. This result is interpreted in terms of thermal
oscillations of the stacking tetrahedra in the SiO, structure. In water environments, the
Hertzian strength is universally depressed, the effect becoming more pronounced at low
load rates, high chemical concentrations. The physical state of the environment is an
important factor in the kinetics of the hydrolytic weakening process: with the liquid state,
the (thermally-activated) reaction between water molecules and crack-tip bonds is rate-
controlling; whereas with the gaseous state, it is the (temperature-insensitive) molecular
diffusion along the fracture interface which controls. The secondary role of composition

effects, dissipative crack-tip processes, etc., is also discussed.

1. Introduction

The brittle fracture of silicate materials has an
important bearing on a wide range of disciplines,
including the physics and chemistry of ceramics,
engineering design, and the earth sciences. Since
the pioneering work of Griffith [1] in 1920, a
vast body of information has beeen amassed on
the subject, particularly in connection with the
fracture strength of commercial glasses [for
recent reviews see refs. 2-5]. However, because
of the large number of variables which enter the
fracture problem, structural variations, state of
specimen surface, temperature, chemical en-
vironment, stress state, etc., it is not always easy
to correlate the available data. The general
picture is consequently still somewhat obscure,
and there appears to be a need for an inter-
disciplinary, “materials science” approach.

The basic building block of silica, SiO,, is the
SiO*~ tetrahedral unit. The ordered stacking
of these units gives rise to the crystal modifica-
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tions of quartz; disordered stacking likewise
gives the amorphous modification, fused silica.
Since the tetrahedra stack corner-to-corner the
structures are “‘open”, with large interstices to
accommodate impurities. The incorporation of
certain “network modifiers” into the structure,
as with alkali and alkaline earth ions in common
silicate glasses, may have a significant effect on
mechanical properties [6]. Of particular relevance
to the growth of cracks is the dramatic hydrolytic
weakening caused by the activated reaction of
water molecules (available either internally or
externally) with highly stressed ~Si~O- (siloxane)
bridges to form terminal -Si-OH (silanol) groups.
A simplistic conception of fracture in terms of a
bond-rupture process common to all forms of
silica has emerged: under “dry” conditions the
resistance to crack growth arises primarily from
the intrinsic strength of the Si-O bond; under
“wet” conditions the hydrolysis of crack-tip
bonds greatly lowers this resistance, the reaction

1153



M. V. SWAIN, J. S. WILLIAMS, B. R. LAWN, J. J. H. BEEK

kinetics introducing a rate-dependent element
into the problem. )

The purpose of this paper is a comprehensive
study of the fracture behaviour of several
modifications of SiO, under a variety of test
conditions. Such a proposition would hardly be
feasible using conventional fracture methods,
since the time and expense involved in repro-
ducing and testing vast numbers of test pieces
(providing in most cases one result per specimen)
would be prohibitive. But with the advent of the
so-called Hertzian indentation test as a suitable
microprobe of fracture strength [7-11], the
rapid accumulation of data from relatively small,
easily prepared specimens has become possible.
Tests of a preliminary nature on soda-lime
glass [91 and o-quartz [11] have served to
demonstrate the versatility of the technique. An
environmental chamber recently constructed in
these laboratories has been used to regulate the
test conditions in the collection of results in the
present work. The investigation reveals the
simple bond-rupture picture of crack growth to
be incomplete, with structural variations in the
silica network and the physical state of the
environment playing major roles.

2. The Hertzian fracture test
2.1. Experimental procedure

The apparatus for controlled Hertzian fracture
testing has been described elsewhere [12], and
only the essential features will be pointed out
here. Basically, the arrangement consists of an
indentation assembly housed within an environ-
mental chamber (Fig. 1). An externally-applied
dead-weight load is transmitted to the indenter,
a 13 mm diameter WC sphere, through a
bellows system. The load is increased at a con-
stant rate (available range 1 to 500 N sec™)
until a cone-shaped crack, the “Hertzian cone”,
is seen to suddenly grow into the specimen from
just outside the elastic contact circle. An internal
load cell measures the critical load P, delivered
to the specimen. By manipulating an externally
controlled indenter-moving device the indenta-
tion site may be rapidly changed, thereby
permitting some 100 tests to be made on a typical
specimen surface.

