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ABSTRACT

The toughness of ceramics is controlled by micromechanical features which occur
by microcracking in the process zone during stress redistribution. The size of
the process zone is determined by microstructural parameters, especially the
specific fracture energy, and inversely proportional to the Weibull-modulus, and
lies for many fine-grained and coarse-grained ceramics in the range of 0.1 to

1 mm.

Toughness of ceramics increases with notch radius for > This dependence,
however, is influenced by the microstructure as well as the Specimen or component
geometry. Concerning materials with high specific fracture energy it is possible
to indicate a material-specific Ki.-value independent of the specimen size, if
certain geometric conditions with regard to notch and sample geometry are ful-
filled. This corresponds to plane strain including near crack tip plasticity.

Materials with low specific fracture energy like graphite or refractories cause
remote microcracking specially if specimens with large notch root radii are used,
corresponding to remote plasticity of any metals. It is possible that these
materials bring out a "plastic hinge" in bent specimen. The Ki-value of these
ceramics depends on specimen size. This corresponds to plane stress.

KEYWORDS

Toughness; near crack tip/remote plasticity; stress state; fracture mechanism
(materials); crack propagation; size of process zone; microstructure; microcrack
density distribution; photoelasticity; ceramics.

1s INTRODUCTION AND PURPOSE OF THE INVESTIGATION

Evaluating mechanical properties of ceramic materials, one usually starts from

the fact that they are "brittle". According to the present understanding, a brittle
crack occurs without significant energy dissipation in a highly stressed volume.
With that assumption it were unnecessary to consider for ceramics the influence

of "plastified volume regions" on fracture-mechanic parameters, determined on

small specimens, as well as the influence on the dimensioning of tension-loaded
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ceramic components, as used for gasturbines, HTRs or plant equipment, which is
significant for metallic materials.

Recent theoretical and experimental investigations show, however, that ceramic
materials break by a coagulation of microcracks, after they have accumulated to a
critical density in inhomogeneously stressed volume regions /1/. Energy is
dissipated with the formation and growing of microcracks. The criterion of the
critical microcrack density then is equivalent to a critical energy dissipation
and thereby to. the energy density criterion of the process zone /2/, if the in-
creased compliance of the material caused by microcracks in a discrete volume
region can be associated with a reduced Young's modulus. Thus, as in the case

of metals, very high stresses on notches and cracks cause plasticities in near
crack tip or even remote areas. These plasticities, along with geometric factors
of specimens and components, determine the respective stress state and thereby
the significance of the mechanical characteristic values entering the calculations.

Rules established in earlier studies /3-8/ will be completed in the following to
evaluate fracture-mechanic values determined on small specimens and for its
transferability to components, each for a material with low and high energy
dissipation. The first group involves fine-grained ceramics like alumina and

silicon carbide as applied, for example, as cutting tool and for structural
materials of gas-turbines. Examples are quoted of fracture mechanical investiga-
tions on eight fine-grained A1703-grades /3-7/. The second group involves coarse-
grained ceramic products like refractories, also including coarse-grained graphites;
fracture-mechanic investigations of a reactor graphite are quoted /7,8/.

For these two groups of materials, characteristic values of constitutive equations
and the respective regions of validity are given. The determining parameters are
geometric factors and the degree of plasticity, respectively. An essential pa-
rameter for microcrack plasticity is the energy for the intergranular and trans-
granular specific fracture energy ys or the grain boundary energy, respectively.
Ys is "high" in the first of the mentioned material groups (Vv I J/m?), and

"low" in the second one (v 0.1 J/m?).

2 MATERIAL PARAMETERS AND MICROCRACKING

2.1 Material-specific and Geometric Parameters of Microcracking

The plasticity by microcracking of ceramics effects a stress redistribution
mechanically highly stressed volume regions. The kind and extent of stress re-
distribution is determined by length, density, orientation as well as by elastic
interaction of microcracks. The mechanisms for the nucleation and growth of micro-
cracks are given by the lattice structure of the participating phases and the
microstructure of the material. Of particular importance is the energy of the
specific intergranular and transgranular fracture energy and the grain and pore
size distribution. : ’

The geometric factors are the dimensions of specimens, components and notches

with regard to a characteristic size given by the microstructure, for which the
average grain size is taken.

