
*D—AO $4 ~qq HOCYWELL INC StOOMINSTON M IMI CORPORATE MATERIAL SC—ETC F/s 9,1
CRAC K PROPAGATION IN PZT.(U)
$t 77 j  S SPLICE, S S kOfl%C N0001 —76—C—OSfl

UNCLASSIFIED Pt

ICF I
‘Li

_ PU!



III . .

~

. . 5

~II ________________ 

2 2

I I
_____ 8

I .25 i o



H
I CRACK PROPAGATION IN PZT

I
• First Technical Report

I by

I J . G. Bruce and B. G. Koepke
Honeywell Corporate Material Sciences Center

Office of Naval Research Project CG 1O3

I 
Contract No. N00014 76-C-0625/P00002

July 1977 D 0 (:~
‘

DISTRIBUTION STA~~MENT A

I Approved tot public p’4.r~~Di,tdbutà.c Ualimit.4

I
I

HoneyweU Inc.
• ‘I  Os. Corporate Material Sciences Cente r

I 10701 Lyndale Avenue South
Bloomington, Minnesota 55420

I
1

I C.3

— -~~ _________________________ I



H

‘
I

(L ’RA CK PROPAGATION IN PZT .

Ffr6~~Techn ica~~~ep.~t\

J. G./Bruce -~~ B. C. /Koepke
Honeywell ~ 6~~~ r~ te M~tei’ial Sciences Center

— Office of Naval Research Project CG 1O3

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

D D C

~~

r~i rnr~i ~~~~~~~~~~
Approved ~~ t p~~~ : xt l..ca. ;

Di~txibutio~ (Jalimthid I
Honeywell In .)

Corporate Material sciences Center.
10701 Lyndale Avenue South

Bloomington, Minne~eta 55420

I
I
I

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—



A BSTRACT

~~Subc r itica 1 crack p ropagati on in the transducer ceramic, PZT , has been

• studied using the doub~e torsion technique . The effects of testing environ-
I m ent and te mpe ratu re , as well as the state of polin g in the material , have

been charac terized in detail . Tests run in water  and in envi ronments inert

• I with respect to water such as toluene, mineral oil and Freon , a corona
suppressant, have established that wate r enhances slow crack propagation

in PZT . Fracture has also been found to depend sensitively on the state of
poling. Crack propagation is hindered if poli ng is perpendicular to the crack
plane but is hardly affected if the material is poled pa rallel 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
c rack propagation data measured in water on unpoled PZT yielded a stress
f ree acti v ation energy of 100 kca l/mol .
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I
I
I I.

I
The propagation of surface  and subsurface  flaws under  subcr i t ical*  loads in

I a ceramic h igh -d r ive  sonar t ransducer  can be detr imental  to both the me-
chanical strength and the electrical character is t ics  of the device . The me-
chanical  properties degrade since the f r ac tu re  stress, at., of a bri t t le  ma -

I ter ial  depends sensitively on the in i t ia l  flaw size, a, through the Griff i th
equation aF 

= AK1~~
a 1/2 where  A is a geometrical term on the order ofI uni ty  and K~~. is the critical stress intensi ty factor  (i . e., the f rac ture

toughness) .  The electrical characteris t ics  can be altered by flaw growth

I since flaws are sites of corona discharge . Electrical discharge contribute s
to noise to the device . If the device output is increased or if the un i t  is

I subjected to shock loading, both these concerns are ampli f ied .

I The piezoelectric properties of sonar transducer  ceramics such as ba r ium
titanate and solid solutions of lead zirconate and lead t i tanate (PZT ) have
been intensively studied and improved through the addition of a host of
elements (many proprietary) U)

. The mechanical properi tes , p a r t i c u l a r ly
the fracture characteristics, on the other hand, have only recently a t trac ted
attention~

2’ 3)~

I Recent work at the Naval Research Laboratory has ident i f ied predominant
fracture origins in PZT as pores , pore clusters, large grains, and ma-

I chining flaws~
3’ t)~ Origins of surface fracture have also been observed at

the edges of electrodes on transducer elements in region s of high electric
field gradients~

5
~. Pohanka, et . al . 

(6) have fur ther  shown that in ternal

*A subcritical load is any load less than that necessary to catastrophically
propagate the flaw .

11 47140
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stresses resulting from the paraelectri  c -. ferroelectric phase t ransformat ion
Occurr ing in PZT upon cooling th rough the Curie temperature  can measur-
abl y decrease the f rac ture  resistance of the material.

The phenomenon of subcri tical  crack growth has been studied in many
ceramic materials~

7
~ but has only recentl y been investigated in t ransducer

ceramics . Fre iman et . al . published data showing that water  enhances
slow crack growth in PZT5800 (a Navy Type I materi al), and Caidwell and
Bradt 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 e f fec t s  of chemical
environment  on flaw growth in a transducer ceramic, par t icu la r ly wi th  re-
spect to the effects  of tempera ture  and to the ef fec ts  of real is t ic  t ransducer

operating en vi ronments such as corona suppressants. In addi t ion , it  is not
known how the microstructural  change s introduced by poling af fec t  crack
growth . In BaTiO 3, Freirnan et . al~

8
~ observed an enhancement of crack

propagation in samples poled parallel to the crack plane . The effec ts  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
envi ronments. The effe cts of temperature on crack propagation in one envi-
ronment (water) are reported for the f i rs t  time . Finally, the ani sotropi c
effects of poling on slow crack growth are demonstrated by testing specimens
poled both parallel and perpendicular to the crack plane .

