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Abstract

We develop a new experimental method to estimate viscoelastic properties of a sample by ultrasonic wave transmission.
Viscoelastic properties are generally described by the frequency dependent phase velocity v(f) and the quality factor Q(f).
In order to estimate v(f) and Q(f) from waveform data obtained by the ultrasonic wave transmission method, it is
necessary to correct the data for the effects of dynamic response of the source and receiver transducers and of the wave
diffraction caused by finite size source. A practical method to perform these corrections based on the theoretical models is
developed. The validity of the present method is demonstrated by applying it to the experimental data for stainless steel
sample (Q > 200), acrylic plastic sample (Q~100), and partially molten organic polycrystal sample (Q <10). In comparison
with the other existing methods, the present method has the advantage of not requiring any reference waveform. Using the
results of this study, we discuss the validity of the reference method.
© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Ultrasonic wave transmission method using piezoelectric transducers has been frequently used for
estimating sample acoustic properties [1-3], for non-destructively monitoring microstructural evolution [4,5],
and for simulating elastic wave propagation in heterogeneous media [6]. In this method, the obtained
waveform data are influenced not only by the acoustic behavior of the sample but also by the electro-
mechanical behavior of the source and receiver transducers (transducer effect) and by the wave diffraction
which is determined by the size of the transducers (diffraction effect). Therefore, in order to know the acoustic
behavior of the sample, correction of the data for these two effects is important. Most of our concern in this
paper is the estimation of sample acoustic properties, especially the viscoelastic properties which are generally
described by frequency dependent phase velocity v(f) and quality factor Q(f). Correction methods used in
previous studies were based on the reference waveforms obtained for a standard material with well-known
acoustic properties. In the pulse reflectometry methods [7-9], the transducer effect is eliminated by using a
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reference waveform, which propagates a buffer rod, and the diffraction effect is eliminated by assessing the
effect from acoustic theory. In the transmission measurements [10—12], the two effects are eliminated by using
a reference waveform, which is obtained by replacing the sample in the experimental assembly by a standard
material.

In this study, we develop a new method of the correction for the transducer and diffraction effects by using
theoretical models. In comparison with the other existing methods, our method has the advantage of not
requiring any reference waveform, and hence can be used for testing the validity of the reference method. Our
method is designed to be applicable to transmission measurements. Because the assembly of the transmission
measurement is simple, our method can be used widely.

The essential part of our method is the theoretical derivation of the transducer effect and the diffraction
effect (Section 2). The dynamic response of the piezoelectric disk attached to an acoustic (zero rigidity) sample
was theoretically calculated by Stepanishen [13], based on the formulation of Mason [14] and Seki et al. [15].
We extend the previous studies by taking into account the effect of sample rigidity and the dynamic response
of the receiver transducer. We present a practical method which can be immediately used to determine the
frequency dependent phase velocity and attenuation from the transmission measurement. In order to test the
validity of our method, we conduct an ultrasonic wave transmission experiment on stainless steel, acrylic
plastic, and organic polycrystal samples, which are characterized by high, intermediate, and low O,
respectively (Section 3). By using sinusoidal waves and/or narrow band pulses generated by broadband
transducers, transfer functions between source and receiver signals are obtained in the frequency domain for
100 kHz—1 MHz. By correcting the data using our method, phase velocity and attenuation are determined for
this frequency range.

2. Waveform analysis to estimate frequency dependent phase velocity and quality factor
2.1. Definition and derivation of transducer effect H and diffraction effect H

We consider a system consisting of a sample and two piezoelectric transducers attached to both sides of the
sample (Fig. 1). The sample is assumed to be a linear viscoelastic material represented by phase velocity v(f)
and quality factor Q(f) at frequency f. Let VS and V'R be the voltage signals of the source and receiver
transducers, respectively. VS is applied by a function generator and V'® is measured by an oscilloscope, and
hence both 7S and V% are known. Time series data are written as V5(¢) and V%(¢), and the complex Fourier
components are written as V°(f) and VR(f). The goal of Section 2 is an accurate estimation of v(f) and Q(f)
from V5(f) and VR(f).

