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Damping Properties of Lead Metaniobate

Taeyong Lee and Roderic S. Lakes

Abstract—Mechanical damping, tan §, of lead metanio~
bate was determined experimentally over a wide range of
frequency. Damping at audio and sub-audio frequency was
lower than at ultrasonic frequency. The experiments were
conducted in torsion and bending using an instrument ca-
pable of determining viscoelastic properties over more than
10 decades of time and frequency. Mechanical damping was
higher in bending than torsion at all frequencies. Damping
observed in this study at the highest frequencies approach
the high value 0.09 previously observed at ultrasonic fre-
quency.

I. INTRODUCTION

ISCORELASTICITY in transient cxpceriments is mani-
fested as creep (increase of strain under constant
stress) or relaxation (decrease of stress under constant
strain). Viscoelasticity in dynamic tests with sinusoidal
loading is manifested as a phase angle § between stress and
strain; tan & is referred to as mechanical damping and is
approximately equal to the inverse of the mechanical qual-
ity factor Q. Polymers [1] often exhibit large viscoelastic
effects (the loss tangent, tan & from 0.1 to 1 or more) at
ambicnt temperature. Tn structural metals [2], [3], such as
steel, brass, and aluminum, viscoclastic cffects are usually
small (tan § of 107 or less); some alloys exhibit a small
tan 8 < 1075 All materials exhibit some viscoelastic re-
sponse. High mechanical damping in metals is of interest
in the context of damping of ship propellers [4] or in ap-
plications such as solders, involving temperatures that are
a large fraction of the melting point [3]. Piezoclectric ma-
terials are also of interest in the damping of structural
vibrations. A resistive circuit element can be attached to
a piezoclectric inclusion in the structurc or material to
achicve substantial damping [6], [7], [8]. Lumped circuit
elements are cumbersome; therefore, a distributed damp-
ing system would be of practical value. Damping of lead
metaniobate is of interest because it does not depend on
the presence of an external circuit; it is intrinsic to the
material.
Lead metaniobate is a piezoelectric and ferroelectric
material originally notable [9], [10] for its high Curie tem-
perature. In ceramic form, it exhibits a Young's modulus E
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= 46 GPa and viscoelastic damping tan é = (.09 in the lon-
gitudinal direction [11]. The damping is large for a ceramic
and is large for a material of that stiffness. By contrast,
shear moduli in other piezoelectric ceramics range from 21
to 45 GPa and tané from 3 x 1072 to 0.02 for lead ti-
tanate zirconates. The high damping of lcad metaniobate
is useful in generating and rcceiving pulsed waveforms via
ultrasonic transducers.

Damping of lead metaniobate has been reported only
at a resonant ultrasonic frequency. The present study was
conducied to explore its damping over a range of fre-
quency.

1T, MATERIALS AND METIIODS

Specimens of lead metaniobate were prepared from
commercially available transducer disks {Valpey-Fisher
Corporation, Hopkinton, MA), These were poled by the
manufacturer for use in transducers. A low specd dia-
mond wafering saw was used to cut prismatic specimens
1 to 2.4 mm across and 10 to 22 mm long. Two samples
were prepared from a 2.4-em (1-in) diameter disk in the
x-direction (transverse to the disk normal) with dimen-
sions 1.5 x 1.5 x 10.5 mm and in the z-dircction (lon-
gitudinal, parallel to the disk normal) with dimensions
2.4 x 2.2 x 21.3 mm. Only a transverse sample could be
obtained from the 1.2-cm (0.5-in) diameter disk because of
its small thickness of 3.4 mm. Careful handling of the sam-
plc was required for test preparation because the ceramic
is brittle.

Viscoclastic measuroments were performed in torsion
and bending at 23 £+ 1°C using apparatus of Chen and
Lakes [12] as modified by subsequent workers [13], [14],
[15]. This device (Fig. 1) permits measurements over as
much as 11 decades of time and frequency under isother-
mal conditions [16]. Such capability is particularly useful
in the study of materials that are not thermorheologically
simple. The wide frequency range is obtained by eliminat-
ing resonances from the devices used for loading and for
displacement measurcment, by minimizing the inertia at-
tached to the specimen, and by use of a geametry, giving
rise to a simple specimen resonance structure amenable
to simple analysis. Torque was produced by the electro-
magnetic action of a Helmholtz coil upon a high intensity
neodymium iron boron magnet at the specimen-free end.
The cleetrical input was sinusoidal for dynamic studies
and step function for crecp studies. Angular displacement
was measured via a split-diode light detector that mea-
sured the motion of laser light reflectod from a small mir-
ror upon the magnet. The detector signal was amplified
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Fig. 1. Schematic diagram of the broadband viscoelastic spectroscopy
apparatus.
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with a wideband differential amplifier. Tan § at resonant
frequencies was inferred from the width of the dynamic
compliance curve or from free decay of vibration. In the
subresonant domain, tan d§ was inferred from the phasc an-
gle between torque and angle. Calibrations wore performed
using the well-characterized 6061-T6 aluminum alloy (G =
25.9 GPa; tand ~ 3.6 x 1075) [17].

