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ABSTRACT

! n’

Subcritical crack propagation in the transducer ceramic, PZT, has been
studied using the double torsion technique, The effects of testing environ-
ment and temperature, as well as the state of poling in the material, have
been characterized in detail, Tests run in water and in environments inert
with respect to water such as toluene, mineral oil and Freon, a corona
suppressant, have established that water enhances slow crack propagation

in PZT, Fracture has also been found to depend sensitively on the state of
poling, Crack propagation is hindered if poling is perpendicular to the crack
plane but is hardly affected if the material is poled parallel to the crack,
These results can be explained more in terms of the residual stresses intro-
duced by poling than in terms of the microstructural (i.e,, domain structure)
changes accompanying poling, A thermal activation analysis carried out on
crack propagation data measured in water on unpoled PZT yielded a stress

free activation energy of 100 kcal/mol,
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I. INTRODUCTION

The propagation of surface and subsurface flaws under subcritical* loads in
a ceramic high-drive sonar transducer can be detrimental to both the me-
chanical strength and the electrical characteristics of the device, The me-
chanical properties degrade since the fracture stress, O of a brittle ma-
terial depends sensitively on the initial flaw size, a, through the Griffith
equation op = AKICa_l/z where A is a geometrical term on the order of
unity and K[(‘ is the critical stress intensity factor (i, e., the fracture
toughness), The electrical characteristics can be altered by flaw growth
since flaws are sites of corona discharge, Electrical discharge contributes
to noise to the device, If the device output is increased or if the unit is

subjected to shock loading, both these concerns are amplified.

The piezoelectric properties of sonar transducer ceramics such as barium
titanate and solid solutions of lead zirconate and lead titanate (PZT) have
been intensively studied and improved through the addition of a host of
elements (many proprietary)(l). The mechanical properites, particularly
the fracture characteristics, on the other hand, have only recently attracted

attention(z‘ 3),

Recent work at the Naval Research Laboratory has identified predominant

fracture origins in PZT as pores, pore clusters, large grains, and ma-

chining flaws(3’ 4). Origins of surface fracture have also been observed at

the edges of electrodes on transducer elements in regions of high electric

(5) (6)

field gradients'®’, Pohanka, et, al, have further shown that internal

* A subcritical load is any load less than that necessary to catastrophically
propagate the flaw,
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*In dynamic fatigue tests, o
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stresses resulting from the paraelectric ~ferroelectric phase transformation
occurring in PZT upon cooling through the Curie temperature can measur-

ably decrease the fracture resistance of the material,

The phenomenon of subcritical crack growth has been studied in many

(7)

ceramic materials but has only recently been investigated in transducer

(8)

ceramics, Freiman et, al, published data showing that water enhances

slow crack growth in PZT5800 (a Navy Type I material), and Caldwell and
9
Bradt (9) established that slow crack growth in PZT could be detected using

dynamic fatigue tests’* in both three-point bend and in compressive tests,

These studies have established that subcritical crack growth occurs in PZT
and the effect is sensitive to the chemical environment, More work is
needed, however, to determine in greater detail the effects of chemical
environment on flaw growth in a transducer ceramic, particularly with re-
spect to the effects of temperature and to the effects of realistic transducer
operating environments such as corona suppressants, In addition, it is not
known how the microstructural changes introduced by poling affect crack

(8)

growth, In BaTiOB, Freiman et, al observed an enhancement of crack
propagation in samples poled parallel to the crack plane, The effects of

poling perpendicular to the crack plane have not been reported,

In this report we present the results of an extensive series of measurements
in which slow crack growth in PZT was examined in a number of testing
environments, The effects of temperature on crack propagation in one envi-
ronment (water) are reported for the first time, Finally, the anisotropic
effects of poling on slow crack growth are demonstrated by testing specimens

poled both parallel and perpendicular to the crack plane,

F is measured as a function of stressing rate,
If subcritical crack growth occurs during loading, Op is expected to increase

with loading rate since less flaw growth takes place during the shorter tests,
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II, EXPERIMENTAL PROCEDURE

A, LOAD RELAXATION TESTING

Slow crack growth in PZT was studied using the double torsion (DT) tech-

nique popularized by Evans et, al, (10, 11).