sample
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Fig. 1. Schematic illustration of an assembly of transmission measurement using broadband transducers consisting of piezoelectric disk
and backing. F and V represent traction and voltage, respectively.
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We introduce transfer function H°% defined by

obs _ VR(f)
H™(f) = VS (1
H°% is related to v(f) and O(f) as
o : . .1 i
HO(f) = HT(f)H"(f)eXp{—le—) (1 - %) } )

where (= 2xnf) is angular frequency and / is the sample length. The exponential factor in the right-hand side
of Eq. (2) represents the transfer function for plane wave propagation in the sample (e.g. [16]). Because H° is
not simply determined by this exponential factor, but also affected by the dynamic response of the transducers
[13] and the diffraction at the finite size source [15], we express H° in the form of Eq. (2). In order to estimate
u(f) and Q(f), H°™ should be corrected for transducer effect H” and diffraction effect H. H” and H* are
derived from theoretical models.

Let F$ and F® be the tractions at the surface of the source and receiver transducers and let FR be the

traction of the wave incident on the receiver transducer. H°* defined by Eq. (1) can be rewritten as

HO% — LR — FisFii[waiRViR (3)
T VS yS FS FR FRC

mnc

The factor FX_/F5 in the rightest hand side of Eq. (3) is the transfer function for elastic wave propagation,

nc

and the other factors, FS/VS, FR/FR ~and VR/FR are determined by the dynamic response of the

mnc?

transducers. Therefore, H* and H” introduced in Eq. (2) are defined by

; o] i FR.
FS VR FR
H' = s or g )

nc

and HY and HT are called diffraction effect and transducer effect, respectively.

In order to derive H” defined by Eq. (5), dynamic response of a broadband transducer consisting of a
piezoelectric disk and a backing is modeled based on the mechanical and electrical governing equations.
Detailed formulations are presented in Appendix A. The factor F5/VS in the right-hand side of Eq. (5) is
calculated by solving Egs. (A.1)~(A.3), the factor V% /FR is calculated by solving Egs. (A.4) and (A.5), and the
factor FR/FR is given by Eq. (A.7). Finally, H” is obtained as

(zp/20)(1 —i/2Qy)) + DS — C°
{(zy/20) + DSH(zp/20)(1 —i/(2Qy)) + D5} — (C5)?
5 (zp/20)(1 —i/(2Qy)) + D* — C®
{(z5/20) + D®Y{(zs/20)(1 —1/(20)) + DR} — (CR)*’

where zg, z;, and z, represent the acoustic impedances of the piezoelectric disk, sample, and backing,
respectively, and Q, represents the quality factor of the backing. DSR C5® and ¢ are given by

D® = —ifcot(nf /f,) — e},
CS = —ifcosec(nf /f,) — &},
D® = —icot(xf /f ),
CR = —icosec(nf /f,),
&= i

n(f/f)

H = — 28(25/20)

(6)

()
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where resonant frequency f, and piezoelectric coupling factor ky of the disk are given by f, = ay/(2d,) and
ko = ho/#0/(z020) by using acoustic velocity o, thickness dy, piezoelectric stress constant /4y, and dielectric
permittivity g, of the disk. Eq. (6) is symmetric with respect to source and receiver.

In order to derive H* defined by Eq. (4), the transfer function between FS and F f;c is calculated by
considering the wave propagation in the sample. For simplicity, F* is assumed to be uniform on the surface of

the source transducer. FX_ is calculated as the average of the traction over the surface of the receiver

transducer as "
=0 [ ] o x=xinoaxax ®)

where g(f,x — X’; v, Q) is the Green’s function for a semi-infinite medium [17,18] with phase velocity v(f) and
quality factor Q(f). A5 and AR represent the surface of the source and receiver transducers, respectively, and x’
and x represent points on A and A%, respectively. The ay is the radius of the piezoelectric disk. By comparing
Egs. (8) and (4), H” is obtained as

HY(f) = 0exp( )exp( )//AR// g(f,x —x';v, Q)dx dx’. 9)

