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Abstract 

A unifying treatment of  environment-sensitive crack 
velocity functions for intrinsically brittle solids is 
presented. The formalism is soundly based on the 
concept of  thermal activation barriers, but is 
phenomenological in that it does not attempt to 
identify the explicit underlying physical and chemical 
processes responsible .for these barriers. Equations 
prescribing the v-G (crack velocity versus mechanical 
energy release rate) characteristics at specified 
chemical concentrations (partial pressures) and 
temperatures are thereby presented. These equations 
incorporate the familiar three velocity regions into a 
composite .function: region L chemically assisted 
fluctuations over stress-enhanced energy barriers; 
region III, similar but in the absence of  environmental 
.~pecies; region II, a connecting flow-limited transport 
branch. In addition, the equations include provision 
./or healing and repropagation branches in 
unloading-reloading cycles. Central to the argument 
is the assertion that zero-velocity thresholds are 
quiescent configurations, defined by appropriate 
DuprO work of  adhesion terms, W. These W terms 
serve as reference baselines for the entire v-G 
function, such that changes in chemical concentration 
(relative humidity) or interface type (virgin versus 
healed) may be considered in terms of  simple curve 
shifts along the G axis. Data for selected brittle solids, 
principally mica but also glass and sapphire, in moist 
environments are used to illustrate the formalism. 

* Permanent address: Department of Materials Science 
and Engineering, Lehigh University, Bethlehem, 
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Fiir umgebungsabhiingige Rij3-Geschwindigkeits- 
Funktionen yon spr6den Materialien wird eine 
vereinheitlichende Betrachtungsweise vorgestellt. Die 
Vorgehensweise griindet sich vor allem auf das Modell 
der thermischen Aktivierungssehwellen, ist aber in dem 
Sinne phiinomenologisch, als daft auf die tatsdehlichen 
physikalischen und chemischen Prozesse, die fiir diese 
Schwellen verantwortlich sind, nicht eingegangen 
wird. Es werden Gleichungen aufgestellt, die den v-G 
Verlauf (Riflausbreitungsgeschwindigkeit gegen 
mechanische Energiefreisetzungsrate ) bei bestimmten 
Konzentrationen ( Partialdriicken) und Temperaturen 
ausdriicken. Diese Gleichungen beschreiben die 
bekannten drei Bereiche der Riflausbreitungsge- 
schwindigkeit in einer einzigen Funktion: Bereich I, 
chemisch unterstiitzte thermische Fluktuationen 
iiber spannungsabhiingige Energieschwellen hinweg; 
Bereich III, analog, doch ohne den Einflufl des 
umgebenden Mediums; der die Bereiche I und I l l  
verbindende Bereich H in welchem das umgebende 
Medium dem Rift nur noch teilweise folgen kann. 
Zusdtzlich schlieflen die Gleichungen das Ausheilen 
yon Rissen und das erneute Fortschreiten bei 
Entlastungs-Wiederbelastungs-Zyklen ein. Grund- 
legend fiir alle Oberlegungen ist die Annahme, daft der 
Punkt, an dem die Riflausbreitungsgeschwindigkeit 
Null wird, einen Zustand darstellt, der durch eine 
entsprechende DuprO-Adhiisionsarbeit, W, definiert 
ist. Diese W-Terme dienen als Bezugslinie fiir die 
gesamte v-G Funktion, so daft )4"nderungen der 
Konzentration (relative Feuchtigkeit) oder des 
Oberfliichentyps (nicht angegriffen gegen ausgeheilO 
als einfache Verschiebung der Kurve entlang der G- 
Achse betrachtet werden k6nnen. Die Vorgehensweise 
wird anhand der Daten ausgewiihlter spr6der 
Materialien in feuchter Atmosphdre, hauptsiichlich 
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Glimmer aber auch Glas und Saphir, exemplarisch 
dargestellt. 