A schematic showing the spe-
cimen and loading geometry is shown in Figure 1, The stress intensity for

this configuration is independent of crack length and is given by
- 1/2
_?’_(_l_t\_’.). = AP (1)

K, = PW 3
Wd dn

1 m

where P is the load, vis Poisson's ratio, and the other terms are defined
on the Figure, Slow crack growth was studied using the load relaxation
technique, In a load relaxation test a precracked specimen is rapidly

loaded to a load, P, somewhat less than the critical load, P necessary

>
to initiate fast fracture of the specimen; and the crosshead oIfCthe testing
machine is arrested, If slow crack growth occurs, the load will decay as a
function of time since the compliance of the system is an increasing function
of crack length, Providing the compliance is a linear function of crack

length, it can be shown that the crack velocity is related to the instantaneous

load and the rate of decay of the load according to(ll)
4P, Jx
v hi LI CF (2)
P2 dt

where P.1 £ and a, gare initial (or final) load and crack length respectively,
Thus, in a single'load relaxation test, V is measured over a range of KI' The
results are usually plotted as log V vs, log K[ since log V is experimentally

found to be a linear function of log Kl for many ceramics @, 12)_
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SPECIMEN

P2 K K = PWy, [sv({ﬁ: 172
LOADING
po ST S oy
W s T R T
FRONT SIDE

Figure 1. Schematic showing specimen and loading geometry
for double torsion tests.

The samples used in the tests were PZT plates nominally 2,54 c¢cm (1 in.)
wide, 7,62 cm (3 in,) long and had thicknesses ranging from 15 mm (0, 060
in, ) to 23 mm (0,090 in, ), A side groove was cut in each specimen to a
depth of about one-half the specimen thickness and to a width of approxi -
mately 3 mm, We will comment on the side groove width in more detail in
the results, The loading jig was copied from one used at the National Bureau
of Standards AR
as shown in Figure 1, The specimen is supported on the base of the jig by

in which the specimen is loaded through four ball bearing

four ball bearings, Before testing, a thin starter notch was cut in the end
of the specimen to a depth of 3 mm, and a short scratch was diamond scribed
on the bottom of the specimen at the base of the notch to ensure that a crack

would initiate down the center of the side groove,

4
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In a typical test a specimen was tested with the side groove up. (i.e. oppo-
site to that shown in Figure 1), This facilitated the determination of the
final crack length with dye penetrant at the termination of a load relaxation
test, The specimen was loaded in an Instron TM testing machine at a cross-
head speed of 5x 10“3 mm /min (2x 1074 in, /min) until a crack popped in as
noted by a rapid decrease in the load, The specimen was then unloaded and
reloaded at a crosshead speed of 0,25 mm /min (10-2 in, /min) until the
crack just started running, at which tine the crosshead was arrested, The
load vs. time curve during relaxation was recorded on teletype tape to facil-
itate computer analysis of the data., The duration of most tests was 15 to 20
minutes since under ordinary testing conditions slight oscillations in the
load due to small thermally induced deformations in the loading train will
obscure the data at the extremely low relaxation rates occurring at longer

times (e, g., those corresponding to Ve 10-6 m/s)flO)

In computing the \/--K.I curves, provisions were made in the program to
include machine relaxations during the test., Accordingly, a background
relaxation tape was recorded at a load of approximately one-half to three-
fourths PI(‘ before a test, This relaxation was then subtracted from the
total relaxation, After the test the final crack length was measured with a
dye penetrant, * KI(‘ was then measured by reloading the specimen to fail-

ure at a crosshead speed of 0, 25 mm /min (10"2 in, /min),

B. MATERIAL AND TESTING ENVIRONMENT

The PZT specimens tested in this study were cut from transducer tubes
manufactured by the Honeywell Ceramics Center, The PZT is a Navy Type
III high drive sonar ceramic with a nominal composition of PbO. 94Sr0. 06"
Ti0.47Zr0. 5303 plus proprietary additions, This composition is tetragonal

*Turco Products Inc, '"'Dy-chek',

5
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below the Curie point and is dielectrically "hard', The tubes were manufac-
tured by cold isostatic pressing and sintering, All samples were cut from

unpoled tubes with a 100-grit diamond cut-off wheel and subsequently surface
ground to shape with a 100-grit diamond wheel, All grinding was carried out

wet,

Samples were tested in liquid environments by immersing the DT loading jig
in the fluid in a covered stainless steel chamber, The liquids used were
water, toluene, Freon, and mineral oil, The iatter three are considered
inert with respect to water, Freon, in addition, is a known corona suppres-
sant, The stainless steel chamber had resistance heating elements attached