The main chamber (Fig. 1) is designed for
accurate control of the test environment. A
furnace and makeshift cold-finger assembly
provides a working range 175 to 900 K in
specimen temperature, with variations less than
- 3°. Facility exists for evacuating the chamber

1154

Applied
load
Environment - inlet 3
flange Bellows
Viewing
Hot - plate port
Hot - plate
Vacuum
connexian Lea;iltahr: ;:gh
Load cell

Figure 1 Environmental chamber for Hertzian fracture
testing. Indenter seats on specimen between hot-plates.
Only essential details are shown.

to better than 10—* N m—2 (10-% Torr), or for
leaking in a gas or liquid environment.

Specimens of a-quartz, fused silica and soda-
lime glass were prepared in slab-like form with
thickness § to 12 mm. The surfaces were given
a standard pre-abrasion treatment with a slurry
of 500-mesh SiC, constantly replenished, to
ensure a uniform density of nucleating surface
flaws for the cone cracks [8]. Care was taken to
align the surface-normal of all specimens to
within 0.1° of the load axis. With crystalline
quartz, mechanical anisotropy was a further
important consideration [11]; in the present
tests the quartz surfaces were oriented to within
1° of the (0001) plane (“Z-cut”).

Preliminary runs were made on some speci-
mens to investigate reproducibility. These runs
also served to confirm the basic bond-rupture
picture outlined in the Introduction. In general,
the critical load to fracture was found to be in-
sensitive to variations in the load rate for tests
in vacuum, but not for tests in any environ-
ment with water content; in the latter case P
was depressed, the effect becoming more pro-
nounced with increasing water concentration
and load duration. Thermal cycling of the
specimens in vacuum indicated that an anneal
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TABLE 1 Values of P. (N) before and after anneal at

850 K in vacuum. Load rate fixed at P = 2.5
N sec*. Each result mean of at least ten
tests, with standard deviation.

Post-bakeout

Pre-bakeout

Quartz (Z-cut) 627 £ 62 626 + 60
Fused silica 542 + 31 601 + 45
Soda-lime glass 947 +- 47 1097 4 107

for at least 4 h at the upper limit of the tem-
perature range of interest was an advisable
precaution (Table I); this ensured the elimination
of any spurious effects arising from residual
by-products and stresses in the abrasion flaws.

Thus with moderate care in specimen pre-
paration, reproducibility in P, to better than
+ 109% was readily obtainable®. Specimen
history subsequent to the initial bakeout cycle
was not found to affect the results [9].

2.2. Physical interpretation

In the Hertzian test, as indeed in all fracture
tests, it is essential to appreciate what properties
of a material are being measured. This, in turn,
requires an understanding of the mechanics of
cone-crack formation {7-10, 13].

All theories of Hertzian fracture begin with the
equation of elastic contact [14]. The relevant
parameters are shown in Fig. 2. We consider the
case in which the load, P, increases linearly with
time, ¢,

P = Pt (P fixed). 6))
At any given load the radius of elastic contact

4kr\*
= [— |P?
a <3 7 ) P 2
and the mean indentation pressure
P 9E2 \¢
= — = —— |P%
Ri— ( 1673k2r 2>P &)

determine the scale of the field: the bracket terms
are test invariants, with E= Young’s modulus of
the specimen, r =the indenter radius, and k ~ 1=
a dimensionless term in elastic constants of both
indenter and specimen. It is of interest to note
the time-averages of Equations 2 and 3:

N 3
d= ;;J‘O a(t)dtsiac
1

. @
6'0 = %—CJ‘O Go(t) dt = 1 Toc

—_—
Cs

YT

Figure 2 Hertzian test parameters. Cone crack, length ¢,
initiates from surface flaw, length ¢y, at critical indenter
load Pe.

where the subscript ¢ refers to critical values at
the instant of cone-crack formation. Thus the
field is near to critical for a large part of the test
duration.

