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SHOCK-RECOVERY EXPERIMENTS ON PZT 95/S ' 

ABSTRACT 

L. C. Chhabi:il.as, M. J . Can', S.C. KUII%, and B. Morooin 

Sandia National Laboratorit'l 
Albuquuqut-. NM 

Jilrovery nperimtnta on poroll' I'ZT 9S/S ferroelectric hue been performed on a single­
at~ romprtaed gas CUD oorr the strtN range of 0.3 to 4.6 CPa. Dl"usity measurement• 
on tM ~~rtd ep«imens IUt"~'~' p<'rmanent po~ compaction. X-ray ditJraction analyoU. 
indirata that the .bock-induced FE-to-AFE phase transformation i:e reven~iblc, with a 
rMoctioo in 1M residuallatticfo atrain. u compartd with 1M tmahoclted material. SEM and 
TEM mi<:roecopJ show n'ideuct of ferroelectric domains with fewn uumbcn1 at the higher 
ot,...... TM microotructun of thr 3 .0 CPa sample is oigui6rantly atfected, u evidenced br 
dislocation slip baudo and ooal·ohaped Yoid.. 

lNTRODUCTION 

PZT 95/5 io a ferroel.ectric ceramic material which hu a al..,.·induced ftrroelertric· 
~Uitiferrod«tric (FE-to-AFE) pbaao traDSformation. Recently, abod: and preuure-obear 
~ experiments p<'rformed on tM porous cerami< (9" porouo)l11 oou the at .... range 
of 0.8 CPa to 4.6 CPll, baYt indicated compltx mattrial behaYior during shock comprta· 
&ion. Under a brdroatatic preao~ enYiroument , the material obowo a complex p..,.llft· 
tem~ pbaat Held 'lrith tonoiderabl• br•tereois121 (Fi~ 1 ). It i. CXp<'CieG that tbt 
behaYior undu aboclt compresoion will be more tomplex, and otre .. , strain and pore dr· 
namica will play importllllt intermingled roi<S. Transformation of th• crramic from th• FE 
pbue to the AFE pbaoe commmces ...,ar 0.5 CPa with a mixtun of phaa.. indicated ortr 
tbt atra. range of 0.9 CPa to 2.6 CPa. Abon 2.6 CPa, the kinctir!! of pore compaction 
clomina•e the druamic raponoe. Upon release, a remnant atrain it meu~ which mar 
be~ to innenibk phue tl'UIIformation and/or p<'rm&nent d<111ilication. Preuure-obear 
experimema IUggnt a eomtant ahear atreas being IUitained OYer the mixed·phaat region of 
0..9 to 2.6 CPL 

Tbeae brpot~ were punued with exp<'rimenta on shock-recovered material. Th• 
~&~~~pia were embedded in an OFHC copper eapoule, choaen because ito obock impedance 
io aiBWat to 1M PZT aample. Impact of copp<'r 8ru platn acctlerated, on the aingle-at•«• 
eompreued cu cuu. yielded otreu leYela of 0.3, 0.8, 1.7, 3.0, and 4.6 CPa, tt''J)cctiYely, in 
the PZT ~&~~~pie. ~ climenoiona of the aample and the copp<'r uarmblr were choaen to 
prnrat apallation, ~tber in the captule, or in the PZT l&lllple. Numerical aimulationa of 

•Tbia wod: p<'rformed bJ Sandia National Laboratories oupported br the U. S. Department 
ol EDerv u,nder contraet IDEAC04·7G-DP00789. 
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Figure 1: Ph...., Diagram for 95/5 PZT 
Ctramic. 
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FiS'Iff 2: Melllllffii dt111ity of shock ...,_ 
cOYered tp~imens. 

the !"ffOYery fixt-ure, using the two dimelll!ioo&l code CSQ,I~I tuggest aimilar loading IWtori .. 
at the center of the aample for early shock loading timet, hued on either one-dimensional or 
two-dimension&! loading usumptions. Oelll!ity meuurementt, x-ray diffraction tecboiqut11, 
acaooing aod transmission electron microscopy t~ques were used to determine the nature 
of the recoYered phase aod the dtformation feature• induced in the ceramic due to shock 
loading. The result. are awomariu-d in tiW paper. 

