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A noncontacting resonant-ultrasound-spectrosd@lyS method for measuring elastic constants

and internal friction of conducting materials is described, and applied to monocrystalline copper.
This method is called electromagnetic acoustic resondéElgAR). Contactless acoustic coupling is
achieved by energy transduction between the electromagnetic field and the ultrasonic vibrations. A
solenoidal coil and static magnetic field induce Lorentz forces on specimen surfaces without using
a coupling agent. By changing the field direction, a particular set of vibration modes can be
selectively excited and detected, an advantage in identifying the vibration modes of the observed
resonance peaks. Contactless coupling allows the measure of intrinsic internal friction free from
energy loss associated with contact coupling. The elastic constants and internal friction measured by
EMAR are compared with those by the usual RUS method for a rectangular-parallelepiped copper
monocrystal. Both methods yielded the same elastic constants despite fewer resonant peaks in the
EMAR case. The two methods gave essentially the same shear-mode internal friction, but the RUS
method gave higher volume-mode internal friction. 1©99 Acoustical Society of America.
[S0001-496629)05208-X]

PACS numbers: 43.35.Cg, 43.35.YHEB]

INTRODUCTION RUS to measure elastic constants of a boron—aluminum
fiber-reinforced composite. More recently, Tanazal®2

Resonant ultrasound spectroscdiJS) is recognized  measured elastic constants of monocrystals of intermetallic
as a useful method to determine elastic constants of solidgompounds, including-TiAl. Isaak et al® used it to mea-

even for a crystal of lower symmetry. The usual RUS cOn-ge the shear-modulus pressure derivative of fused silica

figuration uses a sphere, cylinder, or rectangularyng giscussed the effect of mass density of pressurizing

parallelepiped specimen, whose dimensions are typically 18,505 concerning numerical calculation, Holi8nased a

to 1 mm, and two sandwiching transducers that touch th‘Iaiourier series to approximate deformation in a cubic speci-

specimen at opposite corners. One transducer generatesmaen. Demarest used Legendre polynomials and obtained a
continuous wavécw) oscillation and the other detects ultra-

sonic oscillation. Sweenina throuah freauency. one obtain ood solution with a smaller number of harmonic functions.
' ping gh frequency, hnd? also used Legendre functions and established an ef-

the frequency response of the received amplitude, WhiCI?ective method for obtaining free-vibration resonant frequen-
consists of a spectrum of resonance peaks. The resonancg 9 q

frequencies are then used in an inverse calculation to find the®s:

complete set of elastic constants. Good overviews of RUS A key to the successful determination of elastic con-
were given by Maynardand Migliori and Sarrad. stants is the correct correspondence between the observed

To make full use of the attractive feature of RUS that@nd calculated resonance frequencies. Because the identifica-

one can obtain all independent elastic constants with a singion of the observed resonance modes is not straightforward,
frequency scan on a single specimen, many efforts have be&i€ needs to know beforehand a set of elastic constants near
made both for measurement development and numerical cdieal values. Otherwise, the inversion fails to converge or
culation of the resonance frequencies. Concerning technic&Pnverges to a false minimum. This forces us to supplement
study and application, Migliori and his co-workérmade RUS with other methods such as a pulse—echo or rod reso-
large contributions. They developed instrumentation for achance. To reduce these troubles, several efforts have been
quiring the resonance spectrum of very small specimengiade for resonance-peak mode identification. Ghnised
(~0.001 cnl) as a function of temperatur€0-400 K. different rates of changes of resonant frequencies by varying
Kuokkala and Schwafaised a deposited nickel film for non- the specimen size. Maynafdswitched assignments of fre-
contact ultrasonic transduction and measured internal frictioguencies during the iteration calculation for finding the best
of an NigP, alloy up to 520 K. Ledbetteet al® applied  fit. Migliori et al® changed the sample orientation relative to
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FIG. 1. Rectangular-parallelepiped specimen of copper monocigsid9
X6.167x3.404 mm). FIG. 2. Typical setup for electromagnetic—acoustic transduction.