| to it to enable tests to be run at elevated temperatures,

f C. POLED SPECIMENS

The effects of poling on crack propagation were studied using the composite
i DT specimen shown in Figure 2, The specimen was produced by first poling
a 5 mm wide PZT beam and then cementing it between two wider unpoled PZT
beams with high strength epoxy, A side groove was then machined in the
[ poled section and the surfaces trued before testing, A narrow center section
is necessary when testing poled specimens because of the high field needed
for poling, To produce a high field, the electrode spacing must be kept
small, For poling, the sides of each PZT beam were first coated with
silver-filled epoxy electrodes and then attached to copper leads, The sam-
ples were immersed in Fluorinert Electronic Liquid FC=70* maintained at
150 + 5°C and a 35 KV/cm field was applied for 2,5 minutes, After poling,

the samples were immediately removed from the bath, The poling field was

not applied for longer times due to the danger of microcracking the sam-

L
ples(z) Composite DT specimens were fabricated from the poled material

with the direction of polarization both parallel to and perpendicular to the
crack plane as shown in Figure 2,

#*3M Corp.
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Figure 2. Schematic showing composite PZT double torsion specimen
with poled center section cemented between two unpoled
sections.
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III. RESULTS

A, COMPLIANCE MEASUREMENTS

The elastic analysis for a DT specimen is predicated by the condition that
the compliance of the system is a linearfunction of crack length, To this
end the compliances of a number of uncut and composite specimens were

measured as a function of crack length by introducing simulated cracks

with a thin diamond slicing wheel, The results are shown in Figure 3, Since

specimens had varying thicknesses, t, the compliances plotted in Figure 3
have been normalized by t3 according to Equation 3, The normalized com-
pliance of both the uncut and composite specimens is seen to be a linear
function of the crack length, a, It is significant to note that cutting and re-
joining the specimens did not alter the compliance calibration,

The theoretical compliance of a DT specimen is given by(ll);

G :L m (3)

where Y is the deflection, P is the load, and G is the shear modulus, The

B 4 -
iz = 2,56 x 10" MNm

i,e,, the short circuit value of the shear modulus of Sr modified PZT(I),

other terms are defined in Figure 1, If we let G = C

3 3 i 3
thenﬂ%%-l = 8,76 x 10 - 31\1 (5, 1Ix 10 BJ?T'.). This is nearly identical to
the experimental slope of the line shown in the Figure, indicating that the
(11)

elastic analysis can be applied with confidence in this case to both the

uncut and the composite specimens,

47140

e i—
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Figure 3. Compliance of regular and composite PZT double torsion specimens
| plotted as a function of crack length. The compliance has been
normalized by t3 where t is the specimen thickness.
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B. SPECIMEN GEOMETRY

Before the crack propagation data are presented, a comment concerning the
geometry of the DT specimen is in order, Other experimenters have noted
that in some cases the load relaxation during a DT test can be discontinuous,
resulting in load-time curves such as that shown schematically in Figure
4a( T 15)_ Early in this study we found that samples with relatively narrow
(i,e., 0,75 mm) side grooves also exhibited discontinuous load relaxation
curves, Furthermore, it was found first that the load during relaxation
would frequently arrest at values higher than those expected from previous
results, and secondly, Kl(' measured by retesting these specimens to failure
was higher than expected, Examination of the specimens exhibiting these
effects indicated that during relaxation the crack had wandered to the corner
of the size groove where it had been held up, Discontinuous relaxation
curves resulted because the crack would sometimes break away and start
running again, If the crack trapped itself at the corner of the side groove,

it would fan out and increase in area, As shown in Figure 4a, this presum-

ably accounts for the anomalously high measured values of K[("

These problems have been essentially solved by increasing the width of the
side groove from 0,75 mm to 3,25 mm, With the wider side groove the
crack can wander off the centerline of the specimen but will turn in the stress
field back toward the centerline before it intersects the side of the groove,
As a result, the crack remains perpendicular to the bottom of the specimen
and propagation occurs in a geometrically stable manner, resulting in load
relaxation curves such as those shown in Figure 4b,

10
47140
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LOAD
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Figure 4.

NARROW
SIDE l e
GROOVE

CRACK

TIME

() DISCONTINUOUS LOAD RELAXATION GURVE

WIDE
SibE L #";r ]
GROOVE ¢pncK

LOAD RELAXATION

BACK GROUND

TIME

(b) TYPICAL LOAD RELAXATION AND
BACKGROUND CURVES
Schematics showing load relaxation curves obtained with narrow
and wide side grooves. The background relaxation that is sub-
sequently subtracted from the total relaxation is also illustrated
in the bottom sketch.
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In a DT specimen, the crack should be at least as long as one-half the
specimen width to avoid end effects(ll‘ 5 16), For a crack shorter than
this, the apparent value of l\1 is too large, This is easily seen by measuring
KK. as a function of initial crack length, An example of these measurements
1s shown in Figure 5 for soda-lime-silicate glass microscope slides tested

at 25°C in toluene, The accepted value of Kl(' for this material is 7,5 x
v a2 pnVET)
c - )