RESULTS AND DISCUSSION 

Dtotity Meuuremcnts aod X-ra7 Ao&!Jaia 

Oclll!ity meuurementa on the recoTered specimeo.s are shown in FiS'Iff 2, which indicate 
permaornt shock-induced compaction. The materi&l ionatigated baa -9'lli porosity, arising 
from incomplote Yolume &lling during ainteriog aod from 0.8 weight percent of 100 ,.m 
lucile 1pheret added to the ceramic powder to control thelio&l delll!ity. (Since the recmered 
aamples were cracked after shock loadioc, the density measuremeoll obtained by immersion 
t~hoiques are of limited accuracy.) The increase in density ia thought to result primarily 
from the shoclt-induced compaction proceiS. X-raJ dilfraction ao&!Jais wu also performed 
to determine if part of the deosi6cation resulted from irn<temble phase transformation. 
The deo.sity of the 4.6 G Pa aample wu not measured aince the ~OYered aample wu 
pu(Yeriu-d. The ~OYered 3.0 G Pa aample IU((t11tl the prttalct of -3'lli porosity when 
comt>ared to its theoretic&! delll!ity of 8.028 gmfcm' c&lculated on the basia of ita chemical 
compNition P6 . .,nN6.o:tt(Zr.MTi.0.).nNO• aod the x-ray lattice coo.staota determined in 
this inYestigation. 

X-ray dilrraction cenerally allows detection or wfrercut •tructuraJ ph._. of material. 
When the diffcrencea between the crystal structures are small, x-ny lines of a hicher aym­
metry phase are aplit for the pbuea of lower aymmetry. Should the aplitting be tullkieotly 
large (greater thao the line width), a p~iae determinatiOD can be made. One may then 
predict bow the cubic line would aplit under tetragon&l, rhombohedral, aod orthorhombic 
aymmetry, both with ...peel to line positiOD aod relatiYe intensity. Uaing llt'l'e.ral td~ted 
linea and avoiding cubic degenerate linea (•-~- 300 and 2%1), au unambiguous choice can be 
made. lu the cue of perOYtltites, and in particular for thia compNition of PZT 95/5, aome 
of this splitting ia tmall. It should be noted that the actual cell dimeo.siODt m&J be more 
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0CCND.P1ez thaD tM aimpk edl ckduced beca.- of _..., linea. ~rm~. in ohock-loaded 
-maD, tM lt-r'-r line profiles may ~ broadmed b)' two elJtcts: ,..,.Juction of crystallitt 
OO.ain a UM! m.med ....ndual lattltt otnin. Generally, theSC' two elrtcta ~ not nry 
~ in inorganic material.. at modeat p~ of 5 GPal•l. 

X·rv di.....,tion atudiea employed Cu Ka and Cr Ka radiation, the latter t o take adnn· 
t-e-e of obttoininJ ll!lD-dqenr:rate cubic linea at I~ ecatterinr aDJ:Iet. A atandard 114.5 om 
Noreko ~ umua wv .-d in onier to obtain data at larv aDJ:lea. No line broadening 
atudiea foe aiu and strain ~ r:arried out tince these linea ftre expected to ~ tplit from 
ilt:nJdure cOOJi<kralioas: howntt, an estiwate can ~ made from the pl'l'llent data Wling 
an appralcimate method <In-eloped in prnioua studies. The x-ray specimens were generally 
takm from edK"" of the fractu,..,.J tptc:imen. 1D tamples purposely broken, no ditferenceo 
ftff ~in tM x·rv ~tion <:haracteristie. u to thm origin, i.e .. either nrar the crntrr 
ol the ditk or the edge. Tbr most striking obterntion wu that the WlShodted PZT showed 
broader x-ray li1lit pro6l.ea at highn scattering anglea than the ahoclted material. This it 
cooaistent with a marked residual lattice &train (near 10-~) in the at·rrcd•ed WlShocked 
material. Upoo rrcOYery from ohock loading the linea are much oharper and allowed the 
dt-terminatioo ol the lattice parameter for thio material. 

Tlw latti<e parameten determined UJing the 3 GPa rrcOYe,..,.J aample and Cr Ko radi· 
atino ~ a • U38(2) A•. and a = 8!1.83(4)". Thio rhombohedral distortion COrTeS})OD~ 
to a l G-minute angular departure from cubic SJmmctry, a value sufticiently amall that dis· 
tintt separation of certain x-ray lines, which in the cubic form appnr u single lines, is not 
achiCYed. Nenrthel('tf, the appropriate lines which are split or broadened allow Y<rifu:ation 
ol the latti< .. SJDIDieti"J ol the material. 

