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Abstract

Recent experiments on the fracture strength of zinc oxide (ZnO) ceramics showed that the size of specimens has almost no influence on their
mean strength although strength data of a set of nominally identical specimens are still found to scatter. It is suspected that the complex nature
of defect—microstructure interaction and the high density of porosity in ZnO ceramics are possible reasons for this insensitivity to strength
scaling. In the paper, numerical results obtained by finite element analysis show that the fracture strength of ZnO is more influenced by the
pore/grain-size interaction than only by the size of a pore or its shape. As a consequence, the pore/grain-size interaction will increase the
fracture probability of small pores and lead to a homogenisation of critical flaw sizes. Furthermore, the high degree of porosity, especially the
heterogeneous distribution and clustering of pores, could favour further homogenisation of critical crack sizes. This implies that the fracture
strength of ZnO is insensitive to the size of specimens as corroborated by experiments. Finally a simple statistical explanation is given.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction no evident influence on their mean stren§tt? The latter
is obviously in conflict with Weibull statistical theory.

Ceramics have been widely applied in engineering due to  Extensive fractographic investigations of ceramics have
their excellent resistance to heat, corrosion, and wear. But,shown that the failure usually originates from pre-existing
ceramics also are very sensitive to flaws and have a disposidefects (such as inclusions, microcracks and pores), which
tion to brittle failure. Their fracture strength, i.e., the max- may arise from their intrinsic microstructures or imperfect
imum stress they can withstand, varies unpredictably from processindX12 In most cases, fracture strength of ceram-
component to component even if a set of nominally iden- cs, similar to other brittle materials, is controlled by the
tical specimens are tested under the same conditions. Genproperties of critical flaws or microstructures (such as size,
erally speaking, the strength of brittle materials decreasesshape, orientation, etc.). As an example, grain size has a
as the size of specimens increases, and this so-called sizelear effect on fracture strength of ceramics. For a coarse
effect can be well described by Weibull statistical fracture grained material fracture strength shows a strong increase
theory’™" Recent experiments on the fracture strength of with decreasing grain size. Conversely, for the fine grained

electroceramics, however, have shown that it is not always materials, fracture strength increases only slightly or remains
so. The Strength data of zinc oxide (ZnO), applled for varis- constant with decreasing grain sifel6

tors, are still found to scatter, but the size of specimens has As is well known, electroceramics, such as ZnO and
barium titanate (BaTig), are mainly designed and opti-

mised with respect to their electrical rather than mechanical
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as the origin of fracture. Although mechanical properties where Vs is the effective volume subjected to the max-
including elastic modulus, strength, and toughness usuallyimum stressomax. This provides us with another experi-
decrease with increasing porosity in brittle materials, it is mental procedure to test and verify the Weibull statistical
suspected that the complex nature of defect—-microstructuredistribution.
interaction and the high density of porosity are possible Recently, fracture strengths of three ceramic materials,
reasons for the insensitivity to strength scaling discoveredi.e., SgN4, SiC and ZnO, were tested, more details on the
in ZnO ceramic$10 In order to verify this hypothesis, experiments have been reported in other pap@ras il-
and more generally, to understand the scaling behaviourlustrated inFig. 1, for SisN4 and SiC, the mean strength
of the strength of electroceramics containing high den- decreases with the increase of the effective volume of a
sities of flaws, the effects of pore/grain-size coupling specimen. In the case of ZnO, however, the mean strength
and porosity on the fracture strength in ZnO need to be of specimens remains almost constant with the increase of
investigated. their effective volumes, that is to say, there is no clear size
In this paper, based on experimental results and fracto-effect as would be expected from the Weibull distribution,
graphic observations, several finite element models are pro-see solid arrow lines ifig. 1
posed to explore the intrinsic mechanism or causes of the The Weibull distribution has been found to successfully
observed behaviour in ZnO ceramics. The basic principle describe a large number of fracture data from brittle materi-
of Weibull strength distribution and experimental results are als. This does not mean, however, that the Weibull distribu-
briefly introduced in the following section. Then the descrip- tion is always in preference to other distributions, such as the
tion of finite element models and main numerical results are normal, log-normal distributions, etc. As the amount of sam-
given in Sections 3 and .4Finally a simple statistical ex- ples used in experiments is limited, it is often very difficult to
planation is suggested Bection 5 and a short summary is  clearly distinguish between the Weibull and other distribu-
attached irSection 6 tions in some real cases. In order to highlight the difference
between two possibly favourite distributions, we introduced
a simple quantitative procedure, i.e., the so-called Akaike
2. Strength distribution and size effect information criterion (AIC), which is defined as AlG=
—2InL + 2k, where InL is the maximum log-likelihood
Fracture strength of brittle materials is strongly related to for a given distribution anc is the number of parame-
the details of defects, such as their sizes, orientation, distri- ters to be fitted in the distributioh'® Then it was applied
butions, etc. Itis often supposed that a small volume elementto the fit of strength data of three ceramic materials men-
in a brittle material is like a link of a chain with many links. ~ tioned above. The results showed that, fofNgi and SiC,
If any link breaksy then the whole material will fail. Based on the Weibull distribution fits the data better than the normal
this weakest link principle and an empirical power law func- distribution, but in the case of ZnO, the result is just the
tion, a statistical distribution function of wide applicability, OPPOsite, and the normal distribution may be a preferred

