Available online at www.sciencedirect.com

'ScienCeDireCt

ELRRS

www.elsevier.com/locate/jeurceramsoc

ELSEVIER Journal of the European Ceramic Society 26 (2006) 3051-3059

Global description of crack propagation in ceramics
C. Olagnon®*, J. Chevalier?, V. Pauchard

2 GEMPPM — INSA-Lyon, 20 av. A. Einstein, 69621 Villeurbanne, Cedex, France
b Division Mécanique Appliquée, Institut Frangais du Pétrole, BP3 — 69390 Vernaison, France

Received 30 June 2005; received in revised form 27 October 2005; accepted 6 November 2005
Available online 10 January 2006

Abstract

The subject of crack propagation in brittle materials is sometimes confusing, since many terms or concepts are not always clearly defined, as
toughness, sub-critical crack propagation, threshold, R-curve, etc. However, crack propagation can be simply and rigorously analysed by considering
the equilibrium point in terms of energy release rate, as defined by the Griffith criteria, based on fundamentals of physics. The departure from this
equilibrium leads to crack velocities related to dissipative mechanisms. Reinforcement mechanisms of any type can shift the equilibrium towards
higher driving force values, giving an increase of crack resistance. The degradation of this reinforcement, as the case of cyclic fatigue, simply
reduces the resistance to propagation. The total description of the behaviour is therefore included in the crack velocity—energy release rate (v — G)
graph. However, the major point is the equilibrium, because in addition to its theoretical importance, it is of practical interest for brittle materials,

since it corresponds to an energy value below which no propagation occurs.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The first description of brittle fracture and crack propagation
was proposed by Griffith.!:> His idea was very simple and is
still referred as the Griffith criterion. It is well known that this
criterion is derived from an energy balance based on the first
thermodynamics principle. It simply compares the magnitude of
the strain energy released rate (so-called G, that represents the
mechanical driving force) to that consumed by a crack increment
(so-called R, that represents the resistance to cracking).? If the
quantity G — R is null the system is equilibrated, if it is positive
or negative, the crack grows or heals, respectively.

A careful reading of the large bibliography on fracture of
brittle solids published along this century would be somewhat
perplex. From the earlier work of Griffith the description has
been much refined and a new reader would discover the terms
and concepts of toughness, catastrophic failure, sub critical crack
growth, R-curve, fatigue crack propagation. If individually con-
sidered all those concepts can be easily explained. However,
trying to assemble the pieces of the jigsaw is difficult and sev-
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eral aspects are not clear, at least in some works. For instance the
Griffith criterion has often been described as a criterion for catas-
trophic failure, corresponding to toughness, which is according
to Maugis* and to Lawn® a current misinterpretation or con-
fusion. We can easily imagine this new reader asking several
questions. What does the toughness exactly represent? Can the
so-called sub-critical crack growth, often referred as propaga-
tion below the toughness, lie in the framework of the Griffith
criterion? The presence of a threshold below which no propaga-
tion occurs is still in debates in the ceramic society; what is its
meaning in the framework of the Griffith criteria? What do we
measure on a system where a stable crack propagation occurs?
What is the crack velocity influence on a R-curve measurement
or the reciprocal?

Griffith applied his theory to the fracture of glass where
the crack resistance is equal to the surface energy 2y. He
deduced his proposal from experiments conducted on an unsta-
ble crack geometry: tensile test. Maugis® thinks this is the reason
why a confusion is often made by considering the criterion as
describing unstability. For instance, the early experiments of
Obreimoff’ on cleavage of mica and of Roesler® on silica glass
clearly were conducted on stable system. They clearly show that
the Griffith analysis sets the equilibrium of the crack, but not the
stability of this equilibrium. It is therefore not a rupture criteria.
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The analysis of fracture mechanics was completed by Irwin’
who proposed the concept of stress intensity factor, K, as a mea-
sure of the local stress at the crack tip. A fracture criterion
K. is deduced and related to the resistance R from the well-
known relationship R = K 02 / E for plane stress. As pointed out
by Lawn® the advantage of the analysis based on stress intensity
factor is the possibility of calculation for many crack configu-
rations and their additivity. However, the analysis is still in the
framework of Griffith theory.