By calculating the integrals over 45 and AR, we obtain

If

H(f) = 2exp <2ni—> exp< iy ) WD)y 5 )2 dp,
vp vpQp P (10)
aim A mlf \ oo Ws(fp), 2
HY(f) = 2exp <2mvs> exp <sts> v, {/1(p)}" dp,

where subscripts P and S represent longitudinal and shear waves, respectively, and J(p) represents the Bessel
function of the 1st order. Functions wp and wg are given by
{ we(f,p) = {=Qp* — pg)’e v 1 4¢pegpeoslimya!,

p . 11
ws(fp) = (4pEsple=irlian — (p? — phye=tsllo) 471, an

where

A(f,p) = 2p? — pk)’ — 4Epesp?,
2(f.p) = 1* — p}, (12)
&(f.p) = p* - p,

in which both real and imaginary parts of &p and &g are taken to be positive, and

) (13)
ps(f) = 2naif<1 —L).
Us

2.2. Calculation of transducer effect H' and diffraction effect H*

2.2.1. Calculation of HT

The broadband longitudinal and shear wave transducers used in the present experiments are V103 and
V153, respectively, manufactured by Panametrics, inc. Values of f,, ko, Oy, z5/z0, and z;/zy, which are needed
to calculate H” from Eq. (6), are listed in Table 1. Values of ko, Q,, and z, /zo, which are usually unknown,
can be measured by using the direct contact method presented in Appendix B. Although Q, determined from
this method has a large uncertainty, the effect of Q, on H” is small, as shown below, and we can use Q,, = 10.
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Table 1
Parameters used to calculate H” and H for longitudinal and shear wave transducers.

V103 (longitudinal) V153 (shear) Use
Transducer properties
/. (kHz) 1000 1000 HT
ap (mm) 6.5 6.5 H‘
2o (107 kgm=25s) 2.8 1.7 HT
ko 0.235% 0.224* HT
0O 10* 10* HT
Zp/20 1° 12 HT
Sample properties
z (kgm™2s) p-oplf =)0 poos(f=1,)" HT
vp (km/s) vp(f =1 vs(f=f,) V3 H*
vs (km/s) or(f=f)/V3 vs(f =/, H*
Op 10* 1 H*
QS 1 104 He
[ (mm) 20-100 20-100 H*¢

4The values were estimated by the direct contact method.

5. vp(f=f,) = 4.5 x 10’ kgm~2s for stainless steel, 3.1 x 10°kgm=2s for acrylic plastic, 1.8 x 10 kgm~2s for the partially molten
organic polycrystal, and p - vs(f>f,) = 1.9 x 10°kgm~2s for acrylic plastic.

“op(f =f,) = 5.71km/s for stainless steel, 2.70 km/s for acrylic plastic, and 1.83 km/s for the partially molten organic polycrystal, and
vs(f =1,) = 1.38 km/s for acrylic plastic.

The z; is calculated by using a phase velocity at f=f,. As shown in Section 2.3, a rough estimation of v at
f>=f, can be obtained from the raw data without correcting for H” and H*.
We express complex number H in terms of amplitude A[H] and phase P[H] as

H = A[H]exp(iP[H)), (14)

where A[H](>0) and P[H] are real numbers. Fig. 2 shows A[H”] and P[H”] of V103 calculated for a stainless
steel sample (z;/zp = 1.6), an acrylic plastic sample (z,/zp = 0.11), and an organic polycrystal sample
(zs/z0 = 0.065). Although z,/z affects A[H'], it does not significantly affect P[H”] nor the frequency
dependence of A[HT], which are important for the accurate estimation of v(f) and Q(f). This result indicates
the validity to calculate z, by using a rough estimation of v at f >f,. Also shown in Fig. 2 are A[H ] and P[H]
of V103 calculated for various values of sample quality factor Q and backing quality factor Q,. Although
Q = oo is assumed in deriving Eq. (6), effects of Q can be investigated by replacing z; in Eq. (6) by
z{1 —i/(2Q)}. Fig. 2 shows that the effects of Q on H” are negligibly small, and hence shows the validity to
use Q = oo regardless of an actual value of Q. Fig. 2 also shows that effects of Q, on H” are small, and hence
shows the validity to use Q, = 10.
At zp/z9 >~ 1, the asymptotic form of Eq. (6) at f — 0 is obtained as

AHT] = 222120 S
(1 + ZJ/ZO) fr
N 7 (f<f, and z/zp = 1). (15)
PIHT] = E(l — 2f—>

The most important feature of H' is that P[H'] approaches n/2 at f — 0. Because the correction of
traveltime for the transducer effect is given by P[H”]/w, that P[H"] is not equal to 0 at f — 0 indicates the
significance of the correction for H7 at low frequency.