242 Distribution of Length and Density of Microcracking

The volume dependence of the average fracture strength, especially with regard
to high specific fracture energy, is based on the distribution of material de-
fects. In general these defects are inhomogeneities like micropores, microcrack
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ngcleation sites as a consequence of residual stresses of 2nd and 3rd order, or
m%crostructural notches of different stress concentration, or microcracks of
different lengths. These defects are statistically distributed over the volume

of a comPonent or over many specimens taken from one batch, according to an
§symptot}c extreme value function. The failure of a component (specimen) occurs,
lf‘o?e single volume element breaks due to the critical crack length a. at the
crltlca% strength oc. The Cauchy distribution introduced by Fréchet has generally
proved in literature to be a good approximation for the analytic representation

of the distribution of microcracks of critical length in a volume element /9/.

This function
a, -~
Pa(ac) = exp - (;—) (1)
n

is ligited ?or a. *> @ by one, and for a, + O by zero. The microcrack length a_ is
associated in the following with a "standard" value. n

Using the Griffith relation for unimodal defect systems, i.e. for an isotropic
and homogeneous material with Kyc(ac) = Kyu(ap) /4/

Kpo = 9, /F;c )

thg qistribution of defects in eq. (1) can be associated with a distribution of
critical strength

(o2
P (o) =1 - exp - (0—‘:)m 3)
n

Th%s means that each defect distribution is functionally associated with a con-
stitutive equation, in general by o = eE, with E = £(P*). P* is the porosity
which has to be constant for a specific distribution.

AccoFding to the rules of probability calculus, we then receive for a volume
consistingof many elements

V. o
P (0) =1-exp- |} Vl " %)
izl ‘o ‘n

?he fracture stresses will be ordered according to the specific microstructure
in the "Weibull-diagram" by the equations (3) and (4), where the distribution
parameter of the defects m is measured in the known fashion,n(o) = (oc/on)™ is
a measure for the number of critical microcracks in the volume element /7,10/.
Then ?(c)/vo is the density of these microcracks referred to the volume unit V.
The microcracking density is small in general. Then, according to eq. (4),

8, " 1 -exp-n ()" (5)

is a measure for the distribution function of the microcrack density, referred
to microcrack nucleation sites B8, /7/.

2.3 Distributions of Microcrack Length and Grain Sizes

As was shown in earlier studies /4-6/, microcracks mainly originate from residual
stresses of 2nd order, which find their origin in the anisotropy of physical con-
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stants of crystallites (grains), e.g. the anisotropy of linear thermal expansion
or by phase transformations /11, 23/, Residual stresses on the basis of an ani-
sotropy of the thermal expansion coefficients Aa with residual strains

= Aa AT during cooling-down to roonm temperature (AT) beyond a critical temper-
ature after sintering can be associated with a microscopic energy release rate
of /4,14/

2
=i.__ﬁd=_m_ (6)
6T (1 - v%)

81E E

which increases linearly with grain size. A microcrack occurs spontaneously, e.g.
with cooling down from sintering temperature /12-15/ or by superposing external
stresses or residual stresses of 1st order corresponding to an extreme value
criterion /14/, if the fracture energy release rate from external stresses

Gic > Gr and the fracture energy rate Gy, without residual stresses depending
upon the load history obeys the relation

G, >6G. =G

Ic = "1~ 1o ~ 8E 7

For the first critical microcrack, Gy, corresponds to the intergranular or
transgranular specific fracture energy ys, which according to the material is

of the order of 0.1 ... 1 J/m?. With increasing stress intensity, the right hand
side of eq. (7), with increasing microcrack density - corresponding to the
"avalanche effect" in acoustic emission analysis -, changes into the value of
critical fracture energy release rate Gr. (see also /1/).

It was observed that the length of microcracks caused by residual stresses,
corresponding to the energy density of residual stresses (see eq. (6), is of the
order of magnitude of the corresponding grain sizes /14/. Fréchet's defect dis-
tribution of eq. (1) thus can be associated with a grain size distribution. This
means, this distribution approximates a "log-normal distribution' of grain sizes,
which is often found for fine-grained ceramics. The "log-normal distribution"

of grain sizes then corresponds according to equations (1) and (6) to a "log-
normal distribution' of stress intensity factors of microcracks of the critical
length a = f(kIE).

2.4 The Influence of the Distribution of Length of Microcracks on the
Size of the Process Zone

In plane strain and small microcrack plasticity (corresponding to small scale
yielding), pc is an autonomous area. It is independent of geometric parameters

of the specimen, or of a component, as well as of external forces /16/. The auto-
nomy condition is fulfilled, if p. is small with respect to dimensions of specimens
and components. However, p. cannot be infinitely small, because the region of
microcracking involves an elastic continuum. p, thus has to be larger than the
dimensions of the structure parameters grain size and pore size, which characterize
the inhomogeneity of a material. This means, however, p. is large with regard to
the notch root radius and, on the other hand, small compared to specimen dimensions.

