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Abstract

Thirty-six triaxial compression experiments were performed at room tem-
perature on jacketed, PZT 95/5-2Nb ceramic specimens from a single hifire.
Confining pressures ranged from ambient to 800 MPa, and strain rates were
1072 or 10~*s~!. Approximately half of the experiments were conducted on
specimens poled transverse to the axis of deviatoric loading (“normal mode”)
and the remainder were conducted on specimens poled parallel to the axis of
deviatoric loading (“axial mode”). At a strain rate of 107*s™!, compressive
strength under unconfined conditions is approximately 558 MPa. Strength
increases to approximately 940 MPa at a confining pressure of 400 MPa.
Interestingly, the two experiments conducted at a confining pressure of 800
MPa exhibited strengths comparable to the specimens tested at 03=400 MPa,
suggesting that some sort of strength limit was reached between these two
pressures at 107%s™!. It also appears the pore collapse begins somewhere
between 400 and 800 MPa. A similar trend was observed at a strain rate
of 1072571, Under unconfined conditions, compressive strength is approxi-
mately 663 MPa, increasing to 1044 MPa at 03=400 MPa. Under uncon-
fined conditions, the two-order-of-magnitude increase in strain rate results
in a 19% increase in strength; at 400 MPa, the same increase leads to an
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11% increase in compressive strength. The usual transition in failure modes
with increasing confining pressure—from axial splitting to discrete shear fail-
ure to distributed microcracking—was observed. As expected, the relationship
between poling direction and axis of compression had no clearly detectable
influence on strength. A series of experiments on unpoled ceramic confirmed
that this hifire behaves similarly to others that we have characterized in the
recent past.
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Chapter 1

Introduction

PbZrOs and PbTiO; form a complete solid-solution series (lead-zirconate-
titanate, or PZT) of great technological importance. It is used in various
Zr:Ti ratios and with numerous dopants to manufacture a wide range of
electronic and electromechanical devices(e.g., Newnham [1989]; Haun et al.
[1989}) One of these modiﬁcations, Pbo,gng(]‘Oz (Zr0.95,Ti0.05)0.9803 (referred
to hereafter as PZT 95/5-2Nb), is used in shock-actuated power supplies of
the sort used in neutron generators {Lysne and Percival, 1975; Bauer et al.,
1976].

At room temperature, PZT 95/5-2Nb has a rhombohedrally distorted
perovskite structure (Fg;), and is ferroelectric [Fritz and Keck, 1978] (Figure
1.1); that is, a crystal (as well as subdomains within a single crystal) exhibits
a spontaneous polarization in any one of eight crystallographically-equivalent
directions. Thus, single crystals or polycrystals can be polarized (“poled”) in
an electric field. Domains with dipoles more closely aligned with the electric
field grow at the expense of domains whose dipoles are less favorably aligned.
When the electric field is relaxed, some remnant polarization persists and a
bound charge is stored. At a hydrostatic pressure of about 300 MPa, the
poled material undergoes a weak, displacive, first-order phase transformation
to an orthorhombic, antiferroelectric (macroscopically electrically neutral)
structure (Ap) [Belincourt et al., 1964; Fritz and Keck, 1978; Fritz, 1978].
The structural change is accompanied by a volume decrease of about 0.7%.
When the transformation occurs, the bound charge is released. Under shock-
wave conditions this takes place rapidly and very high currents and voltages
can be obtained.

As designs and testing become more expensive, it becomes increasingly
cost-effective to use finite-element methods to model and optimize neutron
generator power supply designs prior to construction and testing of proto-
types. In order to do this, constitutive models must be available for the
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Figure 1.1: Pressure-temperature phase diagram for PZT 95/5-
2Nb [Fritz and Keck, 1978]. Other known phases are: a high
temperature, ferroelectric rhomobohedral phase (Fxy), an antifer-
roelectric, tetragonal phase (Ar), and a paraelectric, cubic poly-
morph (P).

various materials used in the component, including one for the electrome-
chanical behavior of poled PZT 95/5-2Nb during the polymorphic transfor-
mation (e.g., Montgomery [1986]; Horie et al. [in preparation}).

As part of an ongoing effort to develop constitutive models for the elec-

tromechanical behavior of PZT 95/5-2Nb during the ferroelectric-antiferroelectric

(FE-AFE) polymorphic phase transformation, we have performed an exten-
sive series of quasistatic, hydrostatic and triaxial compression experiments
on both poled and unpoled PZT 95/5-2Nb specimens from several sintering
batches, also referred to as “hifires.” Qur efforts have focused exclusively
on the effects of nonhydrostatic stresses on the FE-AFE transformation. In
those experiments, deviatoric stresses were small, causing only elastic strains.
We have summarized results of these investigations elsewhere [Zeuch et al.,
1992a; 1992b; 1994; 1995; in preparation|, and will not review them here.
In this report we focus on a different problem related to constitutive
modeling of PZT 95/5-2Nb ceramic. The conditions under which mechan-
ical failure of the ceramic, and, hence, the power supply, might occur are
subjects of both interest and concern. Under shock loading, the ceramic is




subjected to large, compressive, mean and deviatoric stresses. Like brittle
rocks and minerals, ceramics fall into the category of pressure-sensitive, di-
latant materials. That is, their compressive fracture strengths and failure
mechanisms are dependent upon the ambient pressure or mean stress [Pater-
son, 1978; Meredith, 1990; Hallam and Ashby, 1990]. Compressive strengths
are similarly strain rate dependent [Paterson, 1978]. Thus, the objective
of this investigation has been to quantify the compressive strength of PZT
95/5- 2Nb ceramic as functions of pressure and strain rate, for extrapolation
to shock wave conditions.

Thirty-six triaxial compression experiments were performed at room tem-
perature on ceramic specimens from a single sintering batch (“hifire”). Con-
fining pressures ranged from ambient (unconfined) to 800 MPa, and nominal
strain rates were 1072 or 10~%s™!. Although it was not expected to pro-
foundly influence compressive strength, all specimens were poled in order to
maximize similarity to the ceramic actually used in power supplies. Approxi-
mately half of the experiments were conducted on specimens poled transverse
to the axis of deviatoric loading (the so-called “normal mode”) and the re-
mainder were conducted on specimens poled parallel to the axis of deviatoric
loading (“axial mode”).

At an axial strain rate, ¢, of 10 , compressive strength under uncon-
fined conditions is approximately 558 MPa. Strength increases to approxi-
mately 940 MPa at a confining pressure, o3, of 400 MPa. Interestingly, the
two experiments conducted at a confining pressure of 800 MPa exhibited
strengths comparable to the specimens tested at 03=400 MPa, suggesting
that some sort of strength limit was reached between these two pressures at
¢ of 107s71: this issue should be investigated further. A similar trend was ob-
served at a strain rate of 1072571, Under unconfined conditions, compressive
strength is approximately 663 MPa, increasing to 1044 MPa at g3=400 MPa.
"The usual transition in failure modes with increasing confining pressure-from
axial splitting to discrete shear failure to distributed microcracking—was ob-
served [Paterson, 1978]. As expected, the relationship between poling direc-
tion and axis of compression had no clearly detectable influence on strength.

Under unconfined conditions, the two-order-of-magnitude increase in strain
rate results in a 19% increase in strength; at 400 MPa, the same increase leads
to an 11% increase in compressive strength. It appears that the strength of
PZT 95/5-2Nb may increase somewhat more strongly with strain rate than
some rocks. Paterson [1978; p.32] summarizes results of several investiga-
tions at comparable strain rates that found strengths of various rock types
to increase by about 10% for a 103-fold increase in strain rate; we see 10-
20% increases with only a 10%-fold increase in strain rate. Nevertheless, our
results are generally consistent with those for rocks.
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Interestingly, the Fr; — Ao transformation can be triggered in simple
uniaxial compression [Fritz, 1979; Zeuch et al., 1997; in preparation]. This
results in some highly unusual strain responses at confining pressures below
that for onset of the transformation, 250-300 MPa. There are distinct differ-
ences between the strain responses of specimens compressed in the normal
and axial modes, which are, in turn, different from the strain response of un-
poled ceramic. As we will discuss at length below, these differences are due,
in part, to differences in the amounts of stress-induced dipole rotation that
can occur, as well as to stress-induced transformation effects. As a conse-
quence of the fact that the transformation is triggered by axial compression,
the pure FE phase does not have a failure strength. When failure occurs in
all of our experiments, the ceramic always consists, at least partly, of the
AFE phase.

Although this report is principally concerned with the failure properties
of PZT 95/5-2Nb ceramic, we will dwell at some length on the associated
transformation effects that are incidentally observed in the experiments. We
have shown that much can be learned about the nature of the transformation
even from uniaxial compression experiments [Zeuch et al., 1997; in prepara-
tion; see also: Fritz, 1979]. Much can also be learned about stress-induced
dipole rotation by examining differences amongst normal- and axial-mode
experiments, and experiments on unpoled ceramic. While many of the re-
sults that we report here are consistent with our earlier observations and
conclusions about the transformation and the circumstances under which it
occurs [Zeuch et al., 1997; in preparation], there are differences that will be
discussed.

Finally, we have performed a series of hydrostatic, uniaxial and triaxial
compression experiments on unpoled specimens from the same hifire from
which we fabricated the foregoing poled specimens. Batch-to-batch varia-
tions in electromechanical properties of PZT 95/5-2Nb are well-documented
[Dungan and Storz, 1985; Zeuch et al., 1992a.b|, despite the tight quality
control measures that appear to be applied to production of WR-qualified
PZT 95/5-2Nb (e.g., Keck [1990]). Insofar as possible, we wished to en-
sure that the properties of the particular hifire that we report on here are
generally similar to those that we have investigated previously [Zeuch et al.,
1992a,b; 1994; 1995; 1997; in preparation]. (We are also attempting to create
a database in order to define the range of “typical” properties of accepted
voltage bar ceramic.) Thus, on unpoled ceramic we have conducted: (1) hy-
drostatic compression experiments to determine the transformation pressure
of the unpoled material; (2) constant- stress-difference (CSD) experiments to
measure the effects of nonhydrostatic stress on the transformation; and (3)
uniaxial compression experiments to determine the failure strength, Young’s



modulus and Poisson’s ratio. As with the experiments on poled ceramic,

results from these experiments confirm the general similarity of this hifire to

those that we have investigated previously, although there are some signif-
. icant differences that should be investigated more fully. In the interest of
completeness, we report these results here, too.

In the following section, we discuss our experimental materials and tech-
niques. We will then briefly present the results of our characterization ex-
periments on unpoled ceramic. A detailed presentation of the results of our
experiments on poled specimens will follow. We will conclude with a discus-
sion of our results and their implications, and recommendations for future
directions.
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Chapter 2

Experimental Material and
Techniques

2.1 Experimental Materials

The PZT 95/5-2Nb ceramic specimens used in this investigation came from
hifire 453, which was prepared from mixed oxide powders in Sandia Na-
tional Laboratories’ Ceramic Shop when the Shop was QER’d (Qualification
Evaluation Release) to produce WR (war-reserve) quality hifires for use in as-
sembling MC (military characteristic) components [J. D. Keck, pers. comm.,
1998]. The ceramic was qualified on December 22, 1981 for use as voltage
bar ceramic in the MC3037 neutron generator subassembly for the W79.