614 K. Fujisawa, Y. Takei | Journal of Sound and Vibration 323 (2009) 609-625

Q Qb zzg
(a) 0.06 - | —— = 10 0.065
V103 — <« 10 0.1
— «~ 10 16
0.04
flag
L
<
0.02 .
00 0.5 1 1.5 2
normalized frequency, f/ f,
by m™ T T T
V103
n/2 K 4
g 0
T
T -m2 +
-k
00 0.5 1 1.5 2

normalized frequency, f/ f,

Fig. 2. Transducer effect HT of broadband longitudinal transducer V103 calculated for various values of Q, Q,, and z;/zo. (a) Amplitude
A[H"] and (b) phase P[H].

2.2.2. Calculation of H®

Values of /, ag, vp, Qp, vs, and Qg, which are needed to calculate H* from Eq. (10), are listed in Table 1. The
values of vp and vg used to calculate H} and H¢, respectively, are roughly estimated by the phase velocities at
f=f, without correcting for HT and H“. By using these vp and vg, vs and vp used to calculate HY% and HS,
respectively, are estimated by assuming vp/vs = +/3. (Qp, Qg) = (10%, 1) for H¢% and (Qp, Og) = (1, 10%) for H¢
are used regardless of the actual values of Qp and Q. The validity of these assumptions is discussed later. The
integral in Eq. (10) is calculated numerically.

Fig. 3 shows H% of V103 calculated for / = 100, 50, and 20 mm samples. The value of vp controls H%
through only the normalized frequency (ag/vp)f, and also the value of vg controls H¢ through only (ap/vs)f.
Each symbol in Fig. 3 shows the transition point from point source to infinite size source, where the frequency
is given by
(%] .
f=——1 (=P8 (16)

2(\/ I +4a3 — 1)

At this frequency, the difference between the longest and the shortest paths from the source to the receiver is
equal to the half wavelength (Fig. 4). Note that Eq. (16) is obtained for finite size source and finite size
receiver. The distance / obtained from Eq. (16) is different from the well-known Fresnel distance, which is
derived for finite size source and point receiver (Fig. 4). When / is large, the asymptotic form of H} and H¢ at
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Fig. 3. Diffraction effect H% of longitudinal transducer V103 calculated for various values of /, Qp, Qg, and vp/vs. (a) Amplitude A[H%]
and (b) phase P[H%]. Symbols show the transition point from point source to infinite size source.

f — 0 is written as

AL = "
c <2na3f<1 and 1>;’7", i:P,S) (17)
PLH = i

(Appendix C), which represents the far-field wave excited by a point source. P[H“] approaches n/2 at f — 0.
Hence, the correction of traveltime for H?, P[H"]/w, becomes very important at small f.

Fig. 3 also shows H% of V103 calculated for various values of Qp, Qg, and vp/vs. The effect of Qp on H% is
small, indicating the validity to use Qp = 10* without knowing the actual value of Q p. Although the effect of
Qg on HY is small, when Qg is large, A[H%] and P[H%] fluctuate rapidly at (ag/vp)f <3. This fluctuation is
difficult to measure accurately in the experiments, and the use of such H¢ in data analysis may cause artificial
noise. Therefore, Q¢ = 1 should be used to remove the fluctuation. The effect of vp/vg is small except for
(ao/vp)f <1, indicating the validity to use vp/vs = +/3. In the same manner, Qg = 10%, Op=1,and vp/vs =
V/3 are used for calculating H%.
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Fig. 4. The longest and the shortest paths between source and receiver transducers. The longest path is longer than that used in the
evaluation of Fresnel distance (dotted line).