~In dynamic  fatigue tests, aF is measured  as a function of stressing rate ,
If subcrit ical  crac k g rowth occurs during loading, 

~F is expected to increase

with loading rate since less flaw growth takes place during the shorte r tests,

2
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II . E X P E R I M E N T A L  PROCEDURE

A . LOAf) R E L A XATION TESTING
1~

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

nique popularized by Evans et . al . (10 , h 1)
• A schemati c 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
r j 1 f 2

K = PW I 3( l+
~) I  AP (1)

I m l~~~d 3d I
L nj

where P is the load, ‘~ is Poisson ’s ratio, and the other terms are defined

on the F igure . 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, P1~~, necessary

to init iate fast f racture of the specimen; and the crosshead of the testing

machine is arrested. If slow crack growth occurs, the load will  decay as a

function of t ime since the compliance of the system is an increasing funct ion

of crack length . Providing the compliance is a linear functi on of crack

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

load and the rate of decay of the load according to~~~~

- ( P. ) (a.
v = 

i. f (2)

where P~ ~ 
and a~ ~ 

are initial (or final) load and crack length respectively.

Th us, in a single load relaxation test, V is measured over a range of K1. The

f results are usually plotted as log V vs . log K1 
since log V is expe rimentally

found to be a linear function of log K1 
for many ceramics ‘

3
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SPECIMEN 

~~~~~~~~~~~~~~~~ 
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9/ / 7 2 /  / 5 / / / / / / 2 /
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 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 -
m ately 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 ( 13) in which the specimen is loade d th rough four ball bearing
as shown in Figure 1, The specimen is supported on the base of the jig by
fou r ball bearings . Before testing, a thin starter notch was cut in the end
of the specimen to a depth of 3 m n-i , 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 t y p i c a l  test  a specimen was tested with the side groove up . (i .e . oppo-
site to tha t  shown in Figure  1). Th is  fac i l i ta ted  the determinat ion of the

I f ina l  ( r a c k  length wi th  dye penetrant  at the t e rmina t i on of a load relaxation
test . The specimen was loaded in an Ins t ron TM test ing machine  at a cross-

I -3 . - 4 .
i head speed of 5x 10 m m / m m  (2 x  10 in . 1mm ) un t i l  a c rack  popped in as

noted h y  a rapi d decrease in t he  loa d . The specimen was then  unloaded and

I reloaded at a rrosshead speed of 0.23 m m / m m  ( l O ~~ in . /n i n )  unt i l the

crack just  s ta r ted  runn ing ,  at which tin~e the crossh ead was arres te d. The

I load vs . t ime cu rve  dur ing  relaxation was recorded on teletype tape to facil-
itate computer analysis of the data . The duration of most tests w a s  15 to 20

minutes  s ince unde r ordinary tes t ing  conditions slight oscillations in the

I load due to small the rmal ly  induced deformations in t h e  loading t r a i n  wil l

obscure the data at the ext remely low relaxation rate s occur r ing  at longer

I . 0 . —6 ( 10)t imes (e . g . ,  those corresponding to \ —  10 m I s) .

In comput ing  the V -K1 curves , provisions were made in the program to
inc lude  machine re laxat ions during the test . Accord ingl y, a background

I relaxation tape was recorded at a load of approximately one-h a lf to three-
four ths  I’I ( O before a test . This relaxation was then subtracted from the

- - I total relaxation . Af t e r  the test the f inal  crack length was measured wi th  a
dye penetrant. * K1(. was then measured by reloading the specimen to fail-
ure at a crosshead speed of 0. 25 m m / m m  (10 2 in . 1mm ).

B. M A T E R I A L  A N D  TESTING E N V I R O N M E N T

I The PZT specimens tested in this study were cut from transducer tubes
manufactured by the Honeywell Ceramics Cente r . The I’ZT is a Navy Type
III high drive sonar ceramic with a nominal composition of Pb 0 94 Sr 0 O6~Ti 0 47 Zr 0 5303 plus proprietary additi ons . This composition is tetragonal

I
*Turco Products Inc. “Dy-chek”.
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below the Cu ri e point  and is  d ie l e c t r ic a l l y  ‘‘ha rd ’’ . The tubes ~‘. ere x i , a n u f a c —
tured  by cold i sostati  c press ing  and si nte r ing .  All samples were  cut f rom
unpo led tubes wi th  a 100—gri t  diamond cut—off  wheel and s u b s e q u e nt ly  s u r fa c c
ground to shape wi th  a 1 0 0— g r i t  d iamon d ~ heel . All  g r i n d i n g  w a s  ar r i c d  out
wet .

Samples  were  t c st ed  in l i q u i d  e n v i r o n m e n t s  by  i mn i e r s i n g  t h e  f ) T  loading j i g
in t h e  f l u i d  i n  a covered  s ta inless  steel chamber . The l iquids  used were
water , toluene , Freon , and minera l  oil . The iat ter  th re e are considered
i n e r t  w i t h  respect to water . Freon , in addit ion , is a known corona suppre s-
sant . The stainless steel chamber  had resis tance h e a t i n g  elements  a t tached
to it to enable tests to he run at elevated temperatures.

POLE~) SPECIMENS

The ef fec ts  of poling on crack propagation were studied us ing  the composite
DT specimen shown in Figure 2. The specimen was produced by f i r s t  poling
a 5 mm wide I ’ZT beam and then cementing it between two wide r unpo t ed  PZ~1’
beams with high strength epoxy. A side groove was then n achined  in the
poled section and the surfaces trued before testing . A nar row cen ter  section
is necessary when testing poled specimens because of the high f ield needed
for poling . To produce a high field , the elect rode spacing must  be kept
small . For polin g, the si des of each PZT beam were f i rs t  coated wi th
si lver-fi l led epoxy electrodes and then attached to coppe r leads . The sam-
ple s we re immersed in Fluorinert  Electroni c Liquid I ’( -70~ main tained at
150 ± 5°C and a 35 K V/ c m  field was applied for 2~ 5 minutes~ A f t e r  poling,
the samples were immedia te ly  remove d from the bath e The poling field was
not applied for longe r times due to the dange r of m i c r o c r a c k i n g  the sam -
p1es~

2
~ Composite DT specimens were fabr ica ted  f rom the poled mate rial

with the direction of polarization both parallel to and perpendicu la r to the
crack plane as shown in Fi gure 2 .

*3M Corp.
6
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UNPOLE D
SECTIONS

I
I
I

POLED
SECTION EPOXY

POLING DIRECTIONS

Figu re  2. Schemat ic  showing  composite PZT double to r s ion  specimen
with poled center  section cemented between two  unpo led
S C Ct I On S .
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III . R ESULTS

A . COM P L I A N ( I ; M E A S U R E M E N T S

The elastic analysis for a DT specimen is predicated by the condition that
