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Fig. 1. Resonance frequencies as functions of elastic and piezoelectric constants: (a) cfy; (b) ¢; (c) e1s; (d) ess.
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Table 1. Material constants of PZT-8.
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Fig. 2. Resonant ultrasound spectra of a PZT-8 sam-
ple measured at 20 and 80 °C: (a) 290-350 kHz;
(b) 420-470 kHz; (c) 530-570 kHz.
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Fig. 3. Resonance frequencies as functions of dielectric constants: (a) &7, /0; (b) €55/€0.
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Table 2. Measured and calculated resonance frequencies.

Y fmeas/kHz fea1/kKHz diff* /% (5 Jmeas/kHz feal/kHz diff/%
Ay-1 164.636 164.005 0.38 Ay-14 558.628 559.008 0.07
Ay-2 194.273 193.103 0.60 Bu-15 559.581 561.584 0.36
Bu-1 226.460 226.932 0.21 Ag-17 — — —
Bu-2 236.700 236.754 0.02 Bg-13 569.030 569.545 0.09
Ag-1 250.237 250.658 0.17 Bg-14 570.847 572.398 0.27
Ay-3 252.434 252.061 0.15 Ay-15 572.312 572.680 0.06
Bg-1 256.317 256.482 0.06 By-16 — — —
Bg-2 264.140 264.504 0.14 Bg-15 578.318 576.967 0.23
Ay,-16,
Ag-2 275.609 276.604 0.36 — — —
Ag-18
Bu-3 278.758 279.143 0.14 Ag-19 587.460 587.994 0.09
Ag-3 — — — Bg-16 591.196 591.404 0.04
Ag-4 294.126 293.641 0.16 Ay-17 592.954 592.113 0.14
Bu-4 303.048 303.737 0.23 By-17 — — —
Bg-3 305.979 306.092 0.04 B,-18 594.785 595.387 0.10
Ag-5,
Bg-4, — — — Bg-17 596.953 597.027 0.01
Ag-6
Ay-4 334.371 333.849 0.16 A,-18 600.118 602.044 0.32
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#2 SR ST IRAUR (48)
Table 2. Measured and calculated resonance frequencies (continued).

%M fmeas/kHz feal/kHz diff /% L frmeas/kHz fea1/kHz diff/%
Bg-5 — — — Ag-20 603.121 603.408 0.05
Ag-7 356.317 355.853 0.13 Bg-18 605.758 605.696 0.01
Ay-5 357.782 358.229 0.12 Bg-19 614.387 614.420 0.01
Bu-5,

Bu-6, — — — Bu-19 617.757 618.864 0.18
Ay-6

Bg-6 368.152 367.410 0.20 Ay-19 623.895 625.647 0.28
Ag-8 371.214 369.745 0.40 Ag-21 628.583 628.012 0.09
Ay-7,

Bu-7, — — — Bg-20 630.341 631.143 0.13
Bu-8

Bu-9 427.925 427.136 0.18 Bu-20 634.370 635.165 0.13
Ay-8 431.221 431.449 0.05 Ag-22 — — —
Bu-10 433.418 432.910 0.12 Ag-23 642.853 642.891 0.01
Bu-11 441.315 441.289 0.01 Ay-20 — — —
Bg-7 450.823 450.468 0.08 By-21 657.635 658.438 0.12
Bo-

&S, — — — Ay-21 658.953 658.812 0.02

Ay-9

Bu-12 457.928 457.812 0.03 Bu-22 666.540 665.654 0.13
Ag-9 462.909 463.434 0.11 Ag-24 667.289 667.518 0.03
Ag-10 467.566 468.397 0.18 Ay-22 671.067 670.176 0.13
Bg-9 474.510 475.116 0.13 Bu-23 — — —
Bg-10 478.392 478.483 0.02 Bg-21 675.462 675.407 0.01
Ag-11 — — — Byu-24 — — —
Ay-10 492.295 491.121 0.24 Ag-25 678.978 677.884 0.16
Ag-12 493.760 494.289 0.11 Bu-25 680.223 679.224 0.15
Ag-13 — — — Ag-26 683.944 683.042 0.13
Ay-11 508.762 507.561 0.24 Bg-22 684.384 683.921 0.07
Ay-12 514.754 514.156 0.12 Bu-26 — — —
Bu-13 525.214 524.803 0.08 Ay-23 691.928 692.256 0.05
Ay-13 528.291 528.091 0.04 Ay-24 696.250 697.229 0.14
By-14 538.751 538.608 0.03 Bg-23 698.799 697.322 0.21
Bg-11,
Ag-14,
Bg-12, — — — Bu-27 701.949 700.445 0.21
Ag-15,