2.3. Estimation of v and Q from H°®

By using H” and H® obtained in the previous sections, o(f) and Q(f) can be calculated from H°® as
/ 1

— = —(—P[H"™] 4 2nn + P[HT] + P[H"]), (18)
(f) o
nfl A[H°%]
_ - . 19
eXp( v(f)O(f )) A[HT)A[H“] (19

P[H®™] is defined as a continuous function of f over the experimental frequency range, and hence is not
limited to 0—(—2m). P[LH°®] has an uncertainty of 2zn with integer n, which is explicitly shown in Eq. (18). The
results of Section 2.2 show that P[H "] and P[H“] approach n/2 at f — 0. Hence, n can be determined from the
requirement of

—P[H®™]|+2nn+n=0 atf=0. (20)

Even when the data are obtained by using sinusoidal waves, and hence n is completely unknown, n can be
determined by Eq. (20).

At f ~f, (1MHz), |P[H"]| and |P[H"]| are, respectively, nearly equal to and less than n/2 (Figs. 2 and 3).
Hence, the effects of P[H”] and P[H“] on the traveltimes are, respectively, nearly equal to and less than
1/(4f,), which are much smaller than the traveltimes obtained in the present experiments. Hence, v(f >f',) can
be accurately estimated from (—P[H°*] + 2nn), without correcting for A7 and H*.

3. Experiments

3.1. Data before correction

By using the assembly shown in Fig. 1, V5(f) and VR(f) were measured for f = 100kHz—1MHz. A
stainless steel sample with / = 50 mm, acrylic plastic samples with / = 50 and 100 mm, and a partially molten
organic polycrystal sample with / = 20 mm were used. The measurements were made using two types of waves:
sinusoidal wave and narrow band pulse. With the sinusoidal wave with frequency f, A[H°®(f)] and P[H°®(f)]
are obtained immediately from the amplitude ratio and phase difference, respectively, between V5(¢) and
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sinusoidal measurement
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Fig. 5. Procedures to determine traveltime for the acrylic plastic sample with / = 50 mm and the stainless steel sample with / = 100 mm. (a)
Phase data from sinusoidal measurement. From the phase delay data between VR(r) and VS(r) (P[H°®], open symbols), continuous
function (P[H°*] — 27, solid symbols) is obtained, where n is determined to satisfy Eq. (20). Only the data for the acrylic plastic sample
are shown. (b) Waveform data from narrow band pulse measurement. Traveltime T[H°*] is read as the time difference of the 3rd peaks of
VR(#) and V5(2). (c) Traveltime T[H°%] obtained from sinusoidal measurement (lines) and narrow band pulse measurement (symbols).

VR(t). Solid symbols in Fig. 5(a) show P[H°*] — 27nn, where n was determined to satisfy Eq. (20). In order to
construct P[H°%] correctly from the measured phase difference (open symbols in Fig. 5(a)), frequency step Af
should satisfy Af <v/l. With the narrow band pulse with cycle frequency f, traveltime at frequency f was
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determined as the time difference of the 3rd peak between V5(¢) and V*(¢) (Fig. 5(b)). Also, after removing the
reflected waves from VR(¢), the Fourier coefficient VR(f) was calculated, and A[H°"(f)] was determined as the
amplitude ratio between VR(f) and VS5(f). Unlike the sinusoidal measurement, narrow band pulse
measurement does not have any limitation on the frequency step.

Using P[H°P] — 27n obtained from the sinusoidal waves, uncorrected traveltime T[H°%] is calculated by

T[H*®] = — é(P[HObS] — 27n). (21)

The results are shown in Fig. 5(c) (lines) together with the traveltimes obtained from the narrow band pulses
(symbols). For the acrylic plastic sample, the two results agree well, indicating the validity of both
measurements. For the stainless steel sample, however, both results do not agree. The result of the sinusoidal
measurement shows a rapid fluctuation with f. This fluctuation is caused by the reflected waves, which have
large amplitude because of the high Q of the sample (Fig. 5(b)). Such fluctuation does not occur in the result of
the narrow band pulse measurement, which are not affected by the reflected waves. The narrow band pulse
measurement is therefore applicable to both high-Q and low-Q samples.

