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1 Introduction 

Ferroelectric materials with a stress-induced ferroelectric-to-antiferroelectric (FE-to-
AFE) phase transformation are of interest because of their use in shock-actuated power 
supplies!l]. PZT 95/5 is one such ceramic; its composition is such that its phase boundary 
is located around 0.3 GPa[2] at room temperature. Hydrostatic compression induces 
the transformation [3,41, thereby destroying any polarization and releases the associated 
surface ciIarge[5,61. It is this phenomenon that forms the basis of It shock-actuated power 
supply. 

In this paper, we report experimental results describing the shock loading, the shock 
release, and the pressure-shear response or the material up to 4.6 GPa. These experi-
ments were performed to obtain a good dynamic mechanical description of the material. 
Although there has been considerable attention devoted to the material, studies describe 
ing its dynamic shock-compression [7-10] behavior are scarce. With recent developments 
in both diagnostic and loading techniques [111, refined time-resolved mea..,urements can be 
performed to determine the shock-compression behavior accurately. These result. I) would 
also be useful in developing constitutive relations to describe its dynamic mechanical be-
.havior more generally. The lack of accurate shockwcompression results has impeded the 
dev('\opmC'nt of constitutive relations for the material. This report is limited to description 
of pertaining to the dynamic stress-strain of ullpoled virgin materials. 
This is ('onsidercd to be the first step in arriving at a general constitutive relation to 
represent the material, which eventually would also include coupled electro-mechanical 
response of the poled lnateriat. 

Results of t.hese experiments indicate that the material undergoes a. pbase change at 
0.5 CPa under dynamic loading conditions. Up to 0.5 GPa in the ferroelectric (FE) phase, 
its stress-strain behavior is anomalous, i.e., the sound speed decrea.c;es with increasing 
stress. Experiments over the stres.'l region o.g to 2.6 GPa indicate that the material is in 
a mixed phase, with the concentra.tion of FE phase diminishing with increa..'ling stress. 
The kinetics of pore compaction and crush-up behavior dominate the mechanica.l material 
response above 2.6 GPa. Results of pressure-shear experiments, when combined with shock 
release experiments, suggest that dynamic yielding initiates at 0.5 GPa, the pressure at 
which the FE-to-AFE phase transformation begins. 

In the following section, the experimental technique used to obtain shock loading 
and pressure-shear loading conditions is described. The results of these experiments are 
reported and discussed in subsequent sections. 
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2 Experimental Technique 

2.1 Uniaxial-Strain Loadlns Technique 

The experimental arrangement used to obtain unia.xia.l·strairi loading conditions [121 
is depicted ill Figure 1(3). Fused silica [131 impactors backed by a low-density carbon foam 
were made to impact ferroelectdc specimens which had laser interferometer windows 
bonded to them. The window mat('rials used in this investigation were fused silica or 
Z-cut sapphire single crystals [13]. The impact conditions are summarized in TabJe 1. 
The impact conditions were such that stress levels of 0.9 GPa to 4.6 GPa were obtained 
in the ferroelectric specimens. 

Table I. Summary of Experiment. 

Shot. Imputol' Impaet Yltl'uonle Wave Sa!d 
No. Denelt)' Thick. Thlek·/Matl Velocity I.onl· Shear Expt. 

(1mlee) (mm) (mm)/(a) (km/_) (km/_) (km/·) (b) 

FER:! 7.269 1.961 3.30/F5 0.250 4.196 2.541 RL 
FERa 7.265 1.958 3·30/FS 0.361 4.183 2.538 RL 
l"ER4 7.295 2.907 3.3t/FS 0.111 4.184 2.532 RL 

FER5(e) 7.330 1.965 I.02/FS 0.349 RL 
FER6 7.336 3.121 4.32/ALtOa 0.315 4.188 2.526 RL 

FESI 7.328 2.975 12.8/AL 0.151 4.168 2.521 PS 

FES2 7.337 2.960 12.7/AL 0.187 U86 2.531 PS 

FES5 7.317 2.981 9.6/AL 0.328 4.180 2.519 PS .. 	AL. ALIOS, and FS represent 6061-T6 aluminun, I-cut sa.pphire, &nd fused silica, respectively, 
for impactor materia.ls. 

b. 	 PS represents pressure-shear experiment; RL represents release experiment. 

e. 	 Experiment performed by Doug Bloomquist. 
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The projectiles were accelerated to the desired velocities on the single-stage com-
pressed gas gun [14]. The projectile velocity was determined by measuring the transit 
time of the projectile between two precisely spa.ced cha.rged pins loca.ted on the target 
plate, and was measured to an accuracy of 0.2% . Impa.ct tilt was determined by measur-
ing the simultaneity of the projectile surface arrinl at an arra.y of co-planar charged pins 
loca.ted on the target plate. The a.verage tilt for series of shots was determined to 
be less than 0.5 mrad. 