A probable cause of difficulty with fracture mechanics is the
time effect. It was first mentioned by Grenet!® and Orowan'!
from the observation of strength degradation of glass with time
and delayed fracture. Orowan showed that the so-called fatigue
effect could be explained in the framework of the Griffith theory
and he postulated that this implies the existence of a safe stress.
Later Wiederhorn'>!3 showed that finite crack velocity could
be measured, and that the velocity could be related to G by an
univocal law, leading to the now well known v — K or v — G
curves. An impressive collection of experimental data measured
during the sixties was reviewed by Wiederhorn and Johnson.'*
Since the velocity can be low, it has been referred as slow crack
growth and many times as sub-critical crack propagation. The
phenomenon is highly promoted by water molecules, probably
by a stress corrosion mechanism. !>~

The term sub-critical might be confusing for a reader out
of the field. It should imply two different regimes ‘critical’
and ‘sub’. The former would be defined by the Griffith crite-
ria and the later corresponding therefore to a propagation with a
negative balance energy. Under this misinterpretation, the exis-
tence of a threshold below which no propagation occurs is often
questioned. The correct interpretation simply shows that the
threshold is the point of the Griffith criteria and when the driving
force increases, the velocity rises continuously from 0 to sonic
values.’

A more complete thermodynamic analysis was proposed by
Rice.'®1? as an extent of the Griffith criterion in order to take
into account kinetic analysis. He reformulated the analysis by
considering an entropy contribution in agreement with the sec-
ond thermodynamic law. Null crack velocity, leads to the Griffith
criterion G =R which is therefore included in the analysis and
corresponds to a null entropy term.

Outside the equilibrium, application of the second thermody-
namic law shows that the crack driving force (G — R) and v are of
the same sign, meaning that crack propagates for G — R>0, and
heals for G — R <0. It even states that when G — R increases, v
increases following a v — (G — R) relationship that will depend
on the dissipation mechanism. However, the analysis is made on
macroscopic scale thermodynamic and the possibility of heal-
ing will depend on the mechanism (reversibility of chemical
reaction, crack closure impediment by debris or grains, etc.).
Maugis* and Lawn® have applied this general concept to a more
physical description, the entropy contribution being related to
internal friction or chemical process at the crack tip, respec-
tively.

The purpose of this paper is to show that the crack behaviour
in ceramics, including the so-called sub-critical crack prop-
agation, R-curve and cyclic fatigue can be simply described

by the extended Griffith criterion. Within this framework, the
description is only made with rigorous general terms that can be
understood by the non-specialist of fracture mechanics.

1.1. v — G relation: general pattern

The Griffith criterion is based on an energy conservation prin-
ciple for a system that contains a crack of length ¢ in equilibrium,
submitted to traction force. The energy is composed on the one
hand on mechanical energy (strain energy and work induced by
loading) and on the other hand on the energy dissipated by the
creation of new surfaces. The equilibrium of a crack is obtained
when the derivative of the mechanical energy with respect to the
crack length (so-called: strain energy released rate, G) is equal to
the surface energy per unit length, i.e. the crack resistance. Since
it was initially applied to glass or single crystals, i.e. materials
with very small-scale microstructure or without microstructure,
the crack resistance is simply equal to the surface energy y:

G =2y ey

The criteria also states that crack progresses when the left mem-
ber becomes higher or heals when it becomes lower than the right
member. There is no mention of velocity, although of importance
when conducting experiments. In the pioneer works of those who
tried to confirm this relation and calculate y, a delay to reach the
equilibrium is often reported.”® This has been later rationalised
by measuring the crack velocity as a function of G. A ground
breaking series of examples was conducted on mica by Wan
et al.? Mica is very interesting since it presents a weak cleav-
age plane, that leads to a very planar crack, without mechanical
crack closure impediment, thus, facilitating the crack retreat.
They pointed out that the way to definitely determine the equi-
librium is to record a series of forward and backward velocities
around it. When only crack extension is performed, which is the
case of most experiments, the equilibrium is more difficult to
observe since it corresponds to a threshold with an apparent null
crack velocity. It is clearly seen in mica (Fig. 1) and it is shown
to depend on the humidity content of the environment. The real
surface energy is only obtained for a virgin specimen broken in
vacuum and in presence of a reactive or adsorbed atmosphere,
the surface energy is reduced. As a generalisation, it is better
to consider the right hand term of Eq. (1) as the Dupré work of
adhesion, giving:

G = R =2y under vacuum (2a)

G = R. =2y, inagivenenvironment (2b)

with ye <y. Thus the equilibrium of a given crack may be
changed either by variation of the loading or by the environ-
mental conditions.

