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INFLUENCE OF POROSITY ON THE MECHANICAL PROPERTIES OF
LEAD ZIRCONATE-TITANATE CERAMICS
Dipak Ranjan Biswas

Materials and Molecular Research Division, Lawrence Berkeley Laboratory

and Department of Materials Science and Engineering,

University of California, Berkeley, California 94720

ABSTRACT
Niobium doped lead zirconate-titanate (PNZT) was used to investigate

the effect of porosity on the mechanical properties of a polycrystalline
ceramic. Spherical and acicular pores (25-150pm) were introduced by
using organic materials and the grain size (2-5um) was constant through-
out the study. The very fine pores (2-3um) were formed by varying the
sintering conditions and the grain size was comparable to the pore size.
The fracture strength of the ceramic was measured by simple 4-point bend-
ing. A sonic resonance technique was used to measure the elastic modulus
and the double torsion method was used to measure the fracture toughness
of the ceramic. The effect of porosity on the fracture strength was pre-
dicted quite well by Weibull's probabilistic approach. The elastic
modulus showed a linear relationship with increase in porosity (110-150
pm) and showed a higher value for PNZT-fine pore (2-3um) ceramics at same
volume percent porosity. A decrease in fracture toughness wilth increase
in porosity {110--150pm) was also observed. 1t has been found that the
fine pores in PNZT polycrystalline ceramic‘gave higher strength, elastic
modulus and fracture toughness compared to the PNZT - large pore ceramics
at equivalent porosities. Fracture surface analysis by scanning eclectron
microscopy showed that the fracture oripgin was at the tensile surface, at

the edges of the specimen and just underneath the tensile surface.






I. INTRODUCTION

The microstructures of polycrystalline ceramic materials are
usually characterized by the grain size, porosity, and presence of
secondary phases. Mechanical properties of ceramics are intimately re-
lated to their microstructure. Most polycrystalline ceramic materials
have some porosity. This porosity reduces the mechanical strength con-
siderably and is extremely important where ceramics are used as struc-
tural materials. During the past 20 years, a number of studies have
been performed to elucidate the effect of porosity on strengthl_8 and
elastic modulus.7 General relationships are beginning to emerge. Most
of these investigations considered only the total porosity and neglected
the size and shape of the pores. Therefore, an attempt has been made
to perform a systematic study of the mechanical properties of a well
characterized polycrystalline ceramic containing a controlled amount of
porosity with variations in the volume of pores, pore size and pore
shape. Because of the extensive work on processing of lead zirconate-
titanate ceramics in this laboratory, it was selected as the material
for study. The fabricated samples were fine grained (2-5um) ceramics
in which the grain growth duriqg processing was controlled by doping
with one mole percent niobium oxide (PNZT). The advantage of using
this material was that specimens were easy to fabricate with good re-
producibility and control of grain size frqm batch to batch. It was
found that the addition of a small amount of excess PbO enhances the
case of fabricating this material by sintering and densities over 99% of
the theoretical value could be obtained without difficulty. Spherical

and acicular pores were introduced into the specimens using organic



materials mixed with PNZT powders prior to processing and sintering.
Four point bend strength, elastic modulus and fracture toughness

wvere determined at room temperature on samples with controlled micro-

structures. Microstructures and fractographic analysis were done by

scanning electron microscopy.



IT. POROSITY AND MECHANICAL PROPERTY RELATIONS

A. Porosity and Strength

The strength of polycrystalline brittle materials is extremely
sensitive to porosity. Balshin1 determined from experimental studies
that the strength of porous brittle polycrystalline materials varies
with porosity as,

m
o= cro(l—P) (1)

where 0 is the strength of porous material, S, is the strength of the

non-porous material, P is the fractional volume porosity and m is an
: ; 2 y .

emperical constant. Ryshkewitch™ determined the compressive strength

of porous A120 and magnesia stabilized ZrO Duckworth3 showed that

3 2’

Ryshkewitch's data followed a relationship described by the equation,

O =0_ exp (2)

where b is an empirical constant. Again for poroué polycrystalline
A1203, Coble and Kingery4 fitted their results to an equation of the
form,

0.6P = exp - [0/8000(1-P) ] (3)
Subsequently Knudsen5 concluded that equation (2) gave better agreement

with his experimental results on ThO Knudsen also pointed out that

9
the relationship between strength, porosity and grain size would fit

an expression,

. - )
0 = KG 2 exp bE (4)

where G is the grain size and a, b, and K are constants. Passmore et al.

concluded from studies on polycrystalline A120 that an equation to

3

best describe their experimental results was of the form



g = KT exp—bP : (5)

where K, a, b, and ¢ are constants. Bailey and Hill7 noted variations
in b between 4 and 11 invvarious oxide ceramics but values as.low as 1
and as high as 30 have been reported. The significance of b is not well
understood since relation (2) is empirical.

Carniglia8 developed a model for the effect of porosity on the
strength of ceramics. He used experimental data from the.literature

for polycrystalline AlZO and a borosilicate glass to test his model.

3
For polycrystalline ceramics the expression for the mean strength was
log G = log [wa + 0y G_l/z) F(P)] (6)

where G is the mean grain size. O, and 01 are constants and F(P) was
given by ' . 1 _ AL PZ/3 _ 3P4/3

| oP 1 p/3 16 8 16

log F(P) = = [ZTEEE - 1/2 log izﬁ]— S log 1 .

—_— =1
pl/3

The quantity in the first bracket (the load bearing area function)
applied to polycrystals containing intra-granular porosity and the
quantity in the second bracket applied to cases where failure initiating
flaws are very small compared to interpore distance. The constant,
o [from EP/EO'= exp (--oP) where Ep is the Young's Qodulus of porous body
and E0 is the Young's modulus of solid matrix] , was determined experi-
mentally. The pore shape factor, S, was greater than one depending upon
the degree of asymmetry of intergranular porosity.

