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Abstract

Effects of porosity level and pore morphology on the isotropic elastic responses of unpoled
porous PZT 95/5-2Nb ferroelectric ceramic are characterized using a ssmple isotropic elastic
response model giving relations between the average stresses and strains of the porous ceramic
and the solid matrix surrounding the pores. The model parameters depend on the elastic
properties of the solid ceramic material, volume fraction of pores, and two additional material
properties that reflect the composition and microstructure of the composite material.
Measurements of the effective bulk modulus and shear modulus of the porous ceramic, with
corresponding expressions for these quantities from the response model, allow characterization
of the additional material properties. It is found that the two material properties reflecting the
effect of pore morphology and grain size on the elastic response of unpoled porous PZT 95/5-
2Nb ferroelectric ceramics can be expressed in a form that depends explicitly on the porosity
level and two parameters dependent solely on the pore morphology and ceramic grain size. Two
applications of the model are presented: a simple prediction of the effective bulk modulus and
shear modulus for the porous ceramic as a function of porosity for the pore morphologies and
grain sizes examined, and a prediction of the effective volume strains, including effects due to
the ferroelectric to antiferroelectric phase transformation, for the various ceramics during

hydrostatic pressurization.
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1. Introduction

The ceramic material PZT 95/5-2Nb is a solid solution of lead zirconate and lead titanate
having a Zr:Ti ratio of 95:5 and where some of the Zr*" and Ti*" ion sitesin the crystal have been
replaced, to increase the electrical resistancel of the ceramic, with Nb®>* by adding 2% niobium
during processing. As shown by Fritz and Keck,2 this material undergoes a ferroelectric (FE) to
antiferroelectric (AFE) phase transformation at roughly 300 MPa when hydrostatically
compressed. Rapid release of the bound charge, compensating the remanent polarization of the
FE phase from electrically poled ceramic by shock compression34 into the AFE phase, provides
acontrolled release of charge to drive electric loads.

The remanent polarization and fracture toughness of ferroelectric (FE) ceramics®6 can be
modified by controlling the grain size and porosity. While choice of sintering temperature
provides some control over the grain size and porosity of the ceramic, a more precise control of
the amount and morphology of the porosity can be achieved by mixing discrete organic pore
formers into the ceramic powder casts prior to bisque firing. Tuttle et al.” have investigated the
effect of porosity on the pressure induced FE to AFE phase transformation for two variants of
PZT 95/5-2Nb ceramic, having different average grain sizes, fabricated from a common source
of chemically prepared PZT 95/5 powder with varying amounts of organic rod-like
microcrystalline cellulose (MCC) particles. A decrease in the pressure required to drive the
ceramic into the AFE phase was observed as the porosity of the ceramic increased. It was
postulated that if the transformation in the ceramic occurred at a specific value of volumetric
strain (measured as positive in compression) independent of initia density and roughly equal to
0.4%, as reported by Zeuch et al.,8 the observed decrease in apparent transformation pressure
would be consistent with a similar decrease in bulk modulus of the ceramic with increasing
porosity. A model to support this conjecture was not presented and it was noted that this
mechanism would not account for the observed spread in range of pressure required for the
transformation as porosity of the ceramic increased. Similar observations on the effect of
increasing porosity in lowering and increasing the range for the apparent pressure needed to
produce the FE to AFE phase transformation were reported by Yang et al.9 for ceramic samples
of varying porosity fabricated from a common source of chemically prepared PZT 95/5 powder



and varying amounts of spherically shaped polymethyl methacylate (PMMA) particles with
diameters ranging from 5 to 40 um.

Montgomery and ZeuchlO presented a specific mechanics based microstructural model to
account for the effect of porosity on the FE to AFE phase transformation under hydrostatic
compression for unpoled PZT 95/5-2Nb ceramic containing spherical voids. The model
demonstrated that the local non-uniform stressfield in the solid ceramic material surrounding the
pores increased with porosity level explaining both the apparent decrease in transformation
pressure and, with a fixed the orientation dependent phase transformation condition in the solid
ceramic, spreading in the range of pressure across which the transformation occurs.

In this study, the effects of porosity and pore morphology on the elastic response of three
types of unpoled porous PZT 95/5-2Nb ceramic are characterized in the context of a specific
elastic response model. The three types of ceramic selected for characterization have a common
chemical composition but, as described in more detail below, were processed using two different
organic pore formers and sintering temperatures to produce samples at various porosity levels
with three different microstructures.

First, a model for the elastic response of porous solids is presented in terms of the average
stresses and strains of the overall porous material and the solid matrix material surrounding the
pores. The elastic response of the porous solid is seen to depend on five parameters:. the level of
porosity, two elastic moduli of the solid matrix material, and two parameters that characterize the
relation between the average strains in the porous ceramic and solid matrix. These last two
parameters reflect specific effects of ceramic microstructure such as pore morphology and grain
size on the elastic response of the porous ceramic. Relations between the model parameters and
effective bulk modulus and effective shear modulus for the ceramic that allow characterization of
the model parameters are then described. Two simple methods of estimating the effective bulk
modulus and effective shear modulus of porous materials are discussed in the context of the
response model used in this study. Details of model development are given in an appendix to
this report.

A description of model parameter characterization from experimental measurements,
including details of the materials selected for characterization and a methodology for estimating
the elastic moduli for the solid matrix material, is given next. Examination of the effects of pore

morphology and grain size on the two parameters related to the material microstructure is



described, and it is shown that the three types of ceramic examined in this study can be
characterized by four parameters that are independent of porosity level.