The initial Griffith criteria corresponds therefore to this point
of equilibrium. When we move above or below this equilibrium
point, the crack velocity increases (backward or forward). This
is described by the generalised thermodynamic description of
Rice, when the entropy term exists:

(G=—Rw=S8>0 3)
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Fig. 1. Crack velocity vs. mechanical energy release rate measured on mica
around the equilibrium. Increasing the load (i.e. G) leads to crack growth with
increasing velocity, represented by V+ for virgin specimen. When the load is
decreased below the threshold it moves backward (healing, represented by H—).

However, note that owing to atom mismatch and probably atmosphere the crack

re-propagate for a lower threshold, represented by H+ (reprint from Wan2® copy-

right with permission from Journal of Materials Research and the author).

where § is the entropy creation rate. Rice description therefore
shows that the velocity is related to irreversible (energy dissi-
pative) mechanisms. Wan et al.?! have proposed a general v(G)
law based on activation theory, i.e. probability of transition. The
kinetics is attributed to discrete thermal fluctuations over energy
barriers. This analysis is therefore phenomenological and is able
to describe different mechanisms. They obtain a classical expres-
sion where the velocity is a hyperbolic sine function of G. These
assumptions can be precisely illustrated if very low velocity can
be measured (Fig. 2).

Maugis* considers that the velocity is given by a function
that depends on the dissipative mechanism:

(G = Ryv = Ry(v) 4)

where x(v) is a function related to internal friction at the crack
tip. This general approach has been satisfactory applied to poly-
mers and problems of adhesion*® but no echo appeared in the
ceramic community, because viscoelastic losses are generally
weak in ceramic materials. The mechanism rather proposed is a
stress corrosion of the ceramic by water molecules at the crack
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Fig. 2. Crack velocity vs. mechanical energy release rate measured on glass
fibres in air. The graph is deduced from lifetime under constant load (so-called
static fatigue) applied to a mesh of about 1000 filaments, after statistical treat-
ment. Such a configuration allows very low velocity to be obtained and also a
good definition of the curve since each point correspond to one rupture time in
the experiments (after Pauchard®).

tip. Fig. 3 shows typical examples of v — G curve obtained in
glass under different humidity contents (Wan et al.,2! from data
of Wiederhorn??). These curves are generally separated into
three kinetics branches and a threshold that represents the equi-
librium. As shown in Fig. 3 this equilibrium depends on the
water content, in agreement with Eq. (2b).

A small perturbation from the equilibrium gives a steady state
crack velocity for a given G. This velocity may be limited by
a reaction rate between the corrosive species and the ceramic
bound, leading to the so-called first stage. For a given water
activity, the velocity can be limited by the arrival of the water
molecule to the crack tip, leading to a second stage. For even
higher velocity crack extension operates without the need of
water, under quasi vacuum conditions. Such a mechanism has
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Fig. 3. Crack velocity vs. mechanical energy release rate of soda-lime glass
in air under different humidity content (reprint from Wan?!, copyright, with
permission from Elsevier Science).
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been modelled by thermally activated processes and gaseous
diffusion. In the first stage, the crack rate is then related to G by:

—AF G —
V1 = 204, €Xp <I<T> sinh (a kTye> @)

where a, is the atomic spacing; v,, fundamental lattice vibration
frequency; AF and « physical parameters of the activation mech-
anism. Note that other mechanisms with two sets of velocity
limitation could give such type of curves, but still in the frame-
work of Griffith equilibrium and Rice description of velocities.

In the second stage water diffusion controls the crack rate
which is then given by

64G agp
v = (6)
3nwEa, In(a/ao) o 2wmkT

where E is the Young modulus; p, the partial pressure of the
atmosphere and m the molecular mass of the fluid species.

In fact the two processes acting in series, the overall velocity
is given by:

1 1\!
v= < + > @)
U1 11

For higher velocities the propagation occurs under vacuum con-
dition. A formalism similar to Eq. (5) has been proposed by Wan
et al.,21 but where the crack velocity is null for G = y. However,
in this stage, crack velocity can also be related to internal friction,
close to crack tip.*® The phenomenological relation v = AK{
(with n showing high values), frequently used to described the
velocity, is compatible with the above analysis.