10°Nm 312

When the cracks are too long, end effects cause a resulting decrease in the

apparent value of K The variation of K with crack length shown in

i e (18)
Figure 5 is similar to that reported by Shetty and Virkar and to that
computed by Trantina(m). Trantina“ﬁ) has performed a three-dimensional

elastic finite element stress analysis on the DT specimen and has shown
that the value of K[ computed by the finite element analysis is less than

that given by Eq. 1 for short crack lengths (i, e., a higher "apparent' value
of KI would be measured) and greater at long crack lengths. For a speci-
men with L/W=3, where W is the specimen width, he showed valid K[ meas-
urements can be made for 0, 54<a/W<2, 34, A crack length of 0. 55 W is
indicated on Figure 5 by an arrow. Inthe measurements reported here,

it was generally observed that after pop-in-the initial cracks were about

1.3cm (i.e., 0.5 W) long.

In most of this work only one load relaxation was run on each specimen,
Typically, a second test on the same specimen resulted in the crack running
out the end of the specimen, When successful reruns were made, the V-KI
curve from the rerun was usually shifted to slightly lower values of KI The
slopes of both log V vs, log }\I curves were always the same, Whether
better absolute values of K1 for V--KI curves can be obtained using multiple
relaxations on the same sample can only be determined on specimens
longer than the ones used for this study, It could be pointed out, however,
that good reproducibility has been obtained with single relaxations run on a

large number of specimens containing different initial crack lengths,

12
47140




R

———— I .

——

-

n— —y

SODA-LIME - SILICA GLASS

24°C
TOLUENE
10 r
o
Q
%
8 [ B0 e B B O
Qr‘ o o e d
L) %00
'E OO
Z 6 o)
- \
°
xH 4q |k
.55 W
2 ll 1 1 1 )
2 4 .6 8 1.0
o/L

Figure 5. K[c measured in toluene on soda lime silicate glass
slides as a function of crack length.
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C. ENVIRONMENTAL EFFECTS ON SLOW CRACK GROWTH

In this section we report our results on the effects of various environments
on the rate of subcritical crack propagation in unpoled PZT, Environmental

effects on slow crack growth in poled PZT will be reported later,

Slow crack growth curves for PZT tested in a number of environments are
shown in Figure 6. In the figure the logarithm of the crack velocity, V, is
plotted as a function of the logarithm of the applied stress intensity, K1 The
individual points on the figure are plotted at intervals dictated by the compu-
ter program used to analyze the load relaxation curves and do not represent
actual data points, By plotting the data in this manner, scatter in the data
due to minor irregularities in the load relaxation curves is readily visualized,
The reproducibility of the V-KI

Data from five tests in water, five tests in toluene, three tests in Freon,

curves shown in Figure 6 is quite good,

and two tests in mineral oil are plotted, Also included are \'-KI data for
PZT 5800 taken by Freiman et al, (8) using the constant moment technique( 19).
The fracture toughness, K‘lC’ of this t(n7attla(§')ial is low with respect to that of

j and is about the same as that for
-3/2)‘

other oxide ceramics such as alumina

soda-lime-silicate glass (i,e,, 0, 75MNm

The data can be conveniently discussed in terms of the three-stage V-KI
curves exhibited by many materials and shown schematically in Figure 7(7’ i .
Water is shown to measurably enhance subcritical propagation in PZT as it
does in other crystalline ceramics and glasses”’ L o s T, 20), The data

for water are in Stagel of the V=K _ curve and can be represented by V=AKIn,

I
The line drawn on Figure 6 through the water data shows n is on the order

(8)

of 55, The water data agree reasonably well with that of Freiman et al,
Water-free environments such as toluene, Freon, and mineral oil act to
retard slow crack growth, The toluene data exhibit all three stages of the

14
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Crack velocity in unpoled PZT measured as a function

of applied stress intensity in a number of environments
The fracture toughness, Kjc, is

at room temperature.
also indicated on the figure.
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SCHEMATIC DIAGRAM SHOWING
VARIATION OF STRESS

INTENSITY FACTOR (K1) WITH
CRACK VELOGITY (V) DURING
SUBGRITICAL CRACK GROWTH
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fnv