the transducers and monitored the signal amplitude. Okgsjing. The magnetic field was 0.15 T. Driving the coil with a
moto et al* used multiple detectors attached to differenthigh_po\,\,er rf burst causes eddy currents on the surfaces,
points on the surface to evaluate the vibration symmetry USwhich interact with the magnetic field and generate Lorentz
ing the multiple outputs. These methods are laborious anghrces. These forces are the sources of the ultrasonic vibra-
sometimes inapplicable for a solid having larger internal fric-tjon. The reverse mechanism works in the receiving process.
tion because broad resonant peaks usually overlap one afgtaijls of the electromagnetic coupling into the acoustic
other. The best way to identify the mode is to independently,ave can be found elsewhere2°
produce only one group of vibrations, filtering others out. NO e measured the three configurations shown in Fig. 3:
one reported a method realizing this goal for RUS method. magnetic field parallel tox axis and the resultant Lorentz

In the present study, we present a new noncontactingsrces normal tox axis (case J; magnetic field parallel ta
RUS methpd to selectively excite_ and detect_only One grouRiis and Lorentz forces parallel soaxis (case 1); and mag-
of vibrations;  electromagnetic ~ acoustic  resonanCeetic field parallel taz axis and Lorentz forces parallel {0
(EMAR).**"*® A specimen is inserted in a solenoidal coil gyis (case ). Consideringx-, y-, andz-components of dis-
where a uniform static magnetic field is applied. By driving placement on the surfaces, v, andw, respectively, we
the coil with a high-power rf burst, electromagnetic body ngtice that in case W on x—y faces can be detected by the
forces occur directly on the specimen surfaces. The same cQibyersed-Lorentz-force mechanism only when it is an odd
works as a receiver. Because the direction and symmetry gf;nction aboutz and an even function aboxtandy, and also
the body forces can be easily controlled by changing thg, on z_x faces can be detected only when it is an odd
geometrical configuration of the static field and the coil, wef,nction abouty and an even function abostandz Simi-

can generate and detect only a selected subgroup of resgyly, in case Il and case i, the Lorentz-force mechanism
nances. The acoustically contactless coupling has an espe-

cially important advantage in measuring internal friction.
Little energy loss to transducers occurs, which helps us mea-
sure intrinsic internal friction. Another outstanding aspect of
EMAR is its contactless feasibility at elevated temperatures. y ‘ 2
The author¥ made a noncontact monitoring of internal fric- L e xl_'y
tion evolution in an SiC/Ti composite up to 1000 K. The
present study demonstrates the usefulness of EMAR to de-
termine elastic constants and internal friction with a @ Casel
rectangular-parallelepiped copper monocrystal.

e )

|. MODE-SELECTION METHOD

Figure 1 shows the shape and size of the copper monoc-
rystal used in the present study. Tkey, and z axes are
defined as shown. Archimedes-method mass density was
8.94 g/lcni. The dimension fluctuation was within 0.3%.
Measurements were made at ambient temperature.

Figure 2 shows a typical measurement setup. The speci-
men was inserted into a thin plastic sheet in a solenoidal coil
fixed between two permanent-magnet blocks. The solenoidal
coil is loose and the specimen is unconstrained. Mechanical
specimen-plastic coupling is weak because of no applied
force, just specimen mass, and because of large acoustic-
impedance mismatch. Thus, this situation can be considered

as aCOUStica_”y noncor?ta(_:ting. The permanent magnets preig. 3. Three configurations of the coil and static field for generatig
vide the static magnetic field needed for Lorentz-force cou-OD group,(b) OY group, andc) OX group.

z

e

(c) Case III
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< 0
1 in Fig. 5. However, because EMAR can select either of
4 Frequency (MHz) 06 them, the distinction is easy, giving no ambiguity. We made
: : : : : the inverse calculation developed in previous stutgsys-
Case IIl ing the EMAR resonance frequencies, and we obtained the
3 three cubic-symmetry elastic constants. Measured and calcu-
it , lated resonance frequencies are shown in Tablg&duip-
£ oxe t limitati ted our detecting the | f
=] o ment limitations prevented our detecting the lower-frequency
g oxsi /| modes OD-1 and OD-RMeasured and calculated frequen-
L ) \I cies agreed within 0.4%, which is comparable with the frac-
o os tional error of the specimen dimensions. This iterative calcu-
Frequency (MH2) lation needs a first guess of elastic constants. We started the

FIG. 4. Resonance spectrum for the three cases. RUS results are shown a

broken line.

works responding ta andw on x—y faces, respectively. To

istearation with several sets of elastic constants covering a
wide range (C4;:100-230GPa, C;,:70—-150GPa,
C44:50-150 GPpand we obtained the same results. We also

deduced the elastic constants with the RUS frequencies using

detect them with the same coil, they must be odd function& larger number of resonances. In this case, to get correct

aboutz and even functions aboutandy. For a rectangular-

convergence, we needed better gues€gs= 168 GPa,C,,

parallelepiped crystal with symmetry orthorhombic or =120 GPaCu,=74GPa. The measured and calculated fre-

higher, the vibration modes fall into eight groups, dependindiuencies also showed a difference of 0.4%.