The development of the Hertzian cone is
governed by the nature of the strongly inhomo-
geneous stress field beneath the indenter. With
increasing load the abrasion flaws outside the
contact circle experience an ever-increasing
radial tensile stress. At some stage in the loading
one of the flaws propagates around the indenter
and begins to extend slowly downward into the
specimen as a shallow ring crack [15]; typically,
for a critical contact radius ac ~ 500 pm, the
ring grows to a depth ~ 50 pm. Upon attaining
the critical load the surface ring becomes un-
stable, and visibly propagates to a depth
¢ =~ 500 pm. In isotropic solids the cone-crack
is near-symmetrical about the load axis, the
fracture proceeding along a path of maximum
tensile stress [7]; whereas in single crystals
cleavage tendencies impose a crystallographic
character on the geometry [11, 16], the fracture
now proceeding along a path subjected to a
component of shear. Anisotropy serves only to
increase the mathematical complexity of a
common theoretical approach, and need not be
considered further in this section.

*All data points in subsequent graphs represent the mean of at least ten tests, and error bars are; omitted for clarity
on the understanding that the standard deviation is generally < 10% of the mean value.
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Standard fracture-mechanics routine involves
the determination of a convenient crack para-
meter for direct incorporation into an extension
criterion. Such a parameter is the stress-intensity
factor, K, which relates the intensity of the local
stress field about the crack tip to the applied
loading [17]. This factor assumes the functional
form

K = K(o,0). (%)

For a complete solution, K must be evaluated at
each point along the ultimate crack path in
terms of the Hertzian stress field [7, 16]. The
calculation is tedious, and the general case
requires a computer [13]. Since K is found to
increase monotonically with o, the time-average
K is biased toward the critical value K. at cone
fracture in the manner of Equation 4.

In the present instance we are concerned with
the time-variation of K associated with the slow
growth of the surface ring crack preceding
development of the cone. With this information
the critical fracture load may be estimated from
the relation

Ke
P, = Pte = PJ dK/K . (6)

0

Now at a given instant, K is uniquely determined
by the indenter load and crack length, as is
evident from Equations 5 and 3. Differentiation
then gives

K .

. oK
K(P) = 55 P+ 7 ¢

% [ (7)
that is, the stress intensity may be enhanced by
variations in either P or c¢. Sufficient physical
insight into the Hertzian problem may be gained
without attempting the difficult task of evaluating
0K/oP, 0K/oc in Equation 7.

First, we treat the case of cone fracture under
environment-free conditions. Our earlier obser-
vation that P, is independent of P in vacuum is
consistent with either of two possible interpre-
tations of Equations 6 and 7: (i) ¢ = 0; the
surface ring remains stationary in a subcritical
state until an unstable equilibrium is ultimately
attained, at which point the ring propagates into
the cone; (i) ¢ oc P (although the “constant” of
proportionality may itself be a function of ¢, P);
i.e. the surface ring grows downward in a stable
manner before instability, at a rate governed by
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the load rate. Of the two possibilities, the second
is favoured by detailed analysis {7, 8]. In either
case the surface ring is in equilibrium at K = K
immediately prior to the sudden growth of the
cone. Thus the critical condition may be predicted
in terms of the fundamental Griffith condition
for crack equilibrium [17], which leads to a direct
relationship between K. and the energy, v,
per unit area of new fracture surface {17]. From
the analysis emerges the simple result P oc v; the
proportionality constant, although independent
of elastic moduli, is highly sensitive to Poisson’s
ratio, and cannot be estimated with much better
than order-of-magnitude accuracy. Thus the
critical load in vacuum is ideally suited to
measuring variations in the intrinsic surface
energy of highly brittle solids as the conditions of
testing (e.g. temperature) are changed; however,
because of the uncertainty in absolute values,
comparative measurements on different materials
(e.g. Table I) should not be taken as a reliable
indication of relative strengths.