On prOsente ici un traitement unificateur des fonctions 
de vitesse de fissures sensibles d l'environnement dans 
le cas de solides intrinskquement fragiles. Le for- 
malisme est bask sur le concept des barrikres 
d'activation thermique et est phknomknologique dans 
le sens o~ il ne tente pas d'expliquer les phknomknes 
physiques et chimiques sous-jacents qui sont respon- 
sables de ces barriOres. On a btabli des kquations 
donnant les caraetkristiques v-G (vitesse des fissures en 
fonction du taux de libbration d'knergie mkcanique) 
pour des concentrations chimiques (pressions par- 
tielles ) et des tempkratures dbterminkes. Ces bquations 
incorporent les trois domaines de vitesse eourants en 
une fonction composite: domaine L fluctuations 
assistkes chimiquement au deld des barrikres d'bnergie 
activbes par les contraintes; domaine III, similaire 
mais avec absence d'espOces extOrieures; domaine II, 
branche de transport de raccordement h flux limitO. 
Ces bquations incluent de plus la prkvision de branches 
d'attbnuation et de repropagation des cycles de 
charge-dOcharge. L'argument principal est que les 
seuils de vitesse nulle sont des configurations de repos, 
dbfinies par des termes d'adhbrence de Dupr& W. Ces 
termes W servent de base de rOfkrence pour la fonction 
v-G complOte, de sorte que les variations de con- 
centration chimique (humiditb relative) ou de type 
d'interface (vierge ou traitke) puissent ~tre consi- 
dOrkes comme de simples dOcalages des courbes le long 
de l'axe G. On donne, pour illustrer ce formalisme, des 
rksultats concernant des matbriaux fragiles sblec- 
tionnks, principalement le mica mais kgalement le 
verre et le saphir, en environnement humide. 

1 Introduction 

The relation between crack velocity v and mechan- 
ical energy release rate G (or stress intensity factor K) 
for intrinsically brittle solids in active environments, 
i.e. the v-G (or v-K) curve, provides a practical base 
for engineering design, especially lifetime prediction. 
It is therefore important to define the underlying 
kinetic and equilibrium states that govern this 
relation. 

Some aspects of the crack velocity curve are 
relatively well documented. For instance, it is well 
established that, for increasing forward velocities 
through the virgin solid, there are three distinct 
'regions', designated I, II and III, each with its 
characteristic dependence on G and extraneous 

variables such as concentration of active environ- 
mental species. 

(i) Region I, at low velocities, depends sensi- 
tively on G and chemical activity. 1'2 This 
region has attracted by far the most attention 
in the ceramics literature. It is most often 
attributed to the role of intrusive active 
species on some crack-tip 'reaction', l'a but 
other possible mechanisms, e.g. 'lattice' 
diffusion in the interracial adhesion zone just 
behind the crack tip 4- 6 and 'internal friction' 
in a near-tip shielding zone, 7'8 have been 
proposed. 

(ii) Region II, at intermediate velocities, also 
depends on environment, but is much less 
sensitive to G. This region is generally 
attributed to bulk diffusion along the crack 
interface behind the tip, either by free 
molecular flow in the gaseous state 9 or by 
interdiffusion in the liquid state. 1° 

(iii) Region III, at high velocities, is again strongly 
dependent on G but is environment- 
insensitive. This region is usually associated 
with the kinetics of intrinsic bond rupture. 1,2 

Apart from reservations as to the true source of 
region I in various brittle solids, there are aspects of 
the general crack velocity function that are not well 
documented. Perhaps the most immediate deficiency 
is the lack of a unifying formalism for incorporating 
the various branches of the velocity function into a 
composite curve. There would appear to be a need 
for a set of working relations for specific material- 
environment systems, with capacity to account for 
the influence of concentration, temperature, etc., 
over the full operational range of G. 

A second, and more fundamental, aspect of the 
crack velocity function that has received scant 
attention is the tendency of some v-G curves to a 
threshold, sometimes referred to as region 0; i.e. a G 
level at which the velocity cuts off to zero. The 
threshold remains an issue of some contention (at 
least in ceramics) owing to the impracticality of 
following cracks down to very low velocities 
(typically, below 1 nm s-1). In principle, the proper 
test for existence of a threshold lies in the reversibility 
of crack growth: if the threshold can be regarded as a 
Griffith quiescent point where forward and back- 
ward fluctuations over discrete energy barriers just 
balance, 2'11 definable as G = W =  27, where Wis the 
Dupr6 work of adhesion and 7 is an appropriate 
surface energy, then at G <  W the crack should 
retract and heal; i.e. the velocity function should 
have a negative branch. Healing has in fact been 
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reported in several brittle materials, notably 
mica,12.13 glass14 - 16 and sapphire. 17 However, the 
threshold for healing and subsequent repropagation 
branches of the velocity curve usually occurs at a 
significantly lower G level than for corresponding 
virgin cracks, i.e. there is hysteresis in the v-G 
function.5,6.13 In view of the practical implications 
concerning 'fatigue limits' and other such factors in 
lifetime predictions, it is surprising that serious 
attempts to incorporate threshold and hysteresis 
characteristics into conventional fracture mechanics 
formalisms are not available in the ceramics 
literature. This is despite the actual foreshadowing 
of such characteristics by Rice 18 in a classic 
description of equilibrium and kinetic fracture 
states based on irreversible thermodynamics. 