The exponential relationship of Young's modulus with porosity is
not always true for many ceramic systems. For a given system it is

necessary to ascertain if very localized stress concentrations play a
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dominant role in determining the strength or whether it is the reduction
in cross-sectional area due to pores or a combination of both that is
important.

The effect of stress concentrations on the average strength of
brittle solids, subjected to tensile states of stress, is invariably
less than would be expected from the "theoretical" elastic stress con-
ceﬁtration factor. This observation can be explained qualitatively by
noting that brittle solids contain a distribution of inherent flaws
of varying severity. The probability of finding the most severe flaw
in the specimen in the localized stress field caused by a pore is low.
For this reason, the flaws responsible for fracture with stress concen-
trations present will be less severe, genetrally, than those in smooth
specimens where large regions are exposed to uniform stresses.

A quantitative explanation of thé effect of stress concentrations
on strength of brittle materials is possible in some cases by using the
Weibull9 probabalistic treatment. The assumptions involved in applying
the Weibull treatment to multiaxial stresses and details of the formula-
tion are given by Vardar and Finnie.lo Finnie and Vardarll considered
the state of stress around a pore for a porous specimen as shown in Fig.
1 in which 5 specimen of total volume V is loaded by a nominal stress S.
The specimen contains N spherical pores, each of volume Vo. They assum-
ed that the pores are far enough apart so that the regions of high stress
concentrations do not interact. Taking the highly stressed region
around a pore to have a volume Vl’ which will be specified later, the re-

maining material of wolume V, is assumed to be subjected only to

2
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Fig. 1.

N

%

VO\%./V,

Vo

Q)

XBL7512-9460

Specimen of total volume V containing N spherical pores and
subjected to uniaxial tensile stress S.



uniaxial stress.

Hence, V = V2 + NVo + NV1 (7)
For an isolated spherical hole, as shown in Fig. 1, the stress
state for elastic behavior was given by Goodier.12
Using the coordinate system shown in Fig. 2, the stresses are,
3
=S¢ - S5 __ A e
0. = 2(l cos 20) + 207-5v) ) bSv 13) +
" 2 2
6(D) + [5(5-v) - 18(2) [cos 26 (8)
S ' S a 3
0'e = E‘(l + cos 20) + m (;‘) (13-20v) -
3@ - |s(-2v) - 21(%)2] cos 26} (9)
g et (3)3 1- 3(3)2— 5 | (1-2v) - (—‘1)2 cos zel (10)
o 4(7-5v) ‘r r T i
S a < a.Z] S
Tr(f) = 2(7_5—\‘)*)* (;) =-501+v) + ].2(;‘) sin 206 - 5 sin ‘29 (11)

The ratios of the stress components, or of the principal stresses
01, 02, 03, to the nominal stress S are functions only of r/a and 6 for
a given Poisson's ratio, v. The maximum stress concentration Oe(r = a,
6 =0) +8 is (27-15v) / (14-10v). TFor a range of Poisson's ratio S
varies from a valuc of 2 for v ; 0.2 to 2.045 for v = 0.3.

Since a number of pores are present, the uniaxial stress in volume'%
will have a value of T, larger than ﬁhc nominal stress S because of the
decrease In cross—-sectional arca due to the pores. Denoting the volume
fraction of pores by P = NVO/V it may be shown that T = {l/(l—P)} 8.

From the preceding results one could attempt to predict the strength

of a porous ceramic by dividing the strength of the zero porosity
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Fig. 2. Coordinate system used to describe stress state around a
spherical hole.



material by the effective stress concentration factor. However, this
approach greatly underestimates the strength of the.porous material and
sheds no light on the observed variation of strength with porosity. For
this reason Finnie and Vardarll turned to the Weibull probabalistic
approach to brittle strength which allows them to consider the effect

of the stressed volume, as well as the stress level, on the probability
of failure.

1. The Weibull Statistical Approach

For uniaxial stress states, Weibull9 took the probability of

F(o) = 1 - exp - [ﬁo/oo)m dV] (12)

failure as

with the integral being taken over the region stressed in tension. The
parameters m and 9, which are assumed to characterize a given material
may be obtained, for example, from bending test data.

For multiaxial stress states such as shown in Fig. 3 [taken from
Ref. (10)], Weibull wrote the cummulative distribution of failure proba-
bility as:

F(0) = 1 - exp[-B] = 1 - exp [— f(KfonmdA)dv] (13)
A

unit
sphere

where the normal stress at each point on the unit sphere is

o = cosz¢ (Ol cos2 U+ o0 sin2 V) + 0o sin2 ¢; dA = cos ¢ d ¢ d ¢

2 3
and the integration is limited to the range of angles for which o

is tensile. Thus, in the present problem they had to carry out the

integration over unit spheres, throughout the volumes V1 and VZ' The
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XBL 7512- 10,009

Fig. 3. Geometric variables used to describe location on a
unit sphere.
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quantity B in Eqn. 13 is then

B= §I §(o, sin$)™ cos ¢dydp] dv + NS xS 6(r,0,0,9) dodydododr

vV, A v A
. unit 1 unit
sphere sphere

where G is a function to be defined later.
The first integral is for the region of uniaxial stress and presents

no problem, Putting 0, = T and using the uniaxial formulation it is

3

merely VZ(T/GO)m. The second integral can be written in detail as:

Na3K S.S S {S S [Olzcoszwcos%p-FozzsinZWCOSz¢ +
v ¢

r/a 6 o
B 2
0,4sin ¢] cos ¢dody } (r/a)“cos 6d6dad(r/a)

Where a is the pore radius and the upper limit of integration on r/a,

corresponding to volume V

3)

1 has to be specified. The stresses 01,02,0

vary with location 0 and r/a, but for a given Poisson's ratio depend
only on 6 and r/a. Thus, for a given upper limit of integration on r/a

B =V, (61)m + Na k™ (m)
(o}

Letting A denote the upper limit of r/a, i.e. Aa is the radius of
A _ e KT
region Vl’ we have V2 =V NVl NVO = V(1-P)7).

