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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The proce@lures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular, the different approval criteria neededfof
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Fine ceramics (advanced ceramics, advanced technical
ceramics) — Characteristic of piezoelectric properties
under high-load conditions —

Part 2:
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3.1

pctrical transient response method under high
bration levels

Scope

Normative references

20507, Fine ceramics (advanced ceramics, advanced technical ceramics) — Vocabulary

Terms and definitions

the purposes of this document, the terms and definitions given in ISO 20507 and the follo

ISO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedianavailable at http://www.electropedia.org/

ele¢trical transient response method
methhod in whjch a voltage close to the resonance frequency is applied to a piezoelectric fi
respnator,"and a large amplitude state is realized by driving only for a brief time until yibration is

exc
eva
of t

5 document specifies a method of measuring piezoelectric properties oflpiezoelectric fine ceramics
other piezoelectric devices. It applies to electrical transient respense methods for evaluating the
oelectric properties of piezoelectric fine ceramics resonators under’high vibration level§.

q

following documents are referred to in the text in such a way that some or all of thgir content
stitutes requirements of this document. For dated references, only the edition cited gpplies. For
ated references, the latest edition of the referenced document (including any amendmenfs) applies.

ving apply.

and IEC maintain terminological databases for use in standardization at the following addresses:

he ceramic

ted;. before characteristics of piezoelectric properties under an arbitrary vibration level are
udbed by using the attenuation waveform of vibration velocity and the current under short circuit

he electrical terminal

Note 1 to entry: Superior ability to exclude the effects of external electrical fields and temperature allows
measurement and evaluation of characteristics in a vibrational stress load environment excluding these factors.

3.2

burst
driving for only a brief duration to excite vibration

© ISO 2018 - All rights reserved
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4 Symbols
A Force factor (N/V)
d31 Equivalent piezoelectric constant (C/N)
fri Resonance frequency of current (Hz)
frv Resonance frequency of vibration velocity (Hz)
frvi nstantaneous frequency of vibration velocity (Hz)
i Current (A)
I1 nstantaneous amplitude of current (A)
Io Amplitude of current (A)
M Mass of test piece determined in 7.2 (kg)
Qm* Hquivalent mechanical quality factor
s11E* Equivalent elastic compliance(m2/N)
t [ime (s)
Tn* Amplitude of equivalent maximum stress on central tegion of test piece (Pa)
1% Vibration velocity (m/s)
Vo Amplitude of vibration velocity (m/s)
1 nstantaneous amplitude of vibrationvelocity (m/s)
X Width of test piece (m)
Length of test piece (m)
Bi Decay constant of current’(S-1)
By Decay constant of vibration velocity (S-1)
Bv1 nstantaneous decay constant of vibration velocity (S-1)
obi nitial phase of current
by nitialgphase of vibration velocity
p Derrstty determmimedr 7-2-tkg/mrs)

5 Principle

A voltage e near the resonance frequency of a piezoelectric fine ceramic resonator is applied to driving
voltage then reduced to 0, placing the electrical terminals in a shorted state (e = 0, see Figure 1).

2 © ISO 2018 - All rights reserved
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6 [time

Figure 1 — Waveform of vibration velocity and current during burst voltage driving of a
piezoelectric fine ceramic resonator

The decay waveforms of vibration velocity v and current i when electrical terminals afre shorted
(e 5| 0) after burst driving-decay with a mechanical resonance frequency are shown in Forgula (1) and
Forula (2) (see Figure).

v=Vye Petsin(2nf, t+0,) 1)

i:IOS_ﬁit sin(2nf 5t + ;) (2)

Py and fj, and likewise fry and frj, can be taken as nearly the same values, but considering that this is a
measurement analysis concerning mechanical vibration level, By is used as a decay constant and fy is
used as a resonance frequency. In a large amplitude range, various other factors can also produce other
frequency components. Consequently, only a first (fundamental) resonance frequency component is
extracted from the decay waveform of the vibration velocity and the current when electrical terminals
are shorted; the amplitude of the vibration velocity V1, the amplitude of current /1, resonance frequency
frv1 and decay constant fy1 in a selected schedule are measured and calculated, and these values are
used to calculate the required constants at a selected vibration velocity. A voltage is applied only for
a brief duration, and it then drops to 0 V, meaning that the electrical field applied to elements after
electrical terminals are shorted and is also deemed zero, and since driving is only for a brief duration,
measurements can be made under conditions where temperature change attributable to vibration loss
is negligible, and piezoelectric characteristics can be evaluated in a vibrational stress load environment
free from the effects of external electrical fields and temperature(1-10],

© ISO 2018 - All rights reserved 3
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6 Measurement equipment