REGION T

K “1c

QnKI

Figure 7. Schematic showing different stages of V=K, curves
exhibited by a large number of materials.
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\'-K[ curve while only Stage III crack propagation is observed in the velocity
range examined when tests were run in Freon and mineral oil, The slope of
the \'-K1 curve in Stage III is about 130, It is noteworthy to point out again

that Freon is a recognized corona suppressant,

Slow crack growth in PZT can also be material dependent, Figure 8 shows
data taken on PZT from another batch of the same material. Similar
effects of environment were noted but the data is shifted by about 0,5
=32
MNm

of testing environment on slow crack growth are examined, it is important

to higher values of KI. Thus, when the sometimes subtle effects
to use material from the same batch,

The "high KI" and "low K.I" materials were further examined to determine if
other properties showed similar shifts, A large number of measurements
were made of the grain size, fracture strength in three-point bending, and
Knoop microhardness of samples cut from both materials, The fracture
toughness, grain sizes, fracture strengths, and hardnesses are listed below
in Table 1,

Table 1, Characterization of "High KI" and "Low K." PZT

I
pi b Average Fracture
Material h](‘ Grain Size** Strength o Microhardness s
. . ’ -3/2 =g
High h.! 0.73MNm 3, 4um 77, 8+5, 2MNm 304+8
(19 tests)
=3/2 =2
Low Kl 0.69MNm 3, Tum 82, 0+12, TMNm 28415
(27 tests)

*in distilled water
#*% linear intercept method
*¥% 3=-point bend, 2,54 cm span, 0, 125 cm/min loading rate
k% 600-gm load applied for 1 minute

17
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Figure 8. V=K| data measured in different environments on a different
batch of unpoled PZT. Comparison with the ""low K[" data
in Figure 6 shows that batch-to=batch variation can be
observed in this material.
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The grain sizes and fracture strengths of both types of material were essen~
tially the same, The difference in microhardness was significant, however,
with the "high Kl" material being harder, If fracture takes place during
identation, the hardness number for the "high Kl" material would be expected

to be higher, Evans et, a(7 2D

have shown, in fact, that measurements of
this type can be used to measure Kl(" We did not observe macroscopic
cracks at the indentations but cannot discount microcracking., From the
above we conclude that the property measurements listed in Table 1 did not
aid in revealing the source of the observed differences in fracture resist-

ance of the two batches of material,

D. EFFECTS OF TEMPERATURE ON CRACK PROPAGATION

In order to examine the effects of temperature on slow crack propagation in
PZT and to determine if the kinetics of crack growth could be described by
some thermally activated process, V-KI curves were determined on unpoled
samples tested in distilled water at 0°, 25°, 50°, and 75°C and in mineral oil
at 25°, 75° 100°, and 125°C, All the samples for each series of tests were
cut from the same transducer tube (from the 'low K1" batch) to reduce sam-
ple to sample variation, V-K.I curves for the samples tested in water are
shown in Figure 9, At lease two runs at each temperature are plotted. The
data for V> 10-6m/s were fitted to V=AK

I
and the values of the exponents are indicated on Figure 9, We note that the

™ with the least squares approach

crack velocity increases with increasing temperature, If slow crack growth
in PZT is thermally activated and if a single process is rate controlling, the

crack velocity can be written as

V = Voexp (-E*MKI)/RT
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EFFECT OF TEMPERATURE ON
SUBCRITICAL CRACK GROWTH IN
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Figure 9. Effect of temperature on crack propagation
in unpoled PZT measured in distilled water.
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where E*xq Kl is the apparent activation energy for fracture, IZ*is the
stress free activation energy and VO and o are (‘onstants(zz). The activation
volume is contained in n, In Firsure 10 the velocity at constant Kl (from
Figure 9) is plotted as a function of temperature, From least squares fits
of these data the apparent activation energy can be plotted as a function of
the applied stress intensity as shown in Figure 11, E* is approximately 100
kcal/mole, Similar tests were run in mineral oil but the results were am-
biguous, Figure 12 shows \'-KI curves for PZT in mineral oil at tempera-
tures ranging from 25° to 100°C, Note first that n decreases rapidly from
25° to 75°C and then remains about constant to 100°C, \"-KI curves meas-
ured at 125°C were identical to those at 100°C, This behavior is not indica-
tive of a single thermally activated mechanism and cannot be treated as such,
Either the chemical nature of the oil is changing or the mechanical proper-

ties (and fracture mechanism) are changing discontinuously with temperature,

i, EFFECTS OF POLING ON CRACK PROPAGATION IN PZT

In this section we discuss crack propagation obtained on poled material, In
view of the batch to batch differences in fracture behavior noted earlier, all

the poled specimens were prepared from 'low KI” material, The poled

samples exhibited a remanent polarization of about 25x 10-6 COUl/cmz_" The
S 9
maximum remanent polarization in this material is about 38x10 Gcoul/cm“,