Second, we consider the modifications in
cone-crack behaviour on admitting a chemical
environment. If the interaction between chemical
species and crack tip were to be instantaneous, the
observed depression of P might be ascribed to a
lowering of surface energy [18]. However, the
time-dependence of P, indicates that the
approach to a new equilibrium occurs at a
finite rate, so that the surface ring grows
subcritically according to some kinetic equation,
¢ = ¢(K); until Griffith equilibrium at K = K is
once more exceeded. Thus, at a given load rate,
the environmental interaction acts to increase
the magnitude of ¢ in Equation 7, hence also of
K, so that Equation 6 predicts premature
failure. Moreover, as P is reduced, the second
term in Equation 7 begins to dominate, and the
predicted reduction in P. becomes more
pronounced. The depression in critical load may
therefore be taken as a measure of the rate
processes responsible for subcritical crack
growth.

Third, we may note that the Griffith equili-
brium condition strictly relates the critical stress-
intensity factor, K., to the intrinsic surface
energy, y, for a given solid. Now if irreversible
processes occur in the near-vicinity of the crack
tip, additional energy may be expended in
creating new fracture surface [19], with a con-
sequent increase in K.. The attendant increase
in P, in Equation 6 would then reflect the
magnitude of any such dissipative process.
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MODIFICATIONS

3. Tests in vacuum

3.1, Results

The variation of P, with temperature for
vacuuim runs at two load rates is shown in Fig. 3.
Neither quartz nor fused silica shows evidence of
load-rate effects over the temperature range
studied, but soda-lime glass shows an jncrease
in P. with decreasing load rate at elevated
temperatures. Examination of the test surfaces
revealed the “tail” in the soda-lime glass curve
to be associated with extensive viscous flow in the
specimen beneath the indenter; indeed, above
about 800 K no cone-crack could be produced
at all, the indenter merely embedding itself in the
glass surface. In no case was there any depression
of P arising from the presence of residual water
in the system.

The feature of greatest significance in Fig. 3 is
the marked difference in behaviour between the
crystalline and amorphous modifications. At the
lower end of the temperature range all three
materials show an initial decline in strength,
followed by a tendency to level out. However, at
the upper end of the range the curve for quartz
displays a dramatic plunge to near-zero strength
at the « — B transition temperature. The curious
dip in the quartz curve at 450 K was found
to be a real effect present in all specimens tested.

The above results appear to be consistent with
the Iimited strength-temperature data in the
literature. Ernsberger [3], in reviewing the
available evidence on inorganic glasses, and
Hartley and Wilshaw [11], in reporting on
Hertzian fracture data from tests on a-quartz in
a dry nitrogen environment, describe trends
similar to those observed in Fig. 3. However, as
these authors are careful to point out, lack of
control in test procedure has led to ambiguity in
interpretation. In particular, extreme sensitivity
of fracture data to surface conditions often
tends to obscure intrinsic strength characteristics.
No such extraneous effects are apparent in the
curves of Fig. 3, where Pc(T) is seen to be
independent of specimen history and load dura-
tion (the soda-glass “tail” excepted).

3.2. Thermal effects in the silica structure

Granted that the data in Fig. 3 truly reflect the
intrinsic strength of the silica structures, it is
clear that temperature is an important variable.
Moreover, since the crystalline and amorphous
phases differ so widely in their temperature
response, one is led to seek a thermodynamic
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Figure 3 Hertzian strength of quartz (Z-cut), fused silica
and soda-lime . glass as function of temperature in
vacuum, Data taken during heating and cooling cycle
(after anneal).
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model in terms of differences rather than
similarities in the structures. Attention therefore
turns from the Si-O bridging bond to the SiO 24~
tetrahedral stacking unit.

The structures of silica are complex, but the
schematic representations in Fig. 4 serve to
illustrate the distinguishing features [20-22].
The diagram shows only silicon atoms, and
oxygen atoms are to be envisaged as linking each
pair of silicons. On heating quartz through the
o ~> f inversion temperature a rapid, reversible,
displacive transformation takes place. If the crys-
talis further heated beyond its melting point, and
then cooled rapidly, the disordered, “supercooled
liquid” state of fused silica is retained. In all
transformations the tetrahedral unit remains
intact, with the —Si—O-Si- bond linkage under-
going angular distortions. The additional modi-
fications to the network structure which arise
from compositional changes in inorganic glasses
are of secondary importance here, and will be
taken up in the following section.