m m
Then, B = V (luPA3) ["7~«L:~§] +‘%¥>KP (S/(l—P)] H (m)
o 7 N :

where M(m) will depend on the choice of A. Comparing with the uniaxial

%
formulation

g = 2(2mt1)
ao ™
O
o (Symy) 1 pa3y 4 3@ - (Sym :
So B = (00) V{ (I-pyii [(l PAT) + Y PH (m)] } (00) VI%AS (14)

*This differs by a factor 4 from the value given on P. 497 of Ref. 10
because here they took advantage of symmetry to integrate only over one
quarter of the unit sphere.
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Taking a span L between outer supports and a span of L-2% between inner
supports (L-22 = 0 for 3-point bending) one may use the Weibull uniaxial
formulation for 4-point bending, treat the problem as if pores were not
present, and then multiply by the quantity between parenthesis {A} in
Eqn. 14. Thus if S is taken as the maximum, outer fiber, tensile stress
in bending one obtains an expression for B by multiplying the preceding
equation by [{0&+1)/2} - ml/L] /(m+l)2.

To minimize computation it is more convenient to work with the
median strength in a bending test rather than the mean. In this case B .
= .693 and

S median 1/m _ (;@9_.1) Vol miny® e (15)
o (@il_ - ﬂ)
2

A
3 (* z
The computation was carried out by Finnie and Vardar]'1 using the
upper value of X\ for r/a corresponding to volume Vl.

Since {A} 1/m

is the quantity involved in strength predictions,
they decided that a value of A = 2.02 was adequate for subsequent
calculations. This choice, which was a reflection of the rate of decay
of stresses with r/a, limited the analysis based on isolated spherical
holes to a porosity of about 10%.

Having selected a value for A , the numerical evaluation of Equn. 15
could be presented in the concise form shown in Fig. 4. The effect of
Poisson's ratio was evaluated only for m = 4 and m = 20 and is seen to
be fairly insignificant. A low value of m indicates a material con-

taining flaws of highly variable severity and a high value indicates

a material with uniform distribution of flaws of similar geometry. This



...13_
1.0 I i I T
N Y ———_4
\\ _—
0.8} \\ 8 _
' \"s~‘~ 4
o ~=~—— T 16
€ o6l 2 2 —20=
N
-3 I -1 r =
-——-=y =0.2
S b —v =03
~
E 0.4} =
(7p]
Q = |=SIMPLE TENSION
0.2~ l = # l/m B
. {/2 (’“*")2/'-"‘} 3 or 4 POINT
ks 1= BENDING
0 | | | |
0 2 4 6 8 10

VOLUME PERCENT OF POROSITY, P

XBL 768-7457

Fig. 4. Predicted variation of median strength as a function of porosity
for values of the Weibull parameter m as shown on curves.
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model will be tested with the present experimental results and discussed
in the results and discussion section.

B. Porosity and Elastic Modulus

The elastic modulus of ceramics varies markedly with porosity but
does not depend upon pore size, grain size, or surface conditions. A
number of theoretical attampts have been made to calculate the elastic
properties of porous bodies. The equation for the shear modulus (G’
proposed by MacKenzie13 was

G/Go = 1 - AP + BP? _ (16)

where Go is the shear modulus at zero porosity, P is the porosity and
A and B are constants. Hashin14 proposed a relationship for multi-

phased bodies which as pointed out by Hasselman15 reduces to

AP

TG (17

G _
¢ - 1
o
3 : 16
for a porous body where A is a constant. Spriggs™ proposed for A1203

that his experimental data followed an empirical relation

E = Eo exp_bP (18)

where Eois the Young's modulus at zero porosity and b is a constant.
Knudsenl7 showad that all data for A1203 could be approximated by a
value of b equal to 3.95.

i ; 7 :
In dealing with many ceramic materials the expression

E/EO = 1 - KP (19)

where K is a constant, gives a linear relationship between eclastic
g 18 :
modulus and porosity. Hasselman and Fulrath™ studied the effect of

spherical porosity on the elastic modulus of glass at low porosities.
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Their results clearly demonstrated that at low porosities (<3%) a
linear relationship is observed which is in agreement with the theoreti-
cal predictions of MacKenzie13 and Hashin14 at low porosities, i.e.,

Equations (16)and (17)give linear approximations when P is small.
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ITI. TFRACTURE MECHANICS PARAMETERS FOR CERAMIC MATERIALS

In recent years the measurement of fracture mechanics parameters
for ceramic materials has received increasing attention. The definition
of fracture mechanics parameters and their measuring techniques appro-
priate to the present study are breifly discussed below.

Lead zirconate-titanate ceramics exhibit brittle fracture. For
brittle materials, failure occurs when the normal stress in the vicinity
of a crack tip reaches a critical value for bond rupture. For a meteri-
al containing a sharp crack of length 2a subjected to an applied stress,
Oa, the stress iuténsification at the crack tip (KI) is related to Oa

by19

K, =0 Yqfa (20)

where Y is a dimensional constant depending on the geometry of loading
and crack configuration. When fracture occurs exclusively by the open-
ing mode and plane strain conditions exist at the crack tip, the value of

K, for fast fracture is the critical stress intensity factor K

I IC

; 20 :
(fracture toughness), a material parameter. Another inportant fracture
mechanics parameter is fracture surface energy, YF’ which is related to

KIC as,

(21)

where GIC is the strain energy release rate - defined as the work re-

quired to create unit increase in crack area by fracture, I 1Is the elas-
tic modulus and v is the Poisson's ratio. GIC is twice the value of YF

deduced from a fracture test because the crack produces two surfaces.