Testing yielded an average depoling pressure of 38.6 kpsi (266 MPa), an
average depoling charge of 30.1 ¢C cm™2, and an average density of 7.30 g
ecm~3. Referred to a theoretical density of 8.00 g cm™3, the average porosity
of hifire 453 is therefore about 9%. The pore former used in hifire 453 was
Lucite microspheres 50-100 microns in diameter, added in the quantity of 6.5
g per kilogram of PZT powder. Nomarski microscopy performed by R. E.
Setchell (Dept. 1152) reveals a distinctly inhomogeneous Lucite-formed pore
distribution from area to area (Figure 2.1)

Beyond this, we have no detailed information on the microstructure of
the hifire, i.e., grain, fine pore and domain sizes, shapes and distributions.
However, owing to the tight controls that are typically applied to manufac-
ture of WR-qualified PZT 95/5-2Nb (e.g., Keck [1990)), we are reasonably
confident that hifire 453 is similar in grain size, domain size, and fine pore
size distribution to other mixed oxide hifires that have been examined by us
[Zeuch et al., 1992a,b] and by others [Chhabildas et al., 1986; Storz and Dun-
gan, 1986]. (By “fine” pores we mean those small pores that normally remain
after sintering, and which were not caused by the added Lucite.) That is,




grain size is probably in the range of 5-10 microns, and the fine pore size after
sintering is likely to be about 1-10 microns. Domain size is probably about
1 micron.

We will be comparing some of the results obtained for hifire 453 with
results of similar experiments performed earlier on specimens from hifires
541-1 and 424. Apart from mentioning here that the former is qualified
voltage bar material and the latter qualified current stack material, we note
only that additional details about these two hifires are available elsewhere
[Keck, 1990; Zeuch et al., 1992a,b.

2.2 Experimental Techniques

In all experiments, specimens were right rectangular prisms measuring 1.080
cm x 1.080 cm x 2.540 cm, with the two opposing square faces ground flat
and parallel within 0.0003 cm (Figure 2.2). Depending upon the particular
type of experiment to be performed, silver electrodes were evaporated onto
various pairs of opposing faces.

For all unpoled specimens, two opposing rectangular prism faces were
electroded to permit capacitance measurements to be performed. Specimens
that were to be poled for normal mode deformation were similarly electroded,
to permit poling transverse to the long direction. Specimens to be deformed
in the axial mode were electroded on the two square faces to permit poling
parallel to the long direction. '

Transversely poled specimens were “hot-poled” in electric fields corre-
sponding to 50 V per 0.003 cm (0.001 in) of thickness. Specimens were
heated in oil to 105 °C, and the electric field applied. The temperature was
then lowered to 70 °C over a period of 5 minutes, whereupon the electric field
was removed. Cooling to room temperature then continued. Specimens poled
parallel to the specimens’ long axis were treated similarly, except that they
were poled in an electric field of 30 V per 0.003 cm (0.001 in). Though we had
originally planned to pole all specimens in the same electric field, this proved
not to be possible with the equipment at hand. Thus, the specimens most
probably do not have identical remnant polarizations and preferred crystal-
lographic orientations about their respective poling axes. As we discuss in
a later section, this may be important when comparing the stress-induced
transformation of ceramic deformed in the normal and axial modes. Note
that the earlier poled specimens from other hifires that we have tested in the
normal mode in constant-stress-difference experiments [Zeuch et al., 1995; in
preparation] were poled in the same strength of field used here to prepare
normal-mode specimens.

Strains were measured using standard, foil-backed, resistance strain gauges
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Figure 2.2: From left to right, stages in specimen assembly.
Unassembled specimen (left) is 2.54 cm long.

bonded to the rectangular prism faces. In the discussion that follows, ax-
ial strains are those parallel to the long sample dimension, and lateral (or
transverse) strains are those measured on the prism faces in directions per-
pendicular to the long direction. Again, depending upon the particular pur-
pose to which a specimen was to be put, the number of strain gauges varied.
This is because our pressure vessel (discussed below) is equipped with only
twelve electrical feedthroughs: the number of possible strain gauges is some-
times reduced to allow other types of measurements. Because of their known
mechanical anisotropy [Zeuch et al., 1995], all poled specimens were instru-
mented with three pairs of orthogonal gauges. Owing to the number of strains
that had to be measured, capacitance measurements were not performed on
poled specimens.

For unpoled specimens, one axial gauge was sacrificed so that capacitance
measurements could be performed as well. Both specimens thus had some
measure of redundancy of strain measurements, and, where appropriate, re-
dundant (i.e., parallel) gauges were summed and averaged before calculating
axial, lateral and volumetric strains.

10




Slightly outsized tungsten carbide endcaps were glued to the ends of the
samples. Because of the number of strains that had to be measured on
poled specimens, we lacked sufficient feedthroughs to also measure discharge
voltage (or capacitance) during the experiments (e.g., Zeuch et al., 1995].
In this report, electrodes were simply shorted together with a connecting
wire. Specimen assembly was completed with a coating of urethane, which
prevented intrusion of the confining fluid into the ceramic during hydrostatic
and triaxial compression experiments.

All experiments were done at room temperature in the same standard
liquid-medium triaxial testing apparatus used by us previously [Zeuch et al.,
1992a; 1992b; 1995]. The apparatus (Figure 2.3) consists of a 1000 MPa
pressure vessel and 1.78 MN hydraulic actuator enclosed in a stiff reaction
frame that allows transfer of force from the actuator to the test specimen via
the moving piston. The pressure vessel end closure is fitted with twelve high-
pressure electrical feedthronghs which make the strain gauge and capacitance
measurement on the specimens possible. In hydrostatic compression experi-
ments, the piston is locked in place and only the confining liquid, ISOPAR™Y,
is pressurized. In nonhydrostatic experiments, deviatoric stresses are applied
axially using the independently controlled actuator and piston. In uniaxial
compression experiments, of course, the pressure vessel is not needed at all,
and simply serves as additional protection from the explosive failure of the
ceramic specimens.

In the foregoing experimental configuration, o; > 0y = 03, where oy, 09
and o3 are the greatest, intermediate and least principal stresses, compressive
stresses reckoned positive. oy is applied parallel to the long dimension of the
test specimens using the movable piston; oy = o3 = the fluid (or confining)
pressure. In what follows, we will frequently refer to the stress difference,
o1 — 03. The stress difference is twice the maximum resolved shear stress on
the specimen, 7 = (5‘—%‘5)

Load was measured using an external load cell with a maximum rating
of 0.445 MN, and fluid pressure was measured with a pressure cell. Cali-
bration against known standards indicates that the load cell is accurate to
4480 N. The pressure cell has a resolution of +0.008 MPa over the pres-
sure range 0 to 448 MPa. Capacitance measurements were performed using
a Hewlett-Packard HP4192A LF Impedance Analyzer operating at 1 kHz.
The impedance analyzer is equipped with an analog output.

The signals from the impedance analyzer, strain gauges, and load and
pressure cells, were transmitted to a Keithly 500 data acquisition system and
written to the hard disk on an IBM-compatible personal computer. Prelimi-
nary data reduction was accomplished during acquisition using the program
DATAVG [Hardy, 1993; 1997], and subsequent data analysis was performed

11
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Figure 2.3: Schematic illustration of the apparatus used in this
investigation. The stiff reaction frame is not shown.

using PSIPLOT,"™ a commercially-available data processing and plotting
package. -

Three different types of experiments were conducted. The preponder-
ance of those discussed in this report are standard, triaxial compression ex-
periments on poled specimens, deformed at constant strain rate. In these
experiments, the specimen is first pressurized to the appropriate confining
pressure, 0.1 (unconfined), 100, 200, 400 or (in two experiments) 800 MPa.
The hydraulic actuator is then used to slowly advance the movable piston
into contact with the test specimen; contact is determined by a small rise
in load above that caused jointly by piston-seal friction and reaction to the
hydrostatic pressure. At this point, the piston is backed well off of the speci-
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men, then brought just into contact again and held. This yields a full friction
hysteresis loop (negligible under unconfined conditions, and different at each
of the four elevated pressures) that would later be used during data reduction
to correct the load record for piston-seal friction. The piston is then advanced
into the pressure vessel at a constant displacement rate, corresponding to a
nominal axial strain rate, é,, of 1072 or 10~* s~!. Deformation continued
until failure.

Eighteen each of such experiments were performed on specimens poled
parallel and perpendicular to the axis of compression; of these, half were
performed at each of the two strain rates.

As noted earlier, we also performed ten additional characterization ex-
periments on unpoled specimens from hifire 453, for comparison with earlier
results on three other hifires that we have investigated: 424, 541-1 and 435
[Zeuch et al., 1992a,b]. These experiments consisted of hydrostatic com-
pression and constant-stress-difference (CSD) experiments, as well as two
uniaxial compression tests. We discussed uniaxial compression experiments
in the previous paragraph, and hydrostatic compression tests should require
no explanation. We have described our CSD experiments in detail elsewhere
[Zeuch et al., 1992a,b; 1995], but briefly review them again here. The inter-
ested reader is referred to our earlier reports for detailed discussion.

In CSD tests, the samples are first pressurized hydrostatically to 69
MPa. This initial pressurization is performed to minimize any possibility
of microcracking. Then an additional axial load is superimposed, using the
hydraulically-actuated piston, to increase the stress difference, o0y-03, to 50,
100 or 150 MPa. These stress differences are far below the uniaxial (i.e.,
unconfined) compressive strength of approximately 650 MPa that we have
measured for this same material (see below). The axial stress, o1, and fluid
pressure, o3, are then increased simultaneously under microprocessor control
so that the stress difference, and hence the maximum resolved shear stress,
(¥5%2), remained constant through the transformation. In both hydrostatic
compression and CSD experiments, the confining pressure, o3, was first in-
creased, and then decreased at the same constant rate, 0.69 MPa sec™!. In
our previous investigations, we have shown that the loading conditions dis-
cussed in this report leave the specimens completely intact, macroscopically
and microscopically entirely free of any cracks, chips, pore collapse or other
evidence of damage [Zeuch et al., 1992a,b; 1995]. We have seen no evidence
in this study that contradicts our previous conclusion that no damage occurs
in our hydrostatic compression and CSD experiments on 453 ceramic.

Because of the continually changing mean stress, it is not possible to
correct for piston-seal friction in the CSD tests. However, we have measured
friction of the moving piston as a function of confining pressure [Zeuch et al.,

13




1994] and shown that its effect on axial stress measurements is about 12 MPa,
in the range of the phase transformation (about 300 MPa) when referred to
the sample’s cross-sectional area. It must be remembered that during our
constant-stress-difference experiments, the loading piston is always moving
into the vessel, so the measured loads and, hence, axial stresses (oy) will
always be greater than those acting on the samples. The result is that the
mean stresses that we calculate for our constant-stress-difference experiments
are even further depressed below the hydrostatic experiments than we show
later.

14




Chapter 3

Experimental Results: Triaxial
Compression Experiments on
Poled Ceramic

3.1 A Few Preliminary Remarks on Transfor-
mation Effects and Stress-Strain Data

Tables 3.1 and 3.2 summarize the test conditions and important results for
the triaxial compression experiments on poled specimens deformed in the
normal and axial modes, respectively.