3.2. Estimation of frequency dependent phase velocity and quality factor

H°" obtained from the sinusoidal and narrow band pulse measurements is corrected for H” and H“ as
Eqgs. (18) and (19). Phase velocity and amplitude obtained after the corrections are shown in Fig. 6, together
with those without the corrections. Also shown in Fig. 6 are dispersion and amplitude theoretically predicted
from the constant-Q model [19] (dashed lines). Without the corrections, the results significantly deviate from
the theoretical predictions. After the corrections, however, the results show good agreement with the
theoretical predictions. These results demonstrate the validity of the present corrections by using the

@ 3 . acryI'iC plas:[ic, P ' ©) 6.2 ' stainlless stgel, P '
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g 29 | 9 ‘\ for H' and H? ] % " forHT and H?
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Fig. 6. (a) Phase velocity and (b) amplitude of longitudinal wave for the acrylic plastic sample measured by using sinusoidal waves (lines)
and narrow band pulses (symbols). (c) Phase velocity and (d) amplitude of longitudinal wave for the stainless steel sample measured by
narrow band pulse (symbols). Results before and after the corrections for H” and H* are shown. Dashed lines show theoretical predictions
from the constant-Q model. The results after the corrections agree well with the model predictions.
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theoretically calculated H? and H®. The corrections are significant at low frequencies (/' lower than the
resonant frequency f, and lower than the transition frequency given by Eq. (16)). Note that the phase velocity
(Fig. 6(a) and (c)) and the amplitude (Fig. 6(b) and (d)) are obtained from P[H°%] and A[H°"], respectively,
and hence are obtained independently from each other. The estimate of 93200 for the stainless steel sample
and 100> Q> 50 for the acrylic plastic sample, which are obtained consistently from both phase velocity and
amplitude, confirm the validity of the present method. Fig. 7 shows the phase velocity and amplitude of
longitudinal and shear waves obtained for the acrylic plastic samples with / = 50 and 100 mm. Nearly constant
O (QOp =80 and Qg = 80) is obtained consistently for both / = 50 and 100 mm samples.

Phase velocity and quality factor obtained for the partially molten organic polycrystal sample are shown in
Fig. 8. This sample is a binary eutectic system composed of borneol and diphenylamine [20], and the partially
molten state was achieved at 60 °C. Because Q is very low, only the direct wave propagated through the sample
can be observed. Hence, the existing method to eliminate the transducer effect using reflected waves cannot be
applied to this sample. By using the method developed in this study, Q = 4 was determined consistently from
both phase velocity and amplitude.
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Qp =80 P, =100 mm
Q 2
Eo7} 14 &
o - n
2 / z
£ =
kel kel
[3] = o
> >
226 F - 1.35 8
© ’ (]
< ’ ey
o Q.
S, 100 mm
2.5 L L L L 1.3
0 200 400 600 800 1000
frequency (kHz)
(b) 0.5 - - ; T 1
[ Qp=80 |
- P, 1=50 1
o b\ Tm 0.5
o %
@ 0
2 - E
= S
IS
S 05 ©
8 8
-1
-2 L M TS T RSN R i -1.5
0 200 400 600 800 1000

frequency (kHz)

Fig. 7. (a) Phase velocity and (b) amplitude of longitudinal wave (P) and shear wave (S) for acrylic plastic samples with / = 50 and
100 mm. Solid lines show the data obtained by sinusoidal waves, and the symbols show the data obtained by narrow band pulses. Dashed
lines show the predictions from the constant-Q model with Qp = 80 and Qg = 80.
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Fig. 8. (a) Phase velocity and (b) amplitude of longitudinal wave for the partially molten organic polycrystal sample measured by using
sinusoidal waves (lines) and narrow band pulses (symbols). Results before and after the corrections for H” and H“ are shown. Thin
dashed lines show the theoretical predictions from the constant-Q model.