It is more difficult to make precise measurements on poly-
crystalline ceramics, especially of coarse microstructure. Yttria
stabilised zirconia polycrystal (Y-TZP) is interesting owing to
its fine grain size (lower than 1 pwm). Fig. 4 presents a set
of results measured in different environments over a large
range of crack velocities. The measurements conducted in air
are the most precise since the easiest to conduct. Clearly the
behaviour is similar to that observed on glass and single crystals,
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Fig. 4. Crack velocity vs. mechanical energy release rate of a 3% yttria stabilised
zirconia in different environments. The data were obtained by double torsion by
constant loading and constant displacement. This fine grain material allows a
good reproducibility of the measurements (data from Ref. 34).

with the three different propagation stages mentioned above.
At low crack driving force, crack velocity tends to a verti-
cal asymptote, showing again the existence of an equilibrium
value, related to the crack resistance in air defined by the Grif-
fith Criteria. Results are also presented for vacuum condition.
Although more difficult to obtain, these results suggest the
presence of an equilibrium. It is surprising that a threshold
under vacuum condition has not been the subject of considera-
tion in the literature, although representing a major meaning in
terms of fracture. As for glass, stages I and II can be fitted to
Eqgs. (5)-(7).

1.2. Reinforcement and v — G relations

For Y-TZP, threshold in air and vacuum give a crack resis-
tance of 30 and of 50 J/m?, respectively (cf. Fig. 4). In contrast
to the case of glass and single crystals,® these values are far
above the surface energy that can be measured by the heat
of vaporisation in ceramics (on the order of 1J/m23). This
means that the crack resistance R (or R.) is not only related
to the surface energy but also to additional energy dissipation.
The two main mechanisms contributing to energy dissipation
in polycrystalline ceramics are phase transformation tough-
ening and crack bridging. The Eq. (3) must be transformed
as:

R =2y + Ry under vacuum (8a)

Re = 2y. + Ry inagivenenvironment (8b)

where Ry, is the contribution of microstructural related rein-
forcement to the crack resistance. This contribution in the case
of Y-TZP is about ten times that of the surface energy. The same
order of magnitude is observed for most polycristalline ceram-
ics and the difference is even much higher in some polymers or
metals. Since the crack propagation in polycrystalline ceram-
ics is always at least partly intergranular, bridging will (more or
less) operate. It is known that>>?# its contribution increases with
crack extension (the longer the crack the higher the number of
bridging ligaments). Thus, Ry, is function of the crack length, a.
A typical example is shown in Fig. 5a) for three alumina ceram-
ics of grain sizes ranging between 1.9 and 12.7 pwm. The shape
is classical of that observed in ceramics: a rising part followed
by a plateau caused by the extension and the saturation of the
bridging. This reinforcement depends on the microstructure and
is higher for coarse materials (a transition from inter to trans-
granular propagation is however observed for coarser grain size,
leading to a drop of reinforcement). This reinforcement leads to
a shift of the v — G curve towards high G values which depends
on the microstructure (Fig. 5b). The subtraction of the reinforce-
ment, Ry(a) leads to a single curve, therefore independent of
the microstructure (Fig. 5¢). In the end since the reinforcement
depends both on the crack length and on the microstructure, the
v — G relation is not an intrinsic property of a material. It may

2 Evenin the case of single crystal or glass there is a slight discrepancy between
the surface energy measured by vaporisation and the crack resistance, owing to
the dissipation unavoidably associated to mechanical fracture.
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Fig. 5. Example of crack behaviour in alumina of different grain sizes (data from Ref. 25. (a) Reinforcement due to dissipative mechanisms, Ry, (a) vs. crack length.
In this range an increase of grain size leads to an increase of the reinforcement, mostly by bridging. (b) Crack velocity vs. mechanical energy release rate. The data
are obtained by double torsion under constant displacement (load relaxation). In this case the initial (recorded) velocities are the highest and decreases when crack
length increases, leading to an augmentation of the reinforcement. (c) Crack velocities as a function of G — Ry, (a). By suppressing the reinforcement, the different

materials define a unique plot.

depend on the method used for the measurement.2%2” More-
over, even for a given method, it should depend on the loading
configuration (for instance constant loading where crack veloc-
ity, da/dt, increases with crack length, a or load relaxation where
da/dt decreases with crack length). In contrast, an intrinsic prop-
erty is a v — G* relation where:

G* = G — Ry(a) ©)

G” represents the net crack tip driving force.