6.1 General

This clause details the apparatus used for measurement. Figure 2 also presents a simplified schematic
of the measurement apparatus. A calibrated apparatus is used in measurement.
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The function generater shall output a sine wave greater than the first (fundamental) resong

frequency
driving).

h generator
hmplifier

probe

torage oscilloscope
cal analysis software
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ce

couple
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Figure 2 — Simplified schematic of measurement apparatus

‘tion generator

bf the piézoelectric fine ceramic resonator, and allow the setting of its drive duration (b

6.3 Pow

r amplifipr

nce
irst

The power amplifier shall be capable of providing power amplification for sine waves at least two times
greater than the first (fundamental) resonance frequency of a piezoelectric fine ceramic resonator, as
well as four-quadrant output. The power amplifier should provide peak amplitudes of 200 V or more and
1 A or more for output voltage and current, respectively, and output impedance should be 0,5 Q or less.

6.4 Vibration velocity meter

The vibration velocity meter shall be capable of measurement in a frequency range up to roughly
five times the first (fundamental) resonance frequency of a piezoelectric fine ceramic resonator, in a
vibration velocity range of approximately 0,01 m/s to 2 m/s. The vibration velocity meter shall also be

calibrated.

© ISO 2018 - All rights reserved
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6.5 Current probe

The current probe shall be capable of measurement in a frequency range up to roughly five times
the first (fundamental) resonance frequency of a piezoelectric fine ceramic resonator (material) and
allow measurement of current in a range of approximately 1 mA to 1 A. The current probe shall also be
calibrated.

6.6 Digital storage oscilloscope

The digital storage oscilloscope shall be capable of recording waveforms at a sampling frequency at least
10 fres-greater-than-the-first(fundamentalresonancefrequeney-of-a-piezoelectriefine-epramic and
shall allow output of wave form data as numerical data. The oscilloscope should also allow(sgecording of
1 s pr more waveform data and have excellent y-axis resolution.

6.7| Test piece holder

The test piece holder shall have at its tip a pair of electrode pins measuring.1*mm or less ipn diameter
and be capable of using these structures to sandwich and hold the upper.and lower electrogle surfaces
of a|lpiezoelectric fine ceramic resonator at a single point of contact on-each surface.

NOTE1 Providing the holder with a mechanism that has a Z-stage to move the upper pin vertically|allows easy
moynting of test pieces.

NOTE 2  If a thermocouple is installed inside the lower electrode pin, the temperature of a piezoglectric fine
cergdmic resonator can be measured easily.

6.8 Numerical analysis software (numericalanalyser)

Nurperical analysis software shall allow frequern¢y analysis of waveform data and extraction|of selected
frequency components. The software shall also allow calculation of instantaneous frequdncy values
and|instantaneous amplitude values.

7 |Specimens

7.1 Test piece form

A plezoelectric fine ceramic resonator is used as a test piece and has a form described a4 X (length,
43 1 0,2 mm), Y (width,7 + 0,2 mm) and Z (thickness, 1 + 0,05 mm), and an electrode surfac¢ described
as length x width/Test pieces are also polarized in the orientation of their thickness.

To |nterface with laser light properly, laser-reflective surfaces (either of two surfaces fomprising
width x thickness) should be mirror-polished.

7.2] c(Measurement of test piece density

Test piece mass M is measured (weighing) in 1 mg units. Density p (kg/m3) is then calculated from
volume calculated on the basis of values described in 7.1, and rounded to four significant digits.

7.3 Measurement of characteristics values

Principal constants are measured in advance, for example test piece resonance frequency fo, mechanical
quality factor Qn, elastic constant s11 and piezoelectric constant d31.

NOTE EM-4501 is a useful reference on measurement methods for individual constants.

© IS0 2018 - All rights reserved 5
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8

Measurement procedures

Measurement procedures are as follows.

a)

b)

d)

9

Orient a test piece so that its thickness direction is vertical, and then support its central area by
using the electrode pins of the test piece holder described in 6.7. Then direct the laser beam of the
vibration velocity meter toward a lateral surface of the test piece.

Adjust function generator output and then apply a burst sine wave voltage e to excite the test piece
at a vibration velocity at least 0,1 m/s higher than the maximum vibration velocity to be analysed.

[11P Ude did Dur arive (1 €. [nuInoper o V dPP ( dl
rator output. At such times, frequency sweep driving can also be used. Kee

the bulrst drive time and voltage amplitude can be selected as desired, but the burst dfive time
should be sustained for approximately 5 ms after the amplitude of vibration velocityjstabilizes.