Although Yy is often determined for ceramic materials, KI values are
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most convenient and directly applicable to failure prediction. The
specimens that are used extensively for room temperature measurements are

: 2 i . 2 .
the bend specimen, 1 compact tension specimen, L double cantilever beam

2
specimen2 and double torsion specimen.zo The constant K specimens sl

where crack length is independent of K_ values are extensively used in

I

ceramic systems. The reason for this is that the accurate measurement
of flaw length by dye penetrant or optical procedures is very difficult.
Therefore, for these materials or any other materials where measurement
of flaw length is difficult, it is essential that flaw length measure-
ments are eliminated. At ambient temperature, the double torsion method

is convenient for measuring K__ values and was used in the present in-

IC

vestigation to get the KIC values for PNZT ceramics. Once KIC values

and the elastic modulus are available the critical strain energy release

rate GI and fracture surface energy Yy can be easily calculated by

C
using Equation (21).
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IV. EXPERIMENTAL PROCEDURES

A. Preparation of Powders and Fabrication of Specimens

The material used in this study was lead zirconate-titanate in
which the grain size was controlled by doping with one mole percent
Nb205. The composition of PZT doped with Nb (PNZT) ceramic used was

Pb0.99cb.01 <Zr0.52 T10.46 Nb0.02> 03 where O is a lead vacancy. lhe

raw powders of PbO, Zr0O,, TiO, and Nb,O. werc milled in a vibratory

2° 2 275

energy mill for 4 hours using isopropyl alcohol as a liquid medium, then
dried and calcined at 850°C for 4 hours (Fig. 5). The powders were
passed through -20 mesh screen and mixed with excess* PbO and finally
milled for 4 hours using isopropyl alcohol and a polyvinyl alcohol,
water solution and then air dried. The polyvinyl alcohol was added

as a pressing aid and binder.

The detailed fabrication procedure of PNZT ceramics containing
artificially introduced large pores (spherical and acicular) is shown
in Fig. 6. The specimens containing fine pores comparable to the
grain size were fabricated by varying the sintering conditions (viz.
green density, sintering time and temperature). In both cases, the

specimens were buried in PbZrO, + ZrO2 (PZ + 2) pabking powder and

3
fired in one atmospheric pressure of oxygen. The packing powder tech-

nique was used to control Pb0O loss from the specimen during sintering.

The processing of PZ4Z packing powder is shown in Fig. 7.

There were two starting powder compositions used in this study. One
contained 5.5 w/o excess PbO (used for fracture strength and elastic
modulus measurement) and the other one contained 1 w/o excess PbO (used
for fracture toughness measuremcnt). During sintering the excess PbO
was evaporated to the packing powder. However, it greatly enhanced the
sintering in the early stages by providing a transient liquid phase.
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COMPOSITION OF PZT-Nb DOPED CERAMIC

Pbo.og Do.01(Zro.52 Tip.ae Nboo2 ) O3

PbO + ZrOp + TiOp + NbOs 5

MILL-4 HOURS
ISOPROPYL ALCOHOL AND ZrO, BALLS

DRY

CALCINE
850°C -4 HOURS

MILL — 4 HOURS
ISOPROPYL ALCOHOL + PVA + WATER

+ EXCESS PbO AND ZrO, BALLS

DRY

XBL759-7374A

Fig. 5. Processing diagram for PNZT powders.
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M1 X
DRY POWDER (PZT-Nb EXCESS PbO)

+
ORGANIC POWDER

COLD PRESS PELLETS
OR
ISOSTATIC PRESS BARS/COMPACTS

DRY
ORGANIC DECOMPOSITION
250°C — 12 HOURS

SINTER
1200°C — |16 HOURS

PZ +7Z PACKING POWDER
= | ATM. O9

SAMPLE

XBL766-7029

Fig. 6. Tabrication diagram for PIZT samples.
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PbO + ZrO,

MILL - 4 HOURS
ISOPROPYL ALCOHOL AND ZrOp BALLS

DRY

CALCINE
850 °C — 4 HOURS

GROUND
PASS THROUGH 20 MESH SCREEN

'DRY MIX
WITH 5% ZrO»o

PACKING POWDER
PZ + 5% Z

XBL766-7030

Fig. 7. Processing diagram for PZ + Z packing powder.
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B. Density Measurements

The apparent density of PNZT specimens was determined from dry and
suspended weights in isopropyl alcchol relative to a nickel metal
standard. Calculation of the deﬁsity of the specimen was done by using
the expression,

W W_—-W ]

. ‘ = | D " DS x PStandard (22)
specimen Wo-W W
S )

5 Specimen B “Standard

where W_ is the dry weight, W

D is the saturated suspended weight and

S

Pstandard is the density of Ni taken to be as 8.91 gms/cc. The theoreti-

cal density of PNZT ceramic was taken as 8.00 gm/cc. The bulk density
of PNZT-fine pore specimens was calculated from the dry weight and the

dimensions.

C. Mechanical Property Measurement

1. Fracture Strength
0] * 3
The sintered pellets, were cut into strength specimens
approximately 0.05 in. thick with a precision diamond saw using kerosene

ip

as a coolant. The length and width of the specimens were approximately
1.0 in. and 0.3 in. respectively. Uniaxial bend sﬁrength was determined
by loading the specimens to failure using a simple 4-point bending
machine (Fig. 8) with 0.75 in. overall span and 0.25 in. inner span.

The diamond sawved surface was stressed. The fracture strength was cal-

culated from the following equation

g = ) (23)

. where 0 is the maximum stress fracture, L is the overall span, b is the

*Containing artificially introduced pores and fine pores.
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Simple 4-point bending machine.

¥BB7510-7694
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width and d is the thickness of the specimen. The width and thickness
were measurced at the point of fracture.

