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Vibration analysis on electromagnetic-resonance-ultrasound
microscopy (ERUM) for determining localized elastic constants
of solids
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Osaka 560-8531, Japan

(Received 13 June 2003; revised 14 November 2003; accepted 24 Novembgr 2003

In this paper we present a new acoustic-resonance microscopy, Electromagnetic-
Resonance-Ultrasound MicroscopgRUM), to measure the localized elastic stiffness of a solid
material. It visualizes the resonance-frequency shift of vibrating piezoelectric cietglasite,
La;Ga;SiOy,) excited by an electric field from a solenoid coil. The acoustic coupling is made only
at the tip of the crystal touching the specimen surface. Being based on the calibration for the
specimen’s effective stiffness, the local elasticity is determined from the resonance frequencies of
the crystal with the Rayleigh—Ritz method. An approximate model for the specimen’s effective
stiffness predicts the shift of resonance frequencies, for which the conventional Hertz-contact model
is improved. As an illustrating example, the mapping of Young’s modulus of a duplex stainless steel
is presented, which shows good agreement with the existing stud0@ Acoustical Society of
America. [DOI: 10.1121/1.164261]8

PACS numbers: 43.35.Yb, 43.58.\J/RR] Pages: 630-636

I. INTRODUCTION contact is required for the acoustic coupling. Such noncon-
tact excitation and detection of ultrasonic vibrations elimi-
Many multiphase composites are emerging and the Unnate the measurement errors associated with the contact cou-
derstanding of mechanical properties of the individual phase§|ing and the ambiguous boundary condition at the supports.
become more important. Especially, the local elastic congych a noncontacting excitation and the detection of vibra-
stants are indispensable to predict the effective elastic stifftion in a piezoelectric material was first reported by Choi and
ness, the strength, and the degree of degradation of the mgg 6 then by Johnsoretal’ Use of the noncontacting
terials. method for scanning the object surface to measure the elastic
For measuring hardness and evaluating localized elastigifiness has not been reported. In this study, we measure the
constants, the indentation methods are widely dse- resonance-frequency shift of the probe and provide an
cently, ultrasonic-atomic-force microscopfJAFM) has  g|astic-constant distribution in a localized area.
been developed to measure the elastic properties in micro- Concerning the vibration analysis, we use Lagrangian-
and nanoscale regions of materials.It excites a flexural minimization ~ approach  with the  Rayleigh—Ritz
vibration of a microcantilever by a piezoelectric transducer.approximatioﬁ—ll to calculate the resonance-frequency shift
The free end of the cantilever touches a specimen surfacgsed by a contact with the object solid. Because the con-
with an applied force. The technique is capable of mapping,entional Hertz model does not apply to a dynamic corffact,
the elasticity difference within a spatial resolution of lessyye yse an approximate approach for the dynamic-contact
than 100 nm. However, much research neglected considerirgiﬁening. Lastly, we apply this new acoustic microscopy to
influence of the mounted piezoelectric transducer on the vizy duplex stainless steel consisting ferritic and austenitic
bration of the cantilever and that of the clamping condition atphases. Determined Young’s moduli of the two phases were

rigid end and this uncertain boundary condition prevents one

from evaluating of the elastic stiffness.
Here, we present an alternative acoustic microscopy,

Electromagnetic-Resonance-Ultrasound Microscopy
(ERUM), to quantitatively evaluate the local stiffness of a”' ELECTROMAGNETIC-RESONANCE-ULTRASOUND

. - MICROSCOPY
material. It uses the resonance-frequency shift of a

rectangular-parallelepiped piezoelectric probe, made of lan-  The measurement setup of ERUM is shown in Fig. 1. An
gasite (LaGa;SiOy), touching the specimen only through @ riented rectangular-parallelepiped langasite;G&SiO,,)

tip. Langasite is a piezoelectric crystal and the vibrations ar%rystal stands in a solenoid coil. It measures 10.012 mm
excited by applying dynamic electric fields using a surround- - L,) by 10.043mm EL,) by 14.405 mm ELs), respec-

ing solenoid coil. Thus, neither an electrode nor mechanic ively. Three principal crystallographic axes le andxs

are along the three sidés, L,, andLs, respectively. The
dElectronic mail: Jian@me.es.osaka-u.ac.jp mass density is 5731 kgfAnA spherical bearing of tungsten
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carbide is bonded at the center of the bottom surfage ( chanical contacts with the surroundings and then enhance the
surface, through which the langasite crystal contacts thesensitivity of resonance-frequency shift.