The effects of testing environment on slow crack growth of PZT poled per=
pendicular to the crack (see Figure 2) are shown in Figure 13, Included on
the figure are data taken in distilled water (four tests), toluene (three tests)
and mineral oil (two tests), Comparing Figures 6 and 13, we note that the

major effect of poling on environmentally sensitive slow crack growth in

*Measured at the Honeywell Ceramics Center
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Figure 10. Data of Figure 9 replotted to show crack velocity as a function
of temperature at different values of applied stress intensity.
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Figure 11. Apparent activation energy for crack propagation in unpoled PZT
in water plotted as a function of applies stress intensity.
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‘. Figure 12. Effect of temperature on crack propagation in
[ unpoled PZT measured in mineral oil.
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Figure 13. The effect of environment on crack propagation in PZT

poled perpendicular to the crack. Poling has shifted
the curves to higher values of KI'
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curves by about 0, lMNm-B/z

|

' PZT is to displace the V-KI to higher KI
values, The slopes of the curves in Stage I (i.e., water) and in Stage III

’ (i. e., mineral oil and toluene) are slightly higher in the poled material but
the significance of the difference is questionable in view of the scatter in

‘ the data, Samples poled parallel to the crack plane were only tested in

distilled water, The range of these data along with those for other material

tested in water at ambient temperature are shown in Figure 14, Note that

poling parallel to the crack had little effect on the V-KI curves,

F. CRACK PROFILES, FRACTURE SURFACES, AND MICROSTRUCTURES

As a result of the loading geometry in a double torsion test, the crack pro-
files are curved as shown schematically in Figure 15 iy 3G, 11). If crack
propagation is assumed to be orthogonal to the crack front (this has not been
| experimentally verified for PZT), the crack velocity given by Equation 2 is
too high but can be approximately adjusted by the correction factor ¢ = d { =
(cz+d )1/2 (10, 11)

shown in Figures 15b and 15¢, The profiles represent the crack shape fol-

Photographs of two crack profiles in PZT are also

lowing a high loading rate test to failure to determine hl( A dotted line
has been drawn on the photos of the top specimen half in Figures 15b and
15¢ to better reveal the crack profile, Based on these observations and
others, » =0,45, The data presented in this report have all been corrected

by that amount,

Close examination of some of the crack profiles showed they meet the bottom

surface at an angle greater than 90 degrees, An example is shown in Figure

.

15c¢, This is attributed to the presence of grinding induced compressive

stresses in the near surface layers of the specimen, Nadeau (23) has ob-

served similar profiles in vitreous carbon,

e
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SUBCRITICAL GRACK e
GROWTH IN PZT IN
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| Figure 14. Plot showing the effect of poling on crack propagation in
PZT in distilled water at 25°C. Note that poling parallel
to the crack has little effect on crack propagation while
poling perpendicular to the crack measurably retards
crack propagation.
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The crack profile in PZT double torsion specimens:
(a) schematic, (b) normal crack profile, and (c¢) crack
front intersecting the bottom surface at angle greater
than 90 degrees,
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The fracture paths of unpoled and poled specimens were notably different,
Figure 16 shows the top views of two poled and one unpoled broken DT
specimens, The fracture path in unpoled material was invariably straight,
even when the samples were epoxied composites, In the poled samples, the
fracture paths were generally wavy, as shown, regardless of poling direc-
tion, In all cases the cracks remained perpendicular to the specimen sur-
face, We attribute the waviness to long range inhomogenieties in the
microstructure or residual stress pattern resulting from corresponding

inhomogenieties in the electrodes applied for poling,

A scanning electron micrograph of the fracture surface of an unpoled PZT
specimen is shown in Figure 17a, With the exception of regions where the
crack has intersected pores and pore clusters, crack propagation has oc-
curred predominantly by transgranular fracture., Micrographs taken in
regions of both slow and fast fracture revealed no difference in fracture T
appearance, The fracture surface of a specimen poled perpendicular to the
crack is shown in Figure 17b, Fracture is again transgranular and, in
general, the surface is quite similar to that of the unpoled specimen, The
only notable difference is the appearance of some parallel arrays of markings
visible on the poled surface, Presumably, the markings are due to the
intersection of the crack with domain boundary patterns introduced by

poling. Similar features were observed on the fracture surfaces of samples
poled both parallel to (see Figure 15¢) and perpendicular to the crack plane.
No obvious differences were noted on the fracture surfaces that could

account for the shift in the V-K

curves to higher K. when poling was ' 4

[ I

perpendicular to the crack.
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CRACK GROWTH DIRECTION

