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excite acoustic resonance for evaluating
coefficient and grain size in polycrystalline
metals
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M. Hirao and H. Ogi
Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560, Japan

(Received 27 May 1993; accepted for publication 24 February 1994)
An experiment on an acoustic resonance spectrometer for evaluating attenuation characteristics and
grain size of polycrystalline metals is described. A noncontacting electromagnetic acoustic’
transducer is excited to establish a shear-wave ringing in a plate sample and the amplitude spectrum
is obtained by sweeping the driving rf frequency through the resonances. At each resonances
frequency, the sample rings down exponentially with time. The wave form is acquired to determine
the time constant, or the attenuation coefficient, whose frequency dependence is finally related to the
average grain size through the Rayleigh scattering theory. This nondestructive evaluation agreed
with the photomicrographic examination to an accuracy of 6 ,um for a relatively narrow distribution
of grain size in low carbon steels.

Grain size is one of the key parameters that control the
mechanical properties such as yield stress and toughness of
polycrystalline metals. The Hall-Petch relation states that
the yield stress is inversely proportional to the square root of
average grain size. Practically, the photomicrographic examination has been extensively used to date, which reveals the
two-dimensional morphology on exposed cross sections.
This is a destructive procedure and a nondestructive/
noncontacting means has long been waited for. A number of
such techniques for the grain size determination are currently
under study, relying on x-ray diffraction, ac and dc magnetic
tests, and ultrasonic attenuation.
The ultrasonic techniquerW4 is the only one that can determine the through-thickness average of grain structure on
which the mechanical properties depend. Spectral data are
usually obtained by receiving the broadband backwall echoes
in a contacting or immersion method and calculating the
digitized signals with a fast Fourier transform routine. The
attenuation coefficient versus frequency f, a( f ), is fit to

a( f )=af+SD3f4

(1)

to evaluate the average grain size, D. This relation holds for
the Rayleigh scattering region, where D is much smaller than
the probing wavelength. The first term gives the absorption
loss associated with thermoelastic interaction, magnetic domain movement, etc. The second term represents the grain
scattering. Each grain is a monocrystal and has a different
crystallographic orientation from the surroundings. The elastic anisotropy makes the discontinuous acoustic impedance,
causing the scattering around the grain. Corrections are indispensable to account for (a) the beam spreading during
propagation and (b) the reflection loss at the sample surface
loaded mechanically by the transducer (or the buffering medium). Ignorance of these effects leads to a considerable
overestimation of ultrasonic attenuation.
The instrumentation and signal processing for the ultrasonic resonance spectromete?7 are similar to those for the
pulsed nuclear magnetic resonance.8’9 An electromagnetic
acoustic transducer (EMAT) generates and receives ultrasonics without an intimate contact with the sample, because it
exerts the Lorentz force in the surface skin of a conductor.
Appl. Phys. Lett. 64 (17), 25 April 1994

Figure 1 sketches the measurement setup. A shear-wave
EMAT is excited by high power, long rf bursts gated coherently, and the thickness-shear oscillations occur in the plate
samples, being free of stresses on both sides. The same
EMAT receives the ringing signals (reverberations), which
are processed with a superheterodyne phase sensitive detector to give the outputs of A cos 4 and A sin 4 into two channels. A is the amplitude/shape factor and 4 the phase; both
change continuously with time. The carrier frequency f has
been removed through signal multiplications and filtering.
Analog integration is then made for these outputs over a long
gate covering the whole ringing signal after the excitation.
The “amplitude spectrum” is obtained by recording the
root of the sum of the squared integrator outputs at each
stepped fi
An ultrasonic ringing is made up with a number of discrete echoes which travel across the thickness and are retlected on both surfaces. They are superimposed in case we
use long input bursts. Because the roundtrip time is an integer multiple of the period of a resonance frequency of the
sample, all the echoes are received exactly in phase when
driving the EMAT at a resonance frequency. The phase 4 is
thus constant throughout the ringing and the integration results in a large amplitude. Away from resonance, $J varies
constantly and the amplitude becomes very small owing to
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FIG. 1. Measurement system for electromagnetic acoustic resonance.
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FIG. 2. Shear-wave resonance pattern on a 6-mm-thick steel plate (sample
C2); f,, is the nth resonance frequency.

