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Abstract

Sintered bulk ceramics, such as PZT are brittle materials. This macroscopically implies a statistical distribution of the ultimate strengths,
because defects, such as pores or cracks are responsible for the initiation of the specimen failure. Another aspect of this fracture phenomenor
is the crack propagation inside the material, along grain boundaries or through the grains themselves. An experimental study was carried
out on hard and soft PZT by means of a scanning electron microscopy (SEM) quantitative analysis of tensile fractured areas. This reveals
that the fracture mode is mixed, although it seems to be rather intragranular for hard ceramics and more intergranular for soft ones. Further
investigations deal with the characterization of the residual porosity, which has to be distinguished from the population of critical defects.
This porosity is located at grain boundaries and likely acts also as a stress concentrator and has an effect on the fracture mode and mechanice
properties. For doped hard and soft PZT, a careful analysis of the microstructure is thus achieved through transmission electron microscopy
(TEM) micrographs. Furthermore, domain structure is analysed for hard and soft PZT.
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1. Introduction be affected by chemical and physical properties: composi-
tion, existence of a second phase, grain size and porosity.
If electric and piezoelectric properties of ferroelectric It is also known that the application of an electric field mod-
ceramics have been thoroughly studied, their mechanical be-fies the fracture phenomendiiThe addition of doping ions
haviour has retained much less attention. Sintered bulk ce-highly changes the whole properties of the material (donor
ramics, such as lead zirconate titanate (Rbi4r 4Os) are additives are used to soften and acceptors to harden the ini-
brittle materials. This implies at a macroscopic level a statis- tial piezoceramics):® However, it is not very clear how these
tical distribution of the ultimate strengths, because defects, changes affect the fracture properties of the different types of
such as pores or cracks are responsible for the initiation of ceramics.
the specimen failuré. The first part of our study deals with the statistical analy-
Once induced, cracks propagate quasi-instantaneouslysis of ultimate tensile strengths correlated with microscopic
The fracture toughned§c quantifies the resistance of ama- observations of the fractured areas of four types of soft and
terial against crack propagation. For PZT ceramics, it may hard PZT. First results have been published Another as-
pect of this brittle fracture phenomenon is the crack propa-
T ) _ ) fgation inside the material. The fracture mode can be either
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images reveals that the fracture mode is mixed, although it
seems to be rather intragranular for hard ceramics and more
intergranular for soft ones.

Further investigations concern the characterization of the
residual porosity, which has to be distinguished from the pop-
ulation of critical defects. This porosity is located at grain
boundaries and likely acts also as a stress concentrator.

For doped hard and soft PZT, a careful analysis of the
microstructure is thus achieved through transmission electron
microscopy (TEM). Itreveals no second phase, such ag,ZrO
which may enhance the fracture toughness.

2. Material properties

All the poled ceramics used here are commercially avail-
able and conventionally processed. In a general manner,
hard PZT are characterized by better mechanical coefficients.
Table 1recapitulates the experimental data obtained for the
previous study in short-circuit conditioideibull’s param-
eters (ndescribes the data scattering ands a scale factor)
and mean grain size. Grain size was measured by classical
linear intercept method performed with SEM photographs
of polished specimens, without the use of correction factors.
The microstructure is fine and roughly similar: all mean grain
sizes are under jbm.

In order to study the fracture mode of these ceramics, SEM

micrographs of the fractured surfaces were taken. Quantita-then related to the applied lo&enerating cracks of length
tive measurements were carried out by point counting methodc at the angles of the prinf{g. 2), the Young’s modulus
on several random areas and at least 250 points were take®f the materialy and its hardnessly (measured from print
into account for each ceramic typEig. 1). For both hard  dimensions):

PZT H1 and H2 fracture mode is mainly intragranular (about

75%). Fracture mode is rather intergranular for soft piezoce- = a( Y )1/2 F )

Fig. 1. Fractured surfaces of a hard and soft PZT.

ramics S1 and S2 (in the same order of magnitude). As for H, 32
the fracture toughneds$c, the fracture mode may depend . ) ) ) .