i.e., the well known Weibull distribution, was propos&d. choice?
Here the cumulative failure probability of a brittle material ~ Strictly speaking, the hypotheses formulated to get the
subjected to an applied stresan be represented as: Weibull distribution are not always correct or necessary in
" real applications. Based on as few assumptions as possi-
Plo.V) =1 exp[—z <g> ] ) ble (mainly the weakest link concept and no interaction be-
Vo \oo tween defects), a general strength distribution can be derived
aslo21

whereV is the volume of a specimeN is the reference

volume o is the characteristic strength, amds the Weibull ~ P(0, V) = 1 —exp[— (Nc(o, V)], (4)

modulus, whi_ch isa measure of th_e scatter of strength data., here (Ne(o, V)) is the expectation value of critical de-
If two specimens with different sizes have the same prob- gt in a specimen of sizé. Note here, that the weak-

ability of failure, fromEq. (1)it is easy to obtain est link argument does not vyield any specific form for

Vio™ = Vool ) (Nc(o, V)). In general, the flaw density strongly decreases

as the flaw sizea increases, and then the frequency distri-

Obviously the size effect is a direct consequence of the butionn(a) can be approximated by a simple inverse power

Weibull distribution. In other words, the larger the size of law

a specimen, the higher the probability of finding a criti- a\""

cal defect and the smaller the strength of the corresponding” (@) = 10 <_> ’ ()

sample!™ For an inhomogeneous uniaxial stress state, such . N
as a miniature 4-point flexural strength #ésthe above re- ~ Whereno, &, andr are material parameters. In addition,

lationship can be represented as a crack-like defect is often found in brittle materials, and,
based on the Griffith fracture criterion, the relationship be-
Veft, 1o%ax 1= Veﬁ,zamaxz, 3) tween a critical flaw size; and fracture strengté; can be
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Fig. 1. Experimental results for three ceramics regarding the dependence of mean strengths on effective volumes. Numerals are the numbaentsf experime
and error bars refer to the 95% confidence band (the higher the number of tests, the smaller the scatter of data). Solid arrow lines, with a slope of
—1/m, indicate the size effect extrapolated by the Weibull distribution. Here the Weibull modddéitermined by the sample with the single size and the

largest specimens (55 for 4, 75 for SiC and 109 for ZnO) are 13.9, 9.6, and 20.9 fgNgj SiC and ZnO, respectively. The dashed line indicates

the arithmetic mean strength = 10237 MPa of the sample with the largest specimens.

represented as imposed on these components increase, and problems with
1/ Ko\2 insufficient mechanical strength get more and more severe.

ac= — (—) , (6) It is surprising, however, that relatively few investigations
m \ Yo exist about the mechanical failure of electroceranhics.