3.3. A brief discussion on the reference method

Let erbfs(f) be the transfer function H°*(f) of a reference sample with phase velocity s, quality factor

O..r» and sample length /.r. The deconvolved spectrum between H°%(f) and Hﬁel}s(f ) is written as

Hobs HT H¢

—z——exp{—iw<£—lr—ef>}exp{—9(L—Zr—ef>} (22)
obs  HI Hy U U 2\0Q  vrer Ot/ S’
where H.; and H represent H” and H“, respectively, for the reference sample. In the reference methods,

vand Q are estimated from H°*/HS% by assuming H” /HL; = H*/H"; = 1. The results in Section 2 show
that HT(f)/HE(f) = 1 is valid if vrer = v and Iy = [. If v# vy and/or [# 1, H/H"; deviates from unity,
especially at frequencies lower than the transition frequency given by Eq. (16). Fig. 9 shows phase velocity and
amplitude obtained from this study (solid lines), and those which are obtained with the reference method
(dotted bold lines). HS% is not measured but is derived theoretically by calculating H%; and HT; for water
(vrer = 1.50kms™!, Q,.; = 00) or acrylic plastic (vef = 2.70kms™!, Q.; = 80) with /;f = [. The accuracy of
the reference method decreases as the difference between v and v increases. Because it is practically difficult

to find a reference sample satisfying v, = v, the present method applicable to general materials is useful.
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Fig. 9. (a) Phase velocity and (b) amplitude of longitudinal wave for the partially molten organic polycrystal sample. Bold solid lines show
the results obtained from the present method and the bold dashed lines show the results which are to be obtained from the reference
method by using water and acrylic plastic samples. Thin dashed lines show the predictions from the constant-Q model.

4. Conclusions

We have developed a new method to determine frequency dependent phase velocity and quality factor from
ultrasonic wave transmission. In this method, the transducer effect H” and the diffraction effect H¢, for which
the waveform data must be corrected, are calculated theoretically without using any reference sample. We also
developed several practical methods to estimate the material properties needed for the calculation of H7 and H*.
The phase of HT and that of H approach 7/2 at f — 0, and hence the corrections are significant at low
frequencies. Using the present method, we demonstrated Q for a stainless steel sample (Qp > 200), acrylic plastic
samples (Qp = 80, Q¢ = 80), and a partially molten organic polycrystal sample (Qp ~ 4) for 100 kHz-1 MHz.
The present method is applicable to general materials. Validity and limitation of the previous method based on
the reference waveform were discussed.
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Appendix A. Detailed formulation for the dynamic response of transducers

We consider a broadband transducer consisting of a piezoelectric disk and a backing (Fig. 10). The disk has
radius ap, thickness dy, density p,,, acoustic velocity oy, acoustic impedance zy = p,0p, dielectric permittivity &,
and piezoelectric stress constant /4, which represents the stress caused by a unit electric displacement. V (V)
and I (A) denote the voltage difference and current, respectively, between the two electrodes. F (Pa) and u
(ms~!) represent traction and velocity, respectively, of the disk at the sample side, and Fj, and u,, represent
those at the backing side. These F, u, F, and u; represent the normal components (outward positive) for a
longitudinal wave transducer, and the tangential components for a shear wave transducer. Although source
and receiver transducers have the same material parameters, the two transducers are used under different
electrical boundary conditions, and hence should be treated separately.

We first consider a source transducer, which is denoted by superscript S. By solving the mechanical and
electrical governing equations for the disk [14], we obtain

s
F DS C5 —ie u®
N . S
Fy | =z ¢S DS —i uj (A.1)
hy 1S . . . iw 178
omat 1 —ie —ie e iV

0

in the frequency domain, where &, D, and C¥ are given by Eq. (7) in the text. The boundary conditions are given by

FS

5= T (A2)
w=-=(1-1g)
Th— o (1——), (A.3)
us b 20,

where z, is the real part of the acoustic impedance of the backing, Q) the quality factor of the backing, and z, the
acoustic impedance of the sample [14]. As shown in Section 2.2.1, imaginary part of z; can be neglected.

electrodes

sample

piezoelectric
disk

backing

Fig. 10. Schematic illustration of a broadband transducer consisting of piezoelectric disk and backing.
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The same relation as Eq. (A.1) is also required for the receiver transducer. The receiver transducer is
denoted by superscript R. Since V'® is measured by an oscilloscope with high input impedance, the condition
IR = 0 is required. Then, Eq. (A.1) can be written as