The case of alumina is relatively simple since at least as first
approximation Ry, depends only on the crack length. Other cases
are more complex, and Ry, can also depend on the local stress
at the crack tip, so on G. This is the case of the mechanisms
acting at the crack front, such as microcracking and phase trans-
formation toughening. A good example of the last case is the
reinforcement in zirconia ceramics. It is based on the tetragonal
to monoclinic transformation of particles at the crack tip due to
the local high stresses. The associated volume expansion leads to
stress shielding. It can be shown that transformation zone size is
related to local stresses at the crack tip, so to G*. From the model

of McMeeking and Evans?® the zone width, h is proportional to
G":
h=aG* (10)

The reinforcement is also proportional to the zone width (the
larger the zone width, the larger the reinforcement):

Ry =0o'h 1rn
Thus, Ry is proportional to G":
Ry = CG (12)

This means that the reinforcement increases with the external
load, leading therefore to lower slope of the v — G graph, as
shown schematically in Fig. 6. A comparison of v — G curves
in single crystal (without transformation toughening) and of one
Y-TZP polycrystal is shown Fig. 7. There is an important shift
between the two sets of curves that increases with G in agreement
with Eq. (12).



3056 C. Olagnon et al. / Journal of the European Ceramic Society 26 (2006) 3051-3059

B
>

Fig. 6. Schematic drawing of the effect of a reinforcement proportional to the
load on the shape of the crack velocity vs. mechanical energy release rate graph.
The graph of a material without reinforcement is shifted, leading to a decrease
of the slope.

A generalisation of Eq. (9) can therefore be expressed as:

G* =G — Ry(a, G") (13)
1.3. v — G relations and cyclic fatigue

For many years the crack propagation mechanisms of ceram-
ics was solely attributed to stress corrosion, even under varying
stresses. For instance, Evans and Fuller?® showed that cyclic
fatigue of glass or china clay materials could be predicted from
integration of double torsion results. The first evidence of cyclic
effect in ceramics was reported by Dauskardt et al.>* on a
Mg-PSZ at room temperature. They pointed out an accelera-
tion of the crack propagation under cyclic loading. They also
showed that crack propagation under cyclic loading could occur
at stresses lower than sub-critical crack growth threshold under
static fatigue. As an analogy to metals, they analysed their results
in terms of a Paris law: v = B(AK)™", but two major differences
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Fig. 7. Crack velocity vs. mechanical energy release rate (log—log scale) mea-
sured on zirconia single crystals and polycrystalline 3% yttria stabilised zirconia.
The shift that corresponds to the reinforcement increases with load (Rg, =45 and
140 for G ~50 and 110, respectively).

were observed. On the one hand, the stress exponent m was
equal to 24 so higher than that generally found for metals. On
the second hand, they noted that the parameter R = Kmin/Kmax
(where Kpin and K,y represent the minimum and the maximum
stress intensity factors during one cycle, respectively) played
a significant role which was not described by the Paris law.
Following those results an extensive amount of literature was
published during the 90s. In the early studies*~3? the analysis
and the modeling of fatigue were only based on pure mechani-
cal cycling effects, without any consideration of stress corrosion
(so-called static fatigue). It is now well recognised®>—3* that
the intrinsic response to static or cyclic loading is the same,
but there is a degradation of the reinforcement under alternate
loading. It has been shown?> that frictional and crack bridging
degradations occur, leading to a decrease of Ry, In this respect,
the relation (13) can be modified to take into account cyclic
effect:

G"'=G— (Rd)(a, G*) - AR(b(cyclic)) (14)

where AR gcyclic) corresponds to the mechanical degradation of
R¢. An example of such degradation in alumina can be shown in
Fig. 8. It was obtained by first propagating a crack under constant
loading, leading to an increase of Ry,. The sample was further
submitted to cyclic loading for a given number of cycles taking
care not to propagate the crack. The sample was subsequently
reloaded monotonically in order to re-propagate the crack. The
degradation for a constant crack length can therefore be quan-
tified by the drop of Ry. The degradation is a function of the
number of cycles N.3® The actual behaviour is more complex
since crack length is not constant but generally propagates dur-
ing cyclic loading. The net crack driving force is the resultant
of two phenomena: increase of Ry, associated to crack extension
and decrease of Ry by damage accumulation. In this respect,
Jacobs and Chen?? have described the crack velocity as a bal-
ance between those two effects. During crack propagation under

| | I !
150 |~ —
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100 — $

G (J/m?)