In this paper the authors seek to develop a general 
formalism that consolidates all the branches of the 
v-G function, including the healing-repropagation 
branches. The approach will be somewhat phenom- 
enological in the way the formalism is introduced, 
yet soundly based in activation theory. It will be 
assumed simply that the kinetics in regions I and III 
are attributable to discrete thermal fluctuations 
over energy barriers, leaving physical or chemical 
interpretation of these barriers to others. The crack 
velocities in these two regions are thereby express- 
ible as hyperbolic sine functions of G. A feature of 
the formalism is that transitions in the v-G curves, 
e.g. from virgin to healed interfaces, can be 
considered in terms of shifts along the G axis, 
consistent with an assertion by Maugis, s C o o k  19 

and others that the adhesion energies W establish 
the proper reference baselines for the entire v-G 
function. For region II, which 'connects' regions I 
and III, the special case of dilute gas environments is 
considered, for which conditions of free molecular 
flow prevail. The composite velocity functions will 
be fitted to data for selected brittle solids, primarily 
mica but also glass and sapphire, in moist 
environments. 

2 Theoretical Fracture Mechanics of Crack Velocity 
Function 

The major features of theoretical v-G curves for 
in.trinsically brittle solids will now be examined. The 
traditional separation of these curves into three 
kinetic branches has already been mentioned. It is 
important also to identify equilibrium (threshold) 
states, and to acknowledge the potential existence of 
negative (healing) and subsequent positive (repro- 
pagation) branches. 

2.1 Equilibrium 
As alluded to in Section 1, the Griffith condition G = 
W defines a threshold condition for crack growth in 
an interactive environment. 5'6'8'1~ The work of 
adhesion W thereby establishes a reference baseline 
for the entire v-G function. More specifically, Wmay 
be defined as the work to separate unit area of two 
solid surfaces in terms of end-point solid-solid 
interaction energy states, W= U f - U i ;  i.e. from 
initial (i), closed state to final (f), fully separated 
state.13 For a virgin (v) interface, introduction of an 
environmental species (E) usually reduces W from its 
innate vacuum (0) value "Wo = 27s to ~'WE = 27SE, 
where 7s is the surface energy of the bulk solid and 
7sE the corresponding solid-fluid interface energy. 
Such a reduction in W may occur by virtue of 
adsorption, dielectric screening, capillary formation, 
or any other environmental interaction process that 
influences either (or both) Uf or Ui. 2° 

In a healed (h) interface W can be reduced still 
further, to a metastable 'faulted' state h WE < t' WE, by 
the interfacial trapping of an occlusion layer of 
environmental species during healing. 5'~ 3 

Single-phase liquids are usually the most effective 
environments in reducing WE, if only because of high 
chemical concentrat ion and unrestricted mass 
transport. Gases can nevertheless also be effective, 
especially if capillary condensation o c c u r s .  2° With 
the latter, W E is expected to be a function of the 
partial pressure p of the active species. 

2.2 Kinetics: Regions I and III for propagation in 
virgin solid 
Consider virgin cracks. Small displacements from 
the Griffith equilibrium condit ion G=vWE in 
environment (region I) or G = t. W0 in vacuum (region 
III) cause the crack system to advance or retract at 
'slow' (sub-dynamic) rates which depend on the 
magnitude ( G -  W) of the perturbation (the 'mo- 
tive '8) and on environmental variables. According to 
Rice, TM such 'kinetic' crack growth is to be inter- 
preted in terms of 'quasi-equilibrium, constrained 
states', describable by statically determined elastic 
fields but nevertheless departing from a true 
equilibrium condition, such that stress-enhanced 
fluctuations drive the crack forward (or backward) 
at a steady rate. The underlying key to kinetic states 
is the existence of  atomically localised energy 
barriers to crack extension. 