where K¢ is the critical stress intensity factor andlis a As exemplified inFig. 2, the real configuration of flaws

dimensionless geometrical factor InsertingEgs. (5) and  in ZnO ceramics is very complex. In a first approxima-
(6) into Eg. (4) we can easily obtain the Weibull distri- tion, the intrusions formed by impingement of neighbouring
bution function, as indicated biq. (1) and the Weibull grains can be described by a Saturn ring-like crack around a
modulus which characterises the size distribution of flaws, pore. Based on fractographic evidence, a mechanical model
m = 2(r — 1). So it becomes obvious from these obser- for brittle fracture must take into account the interaction
vations that the Weibull distribution is only a special case of two different defect populations: intrinsic defects on the
of this general strength distribution function. This can pro- microstructural level such as grain boundaries which are
vide us with some hints for the understanding of experi- regarded as nucleation sites for microcracks, and process-
mental discoveries, such as the effects of inhomogeneous oing defects such as pores or inclusions that act as stress
multi-modal flaw distribution, thé&R-curve behaviour, high  concentrator$*6
porosity, etc. However, more comprehensive investigations In the ZnO ceramics discussed above, a typical flaw is
on the relationship between fracture strength and microstruc-represented by a pore with cusps or sharp grooves, as can
tures should be conducted. Although almost all establishedbe seen irFig. 2aand is modelled ifrig. 3a Here there are
methods of designing with ceramic materials are based onthree characteristic length scales: the pore rajtise grain
the Weibull statistics, in cases like the ZnO ceramics men- radiusr, and the notch depth If the groove anglé = 0, the
tioned above, designing on this theory could lead to an over- notch depthc can be determined by a simple relationship,
estimation or underestimation of the tolerable design stress,c = +/R(R + 2r) — R, that is to say, the independent param-
as shown irFig. 1 eters shrink to two, and the sharp groove is similar to a crack
with curved faces. According to fractographic investigations
on ZnO ceramics, the mean radiRof critical pores is in
3. Description of the models the range of 25-10@m, and the radius of grains is in the
range of 2-1Qum.1~13 The mechanical properties of ZnO
Recent experiments on electroceramic components, suchare: the elastic moduluB = 100 GPa and Poisson’s ratio
as high power varistors and positive temperature coefficientv = 0.3622 In addition, it is worth noting that the degree
(PTC) switching components, showed that failure starts at of porosity in ZnO is as high as 5vol.%. Due to the hetero-
internal flaws which could be traced back to green bodies geneous distribution of defects, often clusters exist formed
or powder agglomeraté$12 Due to the trend to increase by a group of pores, as can be seerFig. 2band is illus-
power densities in electrical devices, the mechanical loadstrated inFig. 3k and even clustering of sub-clusters occurs.
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Fig. 3. Sketch of two-dimensional models of defects in ZnO ceramics. (a) A single pore with cusps or sharp grooves formed by neighbouring grains,
and (b) a typical cluster formed by several pores due to heterogeneous distribution of defedte internal distance of the cluster, the numbers 1 and
2 indicate the inner and outer cracks, respectively.

Thus, the interaction (the stress shielding or intensification) meshing was mainly carried out with the preprocessor
between pores or clusters may also play an important rolecode PATRAN V.9.0 (MacNeal-Schwendler Corp., 1998,
in determining the fracture strength of ZnO ceramics. http://www.mscsoftware.com
It is worth noting that the two-dimensional model used
here attempts to simplify the numerical calculations and pro-
4. Finite element analysis vide a rough approximation for the understanding of the
general tendency of the effects of pore/grain interaction on
Several approaches exist for the analytical and numerical strength, but more sophisticated three-dimensional analyses,
investigations of materials with a certain flaw distribution. as in some recent worké;26 are needed in order to get an
Maybe the most direct method is to study a multicrack sys- exact equation for the effects of pore/grain-size interaction
tem based on the theory of elasticity and conformal mapping and porosity.
or numerical method$>24 A second approach can be de-
scribed by a lattice model for the simplest discretisation of a 4.1. Stress singularity of a sharp groove
material with flaws*>26 A third approach is closely related
to the concept of continuum damage mechaffddere the For the sake of simplicity, let the radir@ndr) of a pore
numerical tools such as the finite element method may beand grains surrounding the pore be constants, as shown in
applied more easily for realistic defect configurations to Fig. 3a Different notch angle® can be obtained via the
be investigated. In the following analysis, the stress fields change of the depttito a groove tip. The cases for every’10
and stress intensity factors for a pore with sharp groovesinterval of6 were chosen, and the stress field in the vicinity
or its cluster, as illustrated ifig. 3, are evaluated using of a sharp groove was calculated. The results show that, as
the finite element code ABAQUS/Standard V.5.8 (Hibbitt, we expected, the stress singularity takes the form r—¢,
Karlsson and Sorensen Inc., 199&tp://www.hks.conj where the singularity order is closely related to the anghe
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Fig. 4. The stress singularity exponentin the vicinity of a sharp groove vs. its angle For comparison Williams’ analytical result for a sharp notch
is also plotted (solid line).