Various physical properties provide a clear
indication of the above structural differences in
their temperature curves. The behaviour is
exemplified by the specific heat (Fig. 5). The
gradual rise in the quartz curve to the discon-
tinuity at the « — f inversion temperature is
characteristic of a second-order phase transition
[24]; this is suggestive of a rapidly increasing
conversion from an ordered to disordered state
in the vibrational modes of the tetrahedra.
Similar anomalous increases are observed in the
thermal expansion coefficients [25] and elastic
compliances [26]; thus, although Si-O linkage
bonds are not broken in the « — f inversion,
there is a strong indication that they are severely
stretched. Of course, no such anomalies are
apparent in fused silica, in which the degree of
configurational disorder in the tetrahedral
stacking is virtually complete over the entire
temperature range.

o-quartz

B -quartz fused silica

Figure 4 Projected structures of the modifications of
SiO;. Only the silicon atoms are shown, and bonds
joining adjacent atoms are inclined to the plane of the
drawing.
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Figure 5 Specific heat of quartz and fused silica. Note
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We now have the basis for a simple extension
of the bond-rupture model of brittle fracture.
Taking the bonds to be highly directional and
short-ranged in nature, the surface energy may
be approximated as

2y = NaUs, ®)
where N is the number of bonds intersecting
unit area of crack plane (see Fig. 6), and Ugis the
energy needed to “break” one bond. This link
between surface energy and nearest-neighbour
bond energy is doubtless a tenuous one, for the
Si~Obond has a substantial polar character [27],
but one may reasonably presume the curves in

N, bends/
1 unit area

Figiire 6 Two-step model of subcritical crack growth.
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Fig. 3 to reflect the temperature dependence of
the work term involved in separating atoms
across the crack plane. Then, as quartz is heated
through the a — S transition, the SiQ,*~ tetra-
hedra undergo oscillations of increasing ampli-
tude, and the —Si—O-Si-bridges begin toelongate.
Less work is required to separate bonds across
the crack plane, and the critical fracture load
consequently falls.

3.3. Composition and deformation effects

The above treatment deals with inherent thermal
properties of the silica network, and indicates
these to be of primary importance in charac-
terizing strength variations under environment-
free conditions. But other factors relating to
local departures from the idealized linked-
tetrahedron picture have been discussed in the
literature, and, although apparently of minor
significance in the present results, warrant brief
consideration.

First, the “open” silica structure can accom-
modate a high concentration of an additive
oxide component, as with the soda-glass system
Na,0-S8i0,. Oxygen atoms may then associate
with the cations, e.g.,, sodium, located in
interstitial sites, to form “terminal bonds”,
thereby disrupting the bridging network. It may
reasonably be argued that the relative number of
terminal and bridging bonds intersecting an
arbitrary crack plane will be in proportion to
composition, in which case intrinsic strength
differences of considerably less than a factor of
two should occur over an extreme range of
silicate glass compositions. Wiederhorn [28] has
shown this to be the case. Moreover, the bond-
count argument would appear to be equally
applicable at all temperatures, in accord with the
near-constant strength difference between fused
silica and glass (lower curve) in Figs. 3band c.

On the other hand, if the interstitial species is
mobile the effects may be more far-reaching. In
particular, kinetic terms will enter into con-
sideration, and temperature and time will become
important variables. The low viscosity of
inorganic glasses is a notable example of an
impurity-activated process [6, 29], and accounts
for the tail in the lower load-rate curve for glass
(upper curve) in Fig. 3c; the flow provides stress
relief, particularly in the vicinity of the crack
tip, thus increasing the work to fracture. An
opposite effect, in which stress-enhanced dif-
fusion of trace impurities (especially water) to
the crack tip lowers the work to fracture, has

been suggested as a possible explanation of the
strength decline with temperature in quartz [11]
and fused silica [30]. But the absence of the rate-
dependent effects in the appropriate curves of
Fig. 3 rules out this possibility as a viable
mechanism in the present experiments.