Here this notion of rate-dependent activation 
over energy barriers is incorporated into a phenom- 
enological model, assuming simply that these 
barriers are biased by the applied stress via G. These 
barriers are depicted in Fig. 1 at G > W (advance), 
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Fig. I.. Activation energy barriers to crack growth. G > W 
(crack advance to right), G = W (stationary), G < W (retraction 

to left), 

G = W(stationary), and G < W(retreat). The earliest 
model of this kind was by Wiederhorn, T M  specifi- 
cally using reaction rate theory. The first step is to 
express the barrier height AF as a function of G. 
Usually, this step is arbitrarily performed as a simple 
Taylor expansion in stress-intensity factor. 2~ Here 
expansion in G -  W is chosen instead, in order to 
maintain self-consistency with the Griffith balance: 

AF+ = AF" -T- ~(G - W) +- . -  

( O -  W<< W) (1) 

so that AF+ and AF_ correspond to forward and 
backward activation, with AF" the quiescent value 
and a=-(OF/OG) an activation area. Then from 
classical reaction rate theory 22 the net rate of 
activation over the barriers is vo{ex p ( - A F + / k T ) -  
exp(-AF_/(kT)},  with vo=kT/h a fundamental 
lattice vibration frequency, k Boltzmann's constant, 
h Planck's constant and T the absolute temperature. 
The crack velocity in regions I and III for the virgin 
interface is then given by the product of the 
activation rate and some characteristic atomic 
spacing ao between successive barriers, i.e. 

Vv x = 2Voa o exp ( - AFI/kT) 
x sin h{~(G - ~  WE)/k T} (2a) 

vvm = 2voao exp ( -  6F(./kT) 
x sin h{cqli(G - ~ Wo)/kT} (2b) 

The physics and chemistry of the activation enter 
the formalism via the parameters AFt" and AFt'n, ~ 
and am. In region III, AFI'II and am are assumed to be 
determined by intrinsic bond rupture. 2 In region I, 
AFI" and a~ have been considered in terms of at least 
two rate-limiting mechanisms: crack-tip adsorption 
(reaction), L21'23 and interfacial lattice diffusion of 
intrusive species. 4- 6 Again, the authors defer debate 
on such issues here. 

The stress bias G - W in the velocity functions in 
eqn (2) is emphasised as a central element in the 
description, regardless of specific mechanism. Note 
in particular that eqn (2) has natural provision 
for thresholds at G = W, and for negative velocity 
branches. 

2.3 Kinetics: Crack propagation in healed interfaces 
The kinetics of crack propagation through a healed 
interface will now be examined. Provided the 
mechanism of interaction at the crack interface 
remains unchanged by the occlusion, ~3 eqn(1) 
remains a valid descriptor of the activation barriers. 
According to this description, the principal influence 
of healing is to lower the adhesion energy from v WE 
to h W E. Hence the velocity formalism in the 
preceding section requires only cosmetic 
adjustment: 

hV I = 2v0a o exp ( -- AF~/kT) 
× sin h{~l(G - "WE)/kT } (3a) 

%m = 2Voao exp ( - AF~n/kT) 
× sinh{ctm(G- hWo)/kT } (3b) 

Consider then how a crack system undergoes a 
transition from virgin to healed velocity functions in 
a loading-unloading-reloading cycle. 5'6'13 To keep 
the argument simple suppose that the crack driving 
force is never far from equilibrium, i.e. the system is 
confined to region I. Initial loading drives the crack 
through the virgin solid along the positive branch of 
eqn (2a). On unloading, the crack becomes station- 
ary at the threshold G = v WE, and is constrained by 
the entrapped species to remain so until G = h WE, at 
which point it retracts along the negative branch of 
eqn(3a) (i.e. bypassing the negative branch of 
eqn (2a)). On reloading above G = h WE, the crack 
grows through the healed interface along the 
positive branch of eqn (3a). 

Hence the crack system exhibits the phenomenon 
of hysteresis during the first cycle of reversed loading. 

2.4 Kinetics: Region II as a connecting branch 
If a crack at a given (virgin or healed) interface in a 
given environment is made to accelerate, the point 
comes where the mass flow of active species can no 
longer maintain pace with the tip. The adhesion zone 
then experiences effective 'vacuum' conditions, and 
the system transfers from region I to III. The 
connecting velocity branch defines region II. 