on the deformation symmetfy:*> Among them, only the
OD group(breathing vibratiop satisfies the condition of the

deformation symmetry of case I. Similar analysis shows thatrABLE I. Measured e, and calculatedf(.,,) resonance frequencies for
EMAR case.

only the OY group(torsional vibration about thg-axis) can

Table Il shows the elastic constants deduced from the

be detected in case Il, and the OX graigrsional vibration

about thex-axis) in case Ill. Thus, we can easily select the Mode meas(MHz) Feac (MH?) Difference (%6
vibration group by changing the configuration of the mea- OD-1 0.183 706
surement setup. OD-2 0.21136
OD-3 0.242 323 0.242 549 0.09
OD-4 0.374 916 0.373 805 -03
Il. THE ELASTIC CONSTANTS OD-5 0.375 139 0.374 833 ~0.08
We show the resonance spectra in Fig. 4 for the three OD:6 0'4.4'§ 678 00:71207238 _”0'35
cases. For comparison, we made the usual RUS measure- gp_g 0.494 272
ment using the same specimen. The detailed configuration of op-g 0.535587 0.53339 -0.41
the RUS measurement in the present study is found in Ref. 5. OD-10 0.542 134 0.543198 0.2
The RUS result is shown in Fig. 4 with a dashed line, which  ODb-11 0.567 346 -
demonstrates detection of many groups of vibration other P12 0.64316
. ! ; OD-13 0.657 429 0.657 74 0.05
than the above three. Different EMAR configurations led to
different spectra, as expected. We determined the resonance 0X-1 0.258 849 0.258 944 0.04
frequencies by fitting the Lorentzian function to a peak and 9%-2 0.341657 0.341 765 0.03
MO OX-3 0.429 726 0.428 519 -0.28
calculating its cen.ter. AIthou_gh the number of t_he resonant 5y , 0.492 967 0.494 452 03
peaks observed with EMAR is fewer than that with RUS, the
determination of a set of elastic constants is straightforward. ©Y-1 0.257 887 0.258 572 0.27
This is because mode identification is much easier in EMAR. 8$:§ g'igg g;g 8'2‘2‘8 229 0 gém
For example, the OX-2 and OY-2 resonances occur at close qy_4 0.492 49 0.493 67 0.24

frequencies, and they overlap in RUS measurement as shows
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TABLE II. Elastic constants and internal friction of a copper monocrystal determined by EMAR and RUS.

Cij (GPa) Qi (%1073
EMAR RUS Ref.21  Ref.22 EMAR  RUS
Cy 167.0 168.7 169.7 168.4 1.14 1.74
Co 120.9 1216 122.6 121.4 0.30 1.34
Cus 74.64 75.46 74.49 75.40 2.59 2.46
B=(Cyy+2Cyp)/3 136.2 137.3 137.3 137.1 0.64 1.50
C'=(Cy,—Cy)/2 23.05 23.52 23.35 23.50 3.34 2.80
Ci10116= (C1a+ Crat 2C49/2 218.6 220.6 220.6 220.3 1.40 1.87
Cint 11 (C1y+2C1,+4C,)/3 235.7 237.9 237.6 237.7 1.47 1.90
Cut ar= (Cri— Ciot Cap)/3 40.25 40.84 40.54 40.80 2.88 2.59
C. 199.6 201.6 : . 1.34 1.84
G 47.54 48.22 2.83 2.57
E 127.8 129.5 2.60 2.46
v 0.3437 0.3428
two methods and those obtained previogI¥? including  Ill. THE INTERNAL FRICTION

other useful elastic-constant combinations obtained from
Ci1, Cqp, andCy,. Using Kraner's method?? we calculated
the usual isotropic-material averaged-over-direction elasti

EMAR has the important advantage that no energy loss
occeurs from mechanical contact. Thus, it is ideal for measur-

constants: shear modulu, longitudinal modulusC, ing internal friction. The measurement is never affected by
Young’s modulusE, and Poi,sson ratio. EMAR provide,d uncertain changes of mechanical-coupling conditions, which

slightly smaller stiffness constants than those measured L€ @ccompanied by varying temperature and preseure

the RUS method. This may be caused by the mechanical"®S$ Thus, together with the applicability ia situ moni-
coupling of RUS, even if it is weak: that is, RUS does nottoring, intensive studies have been made using EMAR to

achieve ideal free vibration. To obtain the resonance fredetect the evolution of internal friction at elevated

8,19 H : 5 6
quencies of free vibration with RUS, one should minimizetempergtureé, during - deformatiorf, recovery,® and
the forces from the sandwiching piezoelectric transducerd@tigue: _ .