specimen fixed on aK—Y stage. A weight provides a bias- Langasite is a trigonal-symmetry crystal, whose elastic
ing forceF to the nodal points on the upper surface of theconstantsC;;, piezoelectric coefficients;;, and dielectric
probe through three needles in order to minimize the meeoefficientse;; are given as

[188.5 104.7 96.87 14.11 0 0
1885 96.87 —-14.11 O 0
263.11 0 0 0
[Cil= 53.35 0 0 (GPa, (1)
sym. 53.35 14.11
I 41.9 |
—-0.429 0.429 0 0.193 0 0
[e;]=| O 0 0 0 —0.193 0429 (C/n?), 2
0 0 0 0 0 0
|
1905 O 0 to a peak yields the resonance frequency. We measure con-
-] 1905 0| ) iy e esorance Teency Qg Vo
sym. 50.5

where ¢, denotes the dielectric constant in vacuum. Thus,

langasite’se;; ande;, are larger in magnitude than quartz’s

e;; andey, by factors 2.5 and 4.4, respectively. Such favor-|11. VIBRATION ANALYSIS

able piezoelectricity allows us to excite the vibration effec-

tively without any contacts with a dynamic electric field. We develop an approximated model to determine the
Furthermore, the elastic constants of langasite show a weakcalized Young's modulus of the specimen from the

dependence on temperature, of the order of 304" resonance-frequency shift of the probe. A simplified geom-
which assures stable resonance frequencies. etry of ERUM is shown in Fig. 3, where the tip—sample

we apply h!gh-power f bursts to the soleno_|d coil to contact is equivalent to a support with springs having non-
cause the vibration of the probe by the converse p|ezoelectr|ﬁ:

N . ) hear spring constantk;; . Here, we neglect the effect of
effect. Then, the vibration of the probe is received by the pring 4 g ,

L . . o contacts between the three needles and the crystal’'s upper
same coil with the piezoelectric effect after the excitatibn. ¢ b £ 1h . First h later th
The received signal is fed to a superheterodyne spectrometg}lr ace because ot three regsons. Irst, as shown _a er, the
to extract the signal amplitude of the same frequency Cc)mneedles contact the nodal points of the out-of-plane displace-
ponent of the driving rf burst¥ A frequency scan provides a ment and affect little the out-of-plane vibrations. Second, the
resonance spectrum as the one shown in Fig. 2, comprising!@ngasite crystal has mirror-finished surfaces, which allows
number of resonance peaks. The Lorentzian-fitting procedur@lmost frictionless contacts and then negligible influence on

Bursts signal

gted amBliﬁer KT

High-power

the in-plane displacement. Third, even if frictional and anti-
node contacts are considered, the contact areas at the needle
tip are much smaller than that at the bearing—specimen con-

Solenoid coll Received signal tact and their influence again can be neglected, because the
ss:e":t:tz:::fy“ contact influence is enhanced with increasing the contact
area, as seen in the Appendix.
ﬁ;‘g::;‘: The analysis contains two steps. First, we study the ef-
fect of the spring constants on the shift of the probe’s reso-
Specimen ) Sphere bearing nance frequency. Second, we derive the relation between the
. localized Young’s modulus of the specimen and the spring
Z Control constants.
X-Y Stage Computer  [— We adopt the Rayleigh—Ritz method for the first step.

FIG. 1. Setup for ERUM.
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For a vibrating piezoelectric crystal with spring supports at
the surface, Lagrangial can be expressed®s!