The transport properties governing this branch 
depend on the nature of the environment. Liquids 
are not strongly transport-limited unless the viscos- 
ity is high or if the active component is present in 
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trace amounts.~° Atmospher ic  environments,  on the 
other hand,  almost  invariably show classic region II 
behaviour.  1'2'9 For  illustrative purpose just this 
latter case will be dealt with. 

Consider  then a crack propagat ing at steady 
forward velocity v in an active a tmosphere  of  partial 
pressure p. Bulk flow of  the gas molecules occurs 
along the interface until the crack walls narrow to a 
separat ion less than that  of  the mean free path  l of 
intermolecular  collisions. At  this point  the t ransport  
rate is significantly at tenuated by the dynamics of 
molecule-wall  collisions, i.e. free molecular flow. 
The steady-state velocity when free molecular flow is 
rate limiting is given by 9 

v n = 2pG (4) 

where 2 is a material-geometry coefficient. Evalu- 
at ion of  this geometry-sensit ive coefficient for 
parabolic 'Irwin' cracks 2 yields 

2 = 64aZ/3r~qE(2rrmkT) 1/z In (l/ao) (5) 

with q the site occupancy of  adsorbate molecules per 
surface, m the molecular  mass of  the fluid species, 
and E Young's  modulus.  

The velocity in the I - I I  transition region will now 
be looked at more  closely. Assuming that  free 
molecular  flow acts in series with the controll ing 
process in the near-tip adhesion zone, it may loosely 
be written that  

V//) I "q- V/Vli = 1 (6) 

so that  the slowest process is rate determining. In the 
same vein, the I I - I I I  transit ion may  be considered in 
terms of  parallel processes in which free molecular 
flow and intrinsic (vacuum) bond rupture act in 
concert. Then 

/) ~ Ull "t- /)Ill (7) 

so that  the fas tes t  process is rate determining. 
Actually, this approach  is oversimplistic. Strictly, 

the steady-state equat ions of  free molecular  flow 
should be solved to obtain the pressure differential 
p - p *  between crack mou th  and tip, 9 and then the 
unknown  crack-tip pressure p .  eliminated using an 
appropr ia te  expression W E = W E (p,)  for the adhe- 
sion energy in eqns (2) or (3). Such flow equat ions 9 
confirm that  p ,  = p  at zero velocity configurations: 
at positive velocities the crack-tip pressure rapidly 
falls off, p ,  < p ,  toward zero on approaching  region 
III; at negative velocities the pressure builds up, 
p ,  > p ,  and the crack closes (unless constrained by 
mechanical  obstruct ion at the interface). In the 
absence of  a priori knowledge of  WE(p*), a r igorous 
analysis is foregone here, but  it is noted that  

refinements f rom any such analysis affect the shape 
of  the v-G curve only in the immediate  I - I I  
and I I - I I I  transit ion regions. 

3 Comparison with Experimental Data 

The formalism in Section 2 is now illustrated with 
fits to available literature (plus some current) crack 
velocity data on selected model  brittle solids. These 
data  are presented as the individual points in 
Figs 2-6. The focus is on well-behaved solids with 
relatively simple a tomic  structures,  5 pr imari ly  
mica, 13 the most  suitable candidate material for 
threshold and reversibility studies because of  its 
atomically smooth  cleavage, but also silicate 
glass 15'16'21'24"25 and sapphire. 21 (The literature 
crack velocity data on glass and sapphire are usually 
presented as a function of stress-intensity factor K, 
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Fig. 2. Crack velocity versus mechanical energy release rate 
for cracks propagating in mica in air at RH 50-60%. (a) 
Forward ( + ) velocities; (b) backward ( - )  velocities. Data points 
from hysteretic loading-unloading-reloading ( + / -  / +) cycle; 
v, loading into virgin material; h, unloading-reloading along 
healed-matched interface; h', same but after separating cleavage 
halves and misorienting about common surface normal. Data 
from Ref. 13, using constant-displacement double-cantilever 

beam geometry, at room temperature. 
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Fig. 3. Crack velocity versus mechanical energy release rate 
for cracks propagating in mica in water and moist air at specified 
RH: (a) virgin; (b) healed-matched; (c) healed-misoriented 
interfaces. (Note different G scales.) Data in (a) from Ref. 13, 
(b) and (c) current experiments using constant-displacement 