As a consistency exercise, the model equations used with the values of material parameters
obtained from the characterization are shown to provide reasonable estimates for the measured
values for the effective bulk modulus and effective shear modulus of the materials examined. A
more complex application is then provided in which the elastic response model, with a simple
extension, is shown to provide reasonable predictions for the average volumetric strain of porous

ceramic undergoing a FE to AFE phase transformation under hydrostatic pressurization.
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2. An Elastic Response M odel for Porous Ceramic

Isotropic porous ceramics are often modeled as isotropic linear elastic solids that can be
characterized by two effective elastic properties. Implied in this treatment is the assumption that
variations in the tractions and displacements applied to these materials occur over alength scale
much larger than the characteristic length scale characterizing the pore morphology in the
material and that the local fluctuations in stresses and strains within the material average to zero
so that well defined macroscopic values for effective stresses and strains exist. However, even
with these assumptions, an elastic response model for porous ceramic with aricher structure than
is available by just using effective elastic properties to describe the response can be devel oped,
and is useful when it is desirable to explicitly account for porosity, pore morphology effects, and
phase transformations in the solid ceramic matrix.

An elastic response model which gives the average stresses and strains in the porous ceramic
in terms of explicit porosity measures and the average stresses and strains in the ceramic matrix
follows directly from a model developed by Hill1l (see Appendix A) to describe the equilibrium
responses of a discretely reinforced composite material, consisting of perfectly bonded and
uniformly distributed inclusions in a solid isotropic elastic matrix, by interpreting the inclusion

phase as stress-free void space.

Porous Response Model
Consider a fixed mass of porous ceramic subject to a uniform average strain field. Let p

define the average density of that mass of porous ceramic and pg denote the average density of

the solid ceramic in the matrix defining that mass. The volume of space occupied by this fixed

mass of porous ceramic is M/p and the volume of space occupied by the solid ceramic of the
matrix is M /ps where M the fixed mass under consideration. Commonly used measures for the

porosity of the fixed mass of material are the void space volume fraction ¢ given by

p=1-F (2.1)
Ps
and the distention ratio a given by
a=bs (22)
Yo,

These measures of porosity have the obvious connectiong = (r—1) / ao.

11



The following model equations result from the considerations of Hill (see Appendix A) when
the inclusions become void space, and are used to represent the elastic response of the porous

ceramic:
_ ~S ~ _ ~S
=(1- (/7)0'ij o ad;=6;

53 :(KS—EGSJ,«E‘SK 5, +2G & (23)

£ (Ks—zysjék@”uysgu

The average stress and strain tensors in the porous ceramic are represented by the quantities 6;
and &; respectively. The average stress and strain tensors in the solid matrix are represented by
the quantities 6 and & respectively, while K is the bulk modulus and G is the shear

modulus of the matrix material. Standard tensor notation is usedl2 with the indices i and |
taking values 1, 2, and 3 corresponding to the three orthogonal directions of a rectangular
Cartesian coordinate system. It is worth noting that Carroll and Holt13 present a derivation of
the first of (2.3) that depends on the representative volume of porous material being in static
equilibrium.

For a specified average strain stateg; , the second and third of (2.3) provide the average stress

and strain in the ceramic matrix provided values for the materia parametersKg, Gg, k5, and g
are specified. Presumably, both K and G are known independently for the material comprising

the matrix of the ceramic and are independent of any specific microstructure corresponding to

the porosity and pore morphology. However, the two parameters kg and y represent a linear

transformation between the average macroscopic strain in the porous ceramic and the average
strain in the solid matrix and therefore, in some sense, represent an equilibrium structural
response characteristic of the microstructure. Consequently, these two parameters reflect the
specific microstructure of the porous ceramic and should be expected to depend on the porosity
and pore morphology as well as the elastic properties of the solid matrix material. As shown in
Appendix A, these two parameters can be determined from measured values for the effective
bulk modulusK and effective shear modulus G of the particular porous solid of interest through
therelations

12



K=3(1-¢) kxsKs and G=2(1-¢) y,G;. (2.4)

The average stress in the porous ceramic can be determined from the first of (2.3), at a given
value for the void space volume fraction, once the average stress in the solid matrix is
determined from the second and third of (2.3).

In many applications, interest is restricted to a single particular porous material, and it
suffices to measure effective values for K and G for use in an effective linear elastic material
model. However, if deeper insight into the role of microstructural properties such as porosity
level and pore morphology are of interest, (2.3) and (2.4) provide an improved framework for

investigation at a dlight increase in complexity.

Approximations for kg and yg

An dternate use of the model equations presented above should be mentioned since it
suggests functional forms for kg and 5 used in the analysis of data described below. Many times
it is desired to estimate the elastic properties of porous materials prior to fabrication or in the
absence of means to measure effective elastic properties. The relations (2.3) and (2.4) provide a
starting point for efforts to develop model based methodologiesto estimate K¢ andGg.

A particularly simple example of an estimate for the effective elastic moduli is provided by
assuming the average strain in the porous solid and matrix are identical. This assumption leads
to x, =1/3and ¥, =1/2, and gives the following estimates for the effective moduli:

K"=(1-¢)Ks and G"=(1-¢)G;. (2.5)
The superscript “m” indicates that this result isidentical to a prediction obtained using the rule of
mixtures.

A more sophisticated estimate for the effective moduli is provided for dilute concentrations of
spherical pores in the ceramic matrix and the change in pore configuration is included in the
approximation. Eshelbyl4 considered the elastic response of an isolated inclusion, in the shape
of an ellipsoid, embedded in alinear isotropic eastic solid whose shape far from the inclusion is
determined by a uniform strain field, and showed that the strain in the inclusion must be uniform
and linearly dependent on the far field strain in the surrounding material. In particular, the

deformed configuration of an initialy spherical void can be determined from a uniform straingi‘j’

that depends on the far field strain ¢; according to

13



1
& :é(a—b)gij g +be, (2.6)
where a and b are parameters that depend on the elastic properties of the surrounding elastic
material.