Plots of the stress-strain data from all successful experiments are pre-
sented in Appendices A-D. Representative plots of selected normal- and
axial- mode experiments performed at a strain rate of 107* s™' are shown
in Figures 3.1-3.5 and 3.6-3.9, respectively. Examination of the two sets of
figures, and the data summarized in Tables 3.1 and 3.2, reveals both ex-
pected and unexpected results. As expected, strength and ductility both in-
crease with confining pressure at constant strain rate. Equally unsurprisingly,
strength increases with applied strain rate at constant confining pressure.

Unexpected, however, are the peculiar forms of some of the plots of stress
versus axial, lateral and volume strain. All of the specimens deformed at
or below g3 =200 MPa exhibit surprising nonlinearity and/or sudden off-
sets in their strain responses at stress differences well below ultimate failure
strength. Notice, for example, the sudden, compressive offsets in all strains
at a stress difference of about 100 MPa in those experiments performed at
o3 =200 (Figures 3.3 and 3.8). Notice also that the lateral strains completely
reverse twice prior to failure, in experiments performed at or below o3=100
MPa (Figures 3.10 and 3.11; also Figures 3.1, 3.2, 3.6 and 3.7). This is re-
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Experiment ID | ¢ (s71) | 05 (MPa) | o; (MPa) | €., (%)
453-09 107* | U (0.1) 539 0.8
453-10 107* | U (0.1) 559 0.8
453-07 10~* 100 847 1.5
453-08 10~ 100 845 1.4
453-01 1074 200 925 1.7
453-06 1074 200 894 1.6
453-02 1074 400 968 2.3
453-05 10~* 400 956 2.2
453-03 107* 800 953 1.7
453-04 10~* 800 895 1.7
453-11 1072 | U(0.1) 672 0.9
453-12 1072 | U (0.1) 679 1.0
453-13 1072 100 937 1.5
453-14 1072 100 911 1.5
453-15 107 200 947 1.8
453-16 1072 200 992 1.7
453-17 10~° 400 1021 2.2
453-18 1072 400 1063 2.2

Table 3.1: Normal mode, uniaxial (“U”) and triaxial compression
experiments on poled hifire 453 ceramic. o; and ¢,, are the stress
difference and axial strain at failure, respectively.

markable behavior for a brittle ceramic, especially in uniaxial compression.
Additionally, volumetric strains are unusually large and compressive right
up until failure. These oddities require a few explanatory remarks before
proceeding to a discussion of the effects of confining pressure and strain rate
on strength and ductility.

This particular voltage bar ceramic has a porosity of about 9%. Sta-
ble pore collapse accompanied by sudden, compressive axial and volumet-
ric strains, is often observed during hydrostatic and triaxial compression of
porous rock [Wong ef al., 1992; their Figs. 2 and 6]. Therefore, pore collapse
could conceivably explain our observations at elevated confining pressures;
however, it almost certainly cannot account for those under unconfined con-
ditions. In the latter instance, we are uniaxially compressing a fairly strong,
obviously brittle ceramic, and the catastrophic failure of our test specimens
(see below) confirms that we are in the brittle deformation regime. Under
unconfined conditions, it is far more likely that the pores will act as stress
concentrators, not collapsing isotropically but rather promoting axial crack
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Experiment ID | ¢ (s1) | 03 (MPa) | oy (MPa) | €, (%)
453-20 107* | U (0.1) 577 1.0
453-19 107 | U (0.1) 411 0.8
453-21 107% 100 857 1.5
453-22 10~* 100 857 1.5
453-23 1074 200 922 1.8
453-24 107* 200 893 1.8
453-25 107¢ 400 879 2.1
453-26 10~* 400 957 2.3
453-27 1072 | U (0.1) 184 0.4
453-31 1072 | U (0.1) N/D N/D
453-35 1072 | U (0.1) 644 1.0
453-36 1072 | U (0.1) 655 1.0
453-28 1072 100 928 1.6
453-32 1072 100 945 1.6
453-29 1072 200 1010 1.9
453-33 1072 200 995 1.9
453-30 1072 400 1038 2.3
453-34 1072 400 1080 2.3

Table 3.2: Axial mode, uniaxial (“U”) and triaxial compression
experiments on poled hifire 453 ceramic. o; and ¢, are the stress
difference and axial strain at failure, respectively. N/D: not deter-
mined.

nucleation. This in turn would result in anomalously large, tensile, lateral
strains and rapid volume increases (dilatancy) preceding or coincident with
failure (e.g., Paterson [1978]). Under uniaxial conditions, we observe these
phenomena only after the lateral strains have reversed twice (Figures 3.10
and 3.11). These observations alone would lead us to conclude that pore
collapse is not the cause of our observed, low-stress nonlinearities.

However, we have also performed optical and scanning electron microscopy
on unpoled specimens from other PZT 95/5-2Nb ceramic hifires. Those
specimens have been pressurized under both hydrostatic and constant-stress-
difference conditions to much higher mean stresses without evidence of pore
collapse [Zeuch et al., 1992b; their Figure 4]. That earlier evidence further
supports our present, conclusion that pore collapse is not responsible for these
peculiar observations. Fortunately, an alternative explanation is readily at
hand.

As noted earlier, both we [Zeuch et al., 1997; in preparation} and Fritz
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Figure 3.1: Normal-mode uniaxial compression experiment at
é=10"%s"1. ¢,, ¢ and ¢, are the axial, lateral and volume strains,
respectively.

[1979] have shown that the Fg; — Ao transformation can be triggered dur-
ing uniaxial compression of unpoled ceramic. The odd, extremely nonlinear
stress-strain plots that we observe at confining pressures at and below 200
MPa (Figures 3.1-3.3 and 3.6-3.8) clearly indicate that the transformation is
occurring during uniaxial and triaxial compression of poled ceramic, as well.
The occurrence of a phase transformation accompanied by a volume decrease
readily explains the (1) lateral strain reversals, (2) sudden strain offsets and
(3) large, compressive volume strains prior to failure that are observed in the
lower-pressure experiments [Zeuch et al., in preparation; Fritz, 1979]. Sim-
ply put, compressive strains associated with the transformation overwhelm
dilational strains associated with axial compression until close to the point
of failure.

On the other hand, we can also explain the absence of peculiarities in the
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Figure 3.2: Normal-mode, triaxial compression experiment at
é=10"%s"! and 03=100 MPa. ¢,, ¢ and ¢, are the axial, lateral
and volume strains, respectively.

strain response of specimens tested at 400 and 800 MPa. The hydrostatic
pressurization stages of deformation experiments conducted at 400 and 800
MPa indicate that the transformation of poled 453 ceramic begins at about
225-250 MPa (Figure 3.12) under hydrostatic conditions; thus experiments
at the higher confining pressures (Figures 3.4, 3.5 and 3.9) should begin
deviatoric loading entirely in the AFE stability field, and, as observed, don’t
exhibit any of the oddities seen at the lower pressures. This constitutes
another piece of evidence that the nonlinearities in many of our stress-strain
plots are the result of triggering the transformation under deviatoric loading.

The volume strain responses shown in Figures 3.1 and 3.6 (and other plots,
as well) further indicate that some of the low-stress nonlinearities in the axial
and lateral strain records can also be attributed to dipole rotation. Note that
the volume strain responses are essentially linear up until a stress difference
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Figure 3.3: Normal-mode, triaxial compression experiment at
€=10"%s"! and 03=200 MPa. ¢, ¢ and ¢, are the axial, lateral
and volume strains, respectively.

of about 225-250 MPa, whereas the axial and lateral strain responses become
quite nonlinear at much lower stresses, 50-75 MPa. Although we have not
performed the careful, elastic analysis of Zeuch et al. [in preparation], we
think that the low stress, linear portion of the volume strain plot is simply the
normal volumetric response to uniaxial compression that is associated with
Poisson’s ratio. The departure of the volume strain response from linearity
at 225-250 MPa probably represents onset of the transformation, though
steadily increasing deviatoric stresses are required to drive the transformation
forward [Zeuch et al., in preparation].

If this is true, then based on the observations and reasoning of Zeuch et al.
[in preparation|, we further conclude that the nonlinearities in the axial and
lateral strain responses that occur at low deviatoric stresses can be attributed
to rotation of dipoles away from the maximum compressive stress [Fritz, 1978;
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Figure 3.4: Normal-mode, triaxial compression experiment at
é=10"%s™! and ;=400 MPa. ¢,, ¢ and ¢, are the axial, lateral
and volume strains, respectively.

1979). Because the unit cell of the distorted perovskite cube is longer parallel
to the dipole, this would be consistent with the observed, exaggerated axial
compression and lateral rarefactions [Fritz, 1978; 1979]. Dipole rotation is
an isovolumetric process, so the plot of stress versus volume strain would not
display any sudden nonlinearities, as observed. We will also show later that
differences in the behaviors of specimens deformed in the normal and axial
modes provide added insight into the occurrence of dipole rotation during
deformation.

We acknowledge that the foregoing observations and arguments do not
constitute rigorous proof that deviatoric loading is triggering both the phase
transformation and dipole switching in our experiments. We have only shown
that our data are consistent with occurrence of these processes. Nor have
we made any careful attempt to separate and quantify the contributions of
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Figure 3.5: Normal-mode, triaxial compression experiment at
é=10"*s"! and 03=800 MPa. ¢,, ¢ and ¢, are the axial, lateral

and volume strains, respectively.

each phenomenon to the total strain response. Investigation of this problem
would be the subject of a lengthy report in itself, and, indeed, such a study
is planned for the future. However, we believe that the qualitative evidence
presented above is persuasive that (1) both processes are occuring, (2) we
can roughly identify when each process begins, and (3) the two processes
satisfactorily explain all of the observed pre-failure behavior.

We will discuss additional aspects of transformation and dipole rotation
effects elsewhere in this report, particularly as they relate to the orientation-
dependent, maximum compressive stress criterion that Zeuch et al. [1997; in
preparation| have proposed for onset of the Fry — Ao transformation under
nonhydrostatic stress. Dipole rotation and transformation effects also con-
tribute to differences between the stress-strain curves of specimens deformed

in the normal and axial modes.
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Figure 3.6: Axial-mode, uniaxial compression experiment at
é=10"%s"!. ¢,, ¢ and ¢, are the axial, lateral and volume strains,
respectively.

3.2 Effect of Confining Pressure on Compres-
sive Strength and Ductility

As expected (e.g., Paterson [1978]), both strength and ductility (axial strain
at failure) increase with confining pressure at constant strain rate (Tables
3.1 and 3.2). This is because application of increasing pressure progressively
suppresses the nucleation, growth and connection of microcracks. The frac-
ture mode changes progressively from explosive axial splitting in the absence
of confinement (Figure 3.13a), to a single shear fracture (Figure 3.13b) at 100
MPa, to increasingly finely distributed shear microcracking at 200, 400 and
800 MPa (Figures 3.13c and 3.13d). Failure was marked by an audible “pop”
at 03=0.1 and 100 MPa. No audible sounds were detected upon failure at or
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Figure 3.7: Axial-mode, triaxial compression experiment at
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and volume strains, respectively.

above 200 MPa.