Applied load partially constrains the sample deformation and__ Heré, we compare the internal friction measured by
increases the resonant frequencisse Fig. 5, leading to EMAR and RUS. In RUS measurements, internal friction is

: e 1
larger elastic constants in genetAWe noticed this influ- usually obtained from the resonance peak wid@:

ence during measurements when the force was changed.2/fr, whereAf denotes the peak width at the hglf-p?wer
amplitude andf, resonance frequency. We determirn@d

However, since we did our best to minimize the force in the o ) k
RUS measuremeritt may be slightly larger than the sample by fitting a Lorentzian function to the resonance peak and
calculatingAf. In EMAR, internal friction can be measured

mass, the influence on the elastic constants should be insig* ) o .
nificant. from the resonance ringdowf.After an excitation with a

EMAR does not detect all vibration modes expected for2Urst signal at a resonance frequency, the reverberation ex-
a given configuratiorisee Fig. 3 For example, OD-11 and ponentially decays with time. This ringdown curve provides

OD-12 were missing in case |. These absences occur becadlle attenuation coefficient by fitting an exponential func-
the solenoidal coil detects the integral displacement over thHON- Figure 6 shows an example of the measured ringdown
specimen faces. If this value is too small, EMAR fails to CUrve and the fitted exponential function for the OX-2 mode.

detect that mode. It would be most useful to develop a modef/€ Show the same measurements on a logarithmic scale.

that predicts vibration-mode amplitudes. Then, we could prePeparture from the fitted curve at low-amplitude region is

a1
dict low-amplitude modes and further facilitate mode identi-c@used by the background noisg. " and « are related by

fication.
Another configuration between the coil and static field T
will make it possible to generate other vibration groups. For A O measurement o
example, designing a solenoidal coil where the direction of 5 0.8 - Iﬂl ;5
the driving current is reversed at the center of the sample, & 06'_ - 10! 2
one can change the deformation symmetry that can be de-'§ L %
tected by the coil. Considering that the axial direction of ';-"; 0.4 , <
. . . . . . - [>]
such a coll is along th& axis and the static field is applied g T L Q'=312x107 10 E
along thex axis, displacementv on x—y faces can be de- 0.2~ £
tected only if it is an odd function aboat an even function 0 [ 10% go
abouty, and an odd function about This is known as the 0 02 04 06 08 1 1.2 —
EX modé? (symmetric flexure vibration along theaxis). In Time (ms)

prmCIpIe’ .One can select one of seven clgsses Of vibratio IG. 6. Measured ringdown curve of OX-2 mode with EMAR. Solid line is
modes with the' present method. Not excitable is the EVj figeqd exponential function. Logarithmic-scale amplitude for the same data
mode (asymmetric flexure mode is also shown.
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TAE’»lLE Il Internal friction measured by EMAR Qgyar) and RUS Qj ! for shear waves were comparable. This indicates that
(Qrug)- vibration modes accompanying volume change cause energy

Mode Qalar(X10%)  Qulyx10°%  Difference(%) losses into the sandwmhmg transdu'cersllr'l an RUS measure-
ment, even when the loading force is minimized.

88‘; i-gg The only possible extra energy loss in EMAR is eddy-
0D-3 273 352 29 current loss in fthe specimen. Ultrasonic V|brqt|o_n in a uni-
OD-4 4.46 268 39 form magnetic field generates eddy currents within the speci-
oD-5 4.33 2.80 35 men. This loss is estimated 1y
OD-6 2.10 3.00 -43 )
OoD-7 71_0'50
OD-8 ed —w_p (1)
oD-9 3.01 3.04 -1
OD-10 1.44 151 -5 Here, o denotes electric conductivit, flux density of the
OD-11 3.38 static field,w angular frequency, ang mass density. Taking
0OD-12 171 o=6x10'S/m, p=8.94 glcd, f=0.2MHz, and B,
OD-13 1.55 1.74 -12 _ e _y o