If the volume fraction of voids is small, then (2.6) may be assumed to represent a linear
transformation between the average strain field characterizing the configuration of the voids and

the average strain field of the solid matrix, giving

~v 1 ~ ~
&/ :g(a—b)siféij +b &’ (2.7)
with
a:M and b= 15(1-vs) = 5(3K; +4Gs) (2.8)
4G (7-5vs)  (9K4+8G)

wherevis Poisson’sratio for the solid ceramic matrix. Using (2.7) and the second of (A.2) [see
Appendix A] gives

E&=(1-9)&+9& = {%(a—b)(p}éksk 8 +{1+(b-1)p} &’ (2.9)

Thethird of (2.3) and (2.9) are compatible when

~ 1 _ 1
KS_[1+(a—1)(p] and 27, [1+(b-1) o]

Substituting these expressions for xgand yginto (2.4) give the following estimates for the

3 (2.10)

effective moduli

D _ (1_¢)Ks D _ (1_¢)Gs
) [1+(a-1)¢] and [1+(b-1) o]

The superscript “D” indicates these estimates were formed assuming a dilute suspension of voids

(2.12)

in the solid matrix. Algebraic manipulation of (2.11) recovers the following approximate

expressions for the effective bulk modulus and shear modulus for a porous solid containing
different sized spherical pores derived in a different fashion by MacKenziel>
1_ o 3(a-1) (Gs—G) 5(3Gg+4K,) (a-1)

= = 7 3 — 2
< KS+ 46, +0(¢°) and . 86 9K o +0(¢%). (212
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3. Characterization of Three Typesof Porous PZT 95/5-2Nb Ceramic

The porous ceramic model described above is now characterized for three types of unpoled
porous PZT 95/5-2Nb ceramic. These porous ceramic materials were selected because they were
fabricated under well controlled processing conditions from common lots of PZT powder with
the chemical composition,”:9 Pboggs(ZroosaTioos7)Nboo1sOs, and varying amounts of added
organic pore former. Compositions, denoted P1350, were fabricated at three levels of porosity,
all less than 15%, by adding varying amounts of the PMMA spheres ranging in diameter from 40
to 120 pum to the ceramic material and firing at 1350°C. Compositions’, denoted M 1345, having
anominal grain size of 15 um were fabricated at four levels of porosity, each less than 15%, by
adding varying amounts of the MCC rods ranging in size from 5 to 70 um to the ceramic
material and firing at 1345°C. Compositions’, denoted M 1275, having a nominal grain size of
10 um were fabricated at three levels of porosity, again al less than 15%, by adding varying
amounts MCC rods to the ceramic material and firing at 1275°C. The composition types M1275
and M 1345 provide a means to examine effects of grain size on elastic response for similar pore
morphologies since the same organic pore was used and only sintering temperature was varied.
The composition types M1345 and P1350 provide a means to examine the effect of pore
morphology on the elastic properties for porous ceramics made using different types of organic
pore formers yet having nearly the same grain size due to the similarity of the sintering

temperature used in fabrication.

Effective Property Measurements for Unpoled Porous PZT 95/5-2Nb
Densities of the porous ceramic samples were determined using the Achimedes technique

while longitudinal and shear wave speeds were measured across opposing parallel faces of
samples using pulse-echo or time-of-flight techniques with effective values for elastic moduli
calculated assuming an elastically isotropic unpoled ceramic.® The values for the effective
density, bulk modulus, and shear modulus for samples of the unpoled porous PZT 95/5-2Nb
specimens with less than 15% void volume fraction are listed in Table 1. The valuesin Table 1
for the effective bulk modulus of M1345 and M1275 are as reported’ while corresponding
effective shear modulus was derived from the effective bulk modulus and the average of values
for Young's modulus. Only samples of M1345 and M 1275 actually containing the MMC pore

former are listed since the processing history for two higher density samples reported, without

15



added pore former, must necessarily be different. The values for the effective bulk modulus and
effective shear modulus for the samples fabricated using the PMMA pore former were calcul ated
from averages of reported stiffness values (see Table 2 of Yang et al. 9). The values of void
volume fraction and distention ratio for each sample were calculated from (2.1) and (2.2)

assuming the solid matrix has theoretical density of 8.03 g/cm®,

TABLE 1. Properties for unpoled porous PZT95/5-2Nb ceramic samples.

Sample Density 1) o K G

Type (kg/m?) (GPa) (GPa)
P1350 7366 0.080 1.087 68.3 47.9
P1350 7145 0.108 1.121 63.5 44.7
P1350 6940 0.134 1.155 50.1 41.9
M 1345 7714 0.037 1.038 72.8 51.7
M 1345 7650 0.045 1.047 70.5 495
M 1345 7393 0.077 1.083 63.4 45.9
M 1345 7121 0.111 1.125 53.6 39.7
M 1275 7626 0.048 1.050 710 50.4
M 1275 7393 0.077 1.083 64.0 46.6
M1275 7121 0.111 1.125 55.5 41.7

Model Parameter Characterization for Unpoled Porous PZT 95/5-2Nb Samples
In addition to the void volume fraction, four additional material constants are needed to

characterize the model equations. For many porous materials, such as foamed metals, the bulk
modulus and shear modulus of the solid matrix material are known from independent

measurements on the solid, and consequently only the parameters xg and g need to be

determined. However, for the unpoled porous PZT 95/5-2Nb ceramic the bulk modulus and
shear modulus of the solid ceramic matrix are not known because it is not easy to fabricate large
samples without porosity due to the conditions used in sintering the material. Fortunately there
are enough measurements at different levels of porosity on the three types of unpoled porous
PZT 95/5-2Nb ceramic to establish reliable estimates for the bulk modulus and shear modulus of

16



the solid matrix using the expressions for the effective moduli and extrapolation to a vanishing

level of porosity. Note that (2.4) can be written

1

1 1
g o and == . (3.1)
K 3 Kq G 27.Gq
0.020
oo | T M3 /’}E&l;'/
' 1l --a--m1275 e
o —o0— P1350 ) /’/ ©
© 0016
o
o 0.014
=]
0012 |
0.010

100 102 104 106 108 110 112 114 116
o

Fig. 1 Variation of 1/K with distention ratio for the three PZT 95/5-2Nb ceramic

types. Linear least squares fits to measure values (symbols) for each type of
ceramic are indicated by the lines.