the compliance of the system is a l inear  function of crack length . To this
end the cornpliances of a number  of uncut  and composite specimens were
measure d as a func t ion  of crack length by int roducing  s i m u l a te d  c racks
wi th  a t h i n  diamon d 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 t 3 according to E quation 3. The normal ized  corn-
pliance of both the uncut and composite specimens is seen to be a l inear
funct ion of the c rack  length , a • It is s ign i f i can t  to note that cutt ing and re-
joining the specimens did not alte r the compliance cal ibrat ion .

The theoret ical  compliance of a DT specimen is given by U ] )
:

3W 2a
(• =~~~~ ~n (3)

W t G

where Y is the deflection, P is  the load, and G is the shear modulus . The
othe r terms are defined in Figure 1. I f we let G = (~~~E 

= 2 . 56 x 1O4 MNm 2,
(fli . e .,, the short circuit  value of the shear modulus of Sr modified PZT ‘

,

then d(ct
3) 

8. 76 x l0~~~~~~~ (5 . 1x10~~~~~~~~). This is nearly identical to
the exper imenta l  slope of the line show n in the F igu re , indicating that the
elasti c analysis ( 11) can be applied with confidence in thi s case to both the

uncut and the composite specimens.

8
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COMP UANCE CURVE FOR
150 - UNPOLED PZT NORMAL IZED

ON TH ICKNESS +I
V

A
/
/

/
I X X

0 
~~
‘ x

V REGULAR
o 3/ SPECIMENS

5 0 -  + ,/~
V + EPO XI ED

25 

/
4(X 

X v } SPECIMENS

— 

1 I I I I 1
I 2 3 4 5 6 7

CRAC K LENGTH (cm )
F’igure 3. Compliance of regular and composite PZT double torsion specimens

plotted as a function of crack length . The compliance has been
normalized by t~ where t is the specimen thickness.
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B. SPECIMEN GEOMETRY

Before the (‘ rack propagation data a re presented , a comment concern ing  the

geometry of the I)T specimen is in orde r . Other expe rimenters  have noted
that  in Soirie cases the load relaxation during a DT test can be discont inuous,

result ing in load-t ime curves such as that shown schematical ly in Figure
(14 , 15) 04a . Early in this study we foun d that samples with re la t ive ly  narrow

(i . e ., 0. 75 m m)  side grooves also exhibi ted discont inuous load relaxation

curves . Fur thermore, it  was found f i rs t  that  the load dur ing  re laxat ion

would f requently arrest at values higher than those expected from previ ous
results , and secondly, K1~ 

measured by retest ing these specimens  to fa i lu re
O was h igher  than expected . Examination of the specimens exhibit i ng these

effects indicated that  during relaxation the crack  had wandered to the corner
of the si ze groove where it had been held up. Discontinuou s relaxation

curves  resulte d because the crack would sometimes break  away and start

running agai n . 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 hi gh measured values of K1~~.

These problems have been essentially solved by inc reasing the w id th  of the

side groove from 0. 75 m m to 3. 25 mm . With the wider side groove the
c rack can wander off the centerline of the specimen but will turn in the stress
fi eld back toward the cente rli ne before it intersects the side of the groove .

O A s a result , the crack remains perpendicula r to the bottom of the specimen
and propagation occurs in a geometrically stable manner , r esulting in load
relaxation curves such as those shown in Figure 4b .

10
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Figure 4. Sche mat ics  showing load relaxation curves  obtained with nar row

j  

and wide side grooves . The back ground relaxation that  is sub-
seq uently subtracted from the total relaxation is  also i l lustrated
in the bottom sketch .
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In a I)T specimen , the crack should be at least as long as one-ha lf  the
specimen width to avoid end effects U l l 15, 16) For u c r ack  shor t e r  t l i : i r i
th i s , t h e  apparen t  value of K1 is too large . This  is easi ly seen by m e a s u r i n g
KR. as a function of ini tial ( rack  length . An example of these ri easuren ~crits
is  shown in Figure 5 for soda- l ime-s i l i ca te  glass microscope slides tested
it  2~Y( ’  in toluene . The accepted value ( i t  K1 . for  th i s  mate r ial  i s  7 . 3 x

01 _ 3/ ) ( l 7 )
lU Nm

When  the c racks  a r e  too long , end ef f ect s  cause a resu l t ing  decrease in  the
appa ren t  v a l u e  of K . The va r i a t ion  of K w i t h  c rack  length  shown in
[igu re 5 is s i m i l a r  to tha t  repo rted by Shetty and V i r k a r and to tha t
computed  by T ran t ina~~

6
~. Trant i na~~

6
~ has p e r f o r m e d  a t h r e e - d i m e n s i o n a l

e l a s t i c  f i n i t e  e l e m e n t  s t ress  a n a ly s i s  on the  DT spec imen  and has shown
tha t  the  va lue  of K 1 computed  by the  f i n i t e  e lement  anal ys is  is less than
tha t  g iven  by Eq. 1 for  short  crack l eng ths  (i . e . • a h i g h e r  ‘ appa rent t va lue
of K 1 would  he m e a s u r e d)  and g reater at long crack lengths . For a speci-
men wi th  L / W 3, w h e r e  \V is the  spec imen width , he showed va l id  K 1 meas-
u r e m e n t s  can he made for  0. 54ca / \ V < 2 . 34 . A crack length of 0 . 55 \V is
ind ica t ed  on l” ig~~re 5 by an a r row . In t he  measurement s reported here ,
it was genera l l y observed that  af ter  pop - in - t he  ini t ia l  cracks were about
l . 3 c m ( i . e . ,  0. 5 \V ) long .

In most of this work  only one load relaxation was run on each specimen .
Typically, a second tes t on the same specimen resulted in the (‘rack running
out the end of the specimen . When su ccessful rerun s we re m ade, the V -K1
curve from the re run was usually shifted to slightly lower values of The
slopes of both log V vs . lo g K1 curves were always the same . Whe ther
better absolute values of K1 for V-K 1 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, how ever,
that good reproducibility has been obtained with single relaxations run on a

large num ber of specimens containing different initial crack lengths.
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C. E N V I R O N M E N T A L  EFFECTS ON S LOW (~RACK G ROWTH

In this sect ion we report our result s on the ef fec ts  of various env i ronments
on the rate of su b c r i t i r a l  crack propagati on in unpoled l’ZT . Env i ronmen ta l

e f fec ts  on slow crack growth in poled PZT will  be reported late r .

Slow crack  growth curves for PZT tested in a number of environments are
shown in Figure 6. In the f igure  the logarithm of the (‘rack velocity, V , is
plotte d as a funct ion of the logarithm of the applied stress intensi ty, K.1. The
indi vi dual points on the figure are plotted at intervals di ctated by the compu-
ter pro gram used to analyze the load relaxation curve s and do not represent
actual data points . By plotting the data in this manner , sca tte r in the data
due to minor i rregulari t ies  in the load relaxation curves is readil y visual ized .