double-cantilever beam geometry, at room temperature. 
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Fig. 4. Crack velocity versus mechanical energy release rate 
for cracks propagating in soda-lime glass in water: (a) 2-5°C; (b) 
25°C; (c) 80-90°C. Constant-load double-cantilever beam data 
(I--1, Ref. 24; • ,  Ref. 25), plus present (stable) indentation data 
(©, see Appendix). Solid curves are theoretical fits (with fit at 
25°C included as dashed curves in (a) and (c) to indicate data 

shifts). 
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Fig. 5. Crack velocity versus mechanical energy release rate 
for cracks propagating in soda-lime glass in moist air at specified 
RH. Constant load double-cantilever beam data (A, Ref. 21), 
plus present indentation data (O, see Appendix), at room 
temperature. Solid curves are theoretical fits. (Broken curve at 

left is fit to room temperature water data in Fig. 4(b).) 

which is converted here to G via the familiar relation 
G ---- K2(1  - v2)/E, E = Young's  modulus  and v = 
Poisson's ratio.) Water  (liquid and vapour) as the 
interactive envi ronment  is also focused upon. The 
data  for mica in Figs 2 and 3 include two types of  
healed interface, matched (crack carefully retracted 
after partially cleaving the specimen, to preserve 
lattice registry, and subsequently repropagated)  and 
misoriented (interface recontacted after full separ- 
at ion and mutua l  rota t ion of  cleavage halves before 
repropagation).13 Note  that  none  of  the data  sets in 
Figs 2-6 covers the entire spectrum of  behaviour  
f rom subthreshold th rough region III, a reflection of  
l imi ta t ions  imposed  by crack stability: stable 
(dG/dc < 0), constant-displacement  geometries dis- 
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Fig, 6. Crack velocity versus mechanical energy release rate 
for cracks propagating in sapphire in moist air at specified RH. 
Constant-load double-cantilever beam data, at room tempera- 

ture from Ref. 21. Solid curves are theoretical fits. 

pose to low velocities; conversely, unstable 
(dG/dc > 0), constant- load geometries are biased to 
high velocities. 

The curve fits to the data in Figs 2-6 are made  by 
approximat ing a 0 by a characteristic cleavage-plane 
bond spacing for each solid 5 and adjusting the 
following quantities in eqns (2)-(7) (Table I): 

(i) Threshold. It is noted that  da ta  in the 
threshold and subthreshold velocity regions 
are extensively available in the case of  mica, 
less so for glass, and less again for sapphire. 
For  healed cracks in mica in particular 
(Fig. 2), the zero-velocity energy h w E along 
the G axis for both  matched and misoriented 
interfaces can be determined with relative 
accuracy by interpolating between the rever- 
sible unloading (negative branch) and re- 
loading (positive branch) curves. Then, using 
the earlier a rgument  that  transitions f rom 
virgin to healed interfaces should be manifest  
as simple curve shifts along the G axis, the 
corresponding zero-velocity point  ~'W E for 
the virgin interfaces (Figs 2 and 3) is deter- 
mined by extrapolation.  In the case of  glass 
(Figs 4 and 5), one must  resort to extrapol- 
ations, for vW E, a l though the water data 
at different tempera tures  (Fig. 4) al low 
these extrapolat ions to be made  with greater 
confidence. A similar procedure is adopted 
for sapphire (Fig. 6), but  there the sparsity of  
data  at lower velocities means a compara-  
tively high degree of  subjectivity in the 
absolute determinat ions of  v 14½; j ustification 
for extrapolat ions to zero velocity in this case 
rests with extraneous evidence for the 
existence of  thresholds in sapphire, e.g. f rom 
fatigue limits in strength data using inden- 
tation flaws.19 

In making these interpolat ions and extra- 
polat ions the values of  W E are adjusted 
independently f rom each data  set at specified 
water vapour  pressure p. 

(ii) Region I. Parameters  ct~ and AFt" are deter- 
mined from slopes and intercepts of provi- 
sional fits to the data  in region I in Figs 2-6. 
In this case single best-fit determinat ions are 
made  for each solid, i.e. collectively over all 
water vapour  pressures (including liquid 
water). 