of a groove, and changes from 0éb=£ 0°) to 0 (¢ = 180°) loading. Oncel values are known, the stress intensity fac-
(seeFig. 4). The detailed structure of the groove-tip stress tors can be obtained by
field differs from that of a common crack. Specifically, this
singularity still exists even under compressive stress since g — JE ] (8)
groove surfaces do not touch. 1-12

The problem of the stresses in the notch edge vicinity was  Tpree kinds of poresk = 25, 50, and 10Q.m) with sharp
solved by Williams’® The relationship between the singu- grooves, formed by various grain sizes were calculated. The
larity ordera and the notch anglé can be represented by  stress intensity factors of a pore with sharp grooves can be

sin[(1 — a)(27 — 0)] — (L — a)sind = 0. @) written as

-
It is obvious to see that the stress singularity of a sharp K=F (}) o/, ()
groove is weaker than that of a sharp notch, as shown in
Fig. 4. The difference to Williams’ analytical result reflects WhereF is a correction factof®*° For a shallow groove
the influence of the groove shape. Here it is of interest to (r < R), the crack tip is embedded within the local stress
note that the singularity order = 0.5 if & = 0, and the ~ concentration of a pore antl ~ 1.12 x 3 = 3.36. As one
groove reduces to a crack-like sharp notch. In fact such amight expectF drops quickly whem increases because the
sharp groove is often developed in order to keep the surfacecrack runs out of the high stress concentration region (see
energy to a minimum, and it is the case we will discuss in Fig. 9).

the following.
3.5
4.2. Effect of pore/grain-size interaction on fracture AA
3 L+ O
+ A +|:|
Recent development of ABAQUS allows for studies of 25 | * o o
the stress intensity factors in a multicrack system in which g 2 L % - =
a domain integral technique is used to calculate the contour % e + A+2A
integralJ. This method can provide high accuracy with rel- 15 S T
atively coarse meshing. It is worth noting that, as illustrated 1 b, ° .
in Fig. 3, the crack (i.e., sharp groove) faces are curved, and E ﬁ;gz tz
a positive stress intensity factor also exists in the case of e T TR A R=100 um
global compressive loading. The normals to the crack faces 0 L L L L
that lie within the domains used for the contour integrals 0 0.1 0.2 0.3 0.4 0.5
must be specified in the calculation in order to keep the /R

J-integral to be path independent. At the same time, finite Fig. 5. The geometric correction fact&(r/R) vs. the ratio of grain and

strain analysis is used in order to model the possible large pore sizes/R. The inset shows the relationship betwe(n/R) and the
displacement field around the groove tip under compressivesquare root of/R.
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Fig. 6. The normalised stress intensity factor vs. the ratio of grain and pore Fig. 8. The normalised stress intensity factor vs. the ratio of cluster and

sizes. Here three kinds of pores with radiRis= 25, 50, and 10Q.m were pore sizes for a single cluster of pores. Hefe indicates the stress
calculated. The depth of a sharp groavean be determined by the simple ~ intensity factor of a single pore, angdRk = 0.1. For more details of the
geometrical relationship/R = I+ 2r/R—1. HereKg = o/7(R + 0). model, seeFig. 3h

For more details of the model, séég. 3a

4.2 caution should be given that numerical errors increase
as the ratior/R becomes bigger, but the tendency is not
influenced.