The reproducibili ty of the V -K 1 curves shown in Figure 6 is quite good.
Data f rom fi ve tests in water , five tests in toluene , th ree tests in Freon ,
and two tests in mineral  oil are plotted . Also incl uded are V -K 1 data for

PZT 5800 taken by Fre iman et al . 
(8) using the constant moment technique~ 

19)

The f racture  toughness, K1 of this material  is low with respect to that of
other oxide ceramics such as alumina ‘ and is about the same as that for

• 0 0 0 -3/2soda-lime -silicate glass U. e,,, 0. 75MNm

The data can he conveniently discussed in terms of the three-stage V-K

curves exhibited by many materials and show n schematically in Figure 7(

Water is shown to measurably enhance subcritical propagation in PZT as it
• 0 0 (7 , 8, 10, 12, 19, 20)does in other crystalline ceramics and glasses . The da t a

for water are in Stage I of the V-K 1 curve and can be represented by V=A K1
”1.

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

of 55. The water data agree reasonably well with that of Freiman et al. 
(8),

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

I 
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4 Figure 6. Crack velocity in unpoled PZT measured as a function

of applied stress intensity in a number of environments
at room temperature. The fracture toughness, KIC, is
also indicated on the figure.
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SCHEMATIC DIAGRAM SHOWING
VARIATION OF STRESS I
I NTENSITY FACTOR (K 1) WITH j
CRAC K VELOCITY ( V )  DURING /
SUBCRITICAL CRACK GROWTH I

REGION IU I

REGION II

REGIONI

K 0

2 nK 1
Figure 7. Schematic showing different stages of V-K 1 curvesexhibited by a large number of materials.
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I

V -K1 curve while  onl y Stage III crack propagation is observed in the velocity
range examined  when tests were run in Freon and m i n e r a l  oil . The slope ofI the V -K1  curve in Stage Ill is  about 130 . It is noteworthy to point out again

that  Freon is a recognized corona suppressant .

I
Slow crack  growth in PZT can also be m aterial dependent . Figure 8 show s

data taken on PZT from another batch of the same material .  Simi lar

effects  of environment  were  noted but the data is shi f ted  by about 0. 5

I ~~~~~~~~~ to higher values of K
1. 

Thus , when the sometimes subtle ef fec ts

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

to use material  from the same batch ,

The “high K 1
” and “low K1” materials were fur ther  examined to determine if

other properties showed similar shifts . A la rg e n um ber of measu re m ents

were made of the grain size , frac ture strength in three-point bending, and

Knoop microhardness of samples cut from both materials. The fracture

tou ghness, grain si zes , frac ture strength s, and hardnesses are listed below
in Table 1.

Table 1. Charac terization of “High K1” and “ Low K1
t ’ PZT

I - Average Fracture
Mater ia l  ~ 1( Grain Size~~~~

0 Strength*** Micr ohard n ess ’ ’~*’~

I 
Hi gh K1 0. 73 M Nm 3/ 2  3. 4~ m 77 . 8±5 . 2MNm 2 304± 8

(19 tests )

I Low 0. 6 9 MN m 3
~

’2 3. 7Mm 82. 0± 12. 7 M N m 2 284±5
(27 tests )

* in  distil led w ate r
‘~‘* linear intercept methodI’ *** 3-point bend, 2 , 54 cm span, 0. 125 cm/mm loading rate

**** 600-gm load applied for 1 minute

I.. I 17
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~O - DATA OF FREIMAN
ET. AL. FOR ~~~~~~ 

.

.

. . I
PZT 5800 IN ~~~~

..5
10 . ::

DISTILLED ..: : 0 0

WATER ~~~~~~~~~~~~~~~~~ 

.

n’56 •~~~~~~ :•  
‘

E ~~~
.. . * .

.
.
.
. .

TOLUENE
n ’132

10 ~~~~~~~~~~~~~~~~~~~~ 
0~~~~~

1 .  K~
-7 1 .
I0-

I I I

0.5 0.6 0.7 0.8
- 3/2

K1 (MNm )
Figure 8. V-K 1 data measured in differ ent  environments on a different

batch of unpole d P Z I . Comparison with the ‘ low Kf ’ data
in Figure 6 shows that  batch-to-batch variat ion can be
observed in this material .
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I

The grain sizes and f racture  strength s of both types of material were essen-
t ia l lv  the same . The d i f fe rence  in microhardness was s igni f icant , howeve r,

wi th  the “high K1
” mater ial  being harder. If f racture  takes place during

identation , the hardness number  for the “high K1
’ mater ia l  would be expected

to be h igher . Evans et . al ‘ have shown, in fact , that  measurements  of

this type can be used to measure K1(.. We did not observe macroscopi c

cracks at the indentation s but cannot discount microcracki ng. 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 f r ac tu re  resist-

ance of the two batches of material .

D. EFFECTS OF T E M P E R A T UR E 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

som e thermally act ivated process, V-K 1 curves we re determined on unpo led

samples tested in distilled water at 0°, 25°, 50°, and 75°C and in mineral  oil

at 25° , 75°, 100°, and l25°(~. All the sample s for each series of tests were

— .- cut from the same transducer tube ( f rom the “low K1” batch ) to re duce sam-

pie to sample variation . V -K1 
curve s for the samples teste d in wate r are

shown in Figure 9. At lease two runs at each temperature are plotted . The

I data fo r V> 10 6m/ s  were fitted to V i A K 1
’~ with the least squares approach

and the values of the exponents are indicated on Figure 9. V’~e note that the

( 

crack velocity increases with  inc reasing 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 = V exp (_ E *~~xK1)/ RT

1 0

I
I 19
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EFFECT OF TEMPERATURE ON
SUBCR I T I CAL CRACK GROWT H I N
UNPOLED PZT IN DISTILLED WATER

• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure 9. Effect of temperature on crack propagation
in unpoled PZT measured in distilled water.
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I

w h e r e  1.~ :_ - i K 1 is the apparent  acti vation energy for f rac ture . is the

I stress f ree  a c t i va t i o n  energy and V 0 and ~ are constants~
22

~. The ac t iva t ion

volume is  contained in  ~~~. In F ’ir~ure 10 the velocity at constant (from

Figure  9) is plotted as a function of temperature. From least squares fi ts

of these data t h e  apparent activati on energy can be p lotted as a funct ion of

the applied stress intensi ty as shown in Figure 11. E”  is approximately 100

k c a l/m o le . Similar  tests were run in  minera l  oil hut the results were am-

biguous . Figure  12 shows V -K1 
curves for  PZT in  mineral  oil at tempera-

tures  rang ing  f rom 25° to 100°(’ . Note f i r s t  that n decreases rapidly f rom

25 to 75 °C and then remains  about constant  to 100°C . V -K1 
curves  meas-

• ured at 125°C were  ident ica l  to those at 100°C . This b ehav ior  is not indica-

t ive  of a single t h e r m a l l y  ac t i va t ed  mechanism and cannot be treated as such .

Ei ther  the chemica l  na tu re  of the oil is changing or the mechanical  proper-

t i e s  (and f rac ture  m e c h a n i s m)  are changing discontinuously with temperatu re .