Quasistatic (creep) experiments were conducted by ap-
plying a step function current and monitoring both the
current and the angular displacement signal as a func-
tion of time. Near resonances, signals were measured us-
ing a digitizing oscilloscope. At low frequency, the phase
angle between torque and angular displacement was de-
termined from the width of elliptic Lissajous figures.
Creep and low frequency data were acquired via a dig-
ital data acquisition system containing a Macintosh Ilci
computer and LabVIEW® (Apple Computer, Cupertino,
CA) interface hardware and software. At frequencics above
0.01 Hz, phase angle was determined using a lock-in am-
plifier (SRS 850, Stanford Rescarch, Sunnyvale, CA) with
claimed phase resolution 0.001 deg. The frequency range
was scgmented into regions less than 1 Hz and greater
than 1 Hz because the wide frequency range necessi-
tated different time constant scttings. Load level was in-
tentionally varied in tests of linearity at the higher fre-
quencies. The instrument was isolated from vibration via
a system of springs and viscoelastic clastomer. Low fre-
quency noise caused by air currents was climinated by a
Plexiglas® cover.

Data reduction was conducted as follows. For frequen-
cies sufficiently below the first natural frequency, torsional
stiffness is given by [F] = K %, and loss is given
by tand = tan¢ in which K is a geometrical factor for
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Fig. 2. tand of material from 0.5- and 1-in diameter discs in x-
direction, bending.

torsion of a rectangular section and ¢ is the observed
phase difference. For guasistatic bending, |F5*| =~ BZ?L‘JE),
with b and h as the rectangular cross-scction (ifmen—
sions. In the subresonant domain, the lumped relation tan
§=tan ¢ (1 — (W/w.)?) was used, with w, as the funda-
mental resonance angular frequency. An oxact solution is
available [18] but is not nceded unless tand > 0.2, At the
resonance angular frequencies w, in torsion and bending,
damping was calculated using the width Aw at half maxi-
mum of the curve of dynamic structural compliance /M *
as follows:

tand ~ 1 Aw . 1)
\/ ] wo

In most experiments, input voltage (and thus shear
stress) was held constant. The maximum surface strain
at 1 Hz was 3.18 x 107% for torsion and 4.61 x 1078 for
bending. To distinguish linear from nonlinear behavior, the
shape of the Lissajous figures was cxamined, and some

tests were repeated at different strain levels.

II1. RESULTS AND DISCUSSION

Results for lead metaniobate shown in Fig. 2 to 5 for
both bending and torsion disclose tand in the range from
0.007 to 0.1. Damping results obtained from Lissajous fig-
ures arc shown as open symbols. Damping results obtained
from the lock-in amplifier are shown as small solid sym-
bols. No deviations from linearity were observed at the
small strains used in this study. The instrument’s capabil-
ity for a wide frequency range is attained at the expense
of high load capability. At large strains we would expect
to observe nonlincar behavior.

Fig. 2 discloses the damping properties in bending of
(transverse) x-direction specimens. Tan 6 of material from
0.5- and 1-in diameter discs showed a relative minimum
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Fig. 3. tand of material from 0.5- and 1-in diamcter discs in x-
direction, torsion.
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Fig. 4. tan é of material from 1-in diameter discs in z-direction, hend-
ing.

at sub-audio to low audio frequency. A similar minimum
accurred in torsion for the x-direction as well, as scen
in Fig. 3. The sample from the 0.5-in diameter disc showed
similar tan § in both bending and torsion tests, but showed
higher tand at resonances in torsion. Overall damping in
torsion was higher than in bending. Fig. 4 and 5 disclose
tand of material from 1-in diameter lead metaniobate in
the (longitudinal) z-direction, In the bending test, as scon
in Fig, 4, higher tand at resonances was observed than in
torsion. Also, mechanical damping was higher in bending
than torsion at all frequencies. However, the torsion stud-
ies disclosed higher tand in frequencies above 100 Hz as
seen in Fig. 3 and 5. Tan § below 100 Hz was higher in
the bending test. Damping values differed in the x and 2
dircctions. Anisotropy is expected in a polarized, polycrys-
talline sample. Morcover, samples from different size trans-
ducer disks exhibited different damping, presumably as a

