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Abstract

It is proposed that the crack resistance of ceramics and cementitious materials is
governed by local parameters of microcrack configurations inside the process zone ahead of a
growing macrocrack. Spontaneous and stress-induced microcracks develop from microcrack
nuclei at critical levels of the residual strain-induced energy release rate. Microcrack
nuclei are residual stress-induced stress concentrations on microstructural inhomogenei-
ties. The metastable pinned microcracks form into a microcrack system inside the frontal
process zone. The local parameters of this microcrack system such as the density length and
elastic interaction of the microcracks determine the constitutive equations of the
microcrack system and the crack resistance of the material.

1. Introduction

Polycrystal one or multiphase ceramics fatigue under static or cyclic loading well below
the fracture load. This is a consequence of growing natural or spontaneous cracks but mainly
of stress-induced cracks /1/. Phenomenologically the same features are observed in cemen-
titious materials such as mortar and concrete /2, 3/. Stress-induced microcracks develop
from microcrack nuclei. These are residual strain induced stress concentrations on
microstructural inhomogeneities such as triple points of grain boundaries or pores. Residual
strains ¢ are a consequence of the thermomechanical incompatability of adjacent grains or
phases in facets due to volume shrinkage typical of this class of materials during fabrica-
tion such as sintering or hydration /2-4/.

Spontaneous and/or stress-induced microcracking develops from microcrack nuclei at
discrete values of the residual strain-induced energy release GIr' The density of these
metastable pinned microcracks is extremely high in the highly stressed region of the frontal
process zone /2, 5, 6/. Thus a microcrack system develops in this zone. The local parameters
of these crack systems, such as the length and density of the cracks, as well as the inte-
gral parameters of the crack system, such as the stress intensity factor, determine the
crack resistance of these classes of materials /6/. This will be exemplified in the
following thereby relating microstructural, microcrack field and crack resistance parameters
to each other.
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2. Relations between microstructural features and microcrack parameters of the frontal

process_zone

Following the range of residual strain-induced energy release rates a critical grain size

dC is characteristic of spontaneous microcracking. This is expressed by the equation
2,2
E g A dc

GIrc

where E, v are elastic parameters, e is the specific surface energy, and e is the residual
strain as mentioned above and A is the anisotropy factor introduced by Davidge et al /7/.
A <1 is a measure of the statistical orientation of adjacent grains in facets due to
orientation differences in a nearly isotropic microstructure. GIr as a function of measured
grain size distributions is shown in Fig. 1 for zirconia-toughened alumina, pure alumina and
concrete with values for the parameters of eq. (2) from the literature as shown in Tab. 1.
Thus the critical grain size dc for spontaneous microcracking of the abave mentioned
materials is in the range of 0.5 to 1 pm, 80 to 100 pm and about 25 mm respectively /4, 6/.
Generally the residual strain-induced tension and compression stresses are in equilibrium
in each facet after fabricatian. However, this equilibrium is disturbed under the action of
the main principal tension stress of an extermal load also causing microcracking of facets
- Irce Thus the
crack resistance of this class of materials is, with increasing external stress intensity, a

which are adjacent to grains of sizes d < d_, that means values of GIr <G

function of the grain facet size given as
K (1) £ e2n?d
= + > 2
: £ I £

The evaluation of a stress-induced microcrack field measured with acoustic emission

J

eq. (2)

analyses during loading of a specimen is well-known from data in the literature /1, 2/. From
this it was recognized that microcracking often commences at stress levels well below 50 %
of the strength of these materials /3/. However, with increasing KI unbroken facets may
always exist adjacent to small grains of a microstructure. These facets are given by the

equation K 2(l—v2)

Pd <k L -3 eq. (3)

IT max
Here in the terms
2
d Ee” d
d* ==l and G =t IBX, eq. (4)
n dmax Ir max 2% (l—v2)

are dmax the maximumtﬁrain of the respective grain size distribution and A = 1. dn is the
lower bound of the n~ grain size class of the grain size distribution of the microstruc-
ture. Thus the n class of grain size of a grain size distribution characterizes n fictitious
levels of residual energy release rates GIrn’ which are defined by the normalized parameter
A2 dn+. Only the external stress-induced discrete levels of residual energy rates which are
greater than a specific value of A2dn+ activate microcracking which contributes to the crack
resistance of the material. Fig. 2 shows as an example the microcrack density of a duplex
microstructure as a function of the grain size distribution if an increasing number of grain

size class (n = 4 ... 8) contributes to microcracking.

— 180 — CLG 1/4



3. The influence of microcrack field parameters of the process zone on the crack resistance

of the material

With increasing microcrack density inside the process zone the bulk density of the
material decreases. Thus after unloading of a specimen the increased bulk volume of the
process zone is pressed together by the surrounding less damaged material.

This is evident from the isochromatic pattern surrounding the process zone of an unloaded
4-point-bend specimen of a nuclear graphite shown in Fig. 3. In this Figure a photoelastic
coating was glued onto the specimen /9/. Fig. 4 shows an analysis of the isochromatic
pattern in view of the difference of the principal strains. It can be seen from this Figure
that a region of high principal strain exists in front of the artificial notch and in addi-
tion a displacement of the neutral axis of more than 3 mm during loading the specimen up to
the point of KIO
deformation ahead of a growing crack is a measure of microcracking indicating the increase

the beginning of stable crack growth. The non-linear non-elastic

of crack resistance during slow crack growth which was measured separately with a CT-speci-
men of the same material /10/.