(iii) Region Ill. Parameters  ct m and AFl'n are 
similarly determined for each solid f rom 
provisional fits to the data  in region III 
(where available). 
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Fig. 7. Adhesion energies W E for mica from threshold G 
values, as function of  RH (PIPs, Ps = saturated vapour pressure 
of  water). Data for virgin and healed cracks from Ref. 20. Closed 

symbols at right of  figure are data for water. 

(iv) Region II. Coefficients 2 for each solid are 
determined from fits to the forward velocity 
data in the plateau region (where available). 

The solid curves in Figs 2-6 are the full v-G 
functions regenerated from the parameter fits using 
eqns(6) and (7). It is evident that the analysis 
describes the transitions between the different 
regions, and between virgin and healed interfaces. 

The adhesion energies WE from the threshold 
evaluations are plotted for each of the three solids in 
Figs 7-9 as a function of relative humidity. Included 
in the plots for mica are the evaluations for virgin 
and healed interfaces (matched and misoriented). An 
analogous data set for healed interfaces in glass from 
a n o t h e r  source 16 are included in Fig. 8. 
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All the other parameters determined from the 
fitting procedure are listed in Table 1 for each of the 
three solids. 

4 Discussion 

The analysis provides a formulation that enables the 
definition of crack velocity functions for given 
materials (specifically mica, glass, sapphire) at given 
water vapour pressures or temperatures. As such, it 
is appropriate to lifetime predictions in structural 
design with ceramics. Insofar as the operative 
mechanisms are not specific (at least in regions I and 
III), the formulation is phenomenological: it is 
assumed only that the kinetics are determined by 
atomically localised energy barriers, and that these 
barriers are stress-enhanced. The analysis neverthe- 
less has a certain generality: it accommodates 
threshold configurations as equilibrium states, and 
healing and repropagation configurations as sub- 
threshold states. The variations of velocity functions 
with environmental conditions and interfacial 
history are manifest as simple shifts, determined by 

Table !. Values of crack velocity parameters for solids in this 
study 

Parameter Mica Soda-lime glass Sapphire 

a o (nm) 0.46 0.50 0.48 
• i ( rim2 molecule-a) 0.150 0.0100 0.057 
%, (nm z molecule- 1) _ ~120 0.100 
AF I" (aJ molecule-I)  0-071 0-105 ffl06 
AFI~ s (aJ molecule- t) __ 0-0110 ffl06 
2 (kPa -~ s -  *) 0.30 0.040 0.017 

Values of  ao from Ref. 5. Other parameters from fits to data in 
Figs 2-6. 
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appropriate variations in the work of adhesion WE, 
along the G axis. 

This phenomenological approach has acknowled- 
ged limitations. In the absence of a priori knowledge 
of the parameters in the velocity equations empirical 
'calibrations' using existing data must be relied 
upon. Crack velocity results from different labora- 
tories on ostensibly the same materials are notori- 
ously irreproducible, magnified by variations in test 
geometries and cleavage planes (especially in 
anisotropic crystals like sapphire26), so care needs to 
be exercised before using calibrations from data at 
any given set of conditions to predict behaviour at 
any other condition. Particular caution is needed 
when making predictions outside the calibration 
data range. 

The authors have chosen to consider somewhat 
ideal brittle solids without microstructural com- 
plications. In many practical ceramics, especially 
polycrystalline and composite materials, the crack 
tip may be shielded from the external applied loads 
by microstructural elements which toughen the 
material as the crack extends 27 (R-curve). The 
velocity functions determined in the present study 
remain valid in such cases, but G now identifies 
explicitly with the energy release rate in the near- 
field about the crack tip, G.. To relate G. to the 
externally monitored energy release rate, GA, it is 
necessary only to evaluate an appropriate shielding 
term, AG (= G A -- G*), and thence solve for V-GA. A 
description of this kind of shielding has been used 
elsewhere in an analysis of environmentally induced 
fatigue properties of alumina ceramics. 28 

It should be evident that there can be little 
justification in using any such empirically based, 
phenomenological activation theory in conjunction 
with macroscopic v-G data to deduce the underlying 
micromechanics of crack growth. Such unfounded 
deductions are commonplace, especially in the glass 
literature. Allusion was made in Section 1 to the 
traditional attribution of the activation barriers to a 
chemical reaction at the line of bonds along the 
crack front; 1'3 but mention was also made there of 
potentially competitive mechanisms such as inter- 
facial 'lattice' diffusion behind the crack tip 4- 6 and 
'internal friction' in the near surrounds. 7,8 Inde- 
pendent, definitive identification of such possible 
mechanisms, and attendant development of more 
fundamentally based theoretical models of the 
environmentally modified crack structure within the 
adhesion zone, are called for. Only then may the 
prediction of which environments interact with 
which materials be possible, and thence a priori 
evaluations of crack velocity functions obtained. 