~~~. 1- :FFECTS OF I’OLING ON C R A CK  PROPAGATION IN PZT

In this secti on we discuss c rack  propagation obtai ned on poled mater ia l . In

- v i e w  of the batch to batch d i f f e rences in f rac ture  behavior noted earlier , all
- the poled specimens were prepared from “low K1” mater ial. The poled

0 0 0 0 —6 coul 2~samples exhibi ted a remanent  polarization of about 25x 10 / cm . The
-6coul ‘

~

maximum remanen t  polari z ation in  this m ate rial is about 38x10 / c m .

T h e  e f fec t s  of testing environment  on slow ( rack growth of PZT poled per-

pendicular to the crack (see Figure 2) are shown in Figure 13 . I ncluded on

r the f igure  are data taken in distilled wate r (four tests ), toluene (three tests )

1 and minera l  oil (two tests) .  Comparing Figures 6 and 13, we note th at the

major effect  of poling on environmental ly sensitive slow crack growth in

~‘Measured at the Honeywell Ceramics (‘enter

1 21
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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 pr opagation in unpoled PZT
in water plotted as a function of applie s stress intensity.
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EFFECT OF TEMPERATURE ON
SUBCRITICAL CRACK GROWTH IN
UNPOL ED PZT IN MINERAL OIL
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to - .