As known from the literature, slow crack growth in coarse-grained ceramics /1, 8-11/
and in concrete /2, 3/ is generally accompanied by an increase of the crack resistance.
However, this increase can be accomplished by both an increase of the size of the process
zone and/or of the elastic potential of the process zone during microcracking.

The size of the process zone 2 Ye depends on microstructural features such as the grain
size as well as test conditions such as the loading rate. The most important feature on the
microstructural scale is the distribution of the microcrack nuclei which is related to the
size distribution of the most active facets, ie. those with the largest residual strains. In
the case of e. g. alumina and concrete these most active facets are related to the largest
grain as shown in the foregoing chapter. On the other hand in the case of a dispersion-
toughened ceramic these most active facets are related to the facetted tetragonal zirconia
grains. The size of the process zone 2 ¥ e is also related to local microcrack field
parameters. As shown by Gross /3/ the limit of the process zone becomes sharper as the den-
sity of the microcracks increases. This also depends on the microcrack configuration, but is
generally due to unloading effects. As a measure in the case of rapid failure it was found
experimentally that 2 Y in the case of high-strength fined-grained alumina and silicon
carbide is in the range of some 100 pm /10/. In the case of concrete this value is in the
range of some 100 mm /5/.

During slow crack growth with increasing crack resistance it was suggested by Wacharatane
et al. /12/ that for mortar the value of 2 @ is nearly constant at about 75 mm. The same
behaviour of the value of 2 '4 during slow crack growth nearly holds for concrete /2/. Thus
it must be concluded that with increasing microcrack density/4 during slow crack growth
elastic interaction effects occur which contribute to strengthening the process zone of this
class of materials. This will be explained in the following.

As shown with foregoing works /6/ the crack resistance of a brittle material is given by

2
s 2
3 = By JE . 12wy eq (5)

E 4 (2.5 -1.5v -4v") 4a
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Thus it depends on the surface energy of a single microcrack multiplied by the square of
the normalized strength of the microcrack system Im2 and the size of the process zone. Em is
the microcrack reduced Young's modulus of the process zone. It follows for the normalized

Young's modulus
E
L a=t—0——= eq. (6)

= =
1 +/Klm/sm Vi a

or vice versa the stress intensity factor of the microcrack system

eq. (7)

Hence an increase of the elastic potential of the process zone is equivalent to a
decrease of the stress intensity factor of the crack system of the process zone.

Due to lack of space in this paper only the influence of two crack configurations on the
crack resistance of the material will be discussed. As known from the literature, stress-
induced microcracks ahead of a growing macrocrack are mostly arranged in a displaced
orthogonal manner. This crack configuration can be analytically modelled with the diamond-
like arrangement. The stress intensity factors of this crack system are ascertained by Gross
/13/ as shown with Fig. 5. The Young's modulus of this crack system is calculated with eq.
(7) and shown in Fig. 6. As a comparison the stress intensity factor of the statistically
distributed crack system calculated with eq. (7) from values for the Young's modulus given
by Budiansky et al /14/ is shown in Fig. 7. Here unloading effects are not taken into
account and the strength of this crack system vanished at a crack density of about 0.6.
However as seen in Fig. 5, unloading effects at high crack densities strengthen the process
zone especially at high densities of parallel oriented crack. Thus special discrete distri-
butions of microcrack nuclei can toughen ceramics as experimentally observed in the case of
zirconia dispersed ceramics /6, 15/. On the other hand, in many ceramics for high-perfor-
mance structural parts the microcrack nuclei are continuously distributed because in general
each facet acts as a microcrack nuclei. Thus in this case the microcracks are mostly
arranged in a collinear manner which gives rise to the so called crack branching. This is
also observed in plain concrete. The strength of these kinds of crack systems is relatively
low. A value in the range of the tension strength is found experimentally. This microcrack
configuration has, if any, only a weak strengthening effect on the process zone.
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Fig. 1:
A0 200, AlgOy-Cerames  Contrete Normalized residual erergy release rate G /257»
Composites grain/facet size distribution and characte gtic

values of normalized fracture energy release rate
J/2 ?p, spontaneous microcracking for G 22 7%

Table to Fig. 1: Material Parameter

A1203—2102 alumina concrete dimension
composites ceramics
Young's modulus E 250...350 350...400 25...37 GPa
residual strain 4 2 1072 ~1077 ~ 5x1074
spec. surface energy 7*5 ~l w1l ~ 6 N/m
size of process zone 2({/0 2 0.01 2 0.1 2 100 mm
notch fract. strength Sme 2 1000 2 oo 2 100 MPa
ty Fig. 2:
grain size 1g9. Z:
ﬂ 3468 11152030 42508216160 Cumulative cracked facets of a duplex microstructure
] R DSl vs grain size for different activated internal
4 strain energy levels.

Cumulative frequency of cracked facets

L]
Class of grain sizes
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Fig. 3:
Isochromatic frings pattern in a birefrin-
gent coating around the damage zome in Front

of a artificial notch (arrow) after un-
loading from Klo for a coarse grained
graphite.

Fig. 4:

Differences of principles strains ahead of a
rounded notch for a coarse grained graphite
in 4-point bending.

Fig. 5:
Stress intensity factor of the diamond-like

crack system vs crack density ( )
after Gross /13/. /gy’ /éx

Fig. 6:
Young's modulus of a diamond-like crack
system vs crack density (/ay,/ex)

Fig. 7:
Stress intensity factor of the statistically
oriented crack system vs crack density.
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