The particle velocity history at the sample-window interface was measured using 
a velocity interferometer [I5J identified by the acronym, VISAR. The \1SAR has been 
described Jifeviously and only the relevant features will be mentioned here. Fringes are 
producE'd in the interferometer by superimposing the light reDected from the target 
at any time with the light that was reDected earlier in time by the delay time in the 
interferometer. The delay time, r, was introduced by using either glass etalons [151 or 
a lens combination [16J in the delay leg of the interferometer. The resulting number of 
fringes, .1"(1), produced in the interrerometer is related to the velocity of the reflecting 
surrace by 

1 A F(:) (1)u{t - if) = 2r (1 + 6)(1 + /lv/v) 

where A is the wavelength of the light used(514.5 nm). 6 is a. correction term due to the 
wavelength depende!lce or the refractive index of the etalon material [17]. 6 = 0.034 when 
etalons are used to achieve the necessa.ry delay, or 0 when a. lens combination is used to 
obtain the required delay time. The optical correction term /lv/v results from the change 
in fC'fractive index of the window material with shock stress. Av/v is 0.06 for rused sHica 
and 0.17 for Z-cut sapphire single crystals [13]. 

1.1 Pressure-Shear Loading Technique 

The technique used to generate one--dimensional pressure-shear wa.ves [18] in the 
ferroelectric specimens is depicted in Figure l(b). As indicated in the diagram, a projec-
tile impacts a Y-cut quartz crystal that has a. sa.mple bonded to its rear surrace. The 
projectiles are accelerated to the desired impact velocities using a single-stage compressed 
gas gun. Owing to the anisotropic structure of crystalline quartz, a pure longitudinal 
wave cannot propagate along its Y-axis [IQ..2I]. Upon normal impact of V-cut quartz, 
a two-wave structure is generated with both waves having particle-velocity changes in 
both the longitudinal and transverse directions, i.e. the crystallographic Y and Z axes 
of the crystal. The fast wave, denoted as a quasBongitudinal (QL) wave, has particle-
velocity changes primarily in the longitudinal direction, while the slow wave, denoted as 
a quasitransverse (QT) wave, has particle-velocity changes primarily in the transverse 
direction. These waves are shown as QL and QT in Figure 2(a), and, as indicated, they 
lie in the crystallographic Y-Z plane. By controlling the thickness of the V-cut quartz 
generator, the arrival time of tbe QT wave rela.tive to the QL wave can be va.ried. The 
stress pulse input a.t the bonded interface is indicated in Figure 2(b). 
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generator, the arrival time of tbe QT wave relative to the QL wave ca.n be va.ried. The 
stress pulse input a.t the bonded interface is indicated in Figure 2(b). 
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using two velocity interferometers. VISARs, as indicated in Figure l(b). By uS,iog .one 
incident beam and monitoring two reliected beams at angles +6. a.nd -82 • the iongltudmal 
velocity U(t) and the transverse velocity V(t) ca.n be determined simultaneously [201, This 
is possible because the velocities measured by the two interferometers a.re related to U(I) 
and V(tl by 

u(+th, t) (2) 

and 

(3) 

The velocity u(O, t) measured by each interferometer is related to the number of fringes 
F( t) by the relation in Equation (1). tlv / v is zero in Equation (n as the measurements 
are made at the free surface. 

Reflected beams at III and -02 from the incident beam can be obtained by preferen-
tially scratching the reflecting mirror on the free surface of the ferroelectric specimen. 
Care wa..'1 taken, however, to ensure that these marks were perpendicular to the plane of 
transverse wave propagation. 

2.3 Material Preparation 

The material was prepared by intimately mixing lead oxide, zirconium dioxide, 
titanium dioxide, and niobium pentoxide in the amounts determined by the atomic 
rormula: 

Ph .9897 Nb,O:!06( Z r,90 T(04 ),97940 3 

The powder mixture WM calcined at 10000C to react the constituent oxides into a. solid 
solution of lead zirconate-Iead titanate-lead niobate, generally called 95/5 PZT. 

The calcined PZT powder was wet-milled to an average particle size or about two 
microns and oven dried. Organic binders were added to the powder to promote 
dry pressing. At the same time, 0.8 weight percent of 100 micron lucite spheres were 
added to control the final fired density. The resulting powder mixture was pressed into 
billt'ts approximately 1 cm X 3 cm X 5 cm by placing the powder in a suitable steel 
die and applying a pressure or 70 MPa. The billets were bisque-fired at a temperature 
of 700Cl C in an air atmosphere to remove the organic binders and lucite spheres. The 
bisqueware, along with atmosphere control powder of the same composition, was placed 
in a tightly closed sagger and then sintered at 1350°C for six hours, after which it was 
cooled gradually over a period of seventy-two hours. During the final stages of cooling, a 
cooling rate of SOC per hour is usually necessary to induce the FE phase. 

Test specimens in the form of 25-mm diameter discs were machined from the billets 
using standard techniques ror processing brittle ceramic materials. The faces were lapped 
and polished while maintaining parallelism to 25 pm. A detailed description of material 
preparation is given in Reference 22. 
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3.1 HUlonlat States 
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Table I. Results or Shock-Loadinll Experiments. 

Shot Wa.ve Speed W..ve Speed P..rtlele Shock Shock Releaae(e) She......Wave 
No. Toe (a.) Half-Amplitude Velocity Stress Strain Wave-Speed Speed 

(km/a) (km/a) (b) (km/a) (GP..) (km/.) 