The nucleation and growth of microcracks within P, is a statistical process, which
depends on the distribution of defects or grain size (eq. (1) and (6)) of a ma-
terial /10,17/. For the distribution of the microcrack density at a distance r
from the crack tip for a unimodal defect system, it was found /7/

K . .n
-g- ==1-exp'(k—cm T 2
o Ic m

(8)

y B/Po

Microcrack Densit

o
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The size of the process zone thus is determined by the number of microcracks in
the volume element n(c) and the distribution parameter m. kyc = V2 ygE = VygE is
the local threshold value (standard value) of the stress intensity for one micro-
crack. Taking into account the simplifications made for equations (1,3-5) (see
glso /7/), the size of the process zone referred to the length of a microcrack

is with r = p. given by

p G +

c Ic B
— =exp (In 74— + —) 9
am ZYS m )

Figure 1 spows curves of the above equation for different values of n = VG1c /2y
and m. ap is the length of a microcrack. The decrease of Pec with increasing s

7:i2711-modu1us m is physically reasonable and has been confirmed experimentally
55

Thus the microcrack density decreases steeply close to a notch. The size of the
process zong,.in accordance with physical reasons, is influenced by the micro-
scopic specific fracture energy 2 Ys for the formation of microcracks, egs. (1)
a?d (6), as well as by the distribution parameter m of the defects. For an ideal
linear-elastic homogeneous and isotropic material is Ko = ke and m + »; this
means Pc = ap, as can be seen from Fig. 2. The size of the process zone and the
microcrack density are limited by their elastic interaction to < 0.5 /11,18,19/.
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Fig. 1. Microcrack density of the micro-
cracked region for different Weibull Moduli
and stress intensity factors

Fig. 2 Relative size of the micro-
cracked region ahead of a macrocrack
vs. Weibull modulus

The microcrack.density B for fine-grained Al703 materials is in the range of 0.2
to 0.5 /11/. Figure 2 shows for that range the size of the process zone for

different values of the parameter n(o) = Kre/kpc. B* is in the range of 0.8 to
3 for these microcrack densities.

As a consequence of that the local microscopic intergranular and transgranular
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specific fracture energy Yg has an essential influence on the size of the process
zone. Little is known today about exact values of yg for specific ceramic materials.
The Weibull-modulus m in the case of a large scattering of defects of a material,
i.e. with small m-values, influences mainly the size of the process zome. In a
first attempt for the physical and experimental interpretation of Fig. 1, values

of 0.5 and 1 J/m? were used for yg. With the further assumption that the micro-
crack length ap corresponds to about the average grain size d, Fig. 3 shows a

good agreement with our own experimental investigations of eight different Alj0g3
ceramics, four each of qualities A and F, with specific chemical purity /3-7/.
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Fig. 3. Process zone vs. n*(o) = VGICIZYS for two aluminas

3, DISCUSSION
The characterization of ceramic materials by fracture-mechanic values is most use-

fully performed by the two-parameter expression of notch fracture mechanics made
by Irwin /20/. His critical stress intensity factor KIc is given as

&
. e yme
Kle * =2 VTP (10)

in the limit as the notch root radius tends toward [ Gﬁc is the maximum notch
fracture strength.

3.1 Material Parameters for Small-scale Microcrack Plasticity

Characterizing ceramic materials by means of stress intensity factors, the size

of the process zone has a qualitatively comparable influence on the specimen di-
mensions, required to maintain a plane strain state, as is known from the inter-
action between the plastic zone and the specimen dimensions for metals. For Alj03
ceramics concerning similar four—point-bent specimens it was found that the thick-
ness B of these specimens with width W = B/2 has to fulfill the relation
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K
B > 60 (—GIC)2 (1)
mcC
respectively, the notch root radius is given by
K
o e To2
PP T G a2
me

The factor of 60 in eq. (11) characterizes an upper conservative limit. Misinter-
pretations of the influence of structure parameters on the stress intensity
factor result, if these conditions are not fulfilled /6/.

Misinterpretations result, if due to too small specimens the formation of the
process zone is not autonomous. The non-autonomy effects that the process zone
cannot form itself in small specimens up to the critical size pc, which holds

for large specimens. The energy dissipation thus is smaller in small specimens
than in large ones; this holds for a radius of curvatures p < p.. For a radius of
curvature p > p., however, Ky increases stronger for large specimens than for

small ones.