The formulation for Region II warrants further 
consideration. The fitting involved a simple adjust- 
ment of 2 in eqn (4). Independent estimates of this 
parameter can be made from eqn (5). Estimates 
using l = 0.1/~m for the mean free path of molecule 
collisions in air at standard atmospheric pressure 
and temperature, r/= 1 for the site occupancy of 
adsorbate molecules per surface, m = 30 x 10 -27  kg 
for the mass of a water molecule, and Young's 
modulus E =  168GPa (mica), 70GPa (glass) and 
400 GPa (sapphire), yield 2 = 0.057 kPa-  2 s- 1 
(mica), 0.164 kPa -2 s-1 (glass) and 0.026 kPa -2 s-1 
(sapphire). These estimates are within an order of 
magnitude of the fitted values in Table 1. 

Perhaps the most consequential element of this 
model is the description of velocity thresholds as 
quiescent states, ultimately determinable in terms of 
fundamental intersurface forces. 5'6'13 Thus, the W E (p) 
plots of Figs 7-9 may be used to determine the 
concentration dependence of surface and interface 
energies on interactive species. The specific inter- 
pretation of such plots in terms of balanced chemical 
reaction rates, 1 adsorption isotherms, 8 capillary 
condensation 2° (including potential effects of dielec- 
tric screening29), or any other underlying process, 
remains an issue for analysis elsewhere. 
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Appendix 

Results of  crack velocity measurements using 
Vickers indentation flaws are used to supplement the 
existing literature data for soda-lime glass in Figs 4 
and 5. The procedure is to observe post-indentation 
virgin crack growth under the exclusive action of the 
residual contact stress field. 3°'31 Because the 
residual-field system is essentially stable 32 the crack 
driving force falls off with crack extension, so the 
system progresses naturally down the v-G curve. As 
such, the configuration is especially suited to 
extending the database into the threshold region. 

Experiments were run as follows. Vickers inden- 
tations at specified load P were placed in polished, 
annealed soda-lime glass surfaces, in a specified 
environment and at a specified temperature. Several 
indentations could be made on a given test surface. 
The post-contact crack evolution c(t) was followed 
in an optical microscope, over a time interval ~ 10 s 
to ~ 1 year. The estimated relative accuracy in 
measuring the position of  the crack tip was ~ 2 ktm. 
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Radial crack length versus post-contact time for 
Vickers indentations at load P = 29.4 N in soda-lime glass in 
water (A) and air (O) at RH 50-60%, at room temperature. 
Data from several indentation cracks. (Velocities measured 
from increments in crack size in individual runs, to eliminate the 
considerable crack-to-crack variation evident in these plots.) 

Representative crack length versus post-indentation 
time plots are shown in Fig. A1, for runs in water 
and air at room temperature. The plateau at long 
times is indicative of threshold behaviour. 

The v-G data were extracted from such data sets 
as follows: 

(i) Velocities were determined from measure- 
ments of radial crack growth increments over 
successive time intervals for each indentation 
crack. (At lower velocities it was necessary to 
increase these time intervals, in order that the 
crack increments exceed the resolution limit.) 

(ii) Mechanical energy release rates were deter- 
mined from the standard stress-intensity 
factor solution for well-developed inden- 
tation cracks 

K = ~P/c  3/2 (A1) 

in conjunction with the connecting plane- 
strain relation 

G = Kz(1 - v2)/E (A2) 

with X an indentation coefficient, E Young's 
modulus and v Poisson's ratio. 3z'33 The 
indentation coefficient for soda-lime glass is 
here expediently adjusted to the value X = 
0.040 to match Wiederhorn's v-K baseline 
results for glass in water so as to ensure self- 
consistency in the data sets in Figs 4 and 5. 