Diec·ohaped test aptcimcna of unahocked and ohock·rrcOYe,..,.J material were encapau· 
lated und<:r ncuum in a room t empuature cured epoxy resin. The moiWted specimellll were 
cut diametrically, through the disc thickness and were pol~hffi through a l ·pm diamond 
alurry on a Yibratory polisher. A Leit• met..tlograph wu Wled to examine the ll>edmens 
for pore compaction and to compare the microstructures afier rrt:OYery from shock loading 
to nrioua 1t..-...eo. 

Except for th~ WlShocked materi..t, all of the sp.,.im~na had <rackt across the width 
md thicknea which rypicaiiJ, but not oecrnarily, intertoDDtcted the pol'l'll. The degree 
ol cracking increased markedly with ohock lent. The pores in the WlShocked, 0.3 GPa 
and 0.8 GPa ohocked tptc:imens were twirormly cirtular and approximately 100 pm w 
diameter. lo tM material tbockffi to 1.6 GPa and higher , many of the pores were Battened 
to an oval ohape in the plane paralltl to th• shocked turf ace. The number of OY&i-ohaped 
pores increased with inereaainr ehock lenlsuch that the majority or the pores in the 4.6 
GPa ohockffi material were deformed. This compaction b)' permanent pore deformation 
snbstmtiates the meuu,..,.J incre- in dewity with ahock lcvt•l. 

The unahocked and shocked materialt were examined Wling a Hitachi S-500 ecanninr; 
d«tron ..U<:roecop.- (SEMJ at 25 KeY in two conditiollll i.e. , aa·poliohed , and as-etched. ID 
tM 6nt , a thin conducti•e carbon coating wu enporated onto the freshl,. polished ourfacr, 
and a bacbeatte,..,.J eltctron imagin,; mode wu used to view the topography of the polithed 
fUtfa<e. lo the second, an ectchanti•J (0.5% to 1% b)' volume or a HF - HNOs mixture io 
water) wu used to reveal the domain atructure. The etched apecimens were ..too c:arbon 
coated for SEM examinations. The u ·polithed •urfacea of both unahocked and shocked 
matmalt revealed no topographical feature tuch as grain boundarita or domain walla in 
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Figuno 3: Sranniug elrctron micrographs of the 3.0 GPa ahock·r«O'fe...! PZT 9&/&. 

either a •eroodary drctroo or a topographiclll barbratte...! ima~ng mode. This is rollllis· 
tr ot with other attempts at mirroot ntr tural examination of unetclled barium titanate and 
lead zircooate titanattl•l. 

lu contrast , etching of the •w•horkrd, a.o~ well as the shocked oprrimroa, cltMI1 dt>lineates 
& • 10 I'm diameter grains and revral• FE domain walls within the gr&ins. Figuro 3(a) shows 
typicnl etched mirro•trurturr. Tht• portll!ity obocrved at the cryolft.llite triple junctions is 
inherent to the materilll a. a result of tbr sintcring proeeM. A classical "herringbone• 
domain pattern is d early visible' in which the narrow light and diU'k otripn Me alternating 
pair$ of 90 dcgl't't' domain.l•l. The thickut"Ss. t . of the domains (Figure 3(a)) is of the order 
of 1.0 pm whirh agret"S with that reported for the finely textured dom&ins seen in other 
niobium-modified P ZT. The width of the domains varies from teotb.o of microns to tens of 
microoa. although, the domains typi<ally do not extend aeroM the eotir< grain diameter. 

A comparison of SEM micrographs of unshocked and shocked aperimeoa indicates the 
&bseore of a clearly defined dom.Un otrurture in some grains of the matcri&l shocked to high 
at r<ss levels. The 3·GPa umple in Figure 3(b) exhibited tb.e most "blank" grains, wheroas 
virtually &ll graillll in the unshorked and the low level shocked matrrial showed evidence of 
FE domaiDll. The aboroce of visible FE domains in some graiDll subjected to high shock 
levels suggest• the present< in.tud of au AFE phase. This ouggeota, in turn, that the degree 
of rcvel'$ibility of the ohorlt·indurcd FE to AFE phase traoofonllat.ion dcpt•udo on the sbotk 
level. 

Tran.•missioo El«troo Microscopy 

The microotructuro of unsbocked 81Mting materi.J and r«onr<d ntat<ri&l •hook loaded 
to 0.3 GPa, 0.8 GPa and 3.0 CPa was examined. Specimcu ,.,,.. prepared by ion milling 
in a cold stage to avoid brating the •preimou above tb< AFE tr&nsition. All speeimens 
w<r< examined at 200 KeY with a JEOL 200CX. 