Further, mechanisms involving plasticity can-
not be overlooked. Marsh [19] has proposed
local crack-tip yield as the principal strength-
determining factor in inorganic glasses, but
Ernsberger [3] has produced counter-arguments.
Both appear to agree that plasticity is absent
in fused silica. In quartz, Griggs and co-workers
[31, 321 have observed thermally activated yield
below the inversion temperature, and Shubnikov
and Zinserling [33] have described the formation
of twins in ball-indentation tests. However, in
no instance has it been made clear how any
plasticity mechanism might contribute to a
lowering of the equilibrium work to fracture.

One detail which has no obvious explanation
in terms of any mechanism yet discussed is the
slight dip in the quartz curve in Fig. 3a at about
450 K. Whether this dip arises from a minor
anomaly in the quartz structure or merely from
some spurious cause remains an issue for further
study.

4. Tests in water environment
4.1. Results

A second series of experiments was aimed at
investigating the profound influence of a water
environment on the fracture properties of the
silica materials. Figs. 7 to 9 demonstrate the
important parameters, namely load rate, tem-
perature, chemical concentration (pressure) of
H,0, and physical state of environment.

Fig. 7 serves to illustrate the general behaviour.
Fused silica, because of its uncomplicated
temperature response in vacuum, shows the
environmental influence to best advantage.
Several features are readily apparent: (i) The
presence of water leads to substantial reductions
in P, these reductions increasing with decrease
in load rate; (ii) the depression in P increases
with increasing chemical concentration, i.e. in
proceeding from the vapour to the liquid phase;
(iii) temperature has a negligible effect on results
in the vapour environment, but notably en-
hances the weakening in the liquid environment.
These observations indicate the operation of at
least one kinetic process in the crack growth.

The results from a comparison run on all three
silica modifications in water (liquid phase)
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Figure 7 Hertzian strength of fused silica as function of
load rate. Vacuum and water environments at two

temperatures. (Pressure in water vapour environment
260 N'm~2.)

TABLE II Values of P. (N) in vacuum and water
(liquid) environment. Tests at 300 K,

P = 2.5 Nsec™.
Vacuum H,0 ()
Quartz (Z-cut) 652 + 56 402 - 35
Fused silica 610 + 60 351 + 21
Soda-lime glass 1053 + 86 439 + 32

(Table II) confirm the universality of the
Si0,~H,0 interaction. In each case the strength
is reduced by a factor of about one half, although
this factor does increase slightly down the table.
The role of composition and structure of the
silica network therefore seems to be of secondary
importance here. :

A closer look at the role of chemical con-
centration of the environment is presented in
Fig. 8. These data, taken from a test run on
soda-lime glass in water vapour at room tem-
perature, emphasize the potency of the inter-
action. At the slower load rates, hydrolytic
weakening is detectable under conditions which
might normally be considered to constitute a
“moderate” vacuum.

Finally, temperature variations are given
detailed attention in Fig. 9. Each of the silica
materials has been tested under dilute gas
conditions. Again, as in Fig. 7, heating does not
enhance the hydrolytic weakening when the
water exists in the vapour phase. Similar attention
was not extended to tests in a liguid environment,
firstly because the positive temperature effect
noted in Fig. 7 had been investigated in some
detail in a previous paper [9], and secondly for
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Figure 8 Hertzian strength of soda-lime glass as function
of water-vapour pressure. Room-temperature run at four
load rates. (1 N m~2 = 102 Torr.)

the more practical reason that water cannot
exist in its liquid phase over the entire tempera-
ture range of interest (except under a confining
pressure of several hundred atmospheres).

The phenomenon of environment-induced
cracking has been extensively studied in glasses
(see Wiederhorn’s review [5]), although work on
quartz is only just beginning to appear [34, 35].
Most of the above results conform to the
established pattern of behaviour. However, the
widely differing influence of gas and liquid
environments on the temperature dependence of
P is one aspect of the present findings which has
largely gone unnoticed.