=0.15T, we haveQ.;=1.2X10"%, which is small com-
OX-1 2.20 2.38 -8 pared with the measure@ ~*. One may consider thad_;
8;3 i-;i i-;g *216 has to be compensated for a material of IQ&* and high
ox:4 101 o conductivity. Fortunately, such a material shows good

' electromagnetic—acoustic transduction efficiency and we can

ov-1 2.42 2.82 -1 lower the static magnetic field and thus al@g;".
oY-2 3.16 3.43 -9
ov-3 2.03 2.06 -1
oY-4 387 IV. CONCLUSIONS

(1) Electromagnetic acoustic resonafE®MAR) works well

in measuring elastic constants, even with a smaller num-
ber of resonant peaks than in RUS. By changing the
geometrical configuration of the coil and static field, one
can selectively generate and detect a particular group of
vibration modes. This helps identify vibration modes for
the elastic-constant determination.

(2) The inverse calculation using the mode-identified reso-
nant frequencies with EMAR provided one set of elastic
constants, being independent of the initial guessed val-
ues for iteration. The RUS method can be extremely sen-
sitive to the first guess.

Elastic constants measured by EMAR were generally
smaller than those by RUS with contacting transducers
by approximately 1%.

Except for the pure-shear modes, internal friction mea-
sured by EMAR was lower than that by RUS for all
useful elastic constant combinations. The difference was
substantial for the breathing modes because the RUS
method involves energy loss into the transducers, even
for minimum coupling load.

Q l=a/(f,m). In the EMAR caseAf/f, should not be
used forQ ! because at a slightly off-resonance frequency
the burst wave cannot cancel the ringdown signal adequately,
unlike the cw signal, resulting in a broader resonance peak
width.

Table Il compare®Q ! measured by RUS and EMAR.
For most modesQ ! from RUS exceeded that from EMAR.
OD-4 and OD-5 modes showed larger ! in the EMAR
measurement. RUS ! values for these modes are not re-
liable because of the very low resonance inteng&ge Fig. 3)
4). Because we can calculate the contribution of each elasti%
constant to the resonant frequencies, we can also calculate
the internal friction for each elastic constant; that is, the in-

- -12829 A—1 ; 4
ternal friction tensorQ;; ~.=** Q;;~ is useful because one
can calculate the internal friction of any oscillation mode.
We shoin]1 thus calculated in Table II. Internal friction
for the bulk moduludd was considerably smaller. Because in
monocrystal copper a large part of the internal friction is
caused by dislocation damping, this observation is easily un-
derstood because of the lower mobility of dislocations during1J " 4R Cult g . . Phvs. Tot@yos
hydrostatic loading. The larger internal friction of shear (igggynar + “Resonant ultrasound spectroscopy.” Phys. Totiy
waves(internal friction forC,4, C', C111 any @ndG) than 2A. Migliori and J. Sarrao,Resonant Ultrasound Spectroscofiiley,
those of longitudinal wave&C11, C110110 C111,111, @ndCy) ,New York, 1997. _ _ _
indicates that shear waves more effectively cause dislocation®- Migliori, J. Sarrao, M. W. Visscher, T. Bell, M. Lei, Z. Fisk, and R.

ibration about their pinnin oints than do lonaitudinal Leisure, “Resonant ultrasound spectroscopic technique for measurement
Vi o p g p. g of the elastic moduli of solids,” Physica B83 1 (1993.
waves. This is supported by a simultaneous measurement of.-T. Kuokkala and R. B. Schwarz, “The use of magnetostrictive film
shear wave and longitudinal wave internal friction on de- transducers in the measurement of elastic moduli and ultrasonic attenua-
formin lver llin > The rati f internal fric- tion of solids,” Rev. Sci. Instrum63, 3136(1992.
9 f 9 IDO y.C Sés.tal N SO[I:)peer N datﬁ 0 ted Ell N 5H. Ledbetter, C. Fortunko, and P. Heyliger, “Orthotropic elastic constants
tion for longitudinal mo uusf €.) and shear modu UE_G) ) of a boron-aluminum fiber-reinforced composite: An acoustic-resonance-
was 2.1 for EMAR. The ratio for RUS was 1.4, which is spectroscopy study,” J. Appl. Phy28, 1542 (1995.
Comparab|e with a ratio 1.6 found by Ledbetter and K. Tanaka, T. Ichitsubo, H. Inui, M. Yamaguchi, and M. Koiwa, “Single-
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