For expmple, when analysis uses a maximum value of 0,6 m/s as the vibratien‘velocity, the fest
piece should be excited to a steady-state vibration velocity of 0,7 m/s or higher. On that bgsis,
adjustment is first attempted by reducing the drive frequency fgq from the\résonance frequendy fo
measufred in 7.3, in decrements of approximately 0,1 kHz. If the test piece is still not excited fo a
high ldvel, the voltage amplitude E of burst sine wave voltage can be raised to approximately 45 V
for mepsurement, while again reducing drive frequency fq.

Once the drive parameters are determined, record the vibratien velocity waveforms and curfent
wavef@grms. At this point, use the same drive parameters,.biit reduce the measurement range of
the measuring instruments and the y-axis scale span.of* the digital storage oscilloscope, and
then cpmplete multiple recordings. Note that waveforfitS may also exceed the range. Also adIust
sampling frequencies as per the test piece characteristics and make any necessary modification.

For example, assume that the vibration velocity-measurement range (y-axis scale span) is set o a
value quch as 1,0 m/s/div., 0,5 m/s/div., 0,2 my/s/div. or 0,1 m/s/div. At such time, the measurenpent
range for current may also be reset in the'same way. If the Qp, value measured in 7.3 is 1 000 or
greatef, a value approximately 10 times the resonance frequency measured in 7.3 may be adopted
as a glide for the sampling frequency.And if the Qp, value measured in 7.3 is 100 or lower,|the
samlelng frequency may be raised,\for example, to a value approximately 100 times greater than
the regonance frequency.

After theasurement is compléte, measure such values as the principal constants again by following
the procedure in 7.3, with-@test piece held in the test piece holder.

Analytical procédures

This claus¢ details*analytical procedures for data. Figure 3 also presents an example of analyfical

procedures.

© ISO 2018 - All rights reserved
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d)

f)
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igure 3 — Example of measurements by electrical transient response method and [steps in
calculation and analysis

Use numerical analysis software or similar means to calculate a spectrum for vibration velocity v
versus time t data obtained by medsurement.

Since data with a large ampljtude range inevitably include various frequency componen{s resulting
from such factors as nonlinear phenomena, pass vibration velocity v versus time ¢t ¢lata in the
approximate range of the-first (fundamental) frequency component through a band-pgss filter to
extract vibration velocity vq versus time t data for the first (fundamental) frequency component of
vibration velocity alone.

For example, if\the base resonance frequency is 40 kHz, a band-pass filter of approximjately 30 to
50 kHz maybe'used to extract the first (fundamental) frequency component alone.

Use numierical analysis software or similar means to calculate the instantaneous amplityde value v1
versus:time t data for vibration velocity v1 versus time t data pertaining to the first (fudamental)
fréquency component alone, as obtained in step b).

Use numerical analysis software or similar means to calculate the instantaneous frequency frv1
versus time t data for vibration velocity v1 versus time t data pertaining to the first (fundamental)
frequency component alone, as obtained in step b).

For current, as in the case of the vibration velocity waveform, pass current i versus time t data
in the approximate range of the base frequency component through a band-pass filter to extract
current i1 versus time t data for the first (fundamental) frequency component alone.

Use numerical analysis software or similar means to calculate the instantaneous amplitude
11 versus time t data for current i1 versus time t data pertaining to the first (fundamental) base
frequency component alone, as obtained in step e).

For example, a calculation method may use a Hilbert transform procedure.

© ISO 2018 - All rights reserved 7
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g) Let the instantaneous amplitude of the vibration velocity to be analysed be termed V1(x) and the
pointat the time termed ¢(x). Let the instantaneous amplitude of a vibration velocity 0,05 m/s greater
than Vi(x) be termed Vi(m), and its corresponding time point termed t(,). Let the instantaneous
amplitude of a vibration velocity 0,05 m/s less than V1 (x) be termed Vy(p), and its corresponding time
point termed t(p). Use all data for the interval between £(3) and t(1) alone to draw a graph plotting
instantaneous amplitude V of vibration velocity on the x-axis and instantaneous frequency f;y1 of
vibration velocity on the y-axis. Then calculate a quadratic approximation for this function by using
the least-squares method, and use this approximation to determine instantaneous frequency frv1(x)
of vibration velocity at the time of Vyx).

quadrakic approximation by using the least-squares method.

h) As in $tep g), use all data for the interval between t) and t(p) alone to draw acgraph plotfing
instanfaneous amplitude V1 of vibration velocity on the x-axis and instantanequssamplitude }; of
currert on the y-axis. Then calculate a first-order approximation for this fufction by using|the
least-sguares method, and use this approximation to determine instantapeous amplitude [1¢f) of
current at the time of V1(x).

i) Draw p graph plotting t on the x-axis and log values In(V1) of instantaneous amplitude V} of
vibratjon velocity in the interval between t(;) and {) on the y-akis. Then calculate a first-ofder
approjimation (linear approximation) by using the least-squares.method, and set the slope of|the
functign as instantaneous decay constant fy1(x) for vibrationxelocity at the time of V1(x).