100°C
fl:42

-5 • 75C .~
$0 - 

•~f~~~ 44

:1
• •

>

-6
$0 - 

•

- 7
$0 -

0-5 0.6 0.7 0.8

K1
(MPO m

2
)

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 K1.
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I
PZT is to disp lace the V -K 1 curves by about 0. 1MN m 3/ 2  to hi ghe r  K1
values . The slopes of the curves in Stage I (i . e ., water )  and in Stage Ill
Ii . P. m i n e r a l  oil and  t o lu en e )  are s l igh t l y h i g h e r  in  the  pole d mate r i a l  but
the s ig n i f i c a n c e  of the di f fe ren -e is questionable in view of the scatter  in
t i l e  da t a . Samples poled parallel  to the crack plane were onl y tested in
distilled water . T h e  range of these data along with those for  other ma te r i a l
tested in w a t e r  a an h ien t  t empera tu re  are shown in F igure  14. Note that
poling parallel to the crack had little effect  on the V -K 1 curves .

V

I•~. ( ‘R A C K  PROFILES, F R A C T U R E  S U R F A C E S , A N D  PI 1I( ROSTRUC TURES

A s a result  of the loading geometry in a double torsion test , the crack pro-
f i les  are curved as show n schemati cally in Figure l5~~~’ 

10, ~~~~~~~ If crack
propagation is  assumed to he orthogonal to the crack f r o n t  (th is  has not been

exper imenta l ly  ve r i f i ed  for PZT) , the crack velocity given by Equation 2 is
too h i g h  but can be approximately adjusted by the correction factor 0 = d I -

(c 2 +d 2 )~~~
2 (10 , 1~~• Photographs of two crack profiles in PZT are also

shown in Figures 15h and l5c . The profi les represent  the c rack  shape fol-
lowing a h igh  loading rate test to fa i lu re  to determine K1C• A dotted line
has been drawn on the photos of the top specimen half  in Figure s 15b and
15c to bette r reveal the crack profile . Based on these observations and
others, t ~~0.45 . The data presented in this report have all been corrected

by that amount .

(‘lose 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 . N adea u (23 ) has ob-
served similar profiles in vitreous carbon.

25
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SU BC R I T I C A L  CRACK
G R O W T H  I N  PZT I N  RANG E OF POLED
DISTILL ED WAT E R 

DATA ( POLED PARALLEL
TO CR ACK PLANE)

-4 ( 2 5 C )
10 -

R A N G E  OF
U N P OLED
DATA

- 5~~~~~~~~~~~~~~~~~ N10 -

R A N G E OF
POLED DATA
(POLED NORMAL

- TO CRACK
PLAN E)

-6
10 -

N
N

N
N

~7 
N

10 -

I I
0.5 0.6 0.7 0.8

• K1(MPo -m 1”
~)

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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I
U N C RAG K ED
MATERIAL

( a )