FER2 4.19 3.43 .08249 2.005 0.02369 4.96/4.84 

FER3 4.16 3.66/(l.ii)(d) .12100 2.900 0.04096 5.40/5.18 

FEH4 (e) 2.85 .0404 0.939 0.01324 5.02/4.95 

FBH5 3.65/(2.80)(d) .114(1') 2.82(1') 1.0356(1') 5.15(S) 

FERfI 4.07 3.12/(2.25)(d) .212(1') 4.60(1') 0.077 (I') 5.01(.) 

FESl 4.07 3.00 .0·t58 1.11 0.0143 2.76 

FES::! 4,26 3.21 .0535 1.34 0.0159 \Ull 

FE:)5 4.1& 3.60 .01.K5 2.48 0.0274 2.58 

111.. These aTe meMured Wave speeds ror the toe or the lef.ding wave. 

b. These elltimates ror the halr·amplitude or the elMtic Wave are bMed on a. velocity or 
km/r. ror the toe or the lea.ding wllve. 

e. These represent the initial Lagrangian/Eulerian releMe wave velocity. 

d. These wave speeds in parentheses are ror the crush-up wave or the third wave. The material 
begins to crush at stresses over 2.6 GPI!.. 

e. No fiducial recorded on this shot. 

f. Based on impact conditions, these should be the end sta.tes. 

g. Since the wave is attenuated, the release wave speed estimate is a lower bound. The Lagrangia.n 
wave speed only is reported. 
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Generally, the loading wave profiles for 
structure when shocked below 2.6 GPa, a 
is shocked above 2.6 GPa. The first wave is a ramp wave, 
approximately 0.5 GPa. This is fonowed by !I. wave, 
time are dependent on the stress amplitude (or stresses to 
wave structures observed upon dynamic of materials are 
cusp in the Hugoniot due either to (i) a transformation or 
the material. The cusp at 0.5 GPa is believed to be due to dynamic 
onset of the FE-to-AFE phase change. 

In Figure 8, the variation of wave velocity VB velocity is 
experiments conduded below 2.6 GPa. Since is a finite risetlme 
propagation, the shock wave speeds listed in 
the second wave. The behavior of the wave is or a plastic wavi"', in 
the wave steepens as the strE'SS amplitude increases. 2.6 GPa, an 
structure dl'velops (Figure g), and is due to the of the dynamic '''>T'"""""", 
process. In particular, due to the sluggish nature of the n"\1''''''''''"'  
evidenced by finite compaction risetimes), the in  
is attenuated before the stre, j wave arrivE's at plane of  

The longitudinal and transverse free-surface velocity PI'{'ssun"" 
shear experiments are indicated in Figures 5, 6, 7. These 
to longitudinal str('ss states of 1.l0, 1.34, and rl'specfively. 
figures for the longitudinal wave, a ramp wave foUowf>d by a 
experiments, similar to the features observed in shock-loading rejf'l\se 
discussed above. The reshock wave observ(>d is due to the characteristic or 
quartz crystal buffer.ISee Figure 2(b).1 The resho('k is not distinct for tlH' 
at 2.48 GPa in Figure 1. Due to the sluggish nature of the pore-compaction wave, 
reshock waVe is dispersed and expected to arrive late. 

The Lagrangian sbock.velocity t's particle-velocity data, tabulated in 
shown plotted in Figure 10. As indicated in the figure, the velocity of 
decreases initially with particle velocity. Although no sp('('ific mea.."Uf('ments wen' 11('1'· 

formed over this particle velocity range, the wave..velocity tiS particle-velodty profilf's 
cated in Figures 8 and g, suggest the response of the material is uniform and 
over this particle-velocity region. The variation observed in Figures 8 and 9 in par-
ticle-velocity range corresponds to that of a timing error of approximately 6 os, whkh is 
well within t.he experimental uncertainty. Since the leading edge of the wave is travding 
at approximately 4.18 km/s, it also indicates that the initial wave is elastic; and becallse 
the waves overlay, it is centered. The behavior of shock velocity va particle velocity for 
second wave is also shown in Figure 10. The cluster of at a particle velocity of 0.10 
km/s, indicates the onset of pore-compaction. The shock velodties indicated in 
10 at particle velocities greater than 0.10 km/s are those of the third wave, the pore-
compaction wave. Since the pore-compaction wave is attenuated in experiments FER5 
and FER6, the center of the wave is not very well defined, and has been estimated from 
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the known impact conditions. A linear least squares fit to the da.ta. Cor the s6conti wave 
yields 

U, = 2.43 + 12.S4u" (4) 

where U is the shock velocity oC the second wa.ve a.t a. pa.rticle velocity oC uP' in units 
of km/s.' [If a linear least squares fit is performed to the data Cor the second wave in the 
form (U,-ue) = Co+s(Up-ue ) then the coefficients, UI/, CO, 8 are 0.015 km/s, 2.61 km/s, 
and 12.84, respectively. This relation takes into consideration that a two wave structure 
exists for the material, and UI/ is the particle velocity amplitude of the first wave·1 