~go-

CRACK PATHS IN PZT DOUBLE
TORSION SPECIMENS:

TOP: PARALLEL-POLED PZT
CENTER: UNPOLED PZT

BOTTOM: NORMAL-POLED PZT

Figure 16, Photographs of broken PZT double torsion specimens
showing straight crack path in unpoled material and
wavy paths in poled material,




(a)

(b)

(c)

Figure 17,

UNPOLED

POLED 1L TO

CRACK
POLED / TO
CRACK

Scanning electron micrographs of the fracture surfaces

of (a) unpoled PZT, (b) PZT poled perpendicular to

crack and (¢) PZT poled parallel to crack, Fracture ]
is predominantly transgranular in all cases, {
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IV, DISCUSSION OF RESULTS
' A. SPECIMEN DESIGN

It is significant to note that problems due to intermittent crack propagation
during a DT relaxation test such as that shown schematically in Figure 4
can be essentially eliminated by using a specimen with a wide side groove,
By widening the groove, the stress concentrations at the corners are re-
moved to a distance from the propagating crack where they do not interact
with the stress field of the crack, The crack geometry is then dominated by
the outer fiber tensile stresses in the specimen and the crack, even though
it may wander from the specimen center, is turned back towards the center
and remains perpendicular to the specimen surface throughout a test, We
suggest that adapting this aspect of the DT specimen geometry will increase
the '"yield" of valid DT tests and should be seriously considered by others
using this type of test. The experimental results shown in Figure 5 and

the analytical results of Trantina (16) further show that the starter crack
should be at least as long as the specimen half width, W/2; otherwise,
erroneously high values of K1 will be measured, If possible, specimens
should be used that are longer than the ones employed in this study (i.e,, 3W)
to facilitate performing multiple relaxations. Multiple relaxations must

give repeatable data if confidence in the results is to be expected.

B. ENVIRONMENTAL EFFECTS ON CRACK PROPAGATION IN
UNPOLED PZT

(8,9, 25)on the effects of environ-

The data shown in this report and by others
ment on crack propagation in PZT conclusively show that PZT is susceptible
to environmentally enhanced slow crack growth, Water appears to be the

active medium, As shown in Figure 6, the V-KI curves of PZT exhibit
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three stages characteristic of other ceramics' ’, When the data are fitted
toV = AKIn, n in Stage [ is about 55 and in Stage III is about 130, Tf(lg)n
values are slightly higher than those determined by Freiman, et, al, for

a PZT 5800 and are essentially identical to those found by Caldwell and
Bradt(‘q) on another commercial PZT tested in air, This is an interesting
point since the fracture mode was intergranular in Caldwell and Bradt's
material, and was transgranular in ours and in that of Freiman et. al. From
the \’-h‘[ data shown in Figures 6, 8, and 13, we further note that the operat=
ing lifetime of a component can be significantly extended if the service
environment is a medium that is inert with respect to water. Stage I crack
growth was essentially eliminated when tests were run in mineral oil and

Freon.

Recent work has shown that the lifetimes of structural ceramic components
can generally be predicted from V-KI data using proof testing tech-

(7, 12). In the case of transducer ceramics, however, a note of caution

niques
is in order. ‘Transducers generally operate under cyclic loading conditions
and data such as that shown in this report were obtained under "static" con-
ditions. Evans and Fuller‘(26) have shown that V-l\'I curves under cyclic
loading can be predicted from static V-K[ data providing the characteristics
of slow crack growth are not altered by the loading. It is not clear if this is
the case in a transducer component. In an operating transducer, other
effects such as t)hat of a high applied field must also be considered. Prelim=
7

lnary studies(2 have shown, in fact, that V-KI data obtained with ac fields

applied to a crack propagating in PZT are not the same as that predicted

from the static V-KI curves using the analysis of Evans and Fuller(zs).