The question arises concerning the physical reason for the lower Ky values of
small specimens and notch root radii p > p, with regard to large specimens,

i.e. the general increase of Ky values with the specimen volume. In earlier
studies it was supposed that this geometry-dependence is caused by the expansion
of regions plastified by microcracking in the specimens, that means, by the inter-
action of the process zone with geometric parameters. Theoretical estimations
/2-6/ state that the notch fracture strength op., which in comparison to the
Dugdale-Barenblatt model corresponds to a yield stress, decreases with decreasing
Young's modulus E, i.e. Opc = £(/E). The Young's modulus E of an Al203 bent
specimen is reduced, if the microcrack region involves wide areas of the liga-
ment. Opc result experimentally according to eq. (10) from the slope of the

K1 = £(/p) curve. For samples to which a plane strain state has to be associated
(eq. (12)), Ky = £(/p) is a straight line, the prolongation of which crosses the
origin. The microcrack region is then limited to the area of the process zone,
corresponding to small scale yielding in metals. Then eq. (12) holds. The material
behaves essentially linear-elastic.

The K1 = £(/p) curve, however, is bent concavely, and its slope decreases if the
Young's modulus is decreased by microcracking. Large areas of the material in
the region of the ligament are then plastified. The material behaves non-linear
non-elastic. The deformation is associated to a plane stress state. These
assumptions found preliminary confirmation on graphite materials, as is shown

in the following section.

3.2 Material Parameters for Remote Microcrack Plasticity

Measurements of the vp-dependence of the stress intensity factor result ope 2 10 MPA
for graphite ASR-2E. This value correlates with FEM calculations of Cords et al.
/21/. It nearly corresponds to the tension strength of this material. By means of
birefringent coatings, differences of the principal strains under load and undload
condition were determined (Fig. 4). The size of the process zone, i.e. the area

that has, because of microcrack plasticity, a low density compared to the sur-=
rounding material, is given by the '"sharpest" notch bent radius with the highest
possible notch stress, i.e. opc. Because of the density decrease of the material

in the process zone, the zone after unloading is under pressure stress. These
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Distribution of the difference of princi- Photoelastic isochromatic pattern for

pal strains ahead of a notch in the liga- the regions of microcracking in reactor
ment field (0°) as well as the 60° and graphite ASR-2E after '"general micro-
90° lines of a four—point bent specimen cracking" for Kr Ky, (beginning of
of dimensions 20x40x250 mm during load stable crack growth) in a four-point
by 392.4 N and after unloading (Entl1.60°) bent specimen.

Curves of equal difference of principle
Material ASR-2E strains:

=3
Notch depth: 40 7 I €1 "€y = 0.87-10_3
Notch root radius: specimen 1: p v 0.2 mm II g, - ¢- = 1.74-10_
B 1 2 3
specimen 2: p v 4 mm III €] T €y = 2.61-10_3
Type of specimen: perpendicular to ex- IV e, - e, = 3.48-10_
» p : 1 2 3
trusion direction v € T &y = 4.35°10
Direction of crack parallel to extrusion
propagation: direction
Bent stress
(total cross section) o = 2.94 MPa
(net cross section) cﬁ = 8.17 MPa
Stress intensity 1/2
factor K = 0.878 MPa n

1

pressure stresses arise since the density decrease after unloading cannot be
cancelled completely; thus the microcracks are essentially irreversibly opened.
The critical volume, which with stable crack-opening is subject to the notch
crack stress Omc, is v 1 cm /8/ for the largest investigated bent specimens.
From the course of the line of same difference of the principal strains after
unloading (Fig. 4), the value for the size of the process zone can be seen to
be p. * 4 mm for that reactor graphite for a crack running parallel to the ex-
trusion direction. This value agrees reasonably with the measured values for o
and Ko according to eq. (10). The plastic failure of the material dogina?es .
compared to the elastic with increasing radius of curvature. A "plastl? h}nge s

as shown in Fig. 5, is formed out. The crack release rate for p> 1| mm is in-
dependent of geometric parameters and can be regarded as a real material parameter.

mc

The remote microcrack plasticity produces in the region of a ligament a reduced
Young's modulus, Egff, which because of ope = £(VE) is the origin of the small
notch strength. It has been shown that Eqff by means of measured values for the
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Young's modulus in the as-received state Ey can be determined to
EO
E = — (13)
eff ~ T + T 751,

For graphite ASR-2E, according to /22/, Eoff is in the range of 0.5 ... 0.8 E,.
omc and Eeff involve a constitutive equation by which graphite structures can
be calculated. These values, however, are dependent upon the load history.

3.3 Concluding Remarks

It is concluded according with preliminary experimental results that the above
mentioned fracture mechanisms and rules are also valid for other fine and coarse
grained ceramics like SiC or mullite refractories, respectively, with variations
according to the specific microstructural parameters /24, 25/,
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