An incremental analysis [23] given by the equations 

(1 = 2:Pocdu, and f1 = 2:du/c, (5,6) 

was used to estimate the peak: shock stress and strain, where (1 and f1 are the shock 
stress strain upon loading, Po is the initial density of the material, and c is the 
Lagrangian wave velocity of the wave for the corresponding increment duo This assumes 
that the measured wave profiles are centered. No attempt was made to verify this 
assumption experimentally. For shots FER5 and FER6, where the measured wave profiles 
are attenuat(,d due to a sluggish compaction process, shock jump conditions were used 
above the stress state to l'stimate the final Hugoniot states. These stress and 
strain states are tabulated in Table 2 and are shown plotted in Figure 11. Tlw results 
oC hydrostatic stress-strain experiments on porous (p = 7.3 gms/cm3 ) [41 and solid (p = 
7.96 gms/cm3 ) [2-tl PZT 95/5 Cerroelectric material, are also indicated in Figure 11. 

3.1 Release States 

Also shown in Figures 3 and 4 are the release profiles obtained in these experiments. 
The particle velocity decrease indicated in the figures is a measure oC the release states ror 
the material. The negative particle velocity measured Cor experiments FER2 and FER3 
can be explained with the aid oC a Langragian x-t and a corresponding p-u diagram. This 
is illustrated for experiment FER2 in Figure 12. As indicated in the diagram, upon impact 
a stress wave propagates both into the material and the impactor. This is indicated as 
state 1. Upon arrival of the stress wave at the sample-window interface, the material will 
shock up to state 2. Since sapphire is a higher impedance ma.terial, the reshock wave 
will r{'flect into the material. The sample dimension in experiments FER2 and FER3 is 
such that the reflected res hock wave arrives at the impactor-sample interface beCore the 
release wave emanating from the far side of the impactor does. Due to wave interactions 
at the impactor-sample interface, the material will release from state 2 to state 3 t as 
indicated in the p-u diagram. Note that the material prior to release is at state 3 -.vhicb is 
a higher- stress state but at a lower particle velocity when compared to state 1. This is also 
indicated as a particle velocity decrease in experiment FER2 (Fig. 3) prior to the arrival 
of the main release wave. A particle velocity decrease (similar to that seen in FER2) is 
not evident for experiment FER3, due to the arrival oC the pore compaction wave. The 
release wave now propagates into a material which is at state 3, and, as indicated in the 

20  

the known impact conditions. A linear least squares fit to the da.ta. Cor the s6conti wave 
yields 

U, = 2.43 + 12.S4u" (4) 

where U is the shock velocity oC the second wa.ve a.t a. pa.rticle velocity oC uP' in units 
of km/s.' [If a linear least squares fit is performed to the data Cor the second wave in the 
form (U,-ue) = Co+s(Up-ue ) then the coefficients, UI/, CO, 8 are 0.015 km/s, 2.61 km/s, 
and 12.84, respectively. This relation takes into consideration that a two wave structure 
exists for the material, and UI/ is the particle velocity amplitude of the first wave·1 

An incremental analysis [23] given by the equations 

(1 = 2:Pocdu, and f1 = 2:du/c, (5,6) 

was used to estimate the peak: shock stress and strain, where (1 and f1 are the shock 
stress strain upon loading, Po is the initial density of the material, and c is the 
Lagrangian wave velocity of the wave for the corresponding increment duo This assumes 
that the measured wave profiles are centered. No attempt was made to verify this 
assumption experimentally. For shots FER5 and FER6, where the measured wave profiles 
are attenuat(,d due to a sluggish compaction process, shock jump conditions were used 
above the stress state to l'stimate the final Hugoniot states. These stress and 
strain states are tabulated in Table 2 and are shown plotted in Figure 11. Tlw results 
oC hydrostatic stress-strain experiments on porous (p = 7.3 gms/cm3 ) [41 and solid (p = 
7.96 gms/cm3 ) [2-tl PZT 95/5 Cerroelectric material, are also indicated in Figure 11. 

3.1 Release States 

Also shown in Figures 3 and 4 are the release profiles obtained in these experiments. 
The particle velocity decrease indicated in the figures is a measure oC the release states ror 
the material. The negative particle velocity measured Cor experiments FER2 and FER3 
can be explained with the aid oC a Langragian x-t and a corresponding p-u diagram. This 
is illustrated for experiment FER2 in Figure 12. As indicated in the diagram, upon impact 
a stress wave propagates both into the material and the impactor. This is indicated as 
state 1. Upon arrival of the stress wave at the sample-window interface, the material will 
shock up to state 2. Since sapphire is a higher impedance ma.terial, the reshock wave 
will r{'flect into the material. The sample dimension in experiments FER2 and FER3 is 
such that the reflected res hock wave arrives at the impactor-sample interface beCore the 
release wave emanating from the far side of the impactor does. Due to wave interactions 
at the impactor-sample interface, the material will release from state 2 to state 3 t as 
indicated in the p-u diagram. Note that the material prior to release is at state 3 -.vhicb is 
a higher- stress state but at a lower particle velocity when compared to state 1. This is also 
indicated as a particle velocity decrease in experiment FER2 (Fig. 3) prior to the arrival 
of the main release wave. A particle velocity decrease (similar to that seen in FER2) is 
not evident for experiment FER3, due to the arrival oC the pore compaction wave. The 
release wave now propagates into a material which is at state 3, and, as indicated in the 

20 



III 
Q,. 