~. -I.,.— - -

~~~~~~~~~~~~~~

( b )

( c )

I - i  ~urc 1.i . T u e  ( -ra ck  p r o f i l e  in l’ZT double torsion specimens:
(a) i-n - l i e ma t i c , (h )  normal  crack profile , and (c) crack
front  i n ter s e c t i n g  t h e  bottom sur face  at angle greater
than 90 degrees .
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The frac ture paths of unpoled and poled specimens were notably di fferent .
Fi gure 1 6 shows the top views of two poled and one unpoled broken DT
specimens. The f rac ture  path in unpoled material was invariabl y s t raight ,
eve n when the sample s were epoxied composites. In the poled samples, the
fracture  path s were  generally wavy, as shown, regardless of poling direc-
tion . In all cases the cracks remained perpendicular to the specimen sur-
face , We at t r ibute the waviness to long range inhomogeniet ies in the
mic rostructure 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 i-S shown in Figure l7a . 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
region s of both slow and fast fracture revealed no difference in fracture
appearance . The fracture surface of a specimen poled perpendicular to the
crack is shown in Fi gure 17b . Fracture is again transgranular and, in
gene ral, 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 int roduced by
poling. Similar features were observed on the fracture surfaces of samples

poled both parallel to (see Figure 15c) and perpendicular to the crack plane .
No obvious d i f ferences  we re noted on the fracture surfaces that could
acco unt for the shift  in the V-K 1 cu rves t o hi gher  K 1 when pol i ng was
perpendicular to the crack.

28
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I CRACK GROWTH DIRECTION

I

CRACK PATHS IN PZT DOUBLE
TORSION SPECIMENS:

TOP: PARALLEL-POLED PZT

- 
CENT ER: UNPOLED PZT
BOTTOM: NORMAL-POLE D PZT

F ig u r e  16 . Ph otographs of broken PZT double torsion specimens
showing s t r a i g h t  ( -r ack  path in unpoled material  and
w ay  path s in poled material.
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UN POLED( a )

,
~~% ~ U014.m l

(b) ‘ . POLED I TO
CR AC K

‘P

[IO,u.m

(c ) POLED II TO
CRACK

F i g u r e  17 . Scann ing  elec t ron nncrograph s of the fracture surfaces
of (a) unpoled PZT , ( h )  PZT poled perpendicular to
i -rack  and ( r )  PZT poled parallel to crack. Fra cture
is  p redom inan t l y t r ansg ranu la r  in  all cases . j
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IV . t )I S( IT SSION OF R ESULTS

A . SPI - :CIMI:N DESI(;N

It is s i g n i f i c a n t  to note that  problems due to in te rmi t ten t  crack propagation

duri ng a 1)T relaxation test such as that show n schemat ica l ly  in  Figure  4

r a n  he essent ia l ly  e l imina ted  by us ing  a spec imen with a w i d e  side groove .
By widen ing  the groove , the stress concentrat ions at the corners are re-

moved to a distance from the propagat ing crack  where they do not in te rac t

with  the  stress f ie ld  of the crack . The crack geometry is then dominated b

t!~u outer f iber  tensile s tresses in t I e  specimen and t h e  - r a c k , even though

it  may wander from the specimen center, is turned back towards the center

and remains pe rpendicular  to the specime n surface throughout  a test . V~e

suggest that  adapting this  aspect of the DT specimen geometry wi ll i ncrease

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 T rantina ( 16)  f u r the r  show that the starter ( - r a c k

shoul d be at least as long as the specimen half width , W / 2 ;  o t h e r wi s e ,

erroneously high values of K1 will  be measured. If possible, specimens

- - 
should be used that  are longer than the one s employed in this stu ’1v (i . e ., 3 W )

to faci l i tate performing multiple relaxations. Multip le relaxations must

give repe atable data if  confi dence in the results is to be expected .

B. EN V I R O N M E N T A L  EFFECT S ON CRACK PROPAGATION IN

IJNPOLED PZT

The data shown in this report and b y others~
8’ ~~ ‘ 

2 5> on the effects of environ-

ment on c-rack propagation in PZT conclusively show that PZT is susceptible
to environmentally enhanced slow crack growth . W ater appears to be the

acti ve medium. As shown in Figure 6, the V-K 1 curves of PZT exhibit

31
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(7)three S t t ~~i - ~ charac te r i s t i c  of other ceramics  . When the data are fi t ted
to \‘ = AK 1

n
. n i n  Stage I is about 55 and in Stage III is about 130. The n

va lues  are sl i i~ht 1 v h i g h e r  than those determined by Fre iman, et . al . 
(8) for

a PZ 1’ ~800 and are essent ial ly  identical to those foun d by Caldwell and
Hradt~~~ on another  c o r i <n i e r e i a l  PZT tested in air . This is an interest ing
poin t  s ince the f rac ture  mode was in te rgranula r  in Caldwell and Bradt ’s
m a t e r i a l , an d was  t r a n s g ran u l a r  in ours  and in t h a t  of Fre iman et . a t .  F’rom
the V - K 1 data  shown in F igures  6, 8, and 13 , we f u r t h e r  note tha t  the operat-
ing l i fe t im e of a component  can be s ignif icant ly  extended if the  service
en v i r o n m e n t  is a medium tha t  is inert  with respect  to wa te r .  Stage I c rack
g r o w t h  was  essent ia l ly  e l iminated when tes ts  were run in minera l  oil and
F’ re on .

Recent  w o r k  has shown that  the l i fet imes of s t r u c t u r a l  ceramic components

can general ly  be predic ted  f rom V - K1 data us ing  proof t e s t i ng  tech-
niques~

7’ 12) In the  case of t r ansducer  ceramics, howeve r , a note of caution
is in order.  t r ansduce r s  generally operate under  cyclic loading condi t ions
and data  such as tha t  shown in this  report  were obtained under  “ static” con-
dit ions . Evans  and Fulle r~

26
~ have shown tha t  V - K 1 c u r v e s  under  cyclic

loading can be pred ic ted  f rom stat ic  V -K 1 data providing the charac ter i s t ics
of slow crack  g r o w t h  are not al tered by the loading. It is not clear if th is  is
the  case in a t r a n s d u c e r  component . In an operating t r ansduce r, other
e f f e c t s  such  as t h a t  of a hig h appl ied field mus t  also be considered. Prelim-
inary s tud i e s~

27
~ have shown , in f ac t , tha t  V - K 1 data obtained with ac fie ld s

applied to a c rack  p ropaga t ing  in PZT are not the same as that  predicted
- - - - . ( 26 )f rom the s ta t ic  \- - K 1 curves  using the anal ysis of Evans and F uller

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 perpendi cular to the crack J

32
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plane . Only sligh t shifts  in  the V -K 1 curves were noted when the poling
direction was parallel to the crack plane . This behavior can be qualita-

t i v e ly  accounted for  b y residual stresses introduced dur ing poling. Since

the PZT used in this  s tud y is predominantly tetragonal below the Curie tem-

perature , polar iza t ion results from the switching of 90 - degree and 180 -
degree don la ins U )

. Only 90 - degree domains, however , contr ibute  to the
strain accompanying polarization. When  pol ycrysta l l ine  PZT is pole d, 90 -

degree domain rotation tends to deform each grain in the polar izat ion

direction . The deformation is , in turn , restr icted b y the s u r r o u n d i n g
grains and in tergranular  residual stresses result . One contribution to

aging~- in piezoelectr ic ceramics is , in fact , back swi tching of the 90 -

de gree domains due to residual poling stresses~~~ The residual stresses
(and remanent s t ra ins)  are highest  in  the poling di rection . The residual

stresses are compressive and will hinde r crack propagation when the pol ing

directio n is perpendicular to the crack . A compressive stress parallel to
the  ( - r a c k  is not expected to in terac t  s t rong ly with the s t ress  field at the
c r a c k  tip, providing a maximum pr inc ipa l  s t ress f r a c t u r e  c r i te r ion  is
control l ing.  Thus , cracks propagating in samples poled paral lel  to t h e
crack p lane show V - K 1 behavior  similar to unpoled samp les.

The magn i tude  of the residual  stress in t roduced  by poling can be es t imated
from the shif t , ~ K 1, in the V - K 1 cu rves  b y considering how the residual
stress al ters  the s tress  field of the crack.  The max imum tensile stress in
f ront  of a Mode I crack is

K
a =yy v~-

— * Aging is the time dependent c’ ~1radation of the dielectric propertie s of a
ferroeiectric material following poling, thermal treatments, or stress

applications .

33
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w h e r e  r is the dis tance f rom the c rack  t ip~~
8
~ . The s t ress  in the presence

1 a r e s i d u a l  s t r ess , 0 r ’ iS

K’ 1a yy ’ 
~~~~ 

— a 1, .

