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Local surface elastic constants by resonant-ultrasound microscopy
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We report a method+esonant-ultrasound microscopyfor measuring elastic-constant distribution

over a solid’s surface. Applying an oscillating electric field to a rectangular-parallelepiped oscillator
of langasite (LgGa;SiO,,) crystal by a surrounding solenoid coil, we generated and detected
vibrations of the crystal without electrodes and without wires. Acoustic coupling of the specimen to
the oscillator is only made at an antinodal vibration point on the crystal’s bottom surface. The
crystal’'s resonance-frequency shift reflects elastic constants of the specimen in the contacting area.
Point-contact measurement permits sensitive, quantitative evaluation of a material’'s local elastic
constants. As an illustrating example, we measured the elastic-stiffness distribution of a Nb—Ti/Cu
resin superconductive wire. We compared our measurements with both static-contact and
dynamic-contact models. @004 American Institute of Physic§DOI: 10.1063/1.1755432

I. INTRODUCTION rial's local stiffness. This method uses the resonance-
frequency shift of a rectangular-parallelepiped piezoelectric

Recently, multiphase composites have been widely progrystal(langasite, LgGa;SiO;,) touching the specimen only

duced as functional and intelligent materials, which oftenat an anti-nodal point. The piezoelectric material’s vibrations

contain microscale and nanoscale components. Mechanicgte excited and detected through dynamic electric fields us-

properties of individual components are required becausgg a surrounding solenoid coil. Thus, neither electrode nor

they govern the composite’s macroscopic mechanical propmechanical contact is required for the acoustic coupling.

erties. Especially, elastic constants represent indispensabigch noncontact excitation and detection of ultrasonic vibra-

structural design parameters. tions eliminates the measurement errors associated with con-
Many small-scale components show inhomogeneous Migct coupling and ambiguous boundary conditions at the sup-

crostructure and elastic anisotropy, thus a distribution ohorts. Scanning the object surface with this probe and

elastic constants. For example, silicon—carbide fiber shows geasuring the resonance frequency then provides an image

multilayer microstructure, and its elastic constants varyof elastic-stiffness distribution. We consider the elastic-

strongly along the radial directicnThus, measurement of coefficient mapping of a Nb—Ti/Cu-resin-composite super-

elastic constants in a local area within a component assumegnductive wire.

a central importance. One candidate measurement method is

acoustic microscopy using a high-frequency surface ave.

However, surface roughness and a material’s anisotropyf- RESONANT-ULTRASOUND MICROSCOPY

make it difficult to measure wave velocities accurately. Also,

it need lant h as water. Recently. ultrasonic atomi Figure 1 shows the measurement setup of RUM. An ori-
f ree rﬁiarCOUP a;(uleJ:CM)aﬁa abe ) N edcev Iy, ud ?somc a Or &nted rectangular-parallelepiped langasite crystal was located
orce microscop . _has been developed 10 MEasure, uiin 5 solenoid coil, whose crystallographicaxis (a axis)

the elastic property in microscale and nanoscale regiéns

" is oriented vertically. The dimensions of the crystal along the

This method uses flexural vibration of a microscale cantile~ Y, andZ axes are 4.954, 5.769, and 4.016 mm, respec-

ver. The tip attached at the free end taps the specimen surfaﬁgely Langasite possessed trigonal symmetry with point
with an applied force. The cantilever’s resonance-frequenc&oub 32, showing six elastic consta@ , two piezoelec-

Shlﬁl—:zvf/zl\?:dt;c;tr:sigz?czne]efrr]es ﬁgﬁ:c g(reozigfss'tron | Otrqic coefficientse;;, and two dielectric coefficients;; as
' d y dep gy given in Table |. Langasite’s piezoelectric coefficieftiso

many factors, including the contacting piezoelectric trans—times larger than those of quartaromise effective genera-

ducer and gripping condition at the fixed end, preventing ON%ion of vibratior? by applying a contactless dynamic electric

Iir\(l)er?ydeducmg the elastic constant of the specimen quantltaﬁeld. Furthermore, its elastic constants show weak tempera-

. . ture dependencef the order of 10°K 1), assuring stable
Here, we present an alternative acoustic microscop

Yesonance frequenciés
resonant-ultrasound microscogiRUM), to evaluate a mate- Because Igngasite’é Young's modulus along Xhand Y

directions is smaller than that in tlZedirection, we kept the
aAuthor to whom correspondence should be addressed; electronic maifc fa(?es ParaHEI t(')'the specimen’s surface fixed on a st.age to
j_tian@me.es.osaka-u.ac.jp obtain high sensitivity(As shown below, a smaller oscilla-
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tor’s Young’s modulus shows higher sensitivity to the speci-the bearing’s radius. Recently, we showed experimentally

men’s Young's modulu$.The crystal touches the specimen and theoretically that this static model failed to explain the

through a tungsten—carbide spherical bearing with ragius contact stiffness because of larger resistance of the interface

bonded at the center of the bottom surface. A biasing forceleformation to the dynamic response associated with mass