Ag-16
e diff = <7f‘“e“ = Jeal )
(fmeas + fcal)/2

A A AR AR B AE — R, U HE DUA I 3R 35
B & B R IRI A B Y, ORI, RS T
By-4 5 A-6 ZRIBEBA RN HRIE2(a)
IR BRI Be-4 5 Ag-6 PR H N — 4

B, W3 BUR S R

HiR, R4 IZE

PP TR as R BARDUNHE P I e 17— M
3, BAE eqs I 45 R 5 IR 45 RAH XTHR 221K 5
T 38%, ess IR S 45 R 5 IR 45 R AR IR 218
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#3 PZT-8 MRV HUIESS R
Table 3. Inversion results of PZT-8.

PRPENIE 7 4/101° Nom—2 JEHL ) B4/ Com 2

C?l CI132 CI123 CES C4E4 €15 €31 €33

13.75 7.647 7.529 12.82 2.841 8.889 —3.453 13.60

KA HEPA RN BSOS R
Table 4. Inversion results from the resonance frequen-

cies with wrong order.

PAPENIE 7 4/101° Nom =2 JEHLN ) B4/ Com 2

B B B B B
C11 C12 C13 C33 Cyy €15 e31 €33

13.41 7.211 7.406 12.38 2.841 8916 —2.338 17.87

5 % ®

55 4% R i) 75 ok o - [ 97 5 S SR BOR AR L,
RUS B fe KA A T AT — BLFE i R A] s Ak s
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Ji% 9 RUS 352 AR M S s 14 i R AE o, HLAA RS ST
SR, BN 5 Sl R . B iR
R SRR F — B ZIUR R E A2 —. A
SE —FERE A AR R A BOR. PZT-8 FE A
S 45 R, ZHOR T A R AR U rh g R
AARAMER R, TR, R RBEA I AR
fipk R AR 2R TR0, A AN R R IRU3 BOAR 45 i K,
402 RR S AR R, DA s R ) ke 2
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Abstract

The full matrix material constants of piezoelectric materials should be characterized first before they have been
used to make actuators or sensors. Up to now, they are usually determined by the ultrasonic pulse-echo and electric
impedance resonance techniques through using multiple samples with drastically different sizes. However, the constants
determined by the aforementioned techniques are probably inconsistent because the sample-to-sample variation cannot
be eliminated. The technique of resonant ultrasonic spectroscopy (RUS) only needs one sample to determine the full
matrix constants of piezoelectric material. Therefore, the consistency of the constants is guaranteed. During the
implementation of the RUS technique, the elastic stiffness c;-Ej and piezoelectric constants e;; can be determined from the
resonance modes identified from the resonant ultrasonic spectrum. The free and clamped dielectric constants cannot be
determined by the RUS technique because they have very weak influence on resonance frequency. However, they can be
directly measured from the same sample by using an impedance analyzer. To ensure the reliable inversion of material
constants, enough resonance modes should be identified from the measured resonant ultrasonic spectrum. However, there
are many missing and overlapped modes in the spectrum, which makes mode identification become a biggest obstacle to
the implementation of the RUS technique. The adjacent modes may overlap if the resonance frequencies corresponding
to them have a very small difference. In addition, the lower the mechanical quality factor @, the more likely to overlap
the adjacent modes are. During the RUS measurement, the rectangular parallelepiped sample is placed between the
transmitting and receiving transducers with contacts only at the opposite corners of the sample. Resonance modes
would not be detected if the receiving point, i.e., one corner of the sample, is the node of these modes. Therefore, there
are missing modes in the resonant ultrasonic spectrum. To overcome the difficulty in identifying the modes, caused by
modes missing and overlapping, the mode identifying method via temperature variation is presented in this study. Note
that a change of temperature may change the material properties of a piezoelectric sample. The material properties
have a great influence on the resonance frequency of the sample. Moreover, the influences corresponding to resonance
modes are different. Therefore, the variation of temperature may make the overlapped modes separated from each other
and the missing modes appear, namely, the missing and overlapped modes may be identified by comparing the resonant
ultrasonic spectra measured at different temperatures. The experimental results of piezoelectric ceramics (PZT-8) show
that this method can effectively improve the accuracy of mode identification and guarantee the reliability of inversion in
the RUS technique.

Keywords: piezoelectric materials, material constants, resonant ultrasonic spectroscopy, mode identifi-

cation via temperature variation
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