The otntctun' of tb< unshod ted matorial <ODllisted of w<ll·aunealed graiDll rxhibiting 
vr ry low dislocation drnsity (101 per cm2 ) . a. sbown in Figuno 4. Subotrurtural ft atures of 
the ferroolcctric domaiDll, typic&lly < 100 om wide, W<r< pr<oeot in all grains. Tb .. • fino 
stn1cturcs arc not reoolved in SEM mirrograpb.o of etched surfaces. Au intcrgranular pb"'"" 
filled •orne omo.ller grain boundiU')' triple point.o. This pha.e wu oboerved to be cryotalline, 
but was not identified. The 0.3 and 0.8 GP" material &lso indicated features oiruiiM to tbe 
unshorked matn ial , iudiratiug thut l01"1ing to that. point was ela.tic . 
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Figu~ 4: Trtlnsmiuion el«tron micrograph. of \I.D.I!hocked and 3.0 CPa •hock-recovered 
PZT 95/ S. 

Tbc micfOlltructure of tbc 3.0·GPa material wu substantiallr affecto•d by the ohock 
loading pro«'SSI: the d.Cormation .. ,.. iohomogeneouo. Optical micrograph. ohowed a net­
work of li~rr band! criM<,..,..iug the thickness of the !p«imrn. D.Connation w8.'1 found 
to b. concentrated ill th""" baud!. Graim outsidc throe band! ohowed the tame low dia· 
location detL•ity "" the stMtin~: mat<rial . The band! we~ found to coll!ist of fractured 
and dtfonned graill!. Defornaed material t•xhibitrd dislocatio111, often lying along well de· 
!Wed olip planea (Fi~ 4). Somc slip band! terminated at frarturrs auggeatiog that slip 
mar pn-cede cleange or !r~turr iD somc graill!. Dislocation de111it)' Taried from grain t o 
grain; typical dislocation densities in deformed grain& wcrc about 101 per cm2 . In all gr.U111, 
dcformed and IUlddonned. no ferroelectric dom.UO. like those in the tw.shod:.•d material 
~ found. Ioitit.ll)'. it appe~ that thc"' wen- DO frrroelectric domain& at all, but mo.., 
detailed wod: showed what appeared to b. widelr spaced domain boundariea piDDed to 
ouhotructural features. The dom.Un site in the:se materials ranged from SOO to 1000 om, 
which agr.., with that oh•.r·-.ed in SEM. The m icrostructural changes which occur in the 
3.0-GPa shock-loaded matcrial ~ comi~tcnt with plutic Bow by dislocation motion and 
fracture. 

SUMMARY 

Density mruurrment , x-ray djfltMtion. acannior; and trall!miuion electron mirmoeo)J)' 
haY< been W!ed to cbaractrriu- the microstructu"' and the phaae morphology of ohock­
recove~ 95/S PZT eeramir . Deosit)' increaoes ou«grat po,..,•compaction u a dell!ification 
mechanism. which is abo 111hotantiattd by observatio111 of prnnaneotly ddonned oval­
thaped porn . 

X-ray diffraction analyeia suggests that the obock-induced FE·to-AFE phue is reven~ible, 

and also that the rhombohedral c:tystal !lructure of the FE phue is only a &light distortion 
from t he cubic atruc:turr. 

Fc~lectric domaill! oburved by tlectron micmoeopy on thod<-..covered specimem 
complement thr reeulb of thr x-ray analyeis which euggest that the shock-induced FE· to· 
AFE phue is reversible. Tbr drgree of rcnnibility, howeTer, appears to drpend on et,...., 
oince a dec:..uiDs number of FE domaino are oboe"td iD material ~ove~ from hi,h 
ltretllel. 
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Jnhomo~neoua deformation of the material at bighu atrea- is indiuted by a higher 
denaity of disloeationa concentrattd in a network of criss·crooainr slip banda. 

Shodt-r«onry experiment. on PZT 9S/ S complement tbe wtrumented (timo-rnoh•ed 
wa.e profile) atudiesl•J performed on the material. The reaulta deduced from the analyail 
of the rtcOYered material in gtntral agrees with the obaemotioo.a inf<m.od from the iutru· 
mtnted atudiea. Conaidering that the time aealea of theae two types of aperimenb are TUlly 
ditl'trent, tbia apparent agr«ment iJ indeed gratifying. It Ieoda ctedmce to the assumption 
that the microstructure of ahocl · r«OYered apecimms n8e<ta co'lllpla deformation mecba­
nilma that oeeur at the shock front. This aetma to be particularly true for ahoek·ncmered 
9S/5 PZT. 
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