"(/) 
(/) 
LIJ a: .... 
(/) 

VOLUMETRIC 
FIIUN 11. HUgoDiot stress aDd 
in this investigation are 
stress-stain experiments on ..." ..
shown. 

2.7 
2.4 
2.1 
1.8 
1.5 
1.2 
0.9 
0.6 
0.3 
0.0 

-0.3 
-0.6 

-0.05 0.00 

"" STATE 1 ...... .... 
SAMPLE·""·..,f USED StLICA 
HUGONGOT . HUGONGOT.... ..'{ 

" 

" 

",'0 

0,05 0.10 0.15 0.20 0.25 

PARTICLE VELOCITY kmi$ 

Figure 12. La.grangian x-t and a corresponding stress t'8 

depicting the sequence of events that occur which sult>seQulmlh 
to a. negative particle velocity measurement upon release at in-
terface in experiments FER2 and FER3. 

- 21 -

3.0 

0.0 
0.00 0.02 0,08 0.10 

III 
Q.. 

" (/) 
(/) 
LIJ a: .... 
(/) 

VOLUMETRIC 
FilUN 11. HUgoDiot stress aDd 
in this investigation are 
stress-stain experiments on 
shown. 

2.7 
2.4 
2.1 
1.8 
1.5 
1.2 
0.9 
0.6 
0.3 
0.0 

-0.3 
-0.6 

-0.05 0.00 

"" STATE 1 ...... .... 
SA MPLE·""·..,f USED StLICA 
HUGONGOT ' HUGONGOT .!. .... . 

''{ " " 3E 
" 

"," 

IMPACT 
VELOCITY . 

0.05 0.10 0.15 0.20 0.25 

PARTICLE VELOCITY kmi$ 

Figure 12. La.grangian x-t and a corresponding stress t'8 

depicting the sequence of events that occur which sull>s€'ouent 
to a. negative particle velocity measurement upon release at in-
terface in experiments FER2 and FER3. 

- 21 -



p-u diagram, a full release will correspond to state 4 which will be measured as state 5 
at the sample-window interface. It is interesting to note that in experiments FER2 and 
FER3, state 5 corresponds to a tension of .--..- 0.5 GPa at the sample-window interface, and 
is essC'ntially a mea.,>ure of the interface strength between the sample and the window. 
TIl£' large magnitude (or the interface strength is surprising, since epoxy adhesive is 
used to bond the window to the sample. It is conceivable that epoxy adhesives could 
sustain tension of that magnitude under dynamic loading conditions for durations of a . 
fE'w huncir('d nanoseconds. 

A lack of rarefaction shocks [25,261 upon release in Figures 3 and 4 is indicative 
of sluggish reverse-transformation kinetics. These release profiles have been integrated 
incrementally using equations (5) and (6) to obtain the stress"strain path upon rel£'ase 
and are indicated in Figure 13. In equations (5) and (6). c now represents the Lagrangian 
wave velocity of the material unloading from the shocked state. The Lagrangian wave 
velodty reported in Table II, represents the wave velocity of the first disturbance of the 
rl'iease wave tl"av('ling in tht' shocked material. The attenuated states for expt'riments 
FER5 and FER6 are also indicated in Figure (13) by the dotted line. 

The release wave speeds plotted in Figure 14 represent the wave velocity or the 
first disturbance of the decompression wave traveling in the shocked material; it is 
usually a measure of the longitudinal sound speed, Cl ,of the material in the shocked 
state. As indicated in the figure, the longitudinal release wave speed or the material 
rf'mains constant ovrr the stress range of 0.9 to 2.6 GPa. Above 2.6 GPa where the pore-
corupuej ion procE'SS dominatE'S, an inrrease in the longitudinal velocity with increasing 
slrl'S5 Uk('wisl', c, , the shear wave speed determined from pressure-shear 
pXlwrinwnts, is a nw(\surenwnt or the shear wave speed or the material in the shocked 
st:!1 P. Tlws(' :u(' del by measuring the transit time of the sh(>ar wave indirated 
in Figures 5, 6. and 7, r(lspectiv(·ly. Unlike previous studies [27,28], consid(lrable scatter 
is obsprved in t hl' shear wave velocity profile before the primary wave arrives at til(' free 
:"l1rr:1(,(', The first systematic increase in free-surface velocity profile for the 
wav(' is used a.<; a criterion to determine the arrival or the shear wave. As indicated in 
Figure H, the shear wave speed is constant to within the experimental uncertainty over 
the same stress range. The ambient values of the wave speeds determined using ultra.sonic 
techniques 12g] are also shown in the figure. Using the relation, 

2 2 4 2 
ell = c, - aC" (7) 

the bulk sound speed, fb, of the material in the shocked state can be calculated. Using an 
averag(l value of 4.89 km/s for the longitudinal sound speed, and 2.62 km/s for the shear 
wave velocity, a value of 3.g7 km/s is calculated for the bulk sound speed and should be 
valid over the stress range of 0.9 to 2.6 GPa. 