Figures 1 and 2 show values for the inverses of the effective bulk modulus and effective shear
modulus for each type of unpoled porous PZT 95/5-2Nb ceramic at the corresponding distention
ratio with linear least square fits to the data that appear to converge to nearly common values as

the level of porosity vanishes (o —1). Sincexs —1/3andy, —1/2 as o — 1, estimates of K
and G4 follow directly from the linear least squares fitsatar =1. Averaging the values for each

type of porous ceramic gives a solid bulk modulus of 86.7 GPa and a shear modulus of 58.9 GPa
for solid PZT 95/5-2Nb ceramic. Since the individual values for each type of porous ceramic are
within 2% of the average for the solid bulk modulus and 0.5% of the average for the solid shear
modulus, it is reasonable to use these values for solid PZT 95/5-2Nb ceramic independent of the

specific type of pore former and processing history used to fabricate the ceramic.
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Fig. 2 Variation of 1/G with distention ratio for the three PZT 95/5-2Nb ceramic

types. Linear least squares fits to measure values (symbols) for each type
of ceramic are indicated by the lines.

The values of xgand y5 needed to complete the characterization the elastic response model

given by (2.3) can be calculated directly from (2.4) for each sample of porous ceramic examined
and arelisted in Table 2.

TABLE 2. Vauesof xg and y,for unpoled porous PZT95/5-2Nb samples.

Sample Density (kg/m®) ¢ o Ks Vs

P1350 7366 0.080 1.087 0.285 0.442
P1350 7145 0.108 1.121 0.274 0.425
P1350 6940 0.134 1.155 0.262 0.411
M 1345 7714 0.037 1.038 0.291 0.456
M 1345 7650 0.045 1.047 0.284 0.440
M 1345 7393 0.077 1.083 0.264 0.422
M 1345 7121 0.111 1.125 0.232 0.379
M1275 7626 0.048 1.050 0.287 0.449
M1275 7393 0.077 1.083 0.267 0.428
M1275 7121 0.111 1.125 0.240 0.398
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Effects of Porosity, Pore Morphology, and Grain Sze on Model Parameters
The values for ¢, x5, and yg, listed in Table 2, with the elastic properties (K4 = 86.7 GPa

and G4 = 58.9 GPa) characterizing the solid matrix provide the parameters needed to use (2.3) in
describing the elastic response of the samples examined. It is evident that the specifics of
microstructure (pore morphology and grain size) for these porous ceramics are reflected in the
two parametersx andy,. Effects on the parameters x5 and y5 due to pore morphology, grain
size, and porosity level can be examined.

Recall that the dilute suspension approximation for these parameters given by (2.10),
depended explicitly on the pore volume fraction and two constants that were determined from the
elastic properties of the solid matrix and the spherical geometry assumed for the pores. Using
(2.10) asaguide, we assumethat x5 and y can be written in the form

! -1=A¢p and ! -1=Bog . (3.2
3Ks 27s

Note that setting A=a-1 and B=Db-1 in (3.2) recovers (2.10). Using the data in Table 2 to
form a linear least squares fit, constrained to pass through x, =1/3 and y,=1/2 whenp=0,

provides the values for A and B shown in Table 3 for each of the three types of porous unpoled
PZT 95/5-2Nb.

TABLE 3. Model parameters for three types of porous PZT 95/5-2Nb.

Materid Ks Gq A B
Type (GPa) (GPa)
P1350 86.7 58.9 2.04 1.63
M 1345 86.7 58.9 3.78 274
M 1275 86.7 58.9 341 2.28
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Figures 3 and 4 show the least square fits of the functional form (3.2) to the data listed in
Table 3. As seen in Figures 3 and 4, reasonable fits to the experimental data can be achieved
with constant values for A and B. Consequently, to a good approximation, these parameters can
be regarded as independent of porosity and primarily reflect the effect of pore former type and
sintering temperature. It isevident that ceramic material fabricated with the MCC pore former is
characterized by larger values of A and B than ceramic material fabricated using the PMMA pore
former, and that while the values of A and B are similar for the two materials fabricated using the
MCC pore former, there is a discernable effect on the values of these parameters due to sintering
temperature, with the values of both parameters being larger for the material sintered at 1345 °C

which produces a somewhat larger average grain size.

0.6
05 |1 --o--M1385 L
1 --&--wmu275 D,_,//,/
- 04 —O0— P1350 /A/
P ] o
o 03 P
= | i T
Z 02 - 57
] -4
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000 002 004 006 008 010 012 014 0.16
@

Fig. 3 Linear least squaresfits to measured data for the three types of porous

PZT 95/5-2Nb examined. Values of A for each type of ceramic are given
by the slopes of the least square fits.

20



05
04 ; ——‘D'__ M1345
. : - -- M1275 T
~ ] —o— P1350 o -
o 0.3 e 7
XY ] . /,
o~ ] AT
~ i /,x’ ,/
= 02 %//
] ’/,’ //
) .
01 L
] s
| L
0.0 — T T T T T T

0.00 002 004 006 008 010 012 014 0.16
@

Fig. 4 Linear least squares fits to measured data for the three types of porous
PZT 95/5-2Nb examined. Values of B for each type of ceramic are given
by the slopes of the least squarefits.