F’ra - t u r e  occurs  in both ea s e s  when a = a ‘ = a , where  a , is the f r a c t u r eyy  yy I’ I’
s t r e s s . Thus

a = 
K ’ 1— K 1 

= .

~~~~~~~~~~~~

~rt d i s t ances  f r o m  t h e  c r ack  tip co r re spond ing  to rea l i s ti c  f law sizes in PZT ,

e. g . ,  10 to 50 urn , the  r es idua l  s t ress  is about 6 to 13 M~~m 2 , which  is

r e a s o n a b l e .

An a l te rna te  exp lana t ion  of the  e f f ec ts  of pol ing on c rack  p ropaga t ion  is

based on t h e  in t e rac tion  of a c rack  wi th  the d i ff e r en t  m ic r o s t r u c t u r e s  of

poled and unpoled m a t e r i a l .  Gerson~
29

~ has shown , for  ins tance , tha t  the

density of both 90 - degree and 180 - degree domain boundaries in PZT
- 

- 
decrease drastically a f t e r  poling. The result ing “coarser ” rn ic ros t ruc ture

could lead to h ighe r  f r ac tu re  energies . The removal of domain boundaries

upon poling does not , however , account  for  the large ani sotropy observed in

f racture ene rgy with respect to poling direction . The fact that poled and

unpoled m a t e r i a l  exh ib i t ed  V - K 1 cu rves  wi th  s imilar  shapes~ when tested in

a number  of e n - ; i r t j r i n er i t s al~-~o ind ica tes  that  the presence (or absence)  of

domain b oundar ies  p lay ~ a m i n o r  role in the f r a ct u r e  process in 1’ZT~
30

~.

* But shifted to higher values of K1 when poling was perpendicula r to the
crack.

3-i
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I
Fracture  M echan ism

As sh own in Figure 11, the apparent acti vation energy for slow crack propa-

gati on in unpoled PZT in water  is a linear funct ion of K1 and extrapolates to

a s t ress-f ree  activation energy of about 100 kcal fmol . If the  bond energy ~s

def ined as the  oxide dissocation energy d iv ided  by the coordination in the

Perov ski te  st r u c t u r e (3U  the fol lowing table indicates that  the measured

value is about  :30 percent  h ighe r  than  e i ther  the Zr-O or Ti-( )  bond ene rgies

which , in PZT , are p resumably  rate control l ing.

Oxide
Coordination I)issociation Bond

Number  in Energy Energy
Cation PZT (Kcal/mo l ) (Kca l/mo l )

Pb 12 145 12

Ti 6 435 72
Zr 6 485 81

Other  rate controll ing mechan i sms  migh t  be associated with the  s t ress-

enhanced d i f f u s i o n  of some specie s near  the c rack  tip . Howeve r , the

observed stress fee act ivat ion energy is too high f o r  reasonable candidates .

F u r t h e r m o r e, if s tress enhanced d i f fus ion  were impor tan t , one would expect

the sample s poled parallel to the crack to exhibi t  V - K 1 behavior  d i f ferent

f rom that  of unpoled material . That is , since V can be related to the pres-

sure tensor gradient  dr iv ing  the “ embr i t t l ing  specie s” b y

da . .
V a  _..~!anda .. = a +a +a (4)

dx ~ X y Z

if a
~ 

is decreased as a resul t  of the poling induced residual compressive

stress, then the velocity should decrease.  Since th i s  is not the case, a

normal  s tress cri ter ion for  the cohesive bond is much more realistic in the

present  case .
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Clear ly  more a c t i v at i o n  energy measurements  will  be needed in inert
environments  and in poled mater ia l  before f rac tu re  in PZT is bet ter  under -

stood . .-\ ma~or expe r imenta l  probelrn in stud ying thermal ly  a ct i v a t e d

c rack  propagation in PZT , however , is that  whi le  the test t e m p e r a t u r e s  r’~ere
low wit ?  respect to t h e  mel t ing point , they were high w i t h  respect to the
( ur ic  tempe ra ture  and close to the morphotropic boundary .  A ny  s tress and !
or temperature  induced s t ructural  changes complicate  the  app l i e :i t ~on o~ a
simple the rmal  act i va t i on analysis.

I
Two other aspects of f rac ture  in PZT deserve ment ion . These ire  t h e

possible existence of a deformed zone at the crack tip result ing f rom the
stress induced migration of 90 - degree domain boundaries~~’ ~~~~~~ and t h e

resulting electrostrictive charge buildup. I3oth will tend to hinde r crack

propagation, but , since they are stress dependent , should not be reflected
in t h e  stress free activation energy. If the dependence of these effects  on

stress is not l inear , however , a linear extrapolation to determine tI~~
a c t i va t i o n  energy is not just i f ied .

I
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