2. Elastic Modulus and Damping Capacity

The sintered cylindrical bars* were cut into rectangular
bars of approximately 3.0 in. x 0.25 in. % 0.20 in. with a diamond saw
using kerosene as a coolant. The elastic modulus was determined by
measuring the recsonant frequency of the sample and then the modulus was
calculated from the resonant frequency, dimensions and mass of the speci-
men. The specimen was excited to vibrate in the flexural mode to obtain
the flexural modulus. Mechanical vibration was transmitted to the sample
from a piezoelectric transducer by means of a fine coupling wire and a
similar system received the mechanical vibration from the specimen. The
desired resonant frequency was found by slowly varying the frequency of
the oscillator and observing the shape of "Lissajou" figure on the os-
cilloscope. When the test piece was driven at a frequency equal to the
resonant frequency of the first mode, the shape of the Lissajou figure
was circular or elliptical. When the test piece was driven at a fre-
quency equal to one-half of the resonant frequency of the first mode,
the Lissajou figﬁre showed in the form of a figure eight. Once the
exact frequency was obtained, the Young's modulus to the resonant fre-
quency of the first mode of flexural vibration of a rectangular bar was
calculated from the expression

2
E = 0.94645 C';f-- (24)

where m is the mass of the specimen, f is the resonant frequency of the
s y

first mode of flexural vibration, B is the dimension of cross-section

*Coutaining artificially introduced porosity and fine pores.
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perpendicularly to the direction of vibration and C is the shape factor

defined by € = (D/L) " [?+6.585 (140.0752v + 0.08109v2) (D/L)>

_100. 083 (1+0.2023v + 2.173v) (/1)"
12 + 76.06(1+0.1408 + 1.536v>) (D/L)2

. 0.86806(D/L)4J
where D is the dimension of the cross-section parallel to the direction
of vibration, L is the length of the specimen and v is ﬁhe Poisson's
ratio.. The value of C was taken from the tables23 generated by
Hasselman.

Damping capacity was determined from the width at the half-maximum
value of the resonance curve. The value was obtained by finding the
resonant frequency at the maximum amplitude and then locating the two
frequencies above and below the resonant frequency at which the amplitude
decreased to half of the resonance amplitude. Damping capacity § was
then calculated from the differences of the two frequencies Af and the
resonant frequency f as

§ = 1.8136-%5 (25)

3. Fracture Toughness

The doublz torsion specimen configuration is given in Fig. 9 along
with the crack front curvature in the lower portion of Fig. 9. The nom-
inal dimevsions of the specimen were approximately 2.0 in. in length x
1.0 in., width x 0.08 in. thick. The side groove of depth ~0.04 in. was
introduced by using a 0.02 in. thick diamond blade and the precracking
was done by a 0.008in. thick diamond blade. The specimens were loaded
in a 4—poiﬁt bending machine. The specimens failed catastrophically and

the load at the point of failure was noted as P. KI was calculated from
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Fig. 9. The double torsion specimen and the crack front curvature
is shown in the lower part of the figure.
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tﬁq following expression derived by Williams and Evans,24

i 1/2
K. = PW 3(1+v)

I m 3
wad dn

(26)

' 'wﬁérefv i{s the Poisson's ratio taken to be as 0.29 for PNZT ceramics and

;"W,'Wm, d and dn are the spécimen dimensions as shdwn in Fig. 9. The.

critical stress intensity factor or the fracture toughness depends only

'dﬁ thé.applied load P and not on the crack length. It should be noted .
: tﬁé; this KI.value is obtained from GIvalue calculated by a compliance

analysis. Hence, it represents an average K over the curved crack front.
analy 8

The microstructures, fracture surfaces and fracture origin were

ongrqu by scanning electron microscopy.
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V. RESULTS AND DISCUSSIONS
A. Fracture Strength

The fracture strength of three series of PNZT ceramic specimens was
measured by 4-point bending. The first series (PNZT-Spherical Pore) con-
sisted of a highly dense PNZT matrix containing a controlled amount of
spherical porosity with varying pore size. The grain size was much
smaller than the pore size. The pores were acicular in the second series
of the specimens in which the grain size was also much amaller than the
pore size. The final series of specimens had the pore size in the same
range as the grain size (PNZT- fine porej. The starting powder (PNZT +
5 w/o excess Pb0) was the same for all series but in the case of PNZT-
fine pore specimerrs, the sintering conditions (mainly sintering tempera-
ture and time) were varied to generate different amounts of fine porosity.
The excess PbO forms a lead oxide rich liquid at around 880°C and during
sintering at 1200°C for 16 hours (in case of PNZT - spherical and acicu-
lar pore specimens), most of this excess PbO would evaporate to the
packing powder. In case of PNZT ~ fine pore specimens (fired at low
temperature, 1100° to 1150°C), it is suspected that some remaining PbO
rich liquid would be converted to crystalline PbO and PNZT during cooling
and remains in the grain boundarvies. This would give a different grain
boundary structure for the PNZT - fine pore specimens.

In a bend test, the maximum tensile stress is in the outer fibers
of the specimen. When the tensile stress reaches a critical value near
a pore or a flaw generated by diamong sawing, failure occurs.

The fracture strength of PNZT - spherical pore specimens 1s shown

in Table I and the plot of fracture strength against the volume percent
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Table T. Fracture Strength of PNZT - Spherical Pore Ceramics

Volume Percent Pore Mean Fracture Median Fracture )

e, Btbeugt] - S Tned

— Sﬁi: SLleng;;IOmean . Sfrengg? Omed %
- = 12,000 + 4.9% 12,000 1.00
2.50 25-40 9,250 * 5.92. 9,180 0.765
2.50 « 60-75 9,540 + 8.7% | 9,630 0.802
2.90 110-150 9,290 + 5.0% 9,345 0.780
4.70 25-40 7,850:ti1.8% 7,945 0.660
4.65 60-75 8,350 + 5.7% 8,290 : 0.690
4.85 110-150 7,650 + 4.4% 7.590 0.630
8.80 25-490 7,410 + 5.0% 7,450 0.620
9.10 60-75 7,720 &+ 7.1% 7,830 0.650
8.95 | 110-150 7,150 +12.2% 6,800 0.570
11.70 25-40 6,930 + 3.17% 4 6,900 0.575
12.60 60~-75 7,500 + 6.7% 7,720 - 0.625