3.3 Comparison With Statie Experiments 

The present Hugoniot measurements are shown in Figure n. The response 
of the material up to 0.5 GPa is thought to represent the material in the FE phase. 
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At 0.5 GPa, there is Ii. discontinuity, indicating a small change in volume. It appears that 
this discontinuity is due to both dynamic yielding and the onset of the ferroelectric-to-
antiferroelectric phase change. The stress 'VB strain response of the ma.terial in the stress 
range 0.0 to 2.6 GPa can be fit with a. straight line yielding the relation 

u(GPa) = -.5340 + 114.6'1(GPa). (8) 

Thus, the slope or the line yields a sound speed of 3.06 km/s. This agrees remark-
ablv wen with the bulk sound speed estimates of 3.97 km/s, as determined rrom wave 

measurements (See Figure 14). Therefore, the stress-strain response of the material 
although represented by a straight line, should be cha.racteristic of bulk behavior. It 
should not be surprising, however, that a straight line representation is adequate, since 
the volume change is small (1.3%) over this stress range. Abcve 2.6 GPa, the sudden 
deerease in volume with increased compression is an indication or a dominant pore 
paction pro('ess o('('urring during dynamic loading. A comparison or the present Hugoniot 
nwasurenwnts with the extrapolation of hydrostatir experiments on solid PZT OS/;:' 124] 
suggests that total pore would o('('ur at approximately 8.0 GPa. The extr:tpolatiun 
is pt'fformed by fitting the pressure t'B strain relation in the AFE phase to a linear least 
squares fit and determining its behavior at hi@;her pressures. This, howevt>r, implidtly 
assumt's that there are no rurther complications such as additional phase changes in thl' 
material behavior. 

Hydrostatic pressure experiments on porous PZT 05/5 [,'I are indicatt>d in Figure 11. 
(The hydrostatic experiments were performed on a batch or material very similar to the 
one used in dynamic experiments.) As indicated in the diagram, the material transforms 
undN hydrostatic conditions, rrom the FE phase to the AFE phase at -.. 0.26 GPa. The 
rt'sldt ant volume change asso('iated with the hydrostatic phase transforma.tion is 0.8('(',. 
When t he or the prest-nt Hugoniot measurements are compared to hydrostatic 
prl.'SSIHC measurements, it appears that on the Hllgoniot, the onset of phase transrorma-
tion oecurs at 0.5 GPa, wit.h a corresponding volume change associated with the phase 
dUlIlgl' of "-' 0 ... %( this volume change is obtained by extrapolating the linear response of 
the matNial detE'rmined ov(>r the stress region 0.9 to 2.6 GPa). Thus, the volume change 
assoriatrd with the pha.')e change under dynamic loading conditions i!l approximately one-
hair or t hat observed under hydrostatic loading conditions, suggesting the presence or FE 
phas(> under dynamic loading. However, part of this volume change can be attributed 
also to dynamic yi('lding, and this would therefore imply even a larger rraction of FE 
phas(>. Therefore, dynamic loading conditions or the presence or shear, tends to ravor the 
pn'!·;enc(' or FE phase. It is quite likely, therefore, that over the stress regime or 0.9 to 
2.6 GPa, both phases of the material are present, with the concentration of FE phase 
diminishing with increasing stress. . 

This is further evidenced by the release paths indica.ted in Figure 13. The dashed 
lines in Figure 13 represent both the loading and release paths, as determined from the 
wave profiles. Note that the release states from shock states of 0.9, 2.0, and 2.4 GPa 
!;c to the left of the static hydrostat. This would be consistent with the observation 
made earlier that the shock states over the stress regime 0.9 to 2.6 GPa suggest a mixed-
phase state and the material is unloading along rrozen mixed-phase states. One would 

- 24 -

At 0.5 GPa, there is Ii. discontinuity, indicating a small change in volume. It appears that 
this discontinuity is due to both dynamic yielding and the onset of the ferroelectric-to-
antiferroelectric phase change. The stress 'VB strain response of the ma.terial in the stress 
range 0.0 to 2.6 GPa can be fit with a. straight line yielding the relation 

u(GPa) = -.5340 + 114.6'1(GPa). (8) 

Thus, the slope or the line yields a sound speed of 3.06 km/s. This agrees remark-
ablv wen with the bulk sound speed estimates of 3.97 km/s, as determined rrom wave 

measurements (See Figure 14). Therefore, the stress-strain response of the material 
although represented by a straight line, should be cha.racteristic of bulk behavior. It 
should not be surprising, however, that a straight line representation is adequate, since 
the volume change is small (1.3%) over this stress range. Abcve 2.6 GPa, the sudden 
deerease in volume with increased compression is an indication or a dominant pore 
paction pro('ess o('('urring during dynamic loading. A comparison or the present Hugoniot 
nwasurenwnts with the extrapolation of hydrostatir experiments on solid PZT OS/;:' 124] 
suggests that total pore would o('('ur at approximately 8.0 GPa. The extr:tpolatiun 
is pt'fformed by fitting the pressure t'B strain relation in the AFE phase to a linear least 
squares fit and determining its behavior at hi@;her pressures. This, howevt>r, implidtly 
assumt's that there are no rurther complications such as additional phase changes in thl' 
material behavior. 