The form of the stress-strain curves also changes with increasing confining
pressure, reflecting both the increases in strength and ductility. Figures
3.14-3.17 summarize the effects of confining pressure on strength and axial
strain response for both strain rates, and deformation modes. As with other
brittle polycrystalline materials [Paterson, 1978}, the peak strength not only
increases, but shifts to higher strains with increasing confinement.

Strength loss is instantaneous and catastrophic only under unconfined
conditions. Although strength drops precipitously at o3=100 MPa, it is,
nevertheless, at a measurable rate; the rate continues to slow with increasing
confinement. At 200 and 400 MPa, strength loss is usually incomplete, with
the ceramic continuing to support some stress well after reaching a peak.
Eventually, at the highest confining pressure (800 MPa), the ceramic yields
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Figure 3.8: Axial-mode, triaxial compression experiment at
¢=10"%s"! and 03=200 MPa. ¢,, ¢ and ¢, are the axial, lateral
and volume strains, respectively.

but continues to work harden out to axial strains of 5-6%. It becomes difficult
to pick a yield or failure strength under this last condition; we have somewhat
arbitrarily picked the intersections of tangents to the initial and final portions
of the curves (Table 3.1), which are substantially lower than the highest
values attained (Figure 3.14).

Examination of Figures 3.14-3.17 indicates that increases in confining
pressure above 100 MPa have steadily diminishing effects on strength at
both strain rates. The data further suggest that by 800 MPa, confining pres-
sure has no additional effect on strength, or, possibly, even reduces strength
depending upon where one chooses “yield” or “failure” (Figure 3.14). This
nonlinear and decreasing effect of confining pressure is conveniently summa-
rized in Figure 3.18, and is identical to that reported for rocks [Paterson,
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Figure 3.9: Axial-mode, triaxial compression experiment at
é=10"%s"! and 0;=400 MPa. ¢,, ¢ and ¢, are the axial, lateral
and volume strains, respectively.

1978; his Figures 8 and 9].

In the case of PZT 95/5-2Nb, this diminishing effect represents a change
in the deformation mechanism between confining pressures of 400 and 800
MPa, as indicated in the plots of stress difference versus volume strain shown
in Figures 3.19 and 3.20. Under unconfined conditions, the volumetric strain
response is dominated by the Fg, — Ao transformation right up until fail-
ure. Beyond the transformation at o3 =100 or 200 MPa, volumetric strain
response is essentially linear elastic until failure. Concurrent with failure, the
specimens begin to dilate rapidly. At 400 MPa, however, we observe another
inflection point in the stress difference-volume strain plots just prior to fail-
ure, indicating that the specimen is once again beginning to compact. The
compaction phase lasts only briefly, however, and the samples again dilate
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Figure 3.10: Detailed view of the lateral strains for the normal-
mode uniaxial compression experiment shown in Figure 3.1. Note
the two complete reversals of the strains prior to failure.

rapidly, slightly beyond the peak stress. This behavior is quite consistent at
400 MPa, for both orientations and both strain rates. In the two experiments
that we performed at 800 MPa, however, the specimens continue to compact
indefinitely.

We interpret these second episodes of compaction as the onset of pore
collapse during deformation because we are not in the vicinity of any known
transformations under these conditions [Fritz and Keck, 1978]. However, mi-
crostructural investigation would be required to confirm this. Such studies
might prove difficult, owing to the crumbling nature At 400 MPa, we infer
that microcracking still dominates pore collapse, and the samples eventually
begin to dilate and soften. But by 800 MPa microcracking is sufficiently sup-
pressed that pore collapse is stabilized. The specimens continue to harden as
void space is reduced. In dynamic experiments, Chhabildas [1984] reported
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Figure 3.11: Detailed view of the lateral strains for the axial-mode
uniaxial compression experiment shown in Figure 3.6. Note the
two (almost) complete reversals of the strains prior to failure.

the onset of pore collapse at a nominal pressure of 2.6 GPa. This is substan-
tially higher than the mean stress of about 0.7-1 GPa at which we observe
the onset of pore collapse at a strain rate of 10~* s 1.

3.3 Effect of Strain Rate on Compressive Strength

Figure 3.18 also conveniently summarizes the effects of strain rate on com-
pressive strength. At all confining pressures, the two-order-of-magnitude
increase in strain rate uniformly results in a roughly 100 MPa increase in
compressive strength. This corresponds to about a 19% increase in strength
under unconfined conditions, and about an 11% increase at 400 MPa. Pater-
son [1978; p.32] cites an increase in compressive strength of about 10% for a
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Figure 3.12: Hydrostatic compressibn stages of triaxial compres-
sion experiments performed at 03=400 or 800 MPa. Despite differ-
ences in poling direction and field, results are essentially identical.

102 increase in strain rate for limestone and several igneous rocks. Thus, PZT
95/5-2Nb appears to be somewhat more rate sensitive than other pressure-
sensitive materials, but not greatly so. _

Strict extrapolation of this strain rate effect to dynamic conditions would
probably result in an underestimate of the true strength. Strain rate sensi-
tivity generally increases dramatically above about 10%s~! [Lankford, 1981;
Olsson, 1991].
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Figure 3.13: Failure modes at various confining pressures.

3.4  Orientation Effects

3.4.1 Strength and Ductility

The alert reader will note that the compressive strength data plotted for
each strain rate in Figure 3.18 include results from specimens compressed in
both the normal and axial modes. This is because we see no clear evidence
that one orientation is consistently stronger than the other at either strain
rate. We do, however, see some very weak indications that specimens com-
pressed parallel to the poling direction exhibit more erratic behavior than
those compressed perpendicular to the poling axis. -

This evidence is most pronounced under unconfined conditions, where
two of five axial-mode specimens (Table 3.2: 453-19 and 453-27) exhibited
anomalously low strengths at both strain rates. Similarly, one axial-mode
specimen exhibited an unusually low strength at o3 =400 MPa and é, =107
s71 (453- 25). These observations suggest the possibility that specimens poled
parallel to the axis of compression have a wider range of strengths at the low
end than specimens poled perpendicular to the axis of compression. However,
many more experiments would have to be performed to establish this.

Specimens deformed in both the axial and normal modes undergo a brief
period of apparent weakening, or enhanced axial ductility at onset of the
transformation (e.g., Figures 3.3 and 3.8). This effect is particularly pro-
nounced in axial-mode specimens. However, this does not appear to trans-
late to any significantly greater axial strains at failure. This effect might be
considered a form of transformational plasticity, but that term is usually re-
served for enhanced ductility that occurs under load during repeated cycling
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Figure 3.14: Summary plot of the effects of confining pressure on
strength and ductility for normal-mode deformation at é=10"*s™'.

across a polymorphic phase boundary [Poirier, 1982].

3.4.2 Stress-Strain Response: Elastic, Dipole Rotation
and Transformation Effects

Despite similarities in maximum compressive strengths, there are pronounced
differences in the stress-strain data for the two poling orientations for con-
fining pressures at or below 200 MPa. Figure 3.21 compares results for un-
confined experiments in the two different orientations at a strain rate of
10~% s~1. Axial and lateral strains are very different, which we attribute
to several different, but related phenomena. We plan to investigate these
processes in detail at a later date, and only offer qualitative explanations for
the observations at this time. Our observations and explanations are gener-
ally consistent with those of Fritz [1979], and based in part on some earlier
observations made by us during uniaxial compression experiments on poled
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Figure 3.15: Summary plot of the effects of confining pressure on
strength and ductility for axial-mode deformation at é=10"*s~1.

and unpoled specimens from other PZT 95/5-2Nb hifires [Zeuch et al., 1997;
in preparation].

The poling process aligns a large fraction of the domains parallel or sub-
" parallel to the electric field, resulting in what is probably a concentric dis-
tribution about, and having a maximum parallel to, the poling direction.
This results in mechanical anisotropy that is detectable even in hydrostatic
compression experiments both prior to and during the phase transformation
[Zeuch et al., 1995]; this is illustrated in Figure 3.22 for hifire 453 ceramic.
The anisotropy prior to the transformation is a consequence of the fact that
PZT 95/5-2Nb is elastically softer parallel to the dipole [Fritz, 1979]. The
anisotropy during the transformation is probably a consequence of release
of locked-in mechanical strains caused by poling (“electrostrictive” strains),
and/or greater intrinsic compressive strains parallel to the dipole direction
during transformation. We have not investigated the relative contributions
of the two effects.
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Figure 3.16: Summary plot of the effects of confining pressure on
strength and ductility for normal-mode deformation at é=10"2%s™!.

In the case of axial mode deformation, the orientation distribution is
coaxial with, and symmetric about, the directions of maximum compressive
stress and strain. In the normal mode, the axis of the distribution is perpen-
dicular to the directions of maximum compressive stress and strain. Even
in the earliest stages of loading then, we would expect both (1) differences
in elastic strain response between the two modes of deformation, (2) elastic
anisotropy parallel to the axis of compression during axial-mode deformation,
and (3) elastic anisotropy in the plane perpendicular to compression during
normal-mode deformation.

In fact, the two types of specimens exhibit essentially linear, identical
responses up to about axial stresses of 50-75 MPa, at which point they both
depart dramatically from linearity, and from each other. It seems likely
that the elastic differences are too small to resolve at these low stresses, and
are masked at higher stresses first by inelastic dipole rotation and later by
transformation effects.
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Figure 3.17: Summary plot of the effects of confining pressure on
strength and ductility for axial-mode deformation at é=10"2s71.

If, as we suggest above and elsewhere [Zeuch et al., 1997; in prepara-
tion|, onset of the phase transformation begins when the volumetric strain
response departs from linearity in the range of 01=200-250 MPa, then the
nonlinearities starting at 50 to 75 MPa must be due to some other process or
processes. As discussed above, and also shown by us elsewhere [Zeuch et al.,
in preparation], these low-stress nonlinearities can reasonably be attributed
to onset of stress-induced dipole rotation, rather than some sort of nonlin-
ear elastic effect. We would expect the strain effects associated with dipole
rotation to be different for the two differently poled specimens varieties.

Specimens deformed in the axial mode have a preponderance of dipoles
oriented subparallel to the maximum compressive stress, and should there-
fore exhibit the greatest amount of rotation of dipoles away from the applied
stress. Specimens deformed in the normal mode already have a preponder-
ance of dipoles oriented perpendicular to the maximum compressive stress,
and should therefore experience comparatively less strain caused by dipole
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Hifire 453: Compressive Strength vs. Confining Pressure
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Figure 3.18: Summary plot of the effects of confining pressure and
strain rate on the strength of poled, hifire 453 ceramic. Note that
normal- and axial-mode experiments typically exhibit comparable
strengths, though the scatter is perhaps greater for axial-mode
experiments.

rotation. Furthermore, the distribution of dipoles should be symmetrical
about the axis of compression in the axial mode, so we would expect lateral
strains caused by dipole rotation to be symmetric about the axis of compres-
sion. In the normal mode, the distribution of dipoles is anisotropic in the
plane perpendicular to the applied deviatoric stress, so we would expect the
lateral strains caused by dipole rotation to be similarly anisotropic. In ei-
ther instance, these larger, inelastic strains would likely mask smaller, elastic
differences

This, in fact, is exactly what we observe (Figure 3.21). In the axial mode,
the axial strain exhibits an anomalous, compressive departure from linearity
at about 0,=75 MPa, exactly what would be expected as the elongated
dipoles rotate away from the applied stress. Similarly, the lateral strains
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Figure 3.19: Plots of stress difference vs. volume strain for normal-
mode experiments at é=10"*s~!. Change in the failure mechanism
is indicated /by the change in the sense of volume strain at failure
at confining a pressure somewhere above 400 MPa. The change
- to a compressive sense indicates that pore collapse is becoming
important.

display a sudden, anomalous dilatational departure from linearity at exactly
the same time. Note also that the lateral strains are identical, as would be
expected for compression coaxial with the distribution of dipoles.