50 [— —

s L1 | 1 |
0 0.5 1 1.5

Crack increment (mm)

Fig. 8. Degradation of the reinforcement by cyclic load on a alumina (data from
Ref. 36). The crack is propagated by applying a constant load, which leads to an
increase of the reinforcement, up to point (A). A cycling load is subsequently
applied such that no propagation occurs. When a subsequent constant load is
applied the load required to propagate the crack, point (B) is lower, i.e. the
reinforcement has been reduced.
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Fig. 9. Degradation of the reinforcement by cyclic load on a Y-TZP (data from
Ref. 34). A cyclic load is applied between 0 and the Gpax (the present con-
figuration is such that the mechanical energy release rate is proportional to the
load and independent of the crack length), leading to a velocity V4. A constant
load equal to Gy is further applied. This leads to a decrease of velocity, up to
reach again a constant velocity Vg, owing to the increase of the reinforcement
Rg. Again a cyclic load is applied, and the crack velocity return backs to its
initial value V4. It is interesting to note that immediately after the application of
the cyclic load, there is a transient velocity lower than Vg. This appears when
there is not yet degradation, and because the average cyclic load is lower that
the constant load.

cyclic loading a steady state can be reached and a constant crack
velocity can be obtained. This is illustrated in Fig. 9 for again
a Y-TZP. The specimen was first loaded under static loading
under a constant value, so called Ggic, and the crack velocity is
recorded as a function of the crack extension. The specimen was
then loaded under alternate loading (G(f) = Ggagic sin(wt)), so
that the maximum value was the same as that applied statically.
The evolution of the crack velocity depends on two phenomena:
on the one hand the average G value is lower than G and on
the other hand there a progressive degradation of Ry,. At the early
stage, the former is prominent since degradation is still close to
zero. Then a progressive increase of the crack rate is related
to a progressive degradation of Ry, and a plateau is reached. It
corresponds to the steady state where damage accumulation and
reinforcement just balance. Another transient regime followed
by aplateau is again observed when further loading under Gggagic-
It is interesting to note that in this example of fine microstruc-
ture (average grain size of 0.5 pum) the equilibrium velocity is
reached after crack extension of about 20—30 pwm, revealing that
Ry, and/or ARy, are steep function of crack length. In coarser
microstructure materials this equilibrium would be shifted to
larger crack extent’’ or even not reached if the specimen was
too small.

The degradation of Ry, is obviously directly related to the
number of cycles. However, since this process operates around
a crack that propagates at a given velocity, the degradation is a
function of time and hence frequency.

The behaviour under alternate loading can be characterised
in terms of crack velocity versus Gpyax (representing the max-
imum value of G during one cycle). The example of the Y-
TZP, where steady state velocity is easily reached is shown in
Fig. 10 and compared to static crack propagation. This curve that
was obtained at a frequency of 1 Hz and ratio Gpax/Gmin =0.1
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Fig. 10. Comparison of crack velocities under static loading (function of G) and
cyclic loading (function of Gpay) for a Y-TZP ceramic, as measured in air at
room temperature (data from Ref. 34). The solid line represents prediction of
cyclic fatigue from static data under alternate loading, i.e. with the hypothesis
of no cyclic effect, which underestimates cyclic fatigue.

would be different for other solicitation parameters.>* The shift
between the two curves is more important for lower crack veloc-
ities (especially near the threshold). Indeed, at low velocity the
number of cycles during a given crack extension is important
and the effect of fatigue is more pronounced. On the contrary
at high velocity, the number of cycles for the same crack incre-
ment becomes low and damage accumulation negligible. In this
case (for velocity higher than 107> m/s for the present mate-
rial) the crack velocity under cyclic loading is just given by the
integration of the v — G curve during one cycle.

Again the threshold represents the Griffith equilibrium given
by Eq. (13) with Ry, lower than under static conditions. The shift
of this equilibrium value should depend on the Gax/Gmin ratio
but not on time (null crack velocity) and therefore not on the
frequency.