on pores and microcracks, segregation of impurities at the Coefficienta is 0.016 for PZT ceramics. Thre_:e mden?a’ﬂons
grain boundaries, presence of a second phase, grain size anfi'® made on t_he surf_ace normal to the polarization d_|rect|0n.
poling state. TEM observations will allow to determine if mi- 1 NiS plane is isotropic and all four cracks are taken into ac-

crostructure heterogeneities or a liquid phase are present irfOUNt t0 calculate the mean valuemfTested ceramics are
the materials. characterized by a moderate hardness, below 3.5 GPa. It is,

however, impossible to differentiate hard from soft ones with
this property.Table 2shows that H1 and H2 present clearly

3. Fracture toughness measurements

The measurement method is based on the penetration of a
brittle specimen by a Vickers indentéEracture toughness is

Table 1
Properties of PZT ceramics

Type Weibull's modulusm Weibull's scale Mean grain sizei(m)
factor, To (MPa)

H1 170 57 4.8
H2 143 78 25
S1 97 55 2.8
S2 79 54 4.3

Fig. 2. Vickers indentation to measure fracture toughness.
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Table 2

Properties obtained by means of Vickers testing

Type Young's modulus, Hardness, Fracture toughness,
YL, (GPa) Hy (GPa) Kic (MPant?)

H1 60 2.69 1.92

H2 69 3.38 1.59

S1 43 3.15 0.93

S2 43 3.07 0.86

a higher resistance to crack propagation compared to S1 and
S2.

Garg and Agrawalshowed that there is not much varia-
tion in grain size with increasing PbO content but the fracture
mode changes from intergranular to intragranular as the PbO
ratio increases. This can be attributed to the improvement of ~ Fig- 3. Transmission electronic micrograph of PZT Ha30,000).
the sintered density and reduction of intergranular porosity
by adding a higher amount of lead oxide in excess. It can through Schwartz—Saltikov algorithm applied to the maximal
be suggested that not only lead oxide but also other chemi-Feret diameter distributiot.
cal elements (namely dopants) have an influence of the fine  The microporosity (also called intergranular porosity),
microstructure. This hypothesis developed here may be con-which size is typically below mean grain diameter, is really
firmed by the study of the intergranular porosity. difficult to measure. TEM photographs highlight this type of

pores but a quantitative analysis seems rather difficult to carry
out (Fig. 3). The microporosity has then been deduced from
4. Porosity measurements the other measurements by means of the following formula:

Porosity in ferroelectric ceramics is typically below 10% Pmicro = Protal — Pmeso— Pmacro )

and is not interconnected (closed porosity). Classical mea-the macroporosity, responsible for crack initiation and frac-
suring techniques using fluid intrusion (air or mercury) under ture, is neglected. These macro pores of large dimensions
pressure are thus not adapted in this case. The stereologicadabout 10Qum diameter) are excessively rare.

analysis of polished surfaces is the only way to observe the Experimental data are summarizedTable 3for a hard

pore distribution and evaluate their 3D size distributi@ur and a soft ceramics. Real density of the soft PZT is equal to
goal is to separate the different pore populations present ingg 194 of the fully densified one (95.7% for the hard PZT).
the ceramics. Macro, meso and micro porosities can be dis-thgrefore, since mesoporosity is quasi identical for both ce-
tinguished according to the dimensions of their constitutive ramics, micro porosity is much more important for S2 than
elements. , i . for H1. This result could easily explain why soft ceramics are
First the apparent density of the materials tested is mea-characterized by so poor fracture properties. Further investi-

sured by means of a water pycnometer. Our values are relaaiions about the aspect and morphology of grain boundaries
tlyely close to tho_se given by suppliers. T(_) evaluate_: the_d_en- are carried out by means of TEM observations.
sity of the fully sintered product (theoretical density), it is

necessary to grind carefully the ceramics in order to separate
each single crystal grain. The size distribution of the powder 5
is assessed by means of a Coulter laser granulometer. The

mean grain size is underpdn. Volume measurements are TEM images of PZT samples are shown fifg. 4a—c
achieved ihrough a h?'_‘“m pycnometer (Micromer_itic_s Ac- Distinct differences in domain size and morphology are ob-
cupyc 1330 type, precision: 0.01%). The total porosity is then vious between soft and hard PZT ceramics. For soft PZT

computed from: (Fig. 4a), the domain structure has a lath-like morphology
P diheor — dreal @) (grain size length and about 200 nm width). For hard PZT
total = diheor samples, domain width is smallest with significant wavy do-

mains ig. 4b—c).