13.50 110-150 7,040 + 7.5% 7,270 0.585

e e e S —
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porosity is shown in Fig. 10. The fracture strength decreases rapidly
with the initial increase in porosity and thén levels off at around 8%
porosity. The experimental results were analyzed using the Weibull's
probabilistic approach to brittle strength as described earlier. Because
the specimens have the same volume and the,value of Q in Fig. 4 is un-
changed, the normalized strength was used directly to estimate the
effect of porosity on the median strangth.25 Figure 11 show: the experi-
mental results (normalized strength vs. porosity from Fig. 10) and the
predicted curve based on the Weibull approach. Poisson's ratio26 was
assumed to be equal to 0.29 for PNZT. Tﬁe curve for m = 20 and v = 0.3
is shown in Fig. 11. Also shown in Fig. 11 are the predictions for the
relative strength vbtained by considering only the decrease in cross-
sectional area and that obtained by combining the stress concentration
factor and the decrease in cross-sectional area. The effect of spherical
pore size is insignificant when the pore size is much larger than the
grain size. A typical distribution of spherical pores is shown in Fig.
12a. TFigure 13 shows the microstructure of the dense PNZT matrix. The
pore size range reportgd in this study was calculated by considering the
initial organic particle size after screening and the shrinkage of the
specimen (about 15% for all specimens) during sintering. The grain size
was calculated by the line intercept method.

For the PNZT -~ acicular pore system, the fracture strengths are
glven in Table 11 and a plot of the fracture strength against the volume
percent porosity is shown in Fig. 10. The fracture strength decreases
rapidly with increase in porosity and then levels off at around 5% po-

rogity. The distribution of acicular pores in the PNZT matrix is shown
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Fig. 10. Fracture strength of PNZT ceramics containing spherical pores,
acicular pores and fine pores against the volume percent of
porosity.
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with zero porosity.

The prediction of Fig. 4 is extrapolated for values over 19%.



XBB7512-9061
Fig. 12. Random section of PNZT specimens containing (a) spherical
pores (4.65% porosity, 60-75 um pore size), and (b)
acicular pores (4.65% porosity, 110-150 um pore size).
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Fig. 13. Typical microstructures of three different PNZT matrix
materials showing the uniformity in grain size,
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Table II. Fracture Strength of PNZT Acicular Pore Ceramics
Volume Percent Pore Mean Ffacture Median Fracture o
Size Strength, O Strength, O g
Porosity ym mean . e Oo
PSI PSI
1.05 10,140 + 3.8% 10,140 0.845
3.55 45-60 8,150 + 7.2% 8,325 0.694
6.25 8,390 + 5.6% 8,485 0.707
11.40 7,460 * 2,27 7,510 0.626
0.87 9,775 +* 7.9% 9,935 0.828
2.10 110-150 8,415 + 10.0% 8,560 0.713
4.66 8,165 = 8.5%. 8,280 0.690
7.51 7,925 + 6.3% 8,050 0.670
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in Fig. 12b. From Fig. 11, it is clear that the fracture strength of
PNZT ~ acicular pore system also follow the Weibull's probabilistic
approach. Here also, the fracture strength is independent of acicular
pore size (grain size is much smaller than the pore size).

For the PNZT - fine pore ceramics, the fracture strength are given
in Table II1 and the results are shown in Figs. 10 and 11. The experi-
mental results follow the prediction for relative strength obtained by
considering only the cross-sectional area change up to approximately 57%
porosity. Up to 5% of fine porosity, the strength shows higher values
than those specimens where pore size are much larger than the grain
size. Figure 14 shows the size and distribution of fine pores formed
by varying the sintering.conditions. The pore size was measured by the
line intercept method. The grain size changes with change in sintering
conditions are shown in Fig. 15. Typical fracture surfaces of fine pore
specimens are shown in Fig. 16. The pore size and grain size for all
PNZ1 ceramics are summarized in Table IV.

B. Tractographic Analysis

In polycrystalline ceramic materials, the propagating cracks
typically spread on more than one plane due to intergranular or combined
intergranular and transgranular fracture. This motion generates markings

" and provides

on the fracture surface which show up as "river patterns'
an excellent means for determining the direction of crack propagation.
In some cases the river pattern can be traced back to determine the

fracture origin. After fracturing the PNZT ceramics, the fracture sur-

faces were observed by scanning electron microscopy. The fracture
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e 3_237*‘;) ;lé

Fracture Strength of PNZT Fine Pore Ceramics

Volume Percent Mean Fracture Median Fracture 0med
Byranliy Strength, Omean Strength Omed : 00_
PSIT PST .
1.20 11,225 + 8.67 - 11,550 0.962
2.40 11,520 = 6.4% 11,860 0.988
5.16 10,870 = 4.47 11,080 0.923
7.50 9,250 * 10.8% 9,020 0.752
13.63 9,230 £ 9.6% 9,060 0.755
15.33 8,270 £ 5.0% 8,185 0.682
16.40 8.270 = 7.0% 8,475 0.706
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LBB766-5227
Fig. 14. Random sections of Pi2T-fine pore specimens showing the. size and
distribution of the porosity; (a) 2.40%, (b) 5.16%, (c) 7.50%,
and (d) 16.40% porosity.