The specimen deformed in the normal mode also exhibits sudden depar-
tures from linearity in its axial and lateral strains at about 75 MPa. In
contrast to the axial mode, however, the lateral strains are anisotropic, and
the departures from linearity are less pronounced than those for the axial
mode. Note also that lateral strain parallel to the poling direction is less
than the lateral strain perpendicular to the poling direction, also as would
be expected. Thus, it appears that the nonlinearities in the stress-strain
response that begin at about 75 MPa can be attributed to the onset of ap-
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Figure 3.20: Plots of stress difference vs. volume strain for axial-
mode experiments at ¢=10"%s~!, Although no experiment was per-
formed at 03=800 MPa, the same systematics that indicated the
impending onset of stable pore collapse as a failure mechanism in
Figure 3.19 are present here.

preciable amounts of dipole rotation. It is less clear when or if this process
terminates, given that the transformation may still be continuing (at least
in uniaxial compression) when the specimens fail [Fritz, 1979; Zeuch et al.,
1997; in preparation).

At a stress of 200-250 MPa, the volume strains finally depart from lin-
earity (Figure 3.21), indicating onset of the transformation [Zeuch et al.,
1997; in preparation]. For the same reasons outlined above, we would expect
lateral transformation strains associated with axial-mode deformation to be
identical, whereas those associated with normal-mode deformation would be
greater in the direction parallel to poling. Again, this is generally what we
observe. Lateral strains in axial-mode specimens are identical right up to
failure (Figure 3.21). Lateral strains in normal-mode specimens continue to
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Figure 3.21: Normal- and axial-mode, uniaxial compression exper-
iments on hifire 453 ceramic. ¢,, ¢ and ¢, are the axial, lateral and
volume strains, respectively. Results from a similar experiment on
unpoled ceramic are shown for comparison.

diverge right up until failure.
As noted earlier, many of the conclusions in this section are qualitative

and based largely on the earlier work of Fritz [1979] and ourselves [Zeuch
et al., 1997; in preparation|. It is our intention to further investigate the
relationship between applied stress and dipole rotation, using additional di-
agnostics such as acoustic velocity measurements and changes in electrical

state.

3.4.3 Effect of Poling Direction on Onset of the Fz —
Ap Transformation in Triaxial Compression

Zeuch et al. [1994] showed that a convincing case could be made that under

nonhydrostatic compression, the Fr, — Ao transformation of unpoled PZT

95/5-2Nb ceramic began when the maximum compressive stress, o, equalled
the hydrostatic pressure at which the transformation would otherwise take
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place. Zeuch et al. [1997; in preparation] noted that this prediction did not
seem to apply to poled ceramic deformed in the normal mode in constant-
stress-difference experiments. However, they showed that the results for
poled ceramic could be qualitatively reconciled with those for unpoled if
not only the magnitude of the compressive stress, but also its orientation
relative to the crystallography of PZT 95/5-2Nb, determined onset of the
transformation. Zeuch et al. [in preparation] showed that under constant-
stress-difference conditions, poled ceramic appeared to transform when the
compressive stress on a plane at 45° to the poling direction equalled the hy-
drostatic pressure at which the transformation of poled ceramic otherwise
occurred. The reasons for the particular 45° angle were not identified, but
appeared to confirm the importance of orientation as well as magnitude of
the stress for onset of the transformation.

If the stress-orientation dependence predicted by Zeuch et al. [1997; in
preparation] is correct, we might expect to see some difference in onset of the
phase transformation between those specimens deformed in the normal and
axial modes. The two orientations were poled using different field strengths.
Thus, the intensities (so to speak) of the poling-induced preferred crystal-
lographic orientations should also be different for the two types of speci-
men.  For any given triaxial stress state, then, the differently-poled speci-
mens present different populations of domains that are favorably oriented for
transformation to occur.

In fact, we see no difference between the volumetric strain behaviors of
the two types of specimens, indicating that the transformation began at
the same stress level, and proceeded identically for the two different pol-
ing orientations. This observation is troubling for the proposed qualitative,
orientation-dependent model proposed by Zeuch et al. [in preparation], be-
cause it is difficult to understand how two very different field strengths,
applied at orientations 90° apart, could result in a domain distribution (or
distributions) that yield the same transformation behavior. We acknowledge
that this observation appears to contradict our model, and we have no fully
credible explanation for it at this time. However, the model continues to
explain many observations for several other hifires, and abandonment is not
warranted at this time.

One possibility is that the domain orientations in the axial mode speci-
mens is highly unstable relative to the stress orientation. Domain rotation
clearly begins in axial mode specimens at a stress difference of about 75 MPa,
when the axial strain curves for uniaxially compressed, axial- and normal-
mode specimens deviate from one another (Figure 3.21). However, by a stress
difference of about 160 MPa, the axial strain plots for the two deformation
modes are identical, albeit separated by a fixed strain, presumably that due
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to dipole rotation. The similarity of the axial stress-strain plots suggests
that by the time a certain axial stress level is reached, that applied axial
stress has completely modified the domain distribution of the axial mode
specimens, such that they strongly resemble the normal mode specimens.
If this rearrangement occurs prior to triggering of the transformation, then
the normal-mode and axial-mode specimens will transform at essentially the
same stress conditions.

Careful testing in the future will be required to evaluate this possibility.

3.5 Additional Observations on Poled 453 Ce-
ramic

The uniaxial and triaxial compression experiments that we discuss here are
different from our earlier constant-stress-difference (CSD) experiments in
that the shear stress, as well as the mean stress applied to the specimens
is constantly increasing. However, as with our CSD experiments, we can
plot mean stress versus volume strain and compare the results with the hy-
drostatic compression experiments. We do this in Figures 3.23 and 3.24 for
both the normal mode and axial mode experiments performed at 107* s
The rate of change of the mean stress for the 10™* s~! experiments is compa-
rable to that for the hydrostatic compression tests, and so this comparison is
warranted (Figure 3.25). The experiments at 10~2 s} pressurize two order
of magnitude faster, and so the transformation is shifted to somewhat higher
mean stresses relative to the hydrostatic tests (Figure 3.26 and 3.27).

Poled 453 ceramic exhibits the same depression of mean stress for onset
of the transformation with increasing shear stress that we have observed in
all of our previous investigations of poled and unpoled ceramic [Zeuch et
al., 1992a,b; 1995; 1997; in preparation]. However, since we are changing
both shear and mean stress at the same time in these triaxial compression
experiments, we need to look at plots of both variables against volume strain
to confirm this.

In Figure 3.28 we replot the results for normal mode experiments con-
ducted at 107* s7! and confining pressures of 0.1, 100 and 200 MPa; that is,
the normal-mode experiments at 10 s~! which underwent transformation.
In Figure 3.28a, we plot stress difference vs. volume strain, and in Figure
3.28b, mean stress vs. volume strain. Again, assuming that the departure
from linearity indicates onset of the transformation for both plots, it is clear
from Figure 3.28 that transformations that are triggered at the highest shear
stresses are also triggered at the lowest mean stresses, as observed previously.

Furthermore, the transformations that occur at the highest mean stresses
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and lowest shear stresses (4.e., experiments at o3 =200 MPa), proceed fastest
as indicated by the narrow range of stresses spanned before the transforma-
tion is completed. Transformations that are triggered at the lowest mean
stresses and highest shear stresses (the unconfined experiments) proceed most
sluggishly, as indicated by the wide band of stresses that are spanned prior
to failure. This is again consistent with our earlier observations, and with
our qualitative model that it is the maximum compressive stress that largely
controls onset of the transformation of the ceramic polycrystal, and mean
stress that controls completion.

Specimens deformed at o3 =200 MPa begin axial loading at a confining
pressure quite close to the hydrostatic pressure for onset of the transfor-
mation. Only a small additional increment of axial loading is required to
reach the compressive stress necessary to start the transformation, and a
correspondingly small increment needed to reach the mean stress required to
complete the transformation. Unconfined experiments and experiments that
begin at o3 =100 MPa simply take longer to span the range of compressive
stresses needed first to start and then complete the transformation for all
domain orientations, as shown in Figure 3.29.

In Figure 3.30 we replot the results from uniaxial and triaxial compres-
sion tests on 453 ceramic in terms of ("1—“;53—1 vs. volume strain. Unlike our
results for CSD experiments on poled ceramic from hifires 541-1 an 424, this
does not convincingly reconcile or bring the data into “registry” with the
hydrostatic compression experiments. This suggests that the domain orien-
tation for the poled 453 must be somewhat different from that for the other
two hifires, despite the similar electric fields that were applied to each set of
specimens. By a process of trial and error we could probably find an angular
relationship between applied stress and volume strain that achieves the de-
sired result, but in the absence of additional diagnostics to identify the onset
of the transformation, this does not appear to be a profitable endeavor at
this time.
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Hydrostatic Compression: Normal Mode Poling
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Figure 3.22: Anisotropic strain behavior of poled PZT 95/5-2Nb
ceramic during the Fjp, — Ap transformation under hydrostatic
compression. ¢, is the axial strain, and ¢;3 and ¢ are the two
orthogonal, lateral strains. Poling directions are indicated on the
plots.
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Figure 3.23: Plots of mean stress vs. volume strain for normal-
mode, uniaxial and triaxial compression experiments at é=10"%s~!
and confining pressures <200 MPa. Hydrostatic compression ex-
periments are shown for comparison.
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Figure 3.24: Plots of mean stress vs. volume strain for axial-mode,
uniaxial and triaxial compression experiments at é=107*s™' and
confining pressures <200 MPa. Hydrostatic compression experi-
ments are shown for comparison.
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Hydrostatic Pressurization Stages
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Figure 3.25: Top: Plots of pressure vs. time for the hydrostatic
compression stages of experiments conducted at 400 or 800 MPa.
Broken line has a slope of 0.69 MPa s~!. Bottom: Plots of mean
stress vs. time for the same normal-mode experiments shown in
Fig. 3.24. Despite some variation, the rate of change of the mean
stress is very similar to that for the hydrostatic compression ex-
periments (top).
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Figure 3.26: Plots of mean stress vs. volume strain for normal-
mode, uniaxial and triaxial compression experiments at é=10"2s7!
and confining pressures <200 MPa. Hydrostatic compression ex-
periments are shown for comparison.
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Figure 3.27: Plots of mean stress vs. volume strain for axial-mode,
uniaxial and triaxial compression experiments at é=10"2s~! and
confining pressures <200 MPa. Hydrostatic compression experi-
ments are shown for comparison.
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Figure 3.29: Plots of 0; and mean stress vs. time for three normal-
mode experiments at ¢=10"%s!. The time required to complete

transformation is the time difference, Af, between reaching the
value of o, required to start the transformation, and the mean
stress required to complete it. The closer the confining pres-
sure is to the hydrostatic pressure for the transformation, Pr, the
shorter this time span necessarily is. Note that in uniaxial com-
pression tests, failure occurs before the mean stress for completion
is reached.
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Chapter 4

Experimental Results:
Confirmatory Experiments on
Unpoled Ceramic

4.1 TUniaxial Compression Experiments: Strength
and Elastic Properties

Two uniaxial compression experiments to failure were performed on unpoled
453 ceramic at a strain rate of 107* s7! (Figures 4.1 and 4.2). We performed
two unload/reload cycles at axial stresses below 100 MPa during each of the
two uniaxial compression experiments. Stresses were deliberately kept low
during the cycles in order to stay within the stability field of the ferroelectric,
rhombohedral phase as indicated by the absence of permanent volumetric
strain upon complete unloading. Detectable amounts of axial strain did
remain, however, upon complete unloading (Figures 4.1 and 4.2), indicating
that some dipole switching may have occurred.