F, acts on the upper surface through needles to increase thensity and viscosity of the contacting materfaBhus, the

sensitivity. (The sensitivity increases with increasing biasingdynamicspring constants are usually larger than the static

force) To eliminate their influence on vibration, the needlesspring constants, although their analytical derivation is very

are located on the nodal line of vibration. complicated. We therefore approximate the spring stiffness
An oscillating electric field is generated by applying toneas

bursts to the solenoid coil, which excite vibrations of the Kpp=Kag= BKS (24

crystal by the converse piezoelectric effédthe vibrations 22 s Phaz

are received by the same solenoid coil with the piezoelectric k= akS, . (2b)

effect after the excitation. A superheterodyne spectrometer ] o ) ) )

extracts the in-phase and out-of-phase components of the re- Ve consider the Lagrangidnin a piezoelectric material

ceiving signal to calculate the amplitude from the root of theto calculate the resonance frequencies and vibration modes

sum of their squares® Thus, a frequency scan provides a 1

resonance spectruffig. 2). Moving the stage by a stepping L= EI f f (S Cijki St 2S;€ijk P k— D i€ij D,

motor keeping the crystal/specimen contact produces a two- a

dimensional image of elastic-stiffness distribution.

1
_pw2uiui)dV+§J J KijUjUidS, (3)

r

IIl. MODAL ANALYSIS

We consider the sensitivity of the resonance frequency to )
the specimen’s elastic constants. We assume Hertziaf€r€Sj, p, Ui, and¢; denote the strain tensor, mass den-
contact for the tip-specimen contact and replace it with Sity, displacement, and electric potential, respectiv@lypnd
elastic springs shown in Fig. 3. The previous ultrasonicl denote the volume and the surface of the piezoelectric
atomic force microscopyUAFM) studies used a simple
static Hertz-contact model to calculate the effective contact

stiffness as 1
. . . 30{ AF
22=Kk33=8G"a, (19
2.5+
k$;=3/6FRE*2. (1b) 2
— _ =
Here G* '=(2—1,)G; '+ (2-1,)G,' and E* '=(1 2 20 Ag3
—1v)E; M+ (1-v3)E, . E, G, and v represent Young's =
modulus, shear modulus, and Poisson’s ratio, respectively. = 131
Subscripts 1 and 2 indicate the bearing and the specimen, g
respectivelya=3/3F,R/4E* denotes the contact radilRis g- 1.0+
< 051 Agd
TABLE I. Elastic constant€;; (GPa), piezoelectric coefficients (CIm?), L " .
and dielectric coefficients;; /s, of langasite €, denotes the dielectric con- 0.0 dnemeende s —s B s r : <
stant of vacuum(see Ref. b 0.30 0.35 0.40 045 0.50
Ciu Csz Cip Ciz Cyy Cuyy e ey €11lep €a3leg Frequency (MHz)

189.5 262.6 105.3 97.16 14.25 53.50.397 0.203 19.04 50.51 FIG. 2. Free-vibration resonance spectrum of a langasite probe measured
with electric coupling to a solenoid coil.
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FIG. 3. Contact model of RUM.

crystal, respectively;; denotes the spring constant per unit
area, thus,k;;=K;18(x—x%p)dS, for example; s denotes
Kronecker’s delta and, denotes the position of the point
contact. Approximating the displacement and electric poten-
tial in terms of linear combinations of the basis functions
consisting of normalized Legendre polynomials, the station-
ary point of the Lagrangian provides the resonance modes
(Rayleigh—Ritz methodP®1° Equation (3) shows that in-
creasing the specimen’s elastic stiffness increases the reso-
nance frequency of the piezoelectric crystal.