1.4. General discussion

The general cracking behaviour depends on a series of mech-
anisms acting at different scales. At the atomic scale the crack
rate is linked to the bound fracture rate and more precisely to
the atom reorganisation in the near crack tip field. In highly brit-
tle single crystal ceramics the behaviour is quasi elastic even
at crack tip> and the sole dissipation mechanism is the atomic
re-organisation.

Atahigher microscopic level, plastic or pseudo-plastic mech-
anisms (phase transformation, bridging ...) can operate and
decrease the net crack tip driving force. Even in glass, acknowl-
edged as brittle, the size of the plastic zone is about 100 nm,38
which obviously drives the v — G curve. However, these micro-
scopic mechanisms do not modify the intrinsic v — G* response.

The role of the environment on the cracking behaviour can
be viewed as decreasing the surface energy but also as another
dissipation mechanism which modifies the shape of the v — G*
relation (e.g. stages I and II in air). The cracking behaviour of a
given material thus depends on its affinity to water. It can be eas-
ily inferred that materials presenting a polar surface (e.g. some
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Fig. 11. Crack velocity vs. mechanical energy release rate rationalised by the
crack resistance measured in vacuum (G/R), measured on different ceramic mate-
rials. The sensitivity to humidity (small slope that starts below R) appears as
strongly linked to the ionic fraction of the bond The most covalent being a
Si-SiC, without glassy phase, and on the contrary the most ionic being zirconia.

planes of materials with mainly ionic bonds) will be more sen-
sitive to water than covalent bond materials. This is illustrated
in Fig. 11 where the crack velocity in air is represented as func-
tion of G rationalised by the crack resistance in vacuum (G/R).
On the one hand, the covalent Si—SiC material shows an abrupt
v — G relation and crack occurs only for G>R. On the other
hand, the materials exhibiting high ionic fraction (for example,
ZrO, with an ionic fraction of 0.6) show propagation well below
R.

This general description allows to give simple answers to the
questions arisen in the introduction. The most important being
the definition and the measurement of the toughness. Tough-
ness measurements are very often conducted at high speed.
Despite the technical interest for such method, it is clear that
such “toughness” only corresponds to one point of the v — G
curve, corresponding to relatively high velocity. More intrinsic
parameters should be the resistance R and R., which must be
measured at very low velocity. Such values are also interesting
on a practical point of view since they control the long-term
integrity of ceramic components. In this respect, slow crack
growth, often referred as propagation below the toughness (sub-
critical crack growth) must be viewed as propagation above the
threshold (which actually corresponds to G¢). The R-curve gen-
erally described as an increase of toughness with crack length
simply reveals an increase of crack resistance Ry. As a general
pattern, Ry, can depend on crack length but also on loading con-
ditions. For a given v — G*, this will affect the measured v — G
relation and make extrapolation difficult for life-time prediction
from the velocity function. However, again for practical use, the
threshold appears as the fundamental parameter.

Fig. 12 represents the general description of crack propa-
gation in brittle materials. The intrinsic response of a crystal
structure is identical on a v — G* or v — G graph, since there is
no reinforcement. This response depends on the environment,
especially on the sensitivity of atomic bounds to water. For more
real polycrystalline ceramics, this response is shifted towards
higher energy values, as a consequence of reinforcement. On
the opposite, the partial degradation of reinforcement, for exam-

v
* degradation /
reinforcement
G
/. "
R. R R. + Ry(a,G) \ R + R.(a,G)

R. + Ry(a,G) - ARg(v, cycl) R + Ry(a,G) - ARg(v, cycl)

Fig. 12. Schematic drawing representing a synthesis of the cracking behaviour
in ceramics. Near purely brittle materials exhibit a résistance R and R, that is
shifted with reinforcement under static load. The presence of a cyclic loading
leads to partial reinforcement degradation and hence lower resistance.

ple by cyclic fatigue, shifts partially back the v — G diagram to
lower energies.

2. Conclusion

Although sometimes confusing because treated is separated
items in the literature, the crack propagation in brittle materials
can be simply described. The central aspect is the equilibrium of
the crack, in terms of energy release rate, stated by the Griffith
criteria. This equilibrium is funded by the physics and of prac-
tical importance since it corresponds to an energy value below
which no propagation occurs.
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