4.2. The role of reaction and diffusion kinetics

It was pointed out in Section 2.2 that the
depression in P. arising from admittance of a
reactive environment gives a measure of the
kinetic processes involved in suberitical crack
growth. The basic chemical reaction between
siloxane bonds at the crack tip and impinging
water molecules is

H,0 + (-Si-O-Si-)—(-Si-OH . HO-Si-) . (9)

That is, the strongly bonded bridging oxygen is
replaced by two weakly coupled (hydrogen
bonded) hydroxyls, thereby facilitating crack
extension at subcritical stress intensities. The
question then arises: if this simple bond-rupture
description is correct, why are the kinetics of
crack growth as reflected in the Hertzian
fracture data so dependent on the state of the
water environment ?

A satisfactory explanation follows if it is
postulated that at least one other kinetic step
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Figure 9 Hertzian strength of quartz (Z-cut), fused silica
and soda-lime glass as function of temperature in water
vapour {two pressures). Vacuum curve from Fig. 3.
Load rate fixed for each run.

precedes the crack-tip reaction. The existence of
a sequence of essential steps is in fact common in
chemical reactions, and the slowest of these
steps will control the rate of the overall process
f36]. It is, therefore, possible that different rate-

controlling steps may be operative in gas and
liquid environments, each varying with the
environmental fracture parameters in its own
characteristic manner. Now, the typically narrow
separation between crack walls in the highly
brittle solids investigated here strongly suggests
that transport mechanisms may limit the supply
rate of chemical material to the active crack-
tip zone; moreover, such mechanisms should be
sensitive to the state of the environment. One is
led to try for a simple two-step, diffusion-
reaction kinetic model.

A model along these lines has been developed
elsewhere [37], and only the relevant details
need to be presented here. Suppose we consider
the crack of length ¢, width unity, in Fig. 6. The
number of crack-tip bonds ruptured in an
incremental extension is dN = N dc, leading to
a crack advance rate

~de 1 dN

LM E (10)
The problem, therefore, reduces to one of
relating the bond-rupture rate dN/dr to the

parameters of the rate-controlling step. We
treat the reaction and diffusion steps separately.

4.2.1. Reaction-contro!

In a reaction-controlled process the bond-
rupture rate may be calculated from the theory of
absolute reaction rates [36). The resulting
crack-velocity equation is of the form [4]

—E* 4+ bK
(f = Ur(p,]’;K) = vm(p,T)CXp <——IET———) (11)

with p a chemical concentration parameter
(e.g. gas pressure), T the absolute temperature,
K the stress-intensity factor, E* an activation
energy for the reaction, 5K a term designating
stress-induced lowering of the activation barrier,
and k the Boltzman constant; vr(p.T) is a
slowly-increasing function of concentration and
temperature. The constants in this equation
have been determined empirically by Wiederhorn
and Bolz [38] for several glasses in a water
environment.

4.2.2. Diffusion-controf

In a diffusion-controlled process the crack
velocity follows from an appropriate transport
equation. For a dense fluid (the terms “dense” or
“dilute” applying according to whether the
interatomic collision distance in the fluid is much
less or greater than the crack-wall separation)
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capillary flow along the fracture interface is
limited by viscous forces [39]; however, these
forces appear to have little restrictive effect on
subcritical crack velocities in the system
SiOy-H,O(!) [40, 41]. For a dilute gas, on the
other hand, considerably greater flow attenua-
tion may arise from retarding molecule-wall
collisions (“free molecular flow”) [42] as the
crack tip is approached; this attenuation is
clearly apparent in the crack velocity data for
the system SiO,-H,O(g) [40, 41]. The appro-
priate crack-velocity equation for diffusion-
control in a gaseous environment is of the
form [37]

¢ = va(p,T,K) = const. pT—*K? . (12)