Tian et al.: Electromagnetic-resonance-ultrasound microscopy 631



L I LA R R wherea and b are unknown coefficient vectors. We select
- w3 Legendre polynomial®, as the orthogonal base, which is
2 given as
5 L i
-g et Yo ) 1 [2k+1 [2m+1
S L 8- b X1,X2,X3) =
3 l vLilols 2 2
% 5o Bt f2n+1  [x X X
o
L Aull . Bg-12 | XA — pk<_1) P <_2) p (_3) )
U MMJL Pl
C " 1 L | L | 1 | i L (7)
0.3 031 032 033 034 035 . .
Frequency (MHZ) Note t_hat the base function$ show the orthogonality rela-
tionship:
FIG. 2. Free-vibration resonance spectrum of a langasite probe measured by
exiting the solenoid coil. )

fffY<D)Y<P’>d9=akk,5mm,5nn,,
QO

where 6;; denotes Kronecker’s delta function. The substitu-

1
I1 :EJ ff(SijCijk|Sk|+231‘eijk¢,k—¢,i€ij¢,j \ _ ;
o tion of Eqgs.(5) and(6) into Eq. (4) yields

1 1 1
IT = EaTKaJr b'K,a— 5 bTK ,b— > w?a'Ma

1 ~
—pwzuiui)dV‘f'EffkijUjuidS, (4)

r 1
+ EaTK3a, 9
whereS;;, p, U, and¢; are the strain tensor, mass density, )
displacement, and electric potential, respectiviglyare the ~ Where Koo =/ [0S;(YP)Ciju Sa(YP)dQ,  Kypy

surface distributed spring constants with dimensionN&h = J /[ YPey, S (YP))dQ,

andI' denote the volume and surface of the piezoelectric

crystal, respectively. We assume that=0 for i#j. Be- szp,:f J' J’ Yfip)einfjp')dQ,

cause no analytical solutions far and ¢ exist, we approxi- 0

mately express the displacement vedtor[u,,u,,uz]" and

the electric potentiad in the linear combination of orthogo- B O () B

nal basis functiony’, K3pp’—f f f YiT'kijYjt'dS, and Mjj=p;; .
r

u=va, ®) Applying the variational principle that implies the mini-
mization of Eq.(9) with respect toa andb, we obtain
¢=Yb, (6)

Ka+K]b+Kgza— w?’Ma=0, (10)

K,b—K,a=0. (12)
/ Substituting Eq(11) into Eq. (10), we obtain the character-

A L istic equation for resonance frequencies,
1
L |K+KIK, K+ Ks—w?M|=0, (12)
Ls ¢ as well as the corresponding eigenvectors.

Langasite belongs to the trigonal system with point
group 32. Free vibrations of an oriented rectangular parallel-
epiped of such a material fall into four groups labeled Ag,
Au, Bg, and Bu:! whose displacement symmetry is given in
Table 1.

\ 4 _ For the second step, we consider a simplification for the

632

FIG. 3. Contact model of the tip.

J. Acoust. Soc. Am., Vol. 115, No. 2, February 2004

tip—sample contact. Figure 4 shows the detailed geometry of
the tip. The tip consists of a steel base and the spherical
tungsten—carbide bearing with 0.35 mm radius. The bearing
can rotate, contacting the specimen. The steel base is bonded
to the center of the crystal’'s bottom surface with the contact
area of 0.6 mm radius.
The previous UFAM studies used the simple Hertz-

contact model as summarized in the Appendix to calculate

Tian et al.: Electromagnetic-resonance-ultrasound microscopy



TABLE I. Vibration modes of piezoelectric crystal with trigonal symmetry
of elastic constants. O and E represent odd and even functions, respectively.

k m+n k m+n k m+n k m+n
ug (0] E u, E E u, E O u, O (@]
u, E O u, O O u, O E u, E E
Us E (@] Us (@] (@] Us (@] E Us E E
¢ O E ¢ E E ¢ E o ¢ O (0]

Ag Au Bg Bu

the effective contact stiffness. However, this model fails to
explain the resonance-frequency shift as shown later in Fig.
7 and as discussed elsewh&&Ve then seek a relationship
between the specimen Young’s modulus and resonance-
frequency shift with an empirical rule as follows.