Failure strengths, and Young’s moduli and Poisson’s ratios determined
from the unload/reload cycles are summarized in Table 4.1. Shown for com-
parison in Tables 4.2 and 4.3 are failure strengths and elastic properties
measured by Zeuch et al. [1997] in identical uniaxial compression experi-
ments on unpoled hifire 541-1 and 424 ceramic. The former hifire, which
had Avicel added as a pore former, was qualified voltage bar material with
a density and porosity comparable to hifire 453; the latter ceramic was qual-
ified current stack ceramic, which had no pore former added, and, hence, a
comparatively lower porosity and higher density [Keck, 1990]. Compressive
strengths and Young’s modulus for hifire 453 (Table 4.1) are comparable to
those for hifire 541- 1. Both compressive strengths and Young’s modulus for
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Unpoled Hifire 453: Unconfined, & = 10% 57!
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Figure 4.1: Uniaxial compression experiment at 10~* s~! on un-

poled 453 ceramic. ¢,, ¢ and ¢, are the axial, lateral and volume
strains, respectively. Capacitance is plotted vs. ¢, on the right
abscissa.

the denser 424 ceramic are higher than those for the voltage bar ceramics
453 and 541- 1.

In the interest of completeness, stress-strain and capacitance data for the
uniaxial compression experiments on unpoled, 541-1 and 424 ceramic, and
poled 541-1 reported by Zeuch et al. [1997] are included in Appendices E,
F and G, respectively. Additional information on these two hifires are given
by Keck [1990] and Zeuch et al. [1992a, b].

Interestingly, the unconfined compressive strengths of the poled, normal-
and axial-mode 453 ceramic specimens deformed at ¢ =107% s7! (Tables 3.1
and 3.2) are consistently lower, by 80 to 100 MPa, than those for the unpoled
453 specimens (Table 4.2). This was not something that was observed in two
normal-mode, uniaxial compression experiments at 107* s~} on poled hifire
541-1 ceramic, however [Zeuch et al., 1997] (Appendix G). Those specimens
failed at 651 and 668 MPa (Table 4.4), very comparable to results for unpoled
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Unpoled Hifire 453: Unconfined, & = 10%s7!
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Figure 4.2: Uniaxial compression experiment at 10 s™! on un-

poled 453 ceramic. ¢,, ¢ and ¢, are the axial, lateral and volume
strains, respectively. Capacitance is plotted vs. ¢, on the right
abscissa.

541-1 ceramic (Table 4.2). These observations suggest that: (1) poling may
introduce damage in the form of microcracks that serves to weaken the poled
specimens {Lynch et al., 1995], and (2) some hifires may be more susceptible
to damage by poling than others.

Other than the low failure strengths of the poled 453 specimens, compar-
ison of Figures 4.1 and 4.2 with those shown in Appendix E, and comparison
of Figure 3.1 with those in Appendix G, indicates that unpoled and poled 453
ceramic behave essentially identically to unpoled and poled 541-1 ceramic,
respectively. This includes the peculiar behavior of the capacitance during
uniaxial compression of unpoled ceramic, which has been discussed at length
elsewhere [Zeuch et al., 1997; Zeuch et al., in preparation].




Experiment ID | o, at failure (MPa) | E (GPa) | v
453U-09 666 104* 0.23*
453U-10 654 92* 0.26*

48——1

Table 4.1: Uniaxial compression experiments on unpoled, hifire
453 ceramic. Strain rate was 1.0 x 107
average of two unload/reload cycles.

. Asterisk (*) indicates

Experiment ID | o, at failure (MPa) | E (GPa) | v
541-1-01 648 105* 0.23*
541-1-02 651 N/D | N/D
541-1-03 708 N/D | N/D
541-1-04 N/D N/D | N/D
541-1-05 638 N/D | N/D

Table 4.2: Uniaxial compression experiments on unpoled, hifire
541-1 ceramic. Strain rate was 1.0 x 10~*s™! [Zeuch et al, 1997].
Asterisk () indicates average of two unload/reload cycles. N/D:
not determined.

4.2 Hydrostatic Compression and Constant-
Stress-Difference Experiments

Mean stress-volume strain data from the two hydrostatic compression and six
CSD experiments on unpoled ceramic are summarized in Figure 4.3. Also in-
cluded on the figure are data from the two uniaxial compression experiments
discussed in the foregoing section.

These results are qualitatively identical to those from earlier test series on
unpoled 424, 541-1 and 435 ceramic [Zeuch et al., 1992a,b; in preparation].
At a constant pressurization rate, increasing shear stress lowers the mean
stress for onset of the transformation, and increases the time required to
complete the reaction.

Quantitatively, however, an applied stress difference of 50 MPa has no
detectable effect on the transformation compared to the hydrostatic condition
(Figure 4.3), unlike our earlier results for hifire 424 [Zeuch et al., 1992a,b).
Furthermore, a stress difference of 150 MPa clearly has begun to trigger the
transformation as indicated by the small, but reproducible discontinuities
in the mean stress-volume strain plots for the experiments at o; — 03=150
MPa, indicated by the small arrow on Figure 4.3. Note, however, that the
reaction stops until the mean stress begins to increase. This is consistent .
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Experiment ID | o, at failure (MPa) | E (GPa) | v
424-01 792 120* 0.23*
13402 872 N/D | N/D |
12404 79 N/D | N/D
43405 803 N/D | N/D
424-06 N/D N/D | N/D
424-07 839 N/D N/D

Table 4.3: Uniaxial compression experiments on unpoled, hifire
424 ceramic. Strain rate was 1.0 x 107*s™! [Zeuch et al., 1997]. As-
terisk () indicates average of two unload/reload cycles. N/D: not
determined.

Experiment ID | o, at failure (MPa)
541-1-07 661
541-1-08 668

Table 4.4: Normal-mode, uniaxial compression experiments on
poled, hifire 541-1 ceramic. Strain rate was 1.0 x 107*s7! [Zeuch
et al., 1997].

with our orientation-dependent model for onset of the transformation under
nonhydrostatic stress [Zeuch et al., in preparation].

Capacitance data were collected during the hydrostatic compression and
CSD experiments (Figure 4.4-4.7). Qualitatively and quantitatively, these re-
sults are identical to those obtained earlier for unpoled hifire 424 ceramic, and
quite different from those obtained for 541-1 ceramic [Zeuch et al., 1992a,b].
In hydrostatic compression (Figure 4.4) the capacitance increases slightly
with increasing pressure until onset of the transformation, at which point
the capacitance drops precipitously. Under CSD conditions, the capaci-
tance drops during deviatoric loading (Figures 4.5-4.7), and then increases
gradually with increasing mean stress until onset of the transformation. At
the transformation, the capacitance again drops dramatically. Overall drops
upon transformation are comparable in magnitude to those for hifire 424.

As we did for our test series on unpoled hifire 424 ceramic [Zeuch et
al., 1994], we have examined the volume strain and peak capacitance data in
terms of o, as well as mean stress. The objective here, of course, is to identify
some invariant criterion for onset of the transformation under nonhydrostatic
stress. The results shown in Figure 4.3 clearly indicate that the mean stress
is not the critical parameter, or the volume strain anomalies would all begin
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Figure 4.3: Plot of mean stress or pressure vs. volume strain for hy-
drostatic and uniaxial compression, and constant-stress-difference
experiments on unpoled, hifire 453 ceramic.

at the same value of 0,,,. Zeuch et al. [1994] showed, using volume strain and
capacitance data, and friction-corrected values for o; that the transformation
of unpoled ceramic’under nonhydrostatic stress began when oy equalled the
hydrostatic pressure at which the transformation otherwise occurred.

Some of the experiments shown in Figure 4.3 are replotted in terms of oy
vs. volume strain in Figure 4.8; we have excluded the experiments performed
at o1 — 03=150 MPa, because these have demonstrably begun to transform
upon full deviatoric loading. If we take onset of the transformation as the
first (estimated) departure of the data from linearity, and recall that the
values for o; have not been corrected for friction (that is, they are too high
by an estimated 12 to 15 MPa), it is possible, though far from convincing,
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Figure 4.4: Plot of capacitance vs. pressure for hydrostatic com-
pression experiments on unpoled 453 ceramic.

that the transformation begins when o equals the hydrostatic pressure for
transformation.

Zeuch et al. [1994] showed that there was an excellent correlation be-
tween the peak capacitance reached in the hydrostatic compression and CSD
experiments, and onset of the transformation as indicated by the volume
strain anomaly, Unlike onset as indicated by volume strain, however, the
peak capacitance could be unambiguously identified.

As we did earlier [Zeuch et al., 1994], we identified the peak capacitance
for each hydrostatic compression and CSD experiment. We then identified
the corresponding values for the confining pressure and o;. Using the re-
sults from the friction loops conducted in the earlier triaxial compression
experiments on poled ceramic, we estimated the friction correction to each
CSD experiment, recalculating o, and the mean stress corresponding to each
value of the peak capacitance. In Figure 4.9, we plot the peak capacitances
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Unpoled Hifire 453: CSD Test, c}-65 =50 MPa
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Figure 4.5: Plot of capacitance vs. mean stress for constant-stress-
difference experiments on unpoled 453 ceramic at o, —03=50 MPa.

for the CSD experiments vs. corrected mean stress and ;. Again, we have
excluded the experiments conducted at o; —o3=150 MPa, because these have
demonstrably begun to transform upon deviatoric loading.

Unlike our results for highfire 424, it is impossible to conclude that the
transformation begins when o; equals the hydrostatic pressure for transfor-
mation. In fact, peak capacitance actually seems to correlate better with
the mean stress than with o in this instance. We have no explanation for
this discrepancy with our earlier observations, except to note that, perhaps
owing to the greater porosity, the onset of the transformation is much more
difficult to “pick” for hifire 453 than for 424. Examination of the pressure-
volume strain plots for the hydrostatic compression experiments on unpoled
453 ceramic indicate that the plots first depart from linearity well below 200
MPa, perhaps as low as 175 MPa (Figure 4.3). However, the peak capaci-
tances would suggest an onset of the transformation that is in the range of
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Unpoled Hifire 453: CSD Test, 6-65=100 MPa
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Figure 4.6: Plot of capacitance vs. mean stress for constant-stress-
difference experiments on unpoled 453 ceramic at 0, —03=100 MPa.