FR
e DR CRN g
L =z| C* D ( R > (A4)
o e Uy
A h_OV 1 1

where DR and C® are given by Eq. (7) in the text. The boundary condition on the backing side is given by
w==(-2g)
— =z 1—=—). (A.5)
H? 2Qb

From Egs. (A.4) and (A.5), we obtain

FR CR 2
—R:zs{D’w (, ) R} = —zk, (A.6)
u (z5/20)(1 = 1/(2Qp)) — D

Note the difference between Eqgs. (A.6) and (A.2). While F5/uS is equal to the sample impedance z,, FX/u® is
not equal to z,. Therefore, FR and uR consist of not only the traction and velocity, respectively, of incident
wave but also those of reflected wave. Let FR be the traction of incident wave. From the continuity of both
stress and velocity at the interface, the relation between FR® and FX _is obtained as

FR 2zR

PR TR
Finc Itz

where z® is defined by Eq. (A.6). Transducer effect H” is obtained by solving Egs. (A.1)~(A.7.).

(A7)

Appendix B. Direct contact method

Let HP(f) be the ratio of the output voltage VR(f) to the input voltage V5(f) obtained from the receiver
and source transducers, respectively, directly contacted without a sample. The values of kg, Q,, and z,/z,
which are needed to calculate H”, can be determined by comparing the measured and predicted H”. The
governing equations are given by Egs. (A.1) and (A.4). The boundary conditions on the backing side are given
by Egs. (A.3) and (A.5), and those on the other side are given by

FS = FR
S K (B. 1)

u = -—-u.

Then, H” is solved as

2

HP = (/)1 = i/2Q) = D + )

x{(z5/20)(1 —1/(20,)) — D* + C}}

x((D¥ + D®){(z/20)(1 — i/(2Q,)) — D5}

x{(z5/20)(1 —1/(2Q,)) — DX}

+(C{(zp/20)(1 —1/(2Qy)) — (D¥)*)

+ (CR{(zb/20)(1 = 1/(20y) — (DR))7". (B. 2)

Symbols in Fig. 11 show H” experimentally measured for the longitudinal transducers V103. Also shown in
Fig. 11 are the theoretical predictions calculated by using Eq. (B. 2) for various values of z,/zy and Q,, (lines).
The acoustic impedance of the backing relative to that of the piezoelectric disk, zj/zo, controls the intensity of
the resonance. When z;,/zy is much smaller than or larger than unity, the resonance is strong and A[H”] has a
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Fig. 11. Transfer function H” obtained by directly contacting two longitudinal transducers V103. (a) Amplitude A[H”] and (b) phase
P[HP]. Symbols show the experimental data, and lines show the theoretical predictions calculated for various values of z,/zp and Q.

sharp peak. When z,/z is close to unity, A[H”] shows a broad peak and P[H”] shows a monotonic decrease.
The experimental data are explained well by z,/zo = 1. The effect of 9, on H? is small, and hence Q, cannot be
determined uniquely. As shown in Section 2.2.1, the effect of Q, on H is small and hence we can use Q) = 10.
A[HP] is proportional to kﬁ. Best fit for V103 and V153 are obtained at &y = 0.235 and 0.224, respectively.

Appendix C. Asymptotic form of H*

At the limit of f — 0, |p;| <1 (i = P, S). For 0<p<p;, £ is an imaginary number, and w; given by Eq. (11) is
approximated as w; =~ {1 + O(p?)} exp(—&;l/ag). For p>p,, &; is a real number, and w; exponentially decreases

with increasing p. When />v;/f, the decrease is very rapid and the integral for p > p; is negligible. Therefore,
H“ is approximated as

N
HY ~2exp <—2n1 >
U

1 If\ ([P
~ —exp| —2mi— / pexp(—¢&;il/ag)dp
2 U; 0

. 2 -
— ‘”l‘;flf + o™, (C. 1)

/p’ exp(—¢&;l/ap)
V4

) (i)Y dp (i=PS)

which gives Eq. (17).
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