According to the Hertzian-contact thedRthe effective
spring stiffnesses are expressed by a power law of the

equivalent Young's moduluE* or shear modulu§*,
k33: AE* 51, (13)
Kq1= K= BE* 2G* %, (14)
0.014 B e e
-z
where 1E*=(1—12)/E;+(1—3)/E, and 1G*=(2 ik’

—v)/G1+(2—v,)IG,; E, G, andv are Young’s modulus, 0.00 TR .10- TR T T
shear modulus, and Poisson’s ratio. The subscripts 1 and 2 k /

indicate the bearing and the specimen, respectivily.s,, s (N/m)
and o5 denote power factors. CoefficiemdsandB depend on kG, 5. Influence of the normal stiffness; on resonance frequencies for
the applied biasing force and shape of contacting elementgg and Bu groups.

The analytical solution for contact problem is limited to a

few simple cases: For examplé; =2/3, A=3\/6RF0, and V. RESULT AND DISCUSSION

5,=—1/3, 8;3=1, B=3/128RF, for a normal contact of two
elastic spheres without sli@ frictional contact (When the
specimen surface is well fldmirror finish), the tangential mdepend_ently, we calculated the depe!']dence of resonance
spring constants can be negligibl@hus, assuming that the freduencies of Ag and Bu modes &g, using Eq.(12) with
normal spring stiffness and tangential spring stifiness shodf11=Kz2=0- The result is shown in Fig. 5. Figure 5 also
similar exponential dependences BA and G* as in Egs. shows corresponding distributions of normal displacement

(13) and (14), we determine the unknown coefficients and Yz @t the probe’s upper surface, which are calculated from
power factors through calibration measurements. eigenvectors associated with E@2) for free vibrations. Be-
cause Au and Bg modes show a nodal linedgpassing the

center of the bottom surface, where the tip is attached, the

To study the effect of the normal spring constégg

Langasite normal spring constarkz; has no influence on these modes.
Shifts of resonance frequencies of Ag and Bu modes increase
L D=1.2mm N with increasingks;. They increase with high sensitivity for

kss=10"—10° N/m and show saturation with largés; val-

ues. Wherks; is smaller than 1ON/m, Ag-3, Ag-15, Bu-4,
and Bu-11 modes show larger sensitivitykg; than others.
Figure 5 predicts the largest sensitivity of Ag-3 mode to the
specimen modulugor ks3), but we failed to observe this
mode because of the limited frequency range of the measur-
ing instrument we used. Also, we failed to detect Bu modes
with the solenoid coil we used. Hence, we use the Ag-15
mode as a most suitable mode for the present ERUM mea-
surements becausp this mode has relatively high sensitiv-
ity to the material stiffnesg¢Fig. 5); (ii) it demonstrates a
good spectral lineshap@ee Fig. 2 and no mode overlap-
ping occurs at its frequency; an@i) the resonance fre-
FIG. 4. Close-up of the tip for ERUM. guency shows a small normalized temperature derivative of

Steel base

Tungsten-carbide
sphere

Specimen
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B Experimental results
wmenee Fitting function
0.074 = = Hertz theory
0.06 Tungsten carbide
(WC)
y 0.05-
L o004
>
:’-\2 0.03-
* -
S 0024 e
0.01
o'm T T T T T Ll T L) T 1
0 50 100 150 200 250 300 350 400 450
EX(GPa)
FIG. 7. A comparison between the fitting curve and Hertz thedgy free
vibration frequency of Ag-1b
lated the effeck,4(=Kk,,) on the Ag-15 mode and verified its
negligible contribution]. Thus, only the normal spring con-
stant ky; affects the Ag-15 resonance frequency with un-
y known coefficientss; andA.

We measured the resonance frequency of the Ag-15
mode by making the probe contact acrylic regidQl) sur-
face of monocrystal silicon, and polycrystalline tungsten car-
bide with a static force oFy=0.4151 N. We then inversely
determined  the  unknown  coefficients asA
=168.12 N"°®*m%22 and 5,=0.44 by a least-square fitting
with Eqg. (13). Figure 7 shows the comparison between the
fitting function and the measurements along with a predic-
tion by the classical Hertz theory. The Hertz model gives a
similar dependence of the frequency shift B, but the
magnitude is only one-fourth of that of observations, indicat-
ing that the model is inapplicable to a quantitative evaluation
of specimen’s modulus.