Free vibrations of an oriented rectangular parallelepiped
of langasite fall into four groups labeled;, A,, By, and
B, .'° We adopted thé\,— 1 mode for the present study for
two reasons{l) We calculated the sensitivity of many modes
in the four groups to the stiffnessé&s,, ky,, andkss and
found that modeA;—1 shows the largest sensitivity to the
normal contact stiffnesis;; (Fig. 4) but negligible sensitivity
to the tangential contact stiffness, and kgz. This is be-
cause the normal displacementof the A;— 1 mode shows
an antinode at the center of the bottom surface, and in-plane
displacementsi, andu; show central nodal lines as shown
in Fig. 5. TheAg—1 mode shows the vibration similar to a
longitudinal vibration along th& axis. The biasing forc€&,
is applied at three points on the calculated nodal lines of th
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FIG. 5. Distribution of displacements é{;— 1 vibration mode at the upper
Surface of the probe calculated by the Rayleigh—Ritz mett@displace-

top surface(2) The Agj—1 mode is easily excited and Shows mentu, , (b) displacements,, (c) displacementi;.

a good spectrum shape as shown in Fig. 2.

IV. RESULTS AND DISCUSSION

(F1)lf (%)

Au-2

Ag2

To illustrate the usefulness of the proposed method, we
scanned the cross section of a Nb—Ti/Cu—polyvinyl-resin
superconductive wifé'? with a biasing forceF,=0.13 N.
Figure 6 shows the cross section observed by optical micros-
copy. A single wire contains 180 NbTi filaments with a di-
ameter of 32um in an oxygen-free copper matrix with 0.58
by 0.68 mn3 cross section. The NbTi filament consists of
38.7 at. % Nb and 61.3 at. % Ti. Polyvinyl resin coats the
wires.

Figure 7 shows an RUM image. The resonance fre-
guency was measured at mm steps. As reported
elsewheré! the averaged-a-direction Young’s modulus for
the copper matrix is 128.7 GPa and that for the NbTi fila-

10° 100 10° 10" 10
Contact stiffness &, (N/m)

FIG. 4. Mode sensitivity to the contact stiffnelsg .

ment is 84.3 GPa. Aline trace of the frequency shift is shown
in Fig. 8. We compare the measurements of the resonance
frequency shift with those calculated by the dynamic-contact
and static-contact models in Fig.(Bere,f;=0.31894 MHz
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FIG. 8. Line trace of the resonance frequency along the arrowheads shown
in Fig. 7.

factor of 2.4-3.6. The static model often used in UAFM
studies gives frequency shifts much smaller than measure-
ments. Thus, Fig. 9 demonstrates the capability of the present
method for a quantitative relative measurement of local elas-
tic constants. Figures 7 and 8 show the lowest resonance
frequency at the copper-resin interfaces, indicating poor
. . . . _ bonds or debondings. Such information is unavailable by op-
FIG. 6. Optical microstructure of a Nb—Ti/Cu/resin-composite superconduc-,. .
tive wire. tical microscopy. Thus, the RUM method has the further po-
tential for nondestructive elevation of a material's deteriora-
tion.

is free-vibration resonance frequency of langasitéere we

used the averaged Young's modulus of copper and NbTi iny, CONCLUSION

our calculation. Scattering of the measurement of the copper ) ) ) ) )
matrix and NbTi filaments arises from different grain orien- ~ Based on the vibration of a langasite oscillator excited
tations. Because of its high anisotropy, copper Young’sby a one-point-contact acoustic-resonance technique, we de-
modulus can vary between 66.7 and 190.8 GPa depending ysloped a resonance-ultrasound-microscopy method for mea-
the grain orientation. Also, Young's modulus of Nbificc suring relative elastic constants in a local surface region of
phase at room temperatt)n@aries between 63.6 and 107.6 S°lids. The isolated langasite crystal provides an accurate
GPa® Our previous study with a different crystal and differ- '€Sonance-frequency measurement. Selection ofAfel

ent vibration mod¥ revealed thatx=3.6 yields a best fit resonance mode_prowdes high-sensitivity gnd temperature-
with the measurements. Furthermore, our theoretical tudyStaPle microscopic methodology. A dynamic-contact model
with a sphere oscillator predicts=2.4. The dynamic model IS adopted to predict the resonance frequency of the oscilla-

in Fig. 9 agrees well with the measurement within the errof®" which is suitable for a quantitative evaluation of local-
limits when @=3.3. Thus, it appears that the dynamic- ized modulus. The method revealed elastic-stiffness distribu-

contact stiffness is larger than the static-contact stiffness by 40n  ©f Nb—Ti/Cu/resin - superconductive wire. It also

04201 B Measurements
Dynamic contact model (¢=3.3)
0.164 = == Static contact model
Cu

— 0.12
R
= !
3 0.084 NbTi
pN

0.044 — -

O~00 ‘— T M T T T T T 1

0 20 40 60 8 100 120 140

Young's modulus of specimen (GPa)

0.3189 MHz 0.3196 MHz

FIG. 9. Comparison of measurements with the dynamic-contact and static-
FIG. 7. RUM image of superconductive wire. contact models.
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