XBB766-5230
Microstructures of PNZT-fine pore specimens from varying =
sintering conditions (sintering temperature, cold pressing
pressure and sintering time); (a) 5.16 % »norosity, 1150°C,

1 ton pressing pressure, 1 minute, (b) 2.40% porosity, 1150°C,

4 ton pressing pressure, 1 minute, (c) 1.20% porosity, 1150°C,

4 ton pressing pressure and one hour holding time at temperature,
and (d) near theoretical density, 1200°C, 4 ton pressing pressure
and 16 hours holding time at temperature.
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XBB766-5228
Fig. 16. Fracture surfaces of PNZT-fine pore specimens showing mostly
intergranular fracture. (a) 2.40% porosity, (b) 7.50% porosity,
(c¢) 5.16% porosity, and (d) 16.40% porosity.
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Table IV. Compilation of Pore Size and Grain Size of PNZT Ceramics
Starting System Volume Percent Pore Size Grain Size
Powder .
Porosity Um Hm
PNZT + 5 w/o PNZT 95
excess PbO
e 25-40 2-5
b Bt et el Up to 13.5% 60-75 2-5
FEHEL | 110-150 2-5
Pores
PNZT + 5 w/o PNZT
excess PbO + Up to 11.4% 45-60 25
Acicular 110-150 2-5
Pores
PNZT 1.20 <2 1-5
+ 2.40 2 <3
Fine 5.16 2 <3
Pores 7.50 2 <3
13.63 2 <3
15.33 2 <3
16.40 2 <3
PNZT
+ 2.45 110-150 2-8
Spherical 4.90 110-150 2-8
PNZT 4 1.w/o L
excess PhO
PNZT 4.80 2-3 <3
+

Fine Pore
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surfaces of PNZT and PNZT - porous specimens are shown in Fig. 17 and 18.
Mostly intergrannular fracture (Fig. 16) was observed, however, in a few
cases a combination of intergrannular and transgrannular fracture was
observed at high magnifications. Fracture may initiate from either the
tensile surface, the edges of the specimen, or just beneath the tensile
surface.

Although the tensile stress is maximum at the outer fiber of the
specimen in a bend test, a pore or agglomeration of pores can cause high
stress concentrations below the surface which can initiate fracture.

This is clearly observed in Fig. 18 where small pores are probably linked
up to a long narrow flaw that raised the stress to a critical value and
‘caused failure.

Calculation of the critical flaw size, "a'", can be done from the

o K. \2
Griffith-Irwin relationship as, a = f<Z>(,_§Q> + (27) where Z is the flaw

Y
al,28 K is the fracture

shape parameter, Y is a geometrical parameter, Ic

toughness and ¢ is the fracture strength of the material. For the same
volume percent porosity (say 4.8%), when KIC values are taken from Table
VIII and ¢ values from Fig. 10, it is found that the critical flaw size
for the PNZT - large pore system is about one and a half times larger
than for the PNZT - fine pore system [assuming f(%)is same for both
cases]. Thus the strength of PNZT - fine pore specimen [for 4.8Y%
porosity] should be expected to be about 1.25 tim2s higher [as © a;%g;]
than for the PNZT - large pore specimen at the sanme volume percent por-
osity and this is shown in Fig. 11.

It was observed that sometimes the bend specimens failed from the

s

g 29 .
edges. To detcermine the edge effecl on the fracture strength, specimens were
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Fig. 17. Typical fracture surfaces of PNZT specimens. (a)* dense PNZT
ceramic with a river pattern from the edge of the specimen,
(b)* PNZT-spherical pore (8.95%, 110-150um), (c) PNZT-acicular
pore (3.55%, 45-60um), river pattern and initiation of edge
failure, and (d) PNZT-acicular pore (4.66%, 110-150pum) with an
indication of edge failure.

*Courtesy of Dr. R. W. Rice, Naval Research Lab., Washington, DC.

2
L
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XBB766-5229

Fracture origin for PNZT-fine pore specimens (a and c) 2.40%

porosity and (b and d) 5.16% porosity at two different magni-
fications. Note that the river pattern and the fracture origin
at an agglomeration of pores underneath the tensile surface.
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fabricated by the same processing techniques. The PNZT pellets were cut
into thin s}ices for fracture strength measurement. In one third of the‘
specimens, the edges were carefuily rounded by using a rotating diamond
wheel. For the other third of the specimens, after rounding the edges,
the tensile surface was polished, and the final one third of the speci-
mens were tested as cut. The results are shown in Table V. It was found
that the change in fracture strength was insignificant. The fracture
surfaces are shown in Fig. 19 for an edge rounded specimen and an edge
rounded aﬁd polished specimen. In both cases the fracture originates
somewhere along the width rather than the edges of the specimens.
Figures 19 a and 19 c show that fracture initiates from the tensile
surface where grain boundary cracks are probably generated from.the
machining. In Fig. 19 b and 19 d, the surface was polished and the
fracﬁure originates beneath the polished tensile surface, probably the
surface stress is raised by subsurface flaws. |
| C. IRlastic Modulus and Damping Capacity

The modulus is a measure of the strength of the bonding among atoms
in the lattice and it is the slope of the linear elastic'region of the
stress~strain curve. Elastic modulus,.E, of PNZT ceramics was measured
by a sonic resonance technique. The values of E are given in Table VI
and the results are plotted in Fig. 20. The elastic modulus follows a
straight line velationship with porosity. The linear rclationship of the
form

E/E0 = 1-KP (19

describes the cxperimental results. The value of K is found to be 2.5

for PNZT ceramics. The elastic modulus extrapolated to zero porosity at
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Table V. Fracture Strength of PNZT Ceramics

Surface
Conditions

Mean Fracture
Strength, ©
PSI

ean

As cut surface.

As cut surface
and
rounding off
the edges.

Polished Surface
and
rounding off
the edges.

12,320 * 7.2%

12,780 £ 7.3%

12,370 + 8.0%
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Fig. 20. Elastic modulus of PNZT ceramics is plotted against the
volume percent of porosity.
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room temperature is 11.0 x 106 psi. For fine pores (2-3um) the elastic
modulus shows a slightly higher value compared to PNZT ceramic containing
the same volume percent of porosity but large in size (110-150um).

Damping is determined by observing the decay in amplitude of
vibration during free oscillation after energy fed into the test speci-
men is interrupted. The natural frequency used to calculate the elastic
modulus is theoretically correct only for the materials without internal
damping. In the present case, damping capacity, &8, was calculated from
Equation (25, and the results are given in Table VII. Damping capacity
is plotted against volume percent of porosity in Fig. 21. It was found
that with increase in porosity, the damping capacify increases. An
interesting observation in Fig. 21 is that for fNZT specimens containing
fine pores (2-3um) generated by low temperature (1150°C), short time
firing, the damping>capacity is approximately one third that for large
pore specimens. It is even less than the extrapolated damping capacity
value for porosity free specimens. For PNZT- fine pore specimens
(sintered at low temperature) it has been mentioned that the grain bound-
ary structure may be different because'of the presence of a small amount
of PbO from the residual liquid phase. This will probably make the PNZT
matrix more continuous. The dissipation of energy will be less for PNZT-
fine pore specimens and reflected in low démping capacity.