198-209 MPa. This is a substantial spread in pressures, compared with the
good correlation between the volume strain and capacitance anomalies for
hydrostatic compression of hifire 424 ceramic [Zeuch et al., 1994].

Alternatively, it is possible that our correction for friction is faulty, al-
though this seems unlikely.
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Unpoled Hifire 453: CSD Test, 61-55=150 MPa

L B L L rj
40.0 .
)
£35.0
Q
Q
=
3
2 300
5
@)
25.0
20.0 ' | : :
0 100 200 300 400 500
Pressure (MPa)

Figure 4.7: Plot of capacitance vs. mean stress for constant-stress-
difference experiments on unpoled 453 ceramic at o; —03=150 MPa.
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Unpoled Hifire 453: Hydrostatic, Uniaxial and Triaxial Compression
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Figure 4.8: Plots of pressure or 0, vs. volume strain for selected uni-
axial and hydrostatic compression, and constant-stress-difference
experiments on hifire 453 ceramic.




Unpoled Hifire 453: Hydrostatic Compression and CSD Experiments
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Figure 4.9: Plot of peak capacitance vs. pressure, or corrected
values of o; or mean stress. See text for explanation.
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Chapter 5

Discussion and Conclusions

We have conducted a series of uniaxial and triaxial compression experiments
on poled PZT 95/5-2Nb ceramic. All test specimens were fabricated from a
single, qualified Sandia voltage bar hifire, 453. Specimens were poled both
transverse (normal- mode) and parallel (axial-mode) to the axis of com-
pression. The strain rate was either 1x1072 or 1x10™* s7!, and confining
pressures were 0.1 (unconfined), 100, 200, 400 or 800 MPa. Owing to a short-
age of electrical feedthroughs, poling electrodes were shorted together, and
capacitance measurements were not performed.

Strength of the ceramic increased with both strain rate and confining
pressure. Ductility also increased with confining pressures. With increasing
confinement, several transitions in fracture mechanism were observed. Under
unconfined conditions, failure occurred by violent, axial splitting. At 100
MPa, failure occurred along a single shear fracture. At 200 and 400 MPa,
failure occurred by increasingly distributed microfracturing. At 400 MPa,
the first indications of pore collapse were detected, in the form of a brief
period of enhanced, nonlinear, volumetric compaction. However, this brief
period of compaction was unstable: compressive volume strain rapidly gave
way to the same dilation observed at lower confining pressures. At 800 MPa,
however, compaction continued out to axial strains of about 5%, when the
experiments were terminated. Differences in strengths between specimens
deformed at pressures of 400 and 800 MPa appeared to be minimal. However,
if deformation had continued, the specimens deformed at 800 MPa might
be expected to experience a second hardening phase once all pore space is
eliminated.

No significant differences in strength or ductility were associated with
the two different poling orientations. However, both normal- and axial-mode
specimens deformed in uniaxial compression were weaker than two unpoled
hifire 453 specimens that were tested under identical conditions. This sug-
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gests that poling may introduce some form of damage, possibly microcracks,
that weakens poled specimens. Experience with a previous voltage bar hifire,
541-1, further suggests that some hifires may be more susceptible to poling
damage than others.

Clear evidence for onset of the FE-AFE transformation was observed in
the triaxial compression experiments on poled ceramic that were performed at
confining pressures at about 200 MPa. Hydrostatic transformation pressure
for the poled specimens appeared to begin at about 200 MPa and be complete
by about 250 MPa. Thus, experiments conducted at pressures of 400 and
800 MPa had already passed through the transformation during hydrostatic
pressurization, so no peculiarities of the stress-strain curves associated with
the transformation were observed in these experiments.

Probably owing to a higher porosity, even under hydrostatic conditions
the transformation was spread out over a relatively large range of pressures
compared to ceramic from other hifires that we have examined [Zeuch et al.,
1995]. The specimens that transformed under triaxial conditions exhibited
the same depression of the mean stress for onset of the transition that we have
observed earlier. Similarly, the values of o; at onset of the transformation
appear to be higher than the hydrostatic pressure for transformation of poled
ceramic [Zeuch et al., 1995].

Although axial and lateral strains for the normal- and axial-mode speci-
mens were different both before and after onset of the transformation under
deviatoric loading, surprisingly, volume strains were not. This indicated that
the transformation was starting at the same stress for either normal-mode or
axial-mode deformation. This was something of a surprise, because Zeuch et
al. [in preparation] have recently proposed that under nonhydrostatic load-
ing, transformation occurs when the magnitude of the principal compressive
stress on some particular crystallographic surface(s) reaches the pressure for
transformation. Thus, transformation depends not only on the magnitude of
the stress, but its orientation relative to the poling direction. The differently-
poled specimens should have transformed at different stresses, owing to dif-
fering preferred crystallographic orientations relative to the applied stress.

We suggest that during axial-mode deformation, deviatoric loading rapidly
re-orients many of the dipoles perpendicular to the compression axis well be-
fore the stress necessary to trigger the transformation is reached. Thus, the
preferred crystallographic orientations of the two types of specimens are es-
sentially identical by the time the transformation can start, so the two types
of specimens exhibit identical behavior at and beyond onset of the transfor-
mation. We base this hypothesis on the observation that the axial strain
responses of the two types of specimens are very different at low stresses,
but become identical well below ¢;=200 MPa. We plan to test this hypoth-
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esis in the near future. If this hypothesis is true, it suggests that poling
somehow eases or “preconditions” subsequent stress-induced dipole switch-
ing. We suggest this because the axial strain response of unpoled, uniaxially
compressed specimens never becomes identical to poled specimens deformed
in the normal mode. This indicates that the unpoled specimens cannot switch
as readily as the poled, axial-mode specimens, whose axial strain behavior
does approach that of the normal mode specimens.

Interestingly, the higher the confining pressure at which the trlamal com-
pression experiment was run, the more rapidly the transformation was com-
pleted once it started. This confirms our earlier assertion [Zeuch et al., in
preparation] that there is a critical mean stress for completion of the trans-
formation: the higher the confining pressure at which the experiment is run,
the more rapidly the critical mean stress would be reached, even at the same
pressurization rate.

Finally, we conducted a series of hydrostatic and uniaxial compression,
and constant-stress-difference experiments on unpoled hifire 453 ceramic to
ensure that its behavior is similar to other hifires that we have investigated
in the past. Under hydrostatic conditions, the unpoled ceramic begins to
transform at a pressure of about 175 MPa, and is complete by about 225
- MPa. Thus, as should be the case, the poled ceramic transforms at a higher
pressure [Berlincourt et al., 1964; Zeuch et al., 1995].

In CSD experiments, unpoled hifire 453 ceramic exhibits behavior con-
sistent with our earlier experience with other hifires. Increasing shear stress
depresses the mean stress for onset of the transformation, and increases the
amount of time required to complete it. However, 453 ceramic is less sensitive
to shear stress than earlier hifires: an applied stress difference of 50 MPa had
no detectable effect on the transformation, unlike our earlier experience with
hifire 424 ceramic. And an applied stress difference of 150 MPa had clearly
begun to trigger the transformation, again unlike our prior experience with
hifires 424 and 541-1.

Using capacitance data and friction-corrected values for o; and the mean
stress, we attempted to correlate onset of the transformation with one or the
other of the two criteria. Unlike our earlier results [Zeuch ef al., 1994], onset
of the transformation actually appeared to correlate better with the mean
stress. That is, the transformation appeared to begin when the mean stress
equalled the pressure for transformation under hydrostatic conditions. This
result is puzzling, in view of the clear depression of the mean stress for onset of -
the transformation when using the volume strain as the indicator. The source
of this discrepancy is unclear, but may relate to the much blurrier character
of the transformation of 453 ceramic, whether capacitance or volume strain
is used as the criterion for occurrence.
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The issue of developing a criterion for onset of the transformation under
nonhydrostatic stress is an important one for the purposes of modeling the
operation of neutron generator power supplies. Zeuch et al. [in preparation],
Montgomery and Zeuch [1998], Horie et al. [in preparation] have, together,
developed a preliminary model for onset of the transformation that relates
maximum compressive stress to poling direction. The model explains many
observations in both our quasistatic experiments and recent shock wave ex-
periments on poled and unpoled ceramic.

Though many of the results that we have presented here for poled and
unpoled hifire 453 ceramic are consistent with that model, other results,
particularly for unpoled ceramic, are equivocal if not entirely contradictory.
These issues should be investigated further. In view of the fact that our clear-
est observations have been obtained from a hifire into which no additional
porosity was introduced, 424, perhaps future investigation should focus on
newly-fabricated hifires that do not have the complication of added porosity.
Investigation along these lines might have the added benefit of finally allow-
ing us to understand why voltage bar ceramic must have added porosity in
order to work successfully in functional test units [Storz and Dungan, 1985].

In any event, minor differences between every hifire of PZT 95/5-2Nb
is well documented. The uniaxial compressive strength of unpoled 453 ce-
ramic is consistent with our earlier results, and elastic properties are also
similar. Thus, at this time there is no reason to believe that 453 ceramic
is substantially different from any other voltage bar material, and that the
failure surfaces that we have determined are anything other than represen-
tative. This should certainly be checked as new hifires are characterized in
the future, but it is a reasonable assumption at this time for the purposes of
modeling.
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Appendix A

Hifire 453: Normal-Mode

Experiments at e=10"% s~1
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#=10"* s, 0,=0.1 MPa: Normal Mode
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Figure A.1: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, unconfined,
é=10"4% s,

£=10"*s"!, 0,=0.1 MPa: Normal Mode
1000 [rrr e

800 | ]

400 b

G0, (MPa)

200

Axial, Lateral and Volume Strains (%)

Figure A.2: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, unconfined,
¢=10"* s7L.
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£=10" 5"}, 6,100 MPa: Normal Mode
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Figure A.3: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, o3 =100 MPa,
é=10"% 571,

#=10"* 5!, o,= 100 MPa: Normal Mode
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Figure A.4: Coarse solid line: axial strain. Fine solid lines: lateral

strains. Dashed line: Volume strain. Normal-mode, o3 =100 MPa,
é=10"*% s7L,




=104, ,= 200 MPa: Normal Mode
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Figure A.5: Coarse solid line: axial strain. Fine solid lines: lateral

strains. Dashed line: Volume strain. Normal-mode, o3 =200 MPa,
é=10"% s71,

£=10"*s, 5,= 200 MPa: Normal Mode
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Figure A.6: Coarse solid line: axial strain. Fine solid lines: lateral

strains. Dashed line: Volume strain. Normal-mode, 3 =200 MPa,
é=10"% s1.
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z=10" s‘l, o,= 400 MPa: Normal Mode
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Figure A.7: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, o3 =400 MPa,

é=10"4 s71L,

£=10"*s"', 6,= 400 MPa: Normal Mode
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Figure A.8: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, 0; =400 MPa,

€=10"% g1,




s=10" s, o,= 800 MPa: Normal Mode
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Figure A.9: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, 03 =800 MPa,

é=10"% 71,
£=10* 5"}, o,= 800 MPa: Normal Mode
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Figure A.10: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, ¢; =800 MPa,

é=10"%s71,
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Appendix B

Hifire 453: Normal—-Mode.