21



22



4. Response Model Applications
Linear elastic responses for three types of unpoled porous PZT 95/5-2Nb ceramic have been

characterized for void volume fractions¢ < 0.14 using the following equations:
Gy = (1_ (0) &ﬁ
5°= (KS —éstéfk 5, +2G &

=S

2 - -
& :(KS_EVS)EI« 0, +27sE;

(4.1)
o= 1
> 3[1+Ag]
1
7= 21+ B g]

These equations depend explicitly on void volume fraction and with the four additional

parameters K, Gg, A, and B (listed in Table 3) describe the linear elastic response of the three
types of unpoled porous PZT 95/5-2Nb ceramics examined in this report. The elastic moduli,

Ks and Gg, are common to all three types of porous ceramic. The remaining two parameters A

and B reflect microstructural differences in the ceramic produced during fabrication due to the
use of one of two types of organic pore former and a change in grain size reflecting the sintering
temperature. Two applications using (4.1) are presented below.
Effective Elastic Moduli

Substituting the last two of (4.1) into (2.4) gives the following predictions for the effective
bulk modulus and effective shear modulus of the porous ceramic at various void volume
fractions:

K = (l_(ﬂ) KS and G-= (1_ ¢)GS

"~ [1+Ag] - [1+Beg] (42)

The continuous curves in Figures 5 and 6 illustrate the variations of effective bulk modulus and

effective shear modulus with void volume fraction across the range0 < ¢ <0.15 predicted using

(4.2) and the model parametersin Table 3. It is evident that the effective moduli decrease with

increasing void volume fraction for all three ceramic formulations.
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Fig. 5 Effect of void volume fraction on the effective bulk modulus for porous
PZT 95/5-2Nb ceramic. Thelines result from using (4.2) with parameters
from Table 3 while measured values are indicated by the symbols.
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Fig. 6 Effect of void volume fraction on the effective shear modulus for porous
PZT 95/5-2Nb ceramic. The lines result from using (4.2) with parameters
from Table 3 while measured values are indicated by the symbols.
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It is also seen that the type of pore former used to fabricate the ceramic has the most significant
effect on the effective moduli. Figures 5 and 6 show that for a common void volume fraction,
the ceramic fabricated using the spherical PMMA pore formers is stiffer than the two ceramics
fabricated using the MCC pore former. The effect of grain size on the elastic moduli produces a
less significant difference in materia responses as illustrated by the effective moduli curves for
the ceramics M1345 and M 1275, both fabricated using the MCC pore former, but sintered at
different temperatures to produce similar materials with different average grain sizes. These

resultsindicate that PZT 95/5-2Nb is more compliant as the grain size increases.

Hydrostatic Compression: Ferroelectric to Antiferroelectric Phase Transformation

Zeuch et al.16 have examined the mechanical response of porous FE ceramics undergoing a
transformation from the FE to AFE phase under hydrostatic compression and Figure 7 illustrates
atypica volumetric strain response as the applied pressure on porous PZT 95/5-2Nb is increased
at a constant rate. As can be seen, the volumetric strain, which is reckoned as positive in
compression, shows an initial increase proportional to pressure until the onset of the FE to AFE
phase transformation. Since the specific volume of the AFE phase is smaller than the specific
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Fig. 7 Average volume strain as applied pressureisincreased for two

ceramics (HF424 and HF453) having different porosities.
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volume of the FE phase, the volume strain accumulates very rapidly with pressure through the
phase transformation. As the pressure continues to increase, the phase transformation nears
completion and the volume strain again shows an increase proportional to the increase in applied
pressure. The response curves shown in Figure 7 were obtained for a PZT 95/5 composition
(HF424) fabricated without any organic pore former or added niobium and a PZT 95/5-2Nb
composition fabricated with a spherical PMMA pore former. In the following, the model
developed above is used to examine the response of porous ceramic whose solid matrix

undergoes an FE to AFE phase transformation under hydrostatic compression.

Since it is assumed that the average stress and strain tensors describing the porous ceramic
under an applied hydrostatic pressure loading are well represented as hydrostatic, the off-
diagonal components of the stress and strain tensors vanish and all diagona components are

equal. We therefore have:

0-12:02320-1320 0y, =0, =0453=—P

'912:'923:'913:0 '911:822:‘933:_@/3 (4.3)
55 _ 55 =55 =0 55 _ 55 = 55 = _pS :
0 =053=0;3= 011 =0 =035=

S_ .S _ .S _ S_ .S _,.S_ .S

‘912—823—‘913—0 811—522—833—_31/3

Here P isthe pressure in the porous ceramic and is equal to the applied pressure on the porous

ceramic, P° isthe pressure in the solid matrix, e, is the magnitude of the volumetric strain in

the porous ceramic, and € is the magnitude of the volumetric strain in the solid matrix.

Substitution of (4.3) into (4.1), and replacing ¢ with o, gives
P =aP
PS=K.€&> (4.9
g =[1+A(a-1)/a]e.
It is reasonable to expect that the phase transformation between the FE and AFE phases

depends only on conditions within of the solid matrix of the porous ceramic. A common

assumption is that the phase transformation occurs when the average pressure in the solid matrix

reaches a critical fixed value, P°, called the hydrostatic transformation pressure. As long as the

average pressure in the solid matrix is less than P° the material will remain in the FE phase, but

when the average pressure in the solid matrix exceeds the transformation pressure, the material
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transforms to the AFE phase. If weset P® = P® inthefirst of (4.4), the following expression for

the critical applied pressure, P, at which a porous ceramic transforms into the AFE phase is
obtained
P =(1-9)R°. (4.5)

The observation that the apparent transformation pressure for porous PZT 95/5-2Nb ceramics
decreases as the porosity of the ceramics increase is clearly consistent with an assumption that
the phase transformation occurs at a fixed value for the pressure in the solid matrix. Itisnot so
clear that an effect due to microstructure should be absent in (4.5). The second and third of (4.4)
can be used to calculate the average volume strain at the onset of the phase transformation and
yield

€v = [1+ A(”] e?v : (4.6)

Here e, is the volume strain in solid FE ceramic at the onset of the phase transformation and is

given by
erSv = PTS/KS (4.7)

and it is also assumed that the solid matrix is entirely FE whenP, < P°. The result provided by

(4.6) indicates that the average volume strain of the porous ceramic at the onset of the FE to AFE
phase transformation will increase as the porosity increases. Figure 8 illustrates the behavior of
the effective critical applied pressure and corresponding average volume strain for porous

ceramic at the onset of the phase transition with varying levels porosity.