Hydrostatic pressure experiments on porous PZT 05/5 [,'I are indicated in Figure 11. 
(The hydrostatic experiments were performed on a batch or material very similar to the 
one used in dynamic experiments.) As indicated in the diagram, the material transforms 
undN hydrostatic conditions, rrom the FE phase to the AFE phase at -.. 0.26 GPa. The 
rt'sldt ant volume change asso('iated with the hydrostatic phase transforma.tion is 0.8('(',. 
When t he or the prest-nt Hugoniot measurements are compared to hydrostatic 
pr('ssure measurements, it appears that on the Hllgoniot, the onset of phase transrorma-
tion oecurs at 0.5 GPa, wit.h a corresponding volume change associated with the phase 
dUlIlgl' of "-' 0 ... %( this volume change is obtained by extrapolating the linear response of 
the matNial detE'rmined ov(>r the stress region 0.9 to 2.6 GPa). Thus, the volume change 
assoriatrd with the pha.')e change under dynamic loading conditions i!l approximately one-
hair or t hat observed under hydrostatic loading conditions, suggesting the presence or FE 
phas(> under dynamic loading. However, part of this volume change can be attributed 
also to dynamic yi('lding, and this would therefore imply even a larger rraction of FE 
phas(>. Therefore, dynamic loading conditions or the presence or shear, tends to ravor the 
pn'!·;enc(' or FE phase. It is quite likely, therefore, that over the stress regime or 0.9 to 
2.6 GPa, both phases of the material are present, with the concentration of FE phase 
diminishing with increasing stress. . 

This is further evidenced by the release paths indica.ted in Figure 13. The dashed 
lines in Figure 13 represent both the loading and release paths, as determined from the 
wave profiles. Note that the release states from shock states of 0.9, 2.0, and 2.4 GPa 
!;c to the left of the static hydrostat. This would be consistent with the observation 
made earlier that the shock states over the stress regime 0.9 to 2.6 GPa suggest a mixed-
phase state and the material is unloading along rrozen mixed-phase states. One would 

- 24 -



also expect to observe a similar release behavior if (i) upon 
continuously transforms to the FE phase, (ii) 
region is elastic. The former is not likely there is remnant 
total decompression; and the latter is not likely 
stress region from 0.0 to 2.6 GPa is characteristic of 
The release paths Crom shock states above 2.6 lie to the 
not clear, if the material is transformed entirely to the AFE 
changes observed at stresses over 2.6 GPa, are primarily due to process. 
In previous studies, based on charge release measurements, Lysne [51 arrived at a 
conclusion, suggesting the possibility of a mixed-pha."!€' region up to 1.6 GPa, 
found that 100% of the charge was released only above 1.6 GPa.. However, since 
(5) was investigating poled samples, the stress states might be different. 

The release paths shown in Figure 13 also seem to indicate a remnant strain 
release. This indicates a sluggish retransrormation to the FE phase from the 
state and may be the reason Cor the absence of rarefaction shocks upon relea.'';e. It is 
conceivable, that for short time durations, the material does not retransform to the fer-
roelectric phase. Since the material is porous, it is possible that the remnant 
served after release is also due to partial pore eompaction. Both these effects are 
to be contributing, indieating a remnant strain upon release. The kinetics of revl'rse--pilase 
transformation are expected to dominate below 2.6 GPa, wherea..'1l the kinetics of porE' 
compaction are bl'lieved '0 be more significant above 2.6 GPa, the stress level at 
the pareo-compaction process is significantly initiated. This is also consistent with 
hydrostatic pressure experiments [3,4], which indicate sluggish reverse transformations. 
As indirated in Figure 13, under a. hydrostatic-pn'S..'iure environment the ("{'ramie 
exhibits a transCormation from the FE phase to tli(' AFE pbase at approximately 
GPa. Upon relea..<;e from pressures of 0.8 CPa in the AFE pha.<;e, the material undergoes a 
reverse transformation at pressures lower than 0.1 GPa. Detailed X-ra.y diffradion analysis 
of recovered specimens would be necessary to determine whether the stress-induced ft'!"-
roelectric-to-antirerroelectric transformation is irreversible. In addition, density mNl..'mre--
ments oC recovered specimens would indicate if the remnant strain measured upon rl'iease 
is due to irreversible pore compaction. 

3.4 Pressure-Shear Experiments 

The longitudinal and transverse free-surface velocity profiles determined for the 
presure-shear experiments are indicated in Figures 5, 6, and 7. These correspond to lon-
gitudinal stress states oC 1.1 GPa, 1.33 GPa, and 2.48 GPa, respectively. The longitudinal 
profiles have beeu disclJssed already in a previous section. The transverse velocity profiles 
shown in these figures indicate considerable premotion prior to the arrival of the main 
transverse wave. Previous studies on other materials [18,27,281 have not indicated a similar 
behavior. The apparent premotion seems to increase with increasing stress. It is p&sible 
that since the material is porous, oblique reflection of the longitudinal wave at various 
pore sites, would generate a shear wave internally. If the main shear wave were not present 
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in the material, then the time average of the shear velocity profile should net zero trans-
verse motion. As mentioned earlier, the first systematic increase in free-surface velocity 
profile is used as a. criterion to determine the shear wa.ve speeds in the shocked state. The 
shear wave speeds determined in these experiments, seem fairly constant over the stress 
range of 1.0 GPa. to 2.5 GPa. 