Experiments at e=10"2 s !
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s=102 s, ,= 0.1 MPa: Normal Mode
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Figure B.1: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, unconfined,
é=10"2 71,

£=10"2 st ,= 0.1 MPa: Normal Mode
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Figure B.2: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, unconfined,
é=10"2 s~ 1.
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£ =10% s, 5,=0.1 MPa: Axial Mode
600 — ,

500 ]
400 | :

300 ¢

61-63 (MPa)

200 [ ]

101 Exprass2o g

" s S i

-0.20 -0.15 -0.10 -0.05 0.00
Lateral Strains (%)

Figure B.3: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, 03=100 MPa,
é=10"2 g7 L.

£=102 5!, 6,= 100 MPa: Normal Mode
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Figure B.4: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, ¢3=100 MPa,
é=10"2 s71.




;«;=10'2 s'l, o= 200 MPa: Normal Mode
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Figure B.5: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, 03=200 MPa,
é=10"2 571,

:=102s %, o= 200 MPa: Normal Mode
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Figure B.6: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, 03=200 MPa,
=102 s 1. '
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£=102 5™, 5,= 400 MPa: Normal Mode
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Figure B.7: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, 03=400 MPa,
é=10"2 s71,

£=10" s, c,= 400 MPa: Normal Mode
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Figure B.8: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Normal-mode, 0;=400 MPa,
é=10"2% 571,
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Appendix C

Hifire 453: Axial-Mode
Experiments at é=10"* s~1



£=10"s, 5,= 0.1 MPa: Axial Mode
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Figure C.1: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, unconfined,
é=10"% s71.

z=10" s'l,c3= 0.1 MPa: Axial Mode
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Figure C.2: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, unconfined,
¢=10"* s~ L.
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e=10" s, o,= 100 MPa: Axial Mode
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Figure C.3: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, o5 =100 MPa,
é=10"* s,

£=10" s\, o,= 100 MPa: Axial Mode
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Figure C.4: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, 03 =100 MPa,
é=10"% s71,




£=10"* s, 6,= 200 MPa: Axial Mode
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Figure C.5: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, o3 =200 MPa,
¢=10"* sl
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Figure C.6: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, 03 =200 MPa,
é=10"* s71,
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s=10"* s'l, c,= 400 MPa: Axial Mode
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Figure C.7: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, o3 =400 MPa,
é=10"* s L.

5=10"* s, 5,= 400 MPa: Axial Mode
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Figure C.8: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, o3 =400 MPa,
é=10"* s71,
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Appendix D

Hifire 453: Axial-Mode
Experiments at é=10"2 s~}
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£=102s", 6,= 0.1 MPa: Axial Mode
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Figure D.1: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, unconfined,
é=10"2 s L.

£=1072 s'l, ;= 0.1 MPa: Axial Mode
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Figure D.2: Coarse solid line: axial strain. Fine solid lines: lateral

strains. Dashed line: Volume strain. Axial-mode, unconfined,
é=10"2 571,
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£=10"2 s'l, c,= 0.1 MPa: Axial Mode
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Figure D.3: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, unconfined,
é=10"2 s~ L,

£=1072 s'1,63= 0.1 MPa: Axial Mode
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Figure D.4: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, unconfined,
é=10"2 g1,



£=10"2 5™, 6,= 100 MPa: Axial Mode
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Figure D.5: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, o3 =100 MPa,
é=10"2 g1,

£=102 s, 6,= 100 MPa: Axial Mode
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Figure D.6: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, 03 =100 MPa,
é=10"2 s7L.
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£=10"2s"}, o,= 200 MPa: Axial Mode
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Figure D.7: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, 03 =200 MPa,
é=10"2 571,

¢=102 5", o,= 200 MPa: Axial Mode
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Figure D.8: Coarse solid line: axial strain. Fine solid lines: lateral

strains. Dashed line: Volume strain. Axial-mode, o3 =200 MPa,
€=10"2 s!.




£=107 5\, o,= 400 MPa: Axial Mode
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Figure D.9: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, 03 =400 MPa,
é=10"2 gL,

£=10"2s', 6,= 400 MPa: Axial Mode

1200 [T . PN 1
= 800F
[~ L
= [
~, 600
Ib L
5 400}
200 T pyp# 453-34
0- 1 | PR 1 i
4 -3 2 -1 0

Axial, Lateral and Volume Strains (%)

Figure D.10: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Axial-mode, o3 =400 MPa,
¢=10"2 s7L.
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Appendix E

Hifire 424: Uniaxial
Compression Experiments on
Unpoled Ceramic




Hifire 424: Uniaxial Compression, 5=10"""

900 1 i ' ¥ T T

w
<
[}
-t
1

100 r Exp# 424-01

i L 1

-0.2 0.0 0.2 04 0.6 0.8 1.0 1.2
Axial, Lateral and Volume Strains (%)

Figure E.1: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain.

Hifire 424: Uniaxial Compression, £=10"s"
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Figure E.2: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain.
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Hifire 424: Uniaxial Compression, £=10"%"
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Figure E.3: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain.

Hifire 424; Uniaxial Compression, 5=10"s "
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Figure E.4: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain.




Hifire 424: Uniaxial Compression, ‘s=10'48_1
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Figure E.5: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Note: this specimen was not
taken to failure.

Hifire 424: Uniaxial Compression, =10"%"
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Figure E.6: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain.
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Appendix F

Hifire 541-1: Uniaxial
Compression Experiments on
Unpoled Ceramic
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Hifire 541-1: Uniaxial Compression, g=10"%"
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i
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-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Axial, Lateral and Volume Strains (%)

Figure F.1: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Note: unload/reload cycles
have been removed from the data for clarity.

Hifire 541-1: Uniaxial Compression, =1 048'1
800 [ T T T T T T T T T T T T T

700 | ]
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-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Axial, Lateral and Volume Strains (%)

Figure F.2: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain.
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Hifire 541-1: Uniaxial Compression, = 10%
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Figure F.3: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain.

Hifire 541-1: Uniaxial Compression, 5=10"%"
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Figure F.4: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain. Note: this specimen was not
taken to failure.
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Hifire 541-1: Uniaxial Compression, =1 04!
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Figure F.5: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain.
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Appendix G

Hifire 541-1: Uniaxial
Compression Experiments on
Poled Ceramic
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Hifire 541-1 (Poled): Uniaxial Compression, ;~3=10'4S_1
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Figure G.1: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain.

Hifire 541-1 (Poled): Uniaxial Compression, :s=1()'48'1
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Figure G.2: Coarse solid line: axial strain. Fine solid lines: lateral
strains. Dashed line: Volume strain.
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Appendix H

Hifire 453: Hydrostatic
Compression and CSD
Experiments on Unpoled
Ceramic
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Hifire 453: Unpoled, Hydrostatic Compression

600 [

o
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200 |
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—— Axial Strain
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0.6

Figure H.1: Coarse solid lines: axial strains. Dashed lines: Lateral

strains.

Hifire 453: Unpoled, Hydrostatic Compression

50.0

Capacitance (pF)
I
<o W
o o

]

35.0F _
30.0¢ ]
25.0F ;
: Exp# CSD453-01 |
20.0 PUNED T TR E SO N SR T | SO S S S [ S ST T S JUUE SR PR S S T
0 100 200 300 400 500 600
Pressure (MPa)

Figure H.2: Capacitance data for hydrostatic compression experi-
ment CSD453-01, above.
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Hifire 453: Unpoled, Hydrostatic Compression
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Figure H.3: Coarse solid lines: axial strains. Dashed lines: Lateral

strains.
Hifire 453: Unpoled, Hydrostatic Compression
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s Figure H.4: Capacitance data for hydrostatic compression experi-

ment CSD453-05, above.




Hifire 453: Unpoled,61-63=50 MPa

~Axial Strain

Exp# CSD453-03 ]

0.0 0.2 04 0.6 0.8 1.0
Axial & Lateral Strains (%)

Figure H.5: Coarse solid lines: axial strains. Dashed lines: Lateral

strains.

Hifire 453: Unpoled,6}-6;=50 MPa
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Figure H.6: Load path for experiment CSD453-03, above.
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Hifire 453: Unpoled,&1-65=50 MPa
00— T T
45.0 Exp# CSD453-03 i

]

40.0
35.0

Capacitance (pF)

30.0
25.0

0 100 200 300 400 500 600
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Figure H.7: Capacitance data for experiment CSD453-03, above.




Hifire 453: Unpoled,c;-6,=50 MPa

600 [ A %Al Strain
500 |

400 |
300 F

o3 (MPa)

200¢

. IExp# CS]?453—O6

0.0 0.2 0.4 0.6 0.8 1.0
Axial & Lateral Strains (%)

100 f

Figure H.8: Coarse solid lines: axial strains. Dashed lines: Lateral
strains.

Hifire 453: Unpoled,5-53=50 MPa
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Figure H.9: Load path for experiment CSD453-06, above.
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. Hifire 453: Unpoled,6;-63=50 MPa
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Figure H.10: Capacitance data for experiment CSD453-06, above.
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Figure H.11:

strains.
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Hifire 453: Unpoled,61-63=100 MPa
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Coarse solid lines: axial strains. Dashed lines: Lateral

Hifire 453: Unpoled,c;-63=100 MPa
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Figure H.12: Load path for experiment CSD453-02, above.
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Hifire 453: Unpoled,6}-53=100 MPa
50.0 ; j ) T UL SR B T —
450 L Exp# CSD453-02 ]
40.0f |

35.0°¢ ]

Capacitance (pF)

30.0¢

PRRTT DPAP IS R

25.0¢

ANt Py 1
AN o nes v

2090100 200 300 400 500 600

G3 (MPa)

Figure H.13: Capacitance data for experiment CSD453-02, above.
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Hifire 453: Unpoled,6;-63=100 MPa

__Axial Strain '
s Lateral St;am

Exp# CSD453-07
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Figure H.14: Coarse solid lines: axial strains. Dashed lines: Lateral

strains.
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Load path for experiment CSD453-07, above.
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Hifire 453: Unpoled,01-063=100 MPa
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Figure H.16: Capacitance data for experiment CSD453-07, above.




Hifire 453: Unpoled,cl-c3_—_-1 50 MPa
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Figure H.17: Coarse solid lines: axial strains. Dashed lines: Lateral

strains.

Hifire 453:

Unpoled,61-65=150 MPa
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Figure H.18: Load path for experiment CSD453-04, above.
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Hifire 453: Unpoled,5}-6,=150 MPa
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Figure H.19: Capacitance data for experiment CSD453-04, above.
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Figure H.20:

strains.
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Hifire 453: Unpoled,c;-63=150 MPa
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Figure H.21: Load path for experiment CSD453-08, above.
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Hifire 453: Unpoled,s,-6,=150 MPa
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Figure H.22: Capacitance data for experiment CSD453-08, above.
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