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OhJECUVES Bl the Sty

AL SCIENUIC GRIECHVE Ol thE STUEYISITO dEVEIORITHERElICalTeURCalIenS and
creatinglaimathematical moedelfoithe PRIENCHIEN ORI Gl PrePACAtIGRI Ol iANSVENSE

Suface ltoyewavesinialayered VisSceelasticimedia

BL Iniuture, establishing en this Basis a new: neR-destructive methed ier the

identification off rheelegical parameters (Elastcity, VISCOSItY, JENSIY) Ol VISCOEIastic

media. New methoed that USeS surface lLeve waves will be nen-destructive, rapid,

accurate and computenized witheut drawhacks: ol classical mechanical methods.

This problem has not been solved
vet in the worldwide literature

elastic
layer

: Fig.1. Lossless (elastic) Love wave
elastic )
sibotte waveguide (surface layer plus substrate)
loaded at the surface x, = - D with a lossy
viscoelastic medium of the shear modulus
G and viscosity (.




elastic substrate
(half i space)

Fig.2. SH (Shear Horizontal) surface Love wave waveguide.
Love wave propagates along w axis.
Love wave has only one shear component of mechanical displacement along w axis.



Impotance o theprekiem

AL LLangerguantity el precessed plastics andipelymersi(milionrtens alyean);

TalrandrErermethed s stllfeiten usedinthe plastic medusty

B. TTheen) 6fi SENSErS (16 and CHEMOSENSHIS).
Presentediin this study model can senve as a mathematical medel off SERsers.

[0 date, there Is no mathematical moedel of sensers based on the SH waves.

D! I geephysics and seismoloegy. Expleration of natural reseurces. Love waves
propagating in layered geolegical structures coverd with a liquid (e.g., Ocean).

|Lack of the theory.

E. In microelectronics (MEMS T Micro Electro Mechanical Systems).

Examination of the quality of thin layers.



Wisted Rallread Iracks

Fig.3. Example of structural damages due to SH
displacement of Love surface waves




VIEchanicalimEeas o determIning the
HEGIeQICal PIEPEIES B VISCOEIaStIC media

AL Ceuette (retatngeylinders) 1890

B Fallingrhalli(Feppler-"19382)

C. Falling sinker (e:q., necdle; cene; cylinder)
DI Coene-plate

E. Capillany/ tulke viscemeter (Paiseuille)
Disadvantages:

a) Presence of moeving parts

) Require special sephisticated equipment

c) Measurements are tedious and time consuming

d) Large dimensions

e) Difficult toe computerize

f)  Cannot operate In real-time

g) Only laboratory methods (cannot be employed on-line)



ApplicationreifBulkuliraseRIC WaVESHRIF e
determinanen e the reelogical paraiEters
eff VISCEElasticimedia

Ferrexample: Plate SH (Shear Honzental) ultrasenicWaves; Torsienal Waves;
[Camiwaves:

1. Standing waves (resenatoers)
e.d., tersionally escillating piezeelectric guartz red, Vikrating fork,
vibrating cantilever (2008) t complicated setup, eptical readoud
2. Travelling waves (waveguides)
The acoustic energy. Is distributed in the entire velume of resonator or
waveguide. The contact with an investigated viscoelastic liguid takes place

on their surface.

3. Low sensitivity of sensors that use bulk ultrasonic waves.



Application e SUliace UiiiaSeRICIWAVES
(ILer, Leve ana B=G\WaVves) lor:

the determination e the reelogical
Parameters ol ViIScoelastic media

A Love waves (1911), Bleustein-Gulyaey: (B-G) waves (1968)

A The energy of SH-SAW is concentrated in the vicinity: of
the waveguide surface. Thus the SH-SAW: velocity and

attenuation strongly depend on the boundary conditions
on the waveguide surface.

A In conseguence, the sensitivity of the viscosity sensors using SH-SAW.
(e.g., Love waves) can be several orders larger than the sensitivity of
the sensors employing bulk shear acoustic waves.



RIOPERIES O EGVENWAVES

A One component of the mechanical displacement. (Waves undergo dispersion).
(Frequency range from 0.001 Hz to 500 MHz)

A Transverse (shear horizontal) surface wave
does not exist in a homogeneous elastic half-space

1er mode (0 = 0] 22 mode (n = 1) 32 mode (n =2}

Figure 17 - Onde de Love : amplitude du déplacement en fonction
de la profondeur pour le couple silicefsilicium

Fig.4. Distribution of the mechanical Fig.5. Distribution of the mechanical
displacement with depth. displacement with depth for
Q Q subsequent modes.



AGVaNtaGES! Off LLeVE WAVESI SERSENS

1. Absence of moving parts
2. Operation in real time

3. Short measuring time

4. High sensitivity

5. Can operate at high-pressure (up to 1 GPa),
and elevated temperatures (upt- o4 00 UC)

6. Low power consumption
7. Small dimensions, simple and robust construction of the sensor
8. Possibility of computerization

9. Output signal is electrical
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I

AC Input Signal

x, direction of propagation

Ve

u, parcticle displacement
A%

Sensing layer

Substrate
(e.g., Quartz)

a) Typical dimensions -1 x5 x 20 mm

y/SICANVIOUEINGINERVENY AVESSENISO]]

e

Liquid

Sensing layer 4 h,,

Substrate

b) Circuit configuration - resonator or delay line

c) Frequency range - 50 - 500 MHz
U




Theen/ el lteve WaVeS prepagating in
\VISCOEIaStICHayered meadias
(State elitihe ant)

e preblem o lleve Wave propagation inVvisceelastic media Is still not
selved.

