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INTRODUCTION

Recently, ultrasonic-atomic-force microscopy' has been developed to evaluate elastic property in nanoscale
regions of materials. It uses a flexural vibration of a micro-cantilever generated by a piezoelectric transducer, whose
free-end tip taps the specimen surface, while scanning the surface. However, many researches neglected the
influence of the attached piezoelectric transducer and the clamping condition at the fixed end, which prevents us
from yielding quatittative evaluation of stiffness. Here, we present an alternative acoustic microscopy,
electromagnetic-resonance-ultrasound microscopy (ERUM), to determine the local stiffness of a material. This
measures the resonance-frequency shift of a rectangular-parallelepiped piezoelectric langasite (La;GasSiO14) crystal.
It touches the specimen only through a ball-bearing tip. An electric field from a surrounding solenoid coil excites
and detects the vibration of the crystal. Thus, neither electrodes nor mechanical contacts are required for the
acoustic coupling. Such noncontact excitation and detection of ultrasonic vibrations eliminate the measurement
errors associated with the contacting acoustic excitation and detection. Scanning the object surface with this probe
and measuring the frequency shift then provide us with a quantitative mapping of elastic constant .

ELECTROMAGNETIC-RESONANCE-ULTRASOUND MICROSCOPY

An oriented rectangular-parallelepiped langasite crystal
stands in a solenoid coil. A spherical bearing of tungsten
carbide with radius R is bonded at the center of the bottom
surface. With the modal calculation, we use such a resonance
mode that shows an antinode at the center of the bottom surface,
to which the bearing is attached to provide a contact point with
the specimen fixed on an X-Y stage. We apply a biasing force
F at the nodal points on the upper surface to increase the
sensitivity of resonance-frequency shift and minimize the
influence of supports.

Langasite is a trigonal symmetry crystal, whose
piezoelectric coefficients are two times larger in magnitude than
those of quartz so that the vibration can be excited effectively
by a dynamic electric field without contact.” Furthermore, the
elastic constants show low temperature-derivatives, of the order Fig.1 ~ Measurement setup of ERUM
of 10°-10° K™, which assures the stable resonance frequencies.

We apply high-power tone bursts to the solenoid coil to cause the vibration of the probe by the converse
piezoelectric effect. The vibration of the probe is then received by the same coil with the piezoelectric effect after
the excitation. The received signal is fed to a superheterodyne spectrometer to extract the signal amplitude.’
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VIBRATION ANALYSIS
To determine the local Young’s modulus of the specimen from the resonance :

frequency of the oscillator, we derive their relationship. We consider the tip-specimen S A S
contact as the springs shown in Fig.2. The previous UFAM studies used the simple o .

static Hertz-contact model* to calculate the effective contact stiffness as il '

ki =k3, =8G"a, kj; =\6FRE™ . k.,
* *— E;k
Here G''=(Q2-v,)67" +2-v,)6;' » E =(1—\/12)E1’1 +(1—\/§)E2’1 , and a= T

3\BFR/ 4E" denotes the contact radius. The subscripts 1 and 2 indicate the bearing Fig. 2 Contact spring stiffnesses

and the specimen, respectively.  Recently, we showed experimentally and  at the tip-specimen internaface.
theoretically that this static model failed to explain the contact stiffness because of

the complexity of the dynamic contact.>® Thus, we approximate the effect spring stiffness to be &y, =k, = ak{;
and ky; =Bk3;. Here o and B are the dynamic-contact-stiffness factors, which are to be calibrated with reference

materials of known elastic constants at a given F.
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We consider the Lagrangian in a piezoelectric material to calculate the resonance frequencies and vibration
modes:
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where Sy, p, u;, and ¢, are the strain tensor, mass density, displacement, and electric potential, respectively. Q and

I' are the volume and the surface of the piezoelectric crystal, respectively. Approximating the displacement and
electric potential in terms of linear combinations of the basis functions consisting of normalized Legendre polyno-
mials, stationary point of the Lagrangian provides resonance modes (Rayleigh-Ritz method).

RESULT AND DISCUSSION

Free vibrations of an oriented rectangular parallelepiped of langasite
fall into four groups denoted by Ag, Au, Bg and Bu.” Among them, we used
the Ag-1 mode because (i) it shows an antinode for the normal displacement
u3 and nodes for the in-plane displacements u; and u, at the center on the
bottom surface, (ii) it shows high sensitivity to the normal contact stiffness
ks, (iii) it is easily excited and detected with the solenoid coil and the  Fig.3 Optical Fhotomicrograph of

. . . . the duplex stainless steel.
resonance spectrum shows an ideal lineshape without overlapping any other
modes. We can thus neglect the tangential spring stiffnesses k; and 4y,
because of zero in-plane displacements at the contacting point. According
to calibration with reference materials,” we calculated the dynamic-contact-
stiffness factor to be p=3.

To illustrate applicability, we obtained Young’s-modulus image of a
duplex-stainless steel (JIS-SCS13A). The material consists of 25.8%-
volume-fraction o (ferrite) phase and 74.2%-volume-fraction y (austenite)
phase: Figure 3 shows the microstructure. The y-phase particles are
precipitated in the o-phase matrix. Figure 4 shows Young’s-modulus
distribution determined by the measured resonance frequency and the
dynamic-contact-stiffness model. It also shows a line trace along the
indicated line. Based on the inverse calculation, Young’s moduli of the y
phases are £,=200 GPa (brightened part) and 150 GPa (darkened part). We
attribute the diffrence to original grain orientation of the o phase, which
dominates the orientation of the y phase precipitated in it. Young’s
modulus of o phase is found to be £,=121-129 GPa, being much smaller
than Young’s modulus of polycrystalline a-Fe (210.8 GPa). However, large 100
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concentration of chromium in a-phase enlarges the lattice parameter and X (um)

decrease elastic constants as suggested by Tane et al.® Indeed, our Young’s Fig.4 (a) ERUM image of the surface of

modulus for the o phase agree with the reported value for a similar  the duplex stainless steel and (b) line

duplex-stainless steel.” trace of Young’s modulus as indicated
in (a).

CONCLUSION

Being based on the vibration of langasite crystal excited by one-point contacting electromagnetic-acoustic-
resonance techniques, ERUM shows high potential of measuring the local elasticity of the material. According to
the sensitivity and mode analysis, Ag-1 mode is selected for the operating mode of ERUM. We find that the
proposed approach is suitable for the ERUM observations and can determine the local elasticity of multiphase and
composite materials.
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