The estimates for the apparent pressure and average volume strain at the onset of the FE to
AFE phase transformation were obtained assuming the onset of the transformation could be
specified using a critical value for the average pressure in the solid matrix. Zeuch et al.16
investigated the response of unpoled ceramic to non-hydrostatic stress and observed that the
assumption that a critical value of the mean stress for the onset of the phase transformation did
not hold in general, and they proposed that the onset of the FE to AFE phase transformation must
depend on the complete stress state and the crystallographic orientations of the FE domains in

the ceramic grains. Montgomery and Zeuch!® proposed the specific condition that a
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transformation of a FE domain to the AFE phase will occur when the normal stress (reckoned as

positive in compression) on a plane perpendicular to the direction of the spontaneous
polarization, o, in the FE domain exceeds a critical value, R°. This condition reverts to a
critical value of pressure for hydrostatic loading on the ceramic, and aso explains transformation
behavior observed during non-hydrostatic loading.’® In order to apply this more genera
transformation condition in the analysis of unpoled porous PZT 95/5-2Nb ceramic response,
some generalization of the elastic response model presented above and a means of estimating

stress variations in the vicinity of a pore are now devel oped.
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Fig. 8 Model predictions for the pressure and average volume strain at the start
of the FE to AFE phase transformation for porous PZT 95/5-2Nb

ceramics.

It is assumed that the solid matrix is a mixture of the FE and AFE phases in pressure

equilibrium. It is convenient to work with the average specific volume of the solid matrix vg

which is simply the inverse of the average density, i.e.,

vs=1ps. (4.8)
Since the solid matrix is a mixture of the FE and AFE phases, (4.8) can be written
vs=F v +(1-F)v, (4.9)
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where v and v, are the average specific volumes of the FE and AFE phases and F is the mass
fraction of the solid matrix in the FE phase. The average specific volumes v, and v,, are
associated with pressure free states for the FE and AFE phases. The average pressures in the FE
and AFE phases are assumed to be linear in average volume strain, i.e.,

Pf =K. €& and P/=K,€ (4.10)
where K represents the bulk modulus, Py represents the pressure in the solid components of the

mixture and the superscript or subscript “F” and “A” denote the quantity is associated with the

FE or AFE phase. The linear elastic volume strains in the FE and AFE phase are'?
&) =1-(0: /u,e) and €)' =1—(v,/V4a)- (4.12)

Since pressure equilibrium between the FE and AFE phases implies
P =P =P%, (4.12)
the relations (4.9), (4.10), and (4.11) may be combined to give the following replacement for the
second of (4.4):

&S =1- (:TSJ - {1{%}} (1-F) J{F + {%} (E—Z] (1-F )} (E—:] (4.13)

In order to use (4.13), ameans of calculating F during the loading is required. Earlier it was
assumed that the transformation occurs when the pressures in the solid matrix reaches a fixed

value, P°, caled the hydrostatic transformation pressure. As long as the pressure in the solid

matrix is less than the hydrostatic transformation pressure the material remains in the FE phase
andF =1. However, when the pressure in the solid matrix exceeds the transformation pressure
the solid matrix transforms into the AFE phase and F = 0. The addition of (4.13) into the model
allows calculation of the average volume strain as the materia transforms into the AFE phase.
However, the observed spreading of the transformation across a range of pressure is still not
predicted.

The more general phase transformation condition described above is considered next. The
calculation of F for an applied stress loading will depend on the stress fluctuations and FE
domain orientation distributions in the ceramic grains. Currently, there is no well defined
computational or experimental methodology available to determine the dependence of F on the
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applied pressure for complex ceramic microstructures. Simulations may provide reasonably
accurate calculations for the FE mass fraction provided appropriate representations of ceramic
microstructure are available, but there currently appears to be no tested computational
methodology. Alternately, it may be possible to find a reasonable representation for F by using
the first and third of (4.4) in conjunction with (4.13) and well defined experiments that include
carefully selected unload-reload cycles during hydrostatic pressure |oading.

Montgomery and Zeuch!® demonstrated an approximate method to estimate the FE mass
fraction using the normal stress based transformation condition and a micromechanical model to
represent the local stress variations in the vicinity of avoid. The stress equilibrium for a hollow
sphere loaded on the outer surface by an applied hydrostatic pressure was selected to represent
the non-uniform stress distribution in the vicinity of a spherical void. The inner and outer radii
of the sphere can be selected to give a desired distention ratio. The solid portion of the sphere
was assumed to be in the FE phase with directions of spontaneous polarization for the FE
domains distributed uniformly in space. By using the normal stress based transformation
condition and the non-uniform stress state in the sphere wall, the mass fraction at any point in the
wall was calculated as a function of the applied pressure. Integration of the mass fraction across

the sphere wall then yielded the following analytic expression (where the change of variable

W= PTS/(a P) isused to simplify the expression) for the FE mass fraction of the hollow sphere:

1 , WZ;
Gt AP ZWTZ C3oLow<d
w-1)|" 3 2 2a 2
Fo : 2 414
(e[ 2w-yV* (1 2aw-y)7] 1 3 1 O
(W-1) (3 3 3 3(a-1) a 2 2a
(-1 [, 2w w <l
s 0SSy

Lacking a better estimate for F, we use (4.14) and the first of (4.4) to calculate the average
volume strain in the solid matrix surrounding pores. Then, if we further assume the interaction
between the average volume strain in the solid matrix and average volume strain of porous

ceramic is not changed due to the phase transformation, the average volume strain of the porous

30



ceramic can be estimated using the third of (4.4). Predicted volume strains for various distention
ratios as a function of applied pressure for the ceramic types P1350 and M 1345 are shown in

Figures 9 and 10.