the interference and cancellation.6 Their contrast produces
sharp resonance line shapes and a high frequency resolution
(in 10 Hz order) as displayed in Fig. 2.
Once the resonance frequencies are obtained, the attenuation coefficient can be determined at each of them. In this
case, a short integrator gate is swept through the ringing
signal to depict the resonant ringdown curve, to which an
exponential decay, A=AO exp(- at), is applied to find the
time constant, a. Figure 3 shows this procedure and Fig. 4
presents the frequency dependence. Such a result of a( f ) is
then fit to Eq. (1). Linear dependence on f is now of no use;
The f” term provides an estimate for D with a suitable scattering coefficient, S.
We evaluated D in the way outlined above and compared
D with the destructive inspection. Samples were low carbon
steels in an annealed state. They had the size of 6XlOO~XlOO
mm’. They were fabricated so as to have equiaxial grains and
no preferred orientation. Because of this microstructure, the
samples exhibited little anisotropy in a and the resonance
frequencies, when the shear-wave polarization was rotated
over the rolling plane. The shear-wave EMAT had the aperture of 14X22 mm2 and a bandwidth of 0.5-8 MHz. Typical
operating parameters included the rf bursts of 40 w duration
and integrator gates which were 200 and 5 ,us long, respectively, for measuring the resonance frequencies and the time
constants; the short gate was moved at every 1 ps. Table I

FIG. 4. Frequency dependence of attenuation coefficient (samples A5, B2,
and Cl). Lines are calculated from Eq. Cl).

summarizes the results. We have calibrated S to
S=2.17X10-10 p3/pm3 using sample Al as a reference,
which differs from the theoretical value of S= 1.29X1O-1”
@ ‘/pm3 for iron.l**’ Comparison is made against the average of the three-dimensional grain size distribution calculated from the two-dimensional data considering 12 polyhedra as the grain models.” We observe a good overall
correspondence within an error budget of 6 pm. But, for
samples A4, A6, C3, and C4, .we estimated gram sizes too
large. This can be interpreted regarding the grain size distribution, since the grain scattering is characterized by
(d”)/(d3), ( ) being the average?‘l’ These four samples possess the broad distributions of grain size, containing far
larger grains than the average even if the fraction is small or
has multiple peaks as shown in Fig. 5. Moreover, the maximum grain size of sample A6 (-600 ,um) violates the hypothesis for the Rayleigh scattering. Although the results
shown here were obtained in the contact experiments, this
particular EMAT allowed similar attenuation measurements,
except for a several percent fluctuation of a; up to 3 mm
lift-off from the sample surfaces.
In conclusion, the electromagnetic acoustic resonance
was found to be an attractive technique to determine the
TABLE I. Comparison between the destructive and ultrasonic measurements of the average grain size of steel samples. Carbon content is A: 0.007
wt $6; B: 0.062 wt %; and C: 0.147 wt %.
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FIG. 3. Ringdown curves at three resonance frequencies indicated in Fig. 2.
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():Evaluafion based on the theoretical value of S= 1.29X lo-*’ m3/pm3.
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dinal wave and the diffraction loss is less important if it is
involved.
We are grateful to G. L. Petersen, Ritec, Inc., for stimulating discussions and suggestions during instrumentation.
Samples and the two-dimensional grain size data were provided with the courtesy of the Committee of Sensors for
Microstructures, Iron and Steel Institute of Japan. This work
is partly supported by Grant-in-Aid No. 03555020 from the
Japanese Ministry of Education.
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FIG. 5. Three-dimensional distribution of grain size calculated from the
optical examinations.

frequency dependence of the attenuation coefficient. Corrections and calibrations are unnecessary other than S. Absolute
determination of a( f > is possible. Weak coupling of
EMATs excludes the losses which might otherwise occur
upon reflections at the contacting surfaces. The ideally exponential decay of Fig. 3 indicates the insignificant influence of
the diffraction effect. This is a consequence of using the
shear wave. The value of S is much larger than the longitu-
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