1)IKS Sezawa, KS Kanal, Damping eii Perodic VISCo-Elastic Waves with
Increase in fecal distance, Bulletin efithe Earthguake Researchilnstitute
(Tekye), 16 (1938)/491-503.

2) 1. Ko Das, PR, Sengupta,lt. Debnath; Effect of gravity: 6n VIScoelastic
Surface waves in selids invelving time rate of strain'and stress off higher.
order, International Journal of Mathematics and Mathematical Sciences, 18
(1995) 71-76.

3) M. Goto, H. Yatsuda and J. Kendoh, Effect of viscoelastic film for shear
horizontal surface acoustic wave on quartz, Japanese Journal of Applied
Physics, Volume 54, Number 7S1 (2015).

4) G. McHale, M.I. Newton, and F. Martin, Theoretical mass, liquid, and
polymer sensitivity of acoustic wave sensors with viscoelastic guiding
layers, Journal of Applied Physics, 93 (2003) 675-690.



Viathematcal VIedel:
Direct Stumm=Lieuvilie Proklem

Direct Sturm-Liouville Problem for Love's wave propagating in the layered
viscoelastic waveguide consists in determining the phase velocity and
attenuation of Love wave, knowing all the material parameters of the
waveguide and viscoelastic medium for a fixed frequency.

‘" "0 (D- complex shear modulus; 0 & "Oj O - loss tangent;
1.is a phase shift between stress and strain; 'Q ( p) ' .

Q Q9 0 - wave number of the Love wave

LW _W(W

_=ei genvalg e ¢y
Ww=el genvector

elastic :
Material parameters

elastic
substrate Wave velocity and attenuation

Fig.6. Love wave waveguide loaded with
a viscoelastic medium (liquid).




ASSUMPLERS

. We consider (fundamental) first mode (a kind of vibration) of Love
Wwaves

. The substrate and surface layer are elastic, isotropic,
homogeneous and lossless media

. The surface layer is loaded by a viscoelastic medium
. There Is no variation along the axis

. Losses are introduces only by the presence of a viscoelastic
medium

. Mechanical displacement
of the Love wave:




Viathematicalimoedel:
Diiferential eguatiens G nMelien

) HRvisceelastcimediun: (W @)d

(1)

where: U 1 T isthe bulk shear wave velocity in the viscoelastic
: : medium
2) In elastic surface layer:: (1> @ (O) )
(2)
where: U “ T T s the bulk shear wave velocity in the layer

3) In elastic substrate: (@ 1):

©)

where: U * T 7 is the bulk shear wave velocity in the substrate.



Propagation wave solution

In elastic surface layer: T O 0

Mechanical displacement:

w () (Q Q) m (5)

WERISEIERUERCUIE ) () 6 DE] o) 6 Ri ) ©
in the form rj :

where: R Q@ 7 0 and O are arbitrary constants

N isa guantity

Shear stress component:

—=[6 0 ) AI@ad) 6 3 5 DE] )] D 1 9]
(7)




Ifelastic SUStiate: o
Mechanical displacement: 6 Yo NP 1 9] C)

Y@ (@ Q)IVe) ©)

(10)

where: @ (Q Q)7 (o Y@ Tt

wis a quantity

0 is an arbitrary constant

Shear stress component:

—=0 3 & X)X TR (11)




IRIViscoelastic meditm: & - O

(12)

(13)

(14)
where: \/*Q
sa

Shear stress component :

(15)




20
Dounaary conditions

2. Continuity of the displacement field 6 and stress T at the interface

between the elastic layer and the substrate w 71T :

~()

5 L)

o

+() +C)

3.0 mwhen w © Ho




Coemplex diSpersienreguation

After substitution of Egs. (6), (10), (14) and (7), (11), (15) into boundary
conditions (16 -19), the set of four linear and homogeneous equations for
unknown coefficients 0 ,0 , 0 and 0 is obtained.

[M] = 4x4 Matrix

[M] I

Necessary condition for nontrivial solution is that the determinant of
this matrix M equals zero.

det [M] -0 (21)

This leads to the following complex dispersion relation:

= O (20)

O: O: O O



Complex diSpersion eguation
AnalyiicalNenm

o OHETOJC ) J A O} AIOI ) A W

(22)
'O’y is an implicit function of BB
In Eq.22 the quantities: * h_fo® ¢ B are
. @) m™ded — (23)
i J@ 0 ) me <3I) (24)
# J(’Q Q) ™3I (25)
O Q - dp Q6 D¢ (for K-V model) (26)

where: Q 1j0 :Q —:Q —:| and 6 WE (—) are real variables.



Sepaiating realfancimaginan/ pPalts of
tie complex diISPErSIeRreEqUalieni(22);
We GRtalnE

(27)

H Av-Hoh NQh ) 1 P

This is a system (27-28) of two_real nonlinear algebraic equations.
The unknowns are: (Q and| ).
The parametersare: * h” h* h" B hx-hOw € TQ

Q Q Q - complex wave number of the Love wave
O 71jQ - Lovewave phase velocity

| - Love wave attenuation in Np/m

Modified Powell hybrid method: Program MATHCAD and SCILAB