Z-direction, torsion
from 1" diameter disk
0.1 resonant
L tan 8
L P
I °
L Lissajous I 4
° method i
) T °oﬁ
g - < * " 8/
8 Moutag 0.8 it \
~ o L
. Lock-in
mcthod
0.01
PP T EEUTITS TP VIO ERUTY RRUTT R RPRTIT e N

10° 104 107 10?7 10! 10° 100 107 10° 10% 10° 10°
frequency (Hz)

Fig. 5. tand of material from 1-in diameter discs in z-direction, tor-
sion,
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Fig. 6. Stiffness loss map showing comparison of lead metaniobate
propertics with those of other materials.

result of differences in the pressing and sintering process,
Damping observed in this study at the highest frequen-
cies approaches the high value 0.09 proviously observed at
ultragonic frequency.

Piezoclectric materials may be of use in the damping of
structural vibrations. Damping of lead mectaniobate is of
interest in that context because it is intrinsic to the mate-
rial and because the material is relatively stiff. Properties
of lead metaniobate arc compared with other materials [19]
in the stiffness-loss map in Fig. 6. E tand is a figure of
merit for vibration absorption. The diagonal line in Fig. 6
presents the largest product {E tané =~ 0.6 GPa) of stiff-
ness £ and damping found in common materials, including
polymers through the glags-rubber trangition and soft met-
als such as Ph. Stiffness is considered as the absolute value
of the complex dynamic Young’s modulus |E*|. 1t is pos-
sible to achicve higher E tané in composites designed to
achicve such a figure of merit (for vibration absorption), as
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done by Brodt and Lakes [20], but such a combination is
unusual in materials other than designed composites. Lead
metaniobate has a reasonably high product F tan 4, partic-
ularly at the higher acoustic frequencies. It could be used
as a counstituent in high damping composite matorials.

As for transducer applications, the present results in-
form the desighor that lead metaniobate has a lower tand
at acoustic frequencies, which may be cnconntered in bi-
morphs or other bender clements, than it does at ultrasonic
frequencies nused in determining the ‘book valuc’ of tand.

As for causal mochanisims, some processes such as di-
electric relaxation caused by point defects in ferroelectrics
give rise to a Debye form [21]. The Debye model for relax-
ation in the time domain is

E(t) = [y + Iye ™ (2)

The corresponding Debye peak i tand in the frequency
domain covers about one decade and is as follows. The
frequency dependence is shown in Fig. 2 for comparison
with the behavior of lead metanicbate.

W

A
VI+HA 14w,

where 7, = v/ 1 + A is a time constant, w = 27v is angu-
lar frequency, and v is frequency. The relaxation strength
A is defined as the change in stiffness during relaxation
divided by the stiffness at long time. Clearly, the abserved
damping covers a much broader range of frequency than a
Debye peak; therefore, simple mechanisms that give rise to
such behavior cannot play a major role. Mcchanical damp-
ing in ferroclectrics and ferromagnetics can occur as a re-
sult of drag because of interaction betwoen stress-induced
domain wall motion and defects [22], including disloca-
tions [23] and point defects [24] such as vacancies [25]. In-
teraction between domain walls and point defects can also
give rise to dielectric loss [26] in multiple relaxation mech-
anisms that are operative in ferroelectrics. In temperature-
dependent dielectric relaxation, low frequency dispersion is
believed to originate from domain wall rclaxations rather
than heat diffusion [27]. The present study of dependence
of tané on frequency v shows the domain wall drag can-
not be simply viscous; if it were, tand o« . Moreover, the
damping is not of the hysteresis type; if it were, tan 6 would
be independent of frequency. The attainment of a complete
understanding of the causal mechanisms for damping in
ferroelectrics is a subjoct of future study.

(3)

tan §{w) =

I'V. CONCLUSIONS

Mechanical damnping of lead metaniobate was observed
to be lower in the audio frequency range than at ultrasonic
frequency. The present results at the lower ultrasonic fre-
quencies are consistent with the accepted values of damp-
ing for lead mectaniobate.
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