To demonstrate the applicability of our method, we ob-
tained the elastic-constant image of a duplex stainless steel
(JIS-SCS14A'® The material consists of 25.8% volume
fraction of « (ferrite) phase and 74.2% volume fraction
(austenit¢ phase. Figure 8 shows the microstructure. The
v-phase particles are precipitated in th@hase matrix. Fig-
ure 9a) is the ERUM image obtained by scanning the speci-
men surface at every m. A line trace of resonance-
frequency shift is given in Fig. (8. We observe the
resonance-frequency shift of the order of $0A larger shift
occurs for they phase. Using a plausible value of 0.25 for

-0.4 0.2 1] 0.2 D.4
x
(©) us

FIG. 6. The modal profile of Ag-15 resonance at the upper surface of a E
langasite probe.

2.3x10°°K ! for the 25°C-35°C range, which is much
smaller than that of common metals; afig) this mode
shows nodal points for the in-plane displacementandu,

at the center of the bottom surface, as shown in Fig. 6, which
allows us to neglect the tangential spring constdntsand

k,, to make the problem much simplg¢indeed, we calcu-  FIG. 8. Optical microstructure of a duplex stainless sta&s-SCS14A

634  J. Acoust. Soc. Am., Vol. 115, No. 2, February 2004 Tian et al.: Electromagnetic-resonance-ultrasound microscopy



nique was applied to measure the Young-modulus distribu-
tion on a duplex stainless steel. The results show favorable
agreement with the previous reports.
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APPENDIX: HERTZ MODEL OF TIP-SAMPLE

CONTACT
¥ phase
f According to Hertz theory? the contact radius and
dbE indentation deptl of the sphere under a normal forEecan
’ be written as
& 3 [3FR dd 3 [ 9F?
= a=\/-— andd=\/———
= 0.04] 4E* 16E* 2R
= —— whereR is the radius of the tip. The initial indentation depth
5 do can be expressed as

0.03 = i . = = : . 3 QFS
0O 100 200 300 400 500 600 700 do= -9
16E*?R

Distance(pum)
(b) The vertical displacement at a contact point for a vibrating
FIG. 9. (&) ERUM image of the surface of duplex stainless steel @dhe prObe is then written as
line trace of the resonance-frequency shift, as indicate@)in 3 3F§ 3 3F§

16E*R V 16E*R’

uzl B— d— d0:
Poisson’s ratio, the fitting curve in Fig. 7 gives the grain- ) ) ]
average Young's moduli of two phasesBs=219 GPa and Becal_Jse the wbrgtlon amplitudes of ERUM are of very small
E,,= 128 GPa[Note that the specimen’s Poisson ratio has ar"agnitude andf, is much greater thaj- —Fy|, the vertical
insignificant influence on the effective Young's moduls ~ displacement at a contact point can be approximated to be
because (* v?) affects the moduluYoung’s modulus ofy (F—Fyp)
phase agrees with that of austenitic stainless stegls ( Uglg~
=215GPa in Ref. 16 Young’s modulusg, is, however,
considerably small compared with that of ferritic steelfs, ( by a Taylor expansion. Hele;;= 3/6E*?RF, is the effective
=212 GPa in Ref. 16 This is possible, considering the fact normal-contact spring stiffness of the tip—sample contact.
that large concentration of Cr in the phase elongates the If the tangential forceQ, and Q, act and induce the
atomic distance. The lattice parameter of th@hase mea- elastic deformation without slip, the relative displacement
sured for the same material is 2.93®which is fairly larger ~ between the sample and the tip can be expressed as
than that of standard ferritic ste¢®.87 A). Thus, the elastic Q Q
constants can reduce because of the lattice’s anharmonic ef- u,=— =
fect. Taneet al1® estimated thex-phase Young’s modulus of St Kz
the same material using a micromechanics calculation, an@here k;;=k,,=8aG* is the effective tangential-contact
they gave 158 GPa, which is actually much smaller than thagpring stiffness of the tip—sample contact.
of standard ferritic steel by 34% and closer to our value.

’

k33
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