The real configuration of a pore in ZnO ceramics is much
more complex than that we supposed in this simple model.
One may argue that at least two or more grooves should be
used to simulate the irregular concave surface shape formed
by grains surrounding a pore. Further numerical analysis for
@ more realistic model was carried out, in which three sharp
grooves were introducedrig. 7). Note here, that the crack
2 lies in a mixed-mode loading, and tlentegral does not
distinguish between modes of loading. However, this dif-
ficulty can be overcome by using the crack face displace-
ments. The result showed that the stress intensity factor at

For the cases studied here, the pore should be consi
ered as a part of the crackig. 6 shows the variation of
the normalised stress intensity fact&rKg, versus the ra-
tio of grain and pore sizes/R. Here we define the stress
intensity factor for a crack with the lengtiR ¢ ¢) as a ref-
erence, i.e.Ko = o/7(R + ¢), whereo is the nominated
stress used in the calculation. It is easy to see that the nor-
malised stress intensity fact&/Kq is closely related to the
ratio of grain and pore sizes. For smaller pores and constan
grain size, the normalised stress intensity factor is greater
than that for big ones. In other words, the size distribu-
tion of critical flaws tends to be more homogeneous. Here

the middle groove tip (crack 1 iRig. 7) decreases by 12%
compared to that of the single groove as indicated above due
to the shielding influence of its neighbouring grooves. Com-
pared to the influence of the ratio of grain and pore sizes
discussed above, it is less important and was omitted for
simplicity.
1.5
o L -0
12 | O g R
3 . 2 Q
- s 09 | R
0.6
03 | A A Crack1
O Crack 2
| | 0 L L L L
2 ] 0 1 2 3 4 5
1 D/R

Fig. 7. A more realistic finite element model of defects in ZnO ceramics. Fig. 9. The normalised stress intensity factor vs. the ratio of cluster and
Here R = 50um andr = 10pm, and 8-node plane strain elements are pore sizes for clustering with a periodic distribution. Hddeindicates

used in the analysis. Due to the geometrical symmetry, the quadrant of the distance between two clustet§, is the stress intensity factor of a
the model is considered. single pore, and/R = 0.1. For more details of the model, sé&. 3h
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4.3. Effect of porosity on fracture decrease as porosity increases. This is an open and difficult
problem although considerable research has been done. As

In general many ceramics have some degree of porosity.is well known, the interaction between defects is sensitive to