. Domain structure

The mesoporosity is composed of spherical pores which size
is bigger than the grains. SEM photographs of polished sec—T bie 3
tions perpendicular to the tensile direction were taken in or- _22 ; . _

. .. Porosity decomposition for hard and soft PZT ceramics
der to count the intersected pores and measure their size:
More than 300 pores are analysed for each ceramic. Snap-yPe__ Gheor  drea Prowal (%) Prmeso(%)  Pmicro (%)
shots are digitally processed with filter tools and then bina- H; 7-33531 77-600 8 ;I 16
rized. Spherical pore size 3D distribution is then computed S 8.48 559 10 ' 8.8
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(b)

Fig. 4. Bright-field TEM images for soft and hard PZT samples: (a) S2; (b) H1; (c) H2.

It has been suggested that small wavy domains develop inSTEM analysis. These measurements would also allow the
Cr-doped PbZ(Tiy(Mg1/3Nby/3)1-x—yO3 and inK-modified determination of chemical heterogeneities.

PZT ceramics as a consequence of domain boundaries pin-
ning by defect complexes of acceptor impuriti@sHere,
one could expect that the soft additives may migrate to
the grain boundaries and modify consequently the fracture
phenomenon. These segregated impurities may strongly re-
duce the grain boundary energy in soft PZT samples. A
reduction of the grain boundary energy by impurities gen-
erally means a reduction of the cohesive strength of the
boundary.

1.

6. Conclusion

In this work, the microstructure of PZT ceramics has a
clear effect on the fracture properties. Indeed, hard PZT ™
present better fracture properties and major intragranular g
fracture mode. On the opposite, cracks propagate mainly
throughthe grain boundariesin soft PZT. The observationand 7.
quantification of the intergranular microporosity demonstrate
that it is responsible for these aspects of fracture behaviour.
The fracture toughness is also higher for hard PZT than for
soft ones. The domain size and morphology are different for
the two types of PZT. The lath-like form indicates a possi- 9
ble boundary segregation of the soft additives, changing the
grain boundary energy and weakening the grain boundaries
in the soft PZT ceramics. An interesting extension of this
work is the local study of chemical composition by means of

References

Freimann, S. and White, G., Intelligent ceramic materials: issues of
brittle fracture.J. Int. Mater. Struct. 1995, 6, 49-54.

Garg, A. and Agrawal, D. C., Effect of net PbO content on mechanical
and electromechanical properties of lead zirconate titanate ceramics.
Mater. Sci. Eng. B1999,56, 46-50.

3. Kim, S.-B., Kim, D.-Y., Kim, J.-J. and Cho, S.-H., Effect of grain size

and poling on the fracture mode of lead zirconate titanate ceramics.
J. Am. Ceram. Soc1990,73, 161-163.

. Watanabe, T. and Tsurekawa, S., The control of brittleness and de-

velopment of desirable mechanical properties in polycrystalline sys-
tems by grain boundary engineeringcta Mater, 1999, 47(15),
4171-4185.

5. Jaffe, B., Cook, W. R. and Jaffe, HRjezoelectric CeramicsAca-

demic Press, London, 1971.

Xu, Y., Ferroelectric Materials and Their Applicationdlorth-Holland
Press, Amsterdam, 1991.

Guillon, O., Thiebaud, F. and Perreux, D., Tensile fracture of hard
and soft PZT.Int. J. Fract, 2002,117(3), 235-246.

8. Anstis, G. R., Chantikul, P., Marshall, D. B. and Lawn, B. R., A

critical evaluation of indentation techniques for measuring fracture
toughness. I. Direct crack measuremedtsAm. Ceram. Soc1981,

64, 533-5309.

DeHoff, R. T. and Rhines, F. NMicroscopie QuantitativeMasson,
Paris, 1972.

10. He, L.-X., Gao, M., Li, C.-E., Zhu, W.-M. and Yan, H.-X., Effects of

Cr,03 addition on the piezoelectric properties and microstructure of
PbZxTiy(Mg1/3Nb2/3) x_yOs ceramics.J. Eur. Ceram. Sog2001,
21, 703-709.



	New considerations about the fracture mode of PZT ceramics
	Introduction
	Material properties
	Fracture toughness measurements
	Porosity measurements
	Domain structure
	Conclusion
	References