Equations 11 and 12 contain the key to the
different temperature dependence of the Hertzian
fracture load in liquid and gas environments.
With the liquid, where transport processes are
comparatively rapid, subcritical crack growth is
governed almost entirely by Equation 11. Small
temperature increases therefore significantly
enhance ¢, and lead to a corresponding decrease
in P¢. With the gas, the rate-controlling step is
determined by the smaller of the two quantities
vr, vd. Since the time-average of K is large in the
Hertzian test when the load rate is constant
(Section 2.2), we expect vrydvg for the greater
part of the experiment. Under these conditions
Equation 12 governs. Temperature variations
then have little effect on ¢, and P, simply
follows the same trends as observed in vacuum
[37]

4.3. Other factors in subcritical crack growth

The above results clearly demonstrate the
environmental state to be an important factor
supplementary to the basic variables load rate,
temperature and concentration. Other subsidiary
factors have been established under conditions
of fracture somewhat different to those con-
sidered here; these bear on the question of the
overall applicability of the Hertzian method as a
fracture tool.

It was mentioned in Section 3.3 that mobile
ions in the silica network are capable of exerting
a strong influence on mechanical properties. This
is certainly evident in the crack-velocity data of
Wiederhorn and Bolz [38]; in particular, the
(reaction-controlled) crack velocities for soda-
lime glass and fused silica in water differ by
several orders of magnitude at low K, but tend
to merge as K— K. Because the present test
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arrangement is biased toward larger values of
K, this large composition effect appears only as a
minor perturbation in Table II.

Again, similar effects may arise from the
presence of an additional component in the
environment. Thus, for instance, Wiederhorn and
Johnson [43] have found crack velocities in
glasses to vary strongly with pH of aqueous
solution. Their results for soda-lime glass diverge
most noticeably at large K, in accord with the
pronounced influence of pH on Hertzian
strength observed by Langitan and Lawn [9].
The widely differing sensitivity of P to chemical
effects in this and the previous example cited
demonstrates a limitation of the Hertzian test
in its constant load-rate mode.

Returning finally to the possibility of plas-
ticity at the crack tip (Section 3.3), it has been
proposed that water-induced softening may be
an important factor facilitating subcritical crack
extension in inorganic glasses [44]. An interesting
extension of this concept has recently been
considered by Westwood and Huntington [45]
in connection with fracture tests in surfactant
solutions; in fact, surfactants may profoundly
affect Hertzian strength values [46]. However,
direct confirmation of softening mechanisms is
not yet at hand, and the proposal remains one of
some controversy.

5. Concluding remarks

The present comparative study of the various
silica materials illustrates the general usefulness
of the Hertzian test as a means for investigating
the important parameters controlling fracture
strength. From this study emerges the need to
supplement the simple Si-O bond-rupture con-
cept of fracture with an account of the thermal
properties of the silica tetrahedra, and the
physical state of the environment.

On the debit side, however, the tendency for
the test in its present form to reflect crack-
velocity characteristics at near-critical stress-
intensity factors represents a severe limitation
of the technique, and may lead to the oversight
of certain variables. It is clear that one should
be fully conversant with the fracture mechanics
of the Hertzian test (indeed, of any fracture test)
before assessing the results in terms of any given
model. In this respect, experimental arrange-
ments which provide facility for direct recording
of instantaneous crack velocities at all stages of
growth (e.g. cantilever tests [4, 5]) have a clear
advantage over those which merely relate to
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some time-averaged value (although, of course,
only at great expense in simplicity). Current
work is aimed at extending the Hertzian test
facility to allow detailed observations of the
growing cone.

A final comment may be made about quartz,
the silica modification which has received least
attention in the literature but which is of
greatest geophysical importance. Cur tests have
been conducted under conditions of time,
temperature and pressure barely touching on
those prevailing beneath the earth’s surface, and
it is more than possible that some of the mech-
anisms regarded here as being of secondary
importance may play a crucial role in geological
processes. For example, hydrolytic weakening
resulting specifically from stress-induced dif-
fusion of interstitial water to the crack tip [11]
was not considered to be a significant factor in
Fig. 3; yet Griggs [32] presents compelling
evidence for an analogous mechanism in relation
to dislocation motion in yield tests under con-
fining pressures. Long-term observations of
crack growth at constant load may be needed to
resolve the question of the existence of such
mechanisms.
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