NOTE Both instantaneous frequency frj1 and instantaneous decay constant fj; of current can be
calculafed analogously, and compared with fy1 and fy1 to sefve as a reference.

10 Calcullation of characteristic values

10.1 Calcplation procedures for characteristic values
Calculate characteristic values as describedas follows:

a) Use irfstantaneous amplitude (1) of current at the time of instantaneous amplitude I1(x)
for a fesignated vibration velocity, instantaneous frequency frvi(x) of vibration velocity, pnd
instanfaneous decay constdnb By1(x) of vibration velocity in Formulae (3) to (7) to calculate requjred
charagteristics values Qu*/s11E*, d31* and Ty*. Repeat this procedure for the number of vibration
velocitly points used ferZéalculation. Set the points of the vibration velocity used for calculation as
0,1 m/p interval datain the range from 0,1 m/s to 1,0 m/s, and be sure to include 0,6 m/s.

wi
O *==" (3)
ﬁvl
* 1
s’ T @)
4PX frvl
I
A=V—1 (5)
1
E* E*
S I S A
dyp *= 11 11 _ 511 6)

T I (7)
S11
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b) Designate usable data ranges based on fluctuations in instantaneous frequency fy1 of vibration
velocity with respect to instantaneous amplitude V; of vibration velocity, and fluctuations in force
factor A relative to instantaneous amplitude V7 of vibration velocity. Specifically, plot instantaneous
amplitude V; of vibration velocity on the x-axis and instantaneous frequency fry1 of vibration
velocity on the y-axis, and then use the data calculated through analysis to calculate a second-order
approximation by using the least-squares method. Plot instantaneous amplitude V1 of vibration
velocity on the x-axis and force factor A on the y-axis, and then use the data calculated through
analysis to calculate a second-order approximation by using the least-squares method.

626 v =0009134x2- 0 002569x + 0149364

+4 %

A (N/V)

-4 %

0,0 0,5 1,0 1,5
V. (m/s)

Key

data

approximate expression

available area
Figure 4 — Example of designation of data range usable in analysis

Thg usable data shall-be numerical data within the range that is both within * 1 % of the sefond-order
approximation inthe first operation and within * 4 % of the second-order approximation injthe second
opefration. Figuré 4 shows an example of designating usable data ranges.

10.2 Howrto obtain principal constants and round off characteristic values

Calgulate the principal constants and characteristic values as follows.

a) Obtain integer values for the resonance frequency and instantaneous frequency of vibration
velocity, and calculate the equivalent mechanical quality factor and instantaneous decay constant
of vibration velocity to two decimals by rounding off at the third decimal place.

b) Calculate the elastic constant to three decimals by rounding off at the fourth decimal place.

c) Calculate the piezoelectric constant, equivalent elastic compliance and amplitude of equivalent
maximum stress on the central region to two decimals by rounding off at the third decimal place.

d) Calculate the equivalent piezoelectric constant current to one decimal by rounding off at the second
decimal place.

© ISO 2018 - All rights reserved 9
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e) Calculate the instantaneous amplitude of current to four decimals by rounding off at the fifth
decimal place.

11 Report of test results

The following items shall be reported for measurement:

a)
b)

<)
d)

e)

f)

g)
h)

10

number of this document, i.e. ISO 21819-2:2018;

measu

rement date, name of individual performing measurement;

test pi

resond

principal constants of the test piece as determined in 7.3 and Clause 8 d) (see Annex A);

manuf
curren

type o
numer

drive [
values

values

charact
velocit]

other noteworthy information pertaining to measurements made.

bce name, material, dimensions, mass and density as determined in 7.2 (see Annex A);

nce frequency, mechanical quality factor, elastic constant, piezoelectric constant and of

hcturer and model number of function generator, power amplifier, vibration‘velocity m¢
t probe and digital storage oscilloscope used for measurement;

f numerical analysis software (if a commercial item, manufacturerand model number
ical analyser (manufacturer and model number);

arameters (drive frequency, drive voltage, drive time) (see Annex A);
analysed (V1, I1, Bv1 and frv1) (see Annex A);
of instantaneous frequency fri and decay constant fi1.of current, if determined;

ristic values (Q,* sy1E* d31* and T, *) derived from instantaneous amplitude YV of vibra
y used in calculation (see Annex A);

her

ter,

or

fion
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