The shear stress estimates obtained from these experiments are plotted as a function 
of mean pressure in Figure 15. Large error uncertainties in shear stress are indicated, due 
to the considerable premotion observed in these experiments. The shear stress estimates 
would depend upon the assumptions [28,301 used to determine their magnitude. A simple 
centered wave analysis [28J is assumed to calculate the shear stresses shown in Figure 15. 
Also, the shear stress estimates are expected to be a lower bound. Experimental limita-
tions, such as slippage at the bonded interface [18J and the bond strength of alumina-filled 
epoxy 128,3IJ, are expected to limit the magnitude of the shear stress transmitted into 
the material. However, previous studies have indicated, that a.t longitudinal stresses of 
1.2 GPa, a shear stress wave of 0.6 GPa can be transmitted through the alumina-fiUed 
epoxy bond [28,31J. 

The variation of shear stress VB mean pressure for the FE phase is indicated in Figure 
15 by the straight line. This is obtained by assuming a von Mises-type yield criterion and 
is calculated using 

where, T, is the shear stress, C1;r, is the shock stress and, P, is the hydrostatic pressure. 
Thus, the shear stress is obtained by taking the difference between the shock stress and 
hydrostatic pressure shown in Figure 13. in a uniaxial strain experiment, the shear stress 
incrcas('s with increasing mean pressure, and when in the FE phase, develops a maximum 
shear strt'ss of 0.16 GPa. At this stage, phase transrormation commences, and as indicated 
in the figure, the shear stress stays reasonably constant while in the mixed-phase state. In 
particular, the plot shown in Figure 15 resembles that of a material that has undergone 
"plastic" deformation; i. e., the shear stress of the material increases with pressure, and 
upon dynamic yielding, it attains a constant value. Thus, if there is no slippage at the 
bonded interrace, and if the measured shear stress is not being limited by the shear 
strength of the bond, this would suggest that dynamic yielding occurs as the material 
undergoes phase transrormation. If the material is indeed in a mixed phase over this 
pressure region, as suggested by release experiments and discussed earlier, the implication 
is that the presence or shear seems to ravor the existence of a FE phase. However, rate 
effects associated with the phase transformation could also be responsible fo,:, the existl'nce 
of a mixed phase and, thus, cannot be ruled out completely. A pressure-temperature phase 
diagram ror the material [2J would also suggest that any increase in temperature due to 
shock compression or heterogeneous deformation would favor the presence of FE phase. 
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4 Summary 

To summarize, results of these experiments indicate that the onset of phase trans-
formation to the AFE phase begins at approximately 0.5 GP. under dynamic loading 
conditions. Up to 0.5 GPa the dynamic stress-strain response in the ferroelectric phase 
has anomalous curvature, i.e. the sound speed decreases with increasing stress. Release 
experiments over the stress region 0.0 to 2.8 GPa indicate that the material is in a mixed 
phase, with the concentration of FE phase diminishing with increasing stress. Also, the 
kinetics of reverse-phase transrormation appear to be sluggish, since residual strain is 
observed upon total decompression. Above 2.6 GPa, the kinetics of pore compaction and 
crush-up bl:!havior dominate the mechanical response of the material. Comparison with 
the extrapolation of static hydrostatic experiments on fully dense material suggest that 
the pore-compaction process would be complete over 8.0 GPa, assuming that there are 
no further complications such as additional phase changes occurring in the material. 

Results of pressure-shear experiments and release experiments also seem to suggest 
that dynamic yielding occurs at 0.5 GPa, the pressure at which the FE-to-AFE-phase 
transrormation also commences; the phase transformation kinetics appear to be closely 
coupled with the dynamic yielding process and is therefore similar to the behavior of 
fused silica 132]. In the absence of pressure-shear and release wave experiments, one 
would be tempted to conclude that dynamic yielding occurs at 2.6 GPa, the pressure at 
which pore compaction begins. Experiments on fuHy dense PZT 95/5 would be necessary 
to conclusively verify the dynamic yield stress, since then the dynamics of the pore-
compaction process would not complicate the analysis and interpretation. In addition, 
those experiments would be rurther useful in establishing a constitutive relation for the 
material in which the porosity is being treated as a variable. 

Recovery experiments for the material over this stress range would also be useful. 
Detailed x-ray diffraction analysis of recovered specimens would determine whether the 
stress-induced rerroelectric-to-antiferroelectric transformation is irreversible, and electron 
microscopy techniques would help identiry derormation features induced during shock-
loading process. Density measurements or recovered specimens would indicate ir there is 
permanent pore collapse upon compressioIJ. 
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