The reference values for the specific volumes of the FE and AFE phases were estimated from
chemical composition and unit cell dimensions!’ of the FE and AFE phases yielding
Uy = 0.1245g/cm”® andv,, ~ 0.1238 g/cm®. The bulk modulus of the AFE in the solid matrix

used in the estimate shown in Figures 9 and 10 was takenK, = 122.3 GPa. An improved
estimate of K, could be obtained from experimental data but is not required for the purpose of

this study.
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Fig. 9 Mode predictions for the average volume strain, including the FE to AFE
phase transformation, with increasing applied pressure of porous P1350

ceramic at four different distention ratios.
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5. Summary

The effects of porosity and pore morphology on the elastic properties of three types of
unpoled PZT 95/5-2Nb have been characterized in this study. It was found possible to
characterize each of the three types of ceramic by using four material properties and the porosity.
The bulk modulus and shear modulus of solid PZT 95/5-2Nb ceramic, which provide two of the
material properties, are common to all three type of porous ceramic examined, and a method of
estimating reasonable values for these two properties was described. The other two material
properties are different for each ceramic type and reflect effects due to ceramic microstructure.
It was seen that pore space morphology produces a significant effect with ceramic material
fabricated using PMMA spheres being stiffer than ceramic material fabricated using the rod-like
MCC pore former. It was aso observed that processing differences effected the elastic
properties, even though the ceramics were fabricated using the same pore former. The two
ceramics made using the rod-like MCC pore former showed dlight differences in elastic
properties when processed at different sintering temperatures resulting in similar microstructures
characterized by different average ceramic grain sizes. The material with a larger average grain
size showed slightly more compliant elastic properties.

The analysis of these ceramic materials was enabled by developing a specific elastic response
model for porous materia. The model was structured to depend explicitly on the level of
porosity, two elastic moduli of the solid PZT 95/5-2Nb ceramic matrix, and two additional
parameters that reflect the microstructure of the ceramic. It was found possible to separate the
effect of porosity level from the effects of pore morphology and grain size by assuming a
specific dependence on porosity level for the two additional parameters, and this observation
allowed the elastic response for the three types of unpoled porous PZT 95/5-2Nb to be described
by the relations (4.1) and the values listed in Table 3. Based on the observations of this study, it
appears that if fabrication of porous PZT 95/5-2Nb ceramic is well controlled, model parameter
characterization could be performed at a single porosity value and reliably extrapolated to other
values. It would be interesting to investigate other porous materials for a similar
characterization.

The elastic response model was shown to provide reasonable estimates for the effective bulk
modulus and effective shear modulus values measured for the three types of unpoled porous PZT
95/5-2Nb ceramic characterized indicating consistency of the methodology used in this study.
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Finally, a simple extension of the elastic response model was introduced to allow treatment of
the FE to AFE phase transformation during hydrostatic pressurization. The volumetric strain
predicted using the model reflected observed effects due to changing porosity level and indicated

that effects due to microstructural differences should be observable.
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Appendix A. Formulation of an Elastic Response M odel for Porous Ceramic

A model for the elastic response of discretely reinforced composite solids developed by Hill1l
is used to represent the response of porous ceramic materials in this study. Development of the
response model is reviewed here using the assumptions that there is a uniform isotropic
distribution of elastic reinforcing particles in a uniform elastic matrix and then specialized to a
form suitable to a porous solid by replacing the particles with empty space. The review of model
development is also provided for completeness, since Hill’ s description was set forth in a general
context with many details used in the present study omitted.

Equilibrium Elastic Responses of Discretely Reinforced Composites
The model expresses the average macroscopic elastic response of the composite in terms of

the volume fraction of the inclusions and the average elastic response of inclusion and matrix
phases. The concept of representative volume is fundamental to defining the macroscopic fields
and properties appropriate to the composite. A representative volume contains enough of the
matrix and inclusions to be structurally typical of the composite, so that when uniform surface
tractions and displacements are applied to the surface of the volume, the apparent elastic
constants obtained from averages of stresses and strains are independent of the values of the
applied traction and displacement. Consequently, while the local values of stress and strain may
fluctuate rapidly in the space occupied by the constituent phases, a well defined mean value for
each exists and contributions from the surface irregularities are negligible. The average values
of a quantity are defined as the integral of the quantity over a region corresponding to a
representative volume divided by the volume of the region.

The matrix and inclusion phases are taken as isotropic linear elastic solids, and the bulk
modulus K and shear modulus G are taken as the fundamental pair of elastic constants
characterizing each material. The elastic constants for the matrix phase will be designated using
the subscript ‘1’ and those for the inclusion phase using the subscript ‘2’. Elastic constants

without a subscript, as above, will refer to the macroscopic averages for the composite. Tensor

suffix notationl? is used to denote the components of the stress( o;)and strain(e;; ) tensors. The

stress and strain in the matrix phase will be designated using the superscripts ‘ (1)’ and by ‘(2)’
for the inclusion phase. The relations between stress and strain in the constituent materials are

therefore
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ai(jl):(Kl—%Gljg(klk)a”+2Glg§j” and afﬁ:(Kz—gezjg@aj+2eze§f>. (A1)

It is evident from the definitions above that the average values of the stress and strain in a

representative volume are

6,=c6\+c,67 and & =c&+c,&? (A.2)

where c, is the fraction of the representative volume containing the matrix phase, c, is the

fraction of the representative volume containing the inclusion phase, and the tilde symbol over a
guantity indicates that it is an average of the quantity over the representative volume. The
assumption of perfect bonding between the inclusions and matrix gives the following constraint
between volume fractions of matrix and inclusion phases

c,+c,=1. (A.3)
Consequently, (A.2) may be alternately written

= _ =(1) =(2) _ =(1) = _z0 =(2) _ z(9)
G, =0; +c2[aij -G } and & =& +cz[gij - & ] (A.4)