It is intuitively evident that elastic moduli and strength will the details of their geometrical arrangement. Especially the
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Fig. 10. The maximum principal stress patterns due to the interaction of pores in a single cluster (a) and a clustering with a periodic distribution (b)
where red colour represents the highest stress and the dark blue represents the lowest stresR.=Herk, d/R = 2, and D/R = 2. The tensile load
o = 100 MPa is applied along the vertical direction, and the periodic boundary conditions are introduced in (b).
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mechanical properties such as fracture strength discussedentral limit theorem is applicable, and Ipdias a normal
here are closely related to local rather than average prop-distribution just as we expected.
erties; consequently it is not easy, and even impossible to As a consequence of the interaction of pore/grain size and
establish a deterministic relationsHip3-32 Next, in order a high porosity in ZnO ceramics, a group of pores as well
to qualitatively understand the possible influence of the high as their cluster could affect the final fracture compared to
degree of porosity on the fracture strength of ZnO ceramics, only the largest defect as the Weibull weakest link model
two typical cases are studied: one being a single cluster aspostulates. Here we attempt to give a simple statistical ex-
illustrated inFig. 3band the other a periodic distribution of planation. Let us suppose that the number of defects in a
the single cluster. given specimen i#\, and the failure probability of a defect
As shown inFig. 8, shielding for the inner crack, i.e., the isp. For the sake of simplicity, the interaction between pores
crack 1 inFig. 3 will be effective if the distance between is neglected. The failure probability of defects can thus
pores approaches a certain threshold. Due to heterogeneouse written asPy (n) = {N!/[n!/(N — n)!]}p"(1 — p)N~".
distribution of microstructures and defects, clustering of de- As is well known3* there are two special cases for this bi-
fects is often found in specimens. The main reason can benomial distribution in the limit of largeN. If p is not too
a multi-modal powder size distribution. Here the cluster- small (this seems to be corresponding to the case of ZnO),
ing behaviour is modelled by a periodic array of clusters the binomial distribution is approaching the normal distri-
with distanceD, which is defined as the distance between bution. By contrast, ifp <« 1, we have the Poisson distri-
the centres of two clusters. The shielding effect discussedbution Py (n) = a" exp(—a)/n!, wherea = Np. Next, let
above is more evident as shownHig. 9. The stress inten- n = 0 one can easily obtai®y(0) = exp(—Np) and then
sity factor of the inner crack decreases when the rdftd the weakest link model can be described in the fafm-
is about less than two, which corresponds approximately to 1 — Py (0) = 1 — exp(—Np). Compared withEq. (4) ob-
5vol.% for pores uniformly distributed in the specimen. The viously the Weibull distribution is only a special case, and
normalised stress intensity factors of both inner and outer thus it is not surprising that no size effect was discovered in
cracks decrease, as comparing the stress distribution for theznO ceramics (seEig. 1).
two casesKig. 10. This means that clustering will further Finally, it is worth noting that the results obtained here are
increase the homogeneities of critical flaw sizes, at least for based on a two-dimensional model. The three-dimensional
this special defect configuration in ZnO ceramics. We should configuration of defects in ZnO ceramics could be described
also notice that the results obtained here are merely instruc-by a spherical pore with some kinds of sharp cracks, such as
tive and qualitative but, at the same time, the approximation a circumferential crack, a semicircular crack, and a circular
of two-dimensional model will lead to an overestimation of crack*6 The numerical analysis of the three-dimensional
shielding. model is much more complex since we need to consider
the special configuration of defects and their arrangement,
but is worthy of investigation in the future. At the same
5. Discussion and a simple statistical explanation time, the behaviour could also be explained by other possible
reasons such as the presence ofRhaurve characteristics
The absence of the size effect discovered from experi- as commonly observed in ceramics, which often reduces the
ments on the fracture strength of ZnO ceramics manifests strength variability?>36
a deviation from the Weibull distribution. Another distri-
bution such as normal or log-normal distribution might
be used in the analysis of strength data, which has beeng concluding remarks
corroborated by further statistical analysis. As discussed

above, the grain size has a clear effect on the fracture Based on both experiments of fracture strength and nu-
strength of ZnO ceramics. It is usually found that grain merical analysis of the effects of pore/grain-size interaction
size distributions measured are approximately log-normally anq porosity on fracture strength in ZnO ceramics, the fol-

fetri 33 . :
distributed: _ _ _ ~lowing conclusions can be drawn:
Contrary to SiN4 and SiC ceramics where crack-like

flaws are sparsely distributed, flaws in ZnO ceramics, i.e., ¢ The Weibull distribution could be widely used in the
pores with sharp grooves, are determined by many inde- analysis of strength data and size effect. Recent ex-
pendent and random factors such as size, location, even the periments on the fracture strength of electroceram-
degree of porosity, etc. Thus we can expect that strength ics, however, have shown that it is not always so.
data yield the Weibull distribution in g4 and SiC ceram- The strength distribution may be the normal or other
ics, but it is not so in ZnO ceramics. The probability of a  distributions rather than the Weibull distribution due
flaw becoming critical in ZnO ceramics may be described to the influence of many independent and random
p = [ pi, wherep; denotes the probability dth influen- factors.

tial driver. So taking logarithms of both sides we have log e The stress singularity of a sharp groove formed by grains
p = >_ pi. Sincep; are independent random variables, the  around a pore is closely related to its angle.
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e The fracture strength in ZnO ceramics is more in- 14. Zimmermann, A., Hoffman, M., Flinn, B. D., Bordia, R. K., Chuang,

fluenced by the ratio of pore and grain sizes or
pore/grain-size interaction than only by the size of crit-

ical pores. As a consequence the pore/grain-size inter-

action increases the fracture probability of small pores

and decreases the fracture probability of large pores.

This fact yields a homogenisation of the critical flaw
sizes.

e The high degree of porosity, especially the heterogeneous; g

distribution and clustering of pores, could favour further
homogenisation of critical crack sizes in ZnO ceramics.
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