C., CRACK PROPAGATION IN POLED PZT

Poling has been found to cause a measurable increase in the stress to pro=

pagate a crack only if the poling direction is perpendicular to the crack
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plane, Only slight shifts in the V-KI curves were noted when the poling
direction was parallel to the crack plane, This behavior can be qualita-
tively accounted for by residual stresses introduced during poling., Since
the PZT used in this study is predominantly tetragonal below the Curie tem-
perature, polarization results from the switching of 90 - degrec and 180 -
degree domains(l), Only 90 - degree domains, however, contribute to the
strain accompanying polarization, When polycrystalline PZT is poled, 90 -
degree domain rotation tends to deform each grain in the polarization
direction, The deformation is, in turn, restricted by the surrounding
grains and intergranular residual stresses result, One contribution to
aging* in piezoelectric ceramics is, in fact, back switching of the 90 -
degree domains due to residual poling stresses(l), The residual stresses
(and remanent strains) are highest in the poling direction, The residual
stresses are compressive and will hinder crack propagation when the poling
direction is perpendicular to the crack, A compressive stress parallel to
the crack is not expected to interact strongly with the stress field at the
crack tip, providing a maximum principal stress fracture criterion is
controlling. Thus, cracks propagating in samples poled parallel to the

crack plane show \/-l\'I behavior similar to unpoled samples.

The magnitude of the residual stress introduced by poling can be estimated
from the shift, AKI,

stress alters the stress field of the crack. The maximum tensile stress in

in the V-KI curves by considering how the residual

front of a Mode I crack is

* Aging is the time dependent ¢« gradation of the dielectric properties of a
ferroelectric material following poling, thermal treatments, or stress

applications.
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where r is the distance from the crack tip The stress in the presence

of a residual stress, Or’ is

Fracture occurs in both cases when Oyy = oyv' = OF where Ok is the fracture

stress. Thus

) ¢ AK
3 vanr Vormr

At distances from the crack tip corresponding to realistic flaw sizes in PZT,

e.g., 10 to 50 um, the residual stress is about 6 to 13 I\INm—z, which is

e

reasonable.

An alternate explanation of the effects of poling on crack propagation is
based on the interaction of a crack with the different microstructures of

(29)

poled and unpoled material. Gerson has shown, for instance, that the
density of both 90 - degree and 180 - degree domain boundaries in PZT
decrease drastically after poling, The resulting "coarser' microstructure
could lead to higher fracture energies, The removal of domain boundaries
upon poling does not, however, account for the large anisotropy observed in
) fracture energy with respect to poling direction, The fact that poled and
unpoled material exhibited \'-Kl curves with similar shapes* when tested in
a number of environments also indicates that the presence (or absence) of

domain boundaries plays a minor role in the fracture process in PZ'F(30).

! * But shifted to higher values of K1 when poling was perpendicular to the
‘ crack,

34
47140

M




Fracture Mechanism

As shown in Figure 11, the apparent activation energy for slow crack propa-
gation in unpoled PZT in water is a linear function of K1 and extrapolates to
a stress-free activation energy of about 100 kcal/mol, If the bond energy is
defined as the oxide dissocation energy divided by the coordination in the
Perovskite structure(Bl) the following table indicates that the measured
value is about 30 percent higher than either the Zr-O or Ti-O bond energies

which, in PZT, are presumably rate controlling.

Oxide
Coordination Dissociation Bond
Number in Energy Energy
Cation PZT (Kcal/mol) {Kcal/mol)
Pb 12 145 12
Ti 6 435 7 5%
Zr 6 485 81

Other rate controlling mechanisms might be associated with the stress-
enhanced diffusion of some species near the crack tip. However, the
observed stress fee activation energy is too high for reasonable candidates.
Furthermore, if stress enhanced diffusion were important, one would expect
the samples poled parallel to the crack to exhibit V-K[ behavior different
from that of unpoled material. That is, since V can be related to the pres-
sure tensor gradient driving the "embrittling species' by 3%}

do..
Vo

ando,, =0 +0 +o, (4)
dx Y
if D is decreased as a result of the poling induced residual compressive
stress, then the velocity should decrease. Since this is not the case, a

normal stress criterion for the cohesive bond is much more realistic in the

present case.

35
47140




——

T G I s

Clearly more activation energy measurements will be needed in inert
environments and in poled material before fracture in PZT is better under-
stood, A major experimental probelm in studying thermally activated

crack propagation in PZT, however, is that while the test temperatures were
low with respect to the melting point, they were high with respect to the
Curie temperature and close tc the morphotropic boundary, Any stress and/
or temperature induced structural changes complicate the application of a

simple thermal activation analysis,

Two other aspects of fracture in PZT deserve mention, These are the
possible existence of a deformed zone at the crack tip resulting from the

(1,33) and the

stress induced migration of 90 - degree domain boundaries
resulting electrostrictive charge buildup, Both will tend to hinder crack
propagation, but, since they are stress dependent, should not be reflected
in the stress free activation energy, If the dependence of these effects on
stress is not linear, however, a linear extrapolation to determine the

activation energy is not justified,
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