Because the distribution of individual phases in the representative volume of the composite are
uniform and isotropic, the stress-strain relations given by (A.1) hold for the averages in each
phase giving, i.e.,

6§j1):(K1—§c31j5$5”+2Glé§f) and 6fj2):(K2—§sz£‘(kﬁ)5”+2Gzéi(jz). (A.5)

Composite materials comprised of isotropic elastic constituents are not necessarily also
isotropic. For example, a composite material might be constructed with a regular cubic array of
inclusions so that the macroscopic response of a representative volume would be expected to
have the symmetry of a cubic crystal. Here it is assumed that the matrix contains a uniform
isotropic distribution of inclusions so that the expected response of a representative volume of
the composite isisotropic. The relation between the apparent stress and strain of arepresentative

volume will then be

(K —%Gjékk 5, +2Gé,. (A.6)

Equations (A.4) and (A.5) provide relations between average field quantities in the composite
but require additional information relating average field quantities before they can be used to
represent the elastic response of the composite in terms of the volume fraction of the inclusions
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and elastic properties of the matrix and inclusion phases. Suppose that for the range of loadings
of interest the average strains in the matrix and inclusion phase are uniquely related to the
average strain for the representative volume according to
gl(jl) = Al(]lk)l &y and éi(jZ) = Af]i? Ey - (A7)
The tensors Alj, and Al}) reflect characteristics of the composite since they will depend on the
volume concentrations and microstructure of matrix and inclusions. Substituting (A.7) into the
second of (A.2) provides a specific constraint between the components of A(]llzl and A(Ji), ;
C, A|(1112| +C, Al(jfj = Oy 511 ' (A.8)
Presuming that the transformations between average strains given by (A.7) maintain isotropy of

the composite implies that both A} and A} are fourth-order isotropic tensors, and
since €, =&, , the simplest representations for A(Jlk)l and A(lfj allowed that maintains isotropy12

I

are
2 2
Al(jlk)| :(’(1_571j5ij 5k|+271§ik5j| and Ai(jil):("'z_g%j&ij 5kl+2725ik5jl' (A.9)

The parameters «,, «,, 7, and y, will depend on volume concentrations and microstructure of

matrix and inclusions, and provide parameters for characterization of the composite in addition
to the elastic properties of the constituent materials. Substituting (A.9) into (A.7) gives

. 2 ). . . 2 . .
&Y =£K1_§7/1)8kk 8, +27,& and &7 =(K2—57’zjgkk 0, +2y,&;. (A.10)
The constraint of (A.8) thenyields
C,k,+C, K2=% and c,y,+¢C, 72:%, (A.11)

and implies that only one of the parameter sets (x,,x,) and (y,,7,) is independent. Selecting
the parameter pair (x,, ,) asindependent gives

1-3c,x;
K,=——— and
2 3c, I

_ 1_2C1 71

A.12
D (A.12)

Since the average strain in the matrix and composite must be the same when there are no

inclusions in the composite, (A.3) and (A.11) imply that 3x, =1 and 2y, =1 when ¢, =0.
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Equations (A.4), (A.5), (A.10) and (A.12) provide a complete description for the average

elastic response of the composite once the average strain in the composite as follows:
= _ &0 =(2) _ =(1)
6, =06 +¢C, [oqj — G J

1

- 2 ~ ~
& =| K, - gGljgfi) 5, +2G, &

- 2 - ~
O-i(iZ) = KZ_EGZJEI(? §IJ +2628i(j2)
gl(l): Kl_zyl £y Oy +27, €
: 3 J : (A.13)

In addition to the volume fraction of the inclusions, six parameters are needed to use (A.13) to

determine the elastic response of the composite. The four parameters K, G,, K,,and G, are

the elastic properties of the inclusion and matrix phases and, consequently, may be determined

independent of the composite. The two remaining parameters x, and y, relate the average

strain in the composite to the average strain in the matrix and, consequently, must reflect effects
of the composition and microstructure on the elastic response.
The effective elastic properties of the composite material may be used to determine the

parameters x, and y, needed in the response model above. Expressions for the effective elastic

properties of the composite may be obtained by substituting (A.5) with (A.10) into the first of
(A.2) yielding

~ 4 ~ ~
O :{3(01’(1 Ki+Cy K, KZ)_E(CI}/lGl-i_CZ 7262)}81« J; +4(Cl7/161+cz 7262)‘9” . (A.14)

Comparison of (A.6) and (A.14) yields the following correspondence between the effective
elastic properties for the composite and the parameters appearing in the elastic response model

K=3(c,x,K,+¢,x,K,), G=2(c,7,G,+¢,7,G,). (A.15)

Using the constraints of (A.3) and (A.11) in (A.15) yields
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K=K,+3(1-c,)x,(K,~-K,) and G=G,+2(1-c,)7,(G,-G,). (A.16)

Equilibrium Elastic Responses of Porous Ceramics
The elastic response model for the discretely reinforced composite material can be used to

describe the equilibrium elastic response of porous ceramic by letting the stiffness of the
inclusion phase vanish. Changing the superscript “1” to “S’ to indicate the solid ceramic of the
matrix and letting the stiffness of the inclusion phase vanish, the equations for the average stress
and strain in the porous ceramic and matrix and solid matrix become

Gy = (1_ ¢) 6-5

5?:(Ks_éesj§§k 5, +2Gg &} (A.17)

- 2 - -
gﬁ :(Ks_57sjgkk 0;+27s€;

Expressions for the average stress and strain in the pore space are not required. Because the
average strain in the matrix and porous ceramic must be the same in the limit of vanishing
porosity the last of (A.17) implies that as ¢ — 0, ks —>1/3and ys —1/2. From (A.16), it is

clear that the parameters x5 and y4 can be determined from the effective elastic moduli of the

porous ceramic using

K=3(1-¢) xsKg and G=2(1-¢) 7, GC;. (A.18)
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