D. TFracture Toughness

Measurement of fracture toughness provides an empirical medsure of
the effect of microstructure on crack propagation. Using the double
torsion technique, the fracture toughness K__. was measured for PNZT

IC

ceramics. A considerable amownt of difficulty arose in fabricating the
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Table VII. Damping Capacity of PNZT Ceramics

Type of Volume Percent Pore Damping Capacity
pores Size ’
Porosity Hm
0.55 0.0175
Spherical 4,07 110-150 0.0273
8.27 0.0449
4.70 0.0079
Fine . 2-3

5.70 0.0150
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Fig. 21. Damping capacity as a function of volume percent of
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ceramic by sintering a large piece from which the double torsion
specimens wére cut. 5 w/o excess PBO (P-1 Powder) caused large cracks
to form in the interior of the piece. This was completely eliminated by
reducing the amount of excess PbO to 1 w/o (P-2 Powder). For comparison
purposes, two pellets [using P-1 and P-2 Powders] were sintered and their
fracture strength was measured by 4-point bending. It was found that
the strengths were almost identical.

Double torsion specimens were also tested in a 4-point bending mach-
ine using point loading30 instead of the knife edge supports used for

fracture strength measurement. The results of KIC are given in Table

VIII and a plot of K__, vs. volume percent porosity is shown in Fig. 22.

IC

KIC decreases with increasing porosity (110-150pm) and shows a slightly

higher value for fine pores (2-3um) specimens. Also in Table VIII, the

values of GIC and Yp calculated from Equation(21),are given. GIC also

decreases with increase in porosity but the rate of decrease is less

compared to KI as E also decreases with increase in porosity.

c

The expression for K. for the double torsion specimen geometry

I

show324 that KI is not a function of crack length but it is directly

dependent on the applied load at the point of fracture. PNZT - fine pore
specinen fractures at a higher stress than PNZT - large pore specimen

as obscrvexl and explained earlicr. Therefore, for PNZT - fine pore
materials, the load at the point of fracture is higher. This leads to

a higher K value for PNZT ceramics containing fine pores (2-3um) com-

IC

pared to PNZT - spherical pore (110-150um) system. KIC is related to

CTC according to FEquation(2l)and, therefore, GIC follows a similar trend

as that of KIC' The microstructures of PNZT ceramic with 1 w/o excess
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Table VIII. Fracture Mechanics Parameters for PNZT Ceramics

Volume Pore K E G Y
Percent Size _ ?Cl/z PSleO6 PSIEgn . 4'
Porosity Um PSI-in EE%E x 10

cm
- - 1470 + 4,27 11.00 0.179 1.570
2.45 110-150 1344 + 4,.3% 10.30 0.160 1.402
4.90 110-150 1277 * 5.8% 9.65 0.154 1.354

4.80 D 1388 +15.2% ~10.3 0.171 1.498
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22. Fracture toughness values are plotted against the volume
percent of porosity.
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PbO to start with, containing spherical and fine pores are shown in

Fig. 23. Grain size in the dense PNZT matrix for the large pore speci-
men is between 2 to 8um and pore size and grain size (around 3um) are
almost identical for PNZT- fine pore materials. For artificially intro-
duced large pores, a pore was observed at the crack front and shown in

Fig. 24.
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XBB766-5595
Fractured surfaces from specimens after double torsion testing,
(@aand b) 4.9% porosity, 110-150 um, (c and d) 4.8% fine porosity,
at two different magnifications. Note a large spherical pore
at the crack front in the top right micrograph.
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VI. SUMMARY AND CONCLUSION

Porous ceramics with spherical or acicular pores (25-150pm
diameter) were fabricated by admixing organic powders. The matrix
grain size of these samples was kept constant (2-5uym). Very fine pores
(2-3yum diameter) were formed in PNZT ceramics by varying the sintering
conditions. In this case, the grain size was comparable to the pore
size. |

The effect of porosity on the fracture strength of spherical and
acicular pore systems followed quite well the Weibull's statistical
approach. Other approaches which might be considered based on the stress
concentration factor or effective cross-sectional area were inadequate
to explain the experimental data. An interesting feature of Weibull's
analysis is the prediction'that only the total porosity and not the pore

size will control the strength when the pore diameter is much larger than

the grain size. When the pore size is comparable to.the grain size (PNZT
fine pore), Weibull's predictions is not followed. The experimental
results of increasing porosity to 5% follow the results expected from

a simple model of decrecasing cross-sectional area with increasing
porosity, The critical flaw size for PNZT- fine pore spécimen is small-
er than PNZT- large pore specimen and that gives a higher strength for
fine pore specimen.

The elastic modulus of PNZT ceramics shows a linear decrease with
increase in porosity (110-150pm diameter). Fine pore materials at the
same volume percent porosity show a slightly higher modulus. Damping
capacity increases with increase in porosity (110-150um diameter). For

specimens with small pores on the order of the grain siz¢ the damping
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was approximately one third that of large pore systems. Low damping
is probably.due to the presence of small amounts of residual PbO in the
grain boundaries.

Fracture tdughness, KIC of PNZT ceramics shows a decrease with
increase in porosity (110-150um) - so does the critical strain energy
release rate, GIC’ and fracture surface energy, Y. KIC’ GIC and Yy
for PNZT- fine pore (2-3um) system shows a higher value at the same
volume percent porosity.

For polycrystalline lead zirconate~titanate ceramics doped with
niobium, small pores give a higher strength, elastic modulus, fracture

toughness and fracture surface energy -compared to ceramics with the

same volume percent of large pores.
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