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Abstract

It is demonstrated theoretically that the absorptivity of bulk shear sagittal waves
by an ultra-thin layer of viscous fluid between two different elastic media has a
strong maximum (in some cases as good as 100%) at an optimal layer thickness.
This thickness is usually much smaller than the penetration depths and lengths
of transverse and longitudinal waves in the fluid. The angular dependencies of
the absorptivity are demonstrated to have significant and unusual structure near
critical angles of incidence. The effect of non-Newtonian properties and non-
uniformities of the fluid layer on the absorptivity is also investigated. In partic-
ular, it is shown that the absorption in a thin layer of viscous fluid is much more
sensitive to non-zero relaxation time(s) in the fluid layer than the absorption at
an isolated solid-fluid interface.

1 Introduction

One of the most important areas of application of acoustic waves is related to non-destructive eval-
uation and development of highly sensitive ultrasonic measurement techniques and sensors. This
is the main reason for the intensive theoretical and experimental research in the area of propaga-
tion and interaction of various types of ultrasound waves near different kinds of interfaces, layered
structures, defects, structural imperfections, etc. This includes theoretical and experimental inves-
tigations of interaction of acoustic waves with imperfect interfaces and sets of cracks or inclusions
[1-5], slipping contacts [3,4], sliding contacts [6,7], bonding layers between two elastic media [8,9],
propagation and interaction of acoustic waves near solid-fluid interfaces [10-17], etc. In these cases,
various approaches based on spring boundary conditions [1,2,4,5], transfer matrix approach [8,9,19],
equivalent boundary conditions [8,9,20], Stroh formalism [6,7], etc. have been developed and used.

One of the most important areas of application of acoustic waves is related to the development of new
highly sensitive viscosity sensors and techniques for diagnostics of fluids and solid-fluid interfaces
and fluid layers [4,10-18]. Major advantages of using acoustic waves for these applications are related
to a possibility of diagnostics of small amounts of fluids, investigation of fluids in the immediate
proximity of solid interfaces (i.e., analysis of processes of interaction between a fluid and a solid),
possibility of sensor miniaturization and increased sensitivity.

In terms of development of new viscosity sensors and fluid diagnostics techniques, sensitivity of
measurements is of prime importance. Surface acoustic waves usually provide higher sensitivity
than bulk waves, because surface waves can easily be kept in contact with a fluid for a long time as
they propagate along a solid-fluid interface. Therefore, ultrasonic viscosity sensors and diagnostic
techniques are usually based on surface acoustic waves [12-14]. However, in some applications it
may be more convenient to use bulk acoustic wayes. Their main advantages over surface acoustic
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waves are related to the absence of additional structures (such as generating and receiving interdigital
transducers or periodic structures) at the solid-fluid interface, and much higher spatial resolution
of measurements. Therefore, if we are able to improve sensitivity of viscosity sensors using bulk
acoustic waves, these devices will be much more competitive as compared to surface acoustic wave
sensors. This can be achieved using the anomalous absorption (AA) of acoustic waves by a thin layer
of viscous fluid enclosed between two solid media [21-28]. Moreover, application of AA for viscosity
sensor design may have additional advantages related to a possibility of diagnostics of extremely
small (less than ~ 107> cm®) amounts of fluids, precise high frequency and low frequency analysis
of solid-fluid interfaces and areas of fluid in the immediate proximity to the interface, and acoustic
diagnostics of frictional contacts and lubricants. In addition, AA may be useful for the development
of new techniques for non-destructive evaluation.

AA is characterized by a very strong increase in the absorptivity of the incident wave by the fluid
layer with decreasing thickness of the layer (this is the reason for a substantial increase in the sensitiv-
ity of viscosity sensors using AA). The absorptivity reaches a maximum at an optimal layer thickness,
and then quickly goes to zero as the layer thickness tends to zero [21-28]. The optimal layer thickness
is usually much smaller than penetration depths and lengths of transverse and longitudinal waves
in the fluid [21-28]. Therefore, AA cannot be explained by the attenuated total reflection or resonant
interference of bulk waves in the layered structure. It was explained by a significant increase of the
fluid velocity gradient in the layer when the thickness of the layer is decreased [21-28]. As a result, the
dissipation in a unit volume of the fluid, which is proportional to the square of the velocity gradient,
must also increase substantially. On the other hand, decreasing layer thickness results in decreasing
volume in which the dissipation takes place. Thus the overall dissipation must have a tendency to
decrease with decreasing layer thickness. The competition of these two opposing mechanisms results
in an optimal layer thickness at which the absorptivity is maximal [21-28].

The theoretical analysis of AA has been carried out for both longitudinal [24,27] and shear [21-
23,25,26] bulk acoustic waves. Coefficients of absorption, reflection, transmission and transformation
have been analysed as functions of angle of incidence, fluid layer thickness, frequency and param-
eters of the media in contact. Unusually strong absorption at the optimal layer thickness has been
predicted for all types of acoustic waves [21-28]. The frictional contact approximation, which in many
cases allows accurate analytical solution of the problem, has been introduced and justified [21-26].
This approximation is equivalent to the spring boundary conditions [1-5], but with the zero iner-
tial load at the contact and imaginary (for Newtonian fluid) or complex (for non-Newtonian fluid)
spring constants for tangential displacements. Optimisation of structural parameters for maximal
absorptivity in the layer has been carried out. The effects of non-Newtonian properties of the fluid
on AA has been investigated for longitudinal waves [27] and bulk shear waves polarized normally
to the plane of incidence [26]. More recently, experimental investigation of AA, and verification of
the theoretical predictions for bulk shear waves at normal incidence have been carried out [28].

However, although the analysis of AA of bulk acoustic waves has been quite thorough, there has been
little attention paid to AA of shear sagittal acoustic waves (i.e., shear waves polarized in the plane
of incidence). To our knowledge, only one paper has made an attempt of the theoretical analysis of
AA of shear sagittal waves [23]. In addition, this paper was only confined to two special cases when
a Newtonian fluid layer is placed either between two identical elastic media, or between two media,
one of which can be regarded as infinitely rigid [23]. At the same time, in practice, we often come
across situations where a thin fluid layer is enclosed between two similar but different elastic mate-
rials (e.g., in the case of a frictional contact between different objects). Moreover, it can be expected
that AA of shear sagittal waves in the vicinity of critical angles of incidence will result in interesting
effects that are similar to those for longitudinal waves and shear waves polarized perpendicular to
the plane of incidence [21,24, 26,27]. In addition, AA of shear sagittal acoustic waves is anticipated
to be affected by non-Newtonian properties of fluids at high frequencies. Neither of these questions
has been investigated theoretically to date.

Therefore, the aim of this paper is to investigate theoretically AA of bulk shear sagittal acoustic waves
by a layer of Newtonian or non-Newtonian fluid between two different elastic media. The optimal
layer thickness and the coefficients of reflection, transmission, transformation and absorption will



D. K. Gramotnev, M. L. Mather and T. A. Nieminen, Ultrasonics 41, 197-205 (2003) 3

be analysed numerically as functions of incidence angle, frequency and parameters of the media
in contact. Significant and unusual structure of the dependencies of absorptivity on the angle of
incidence near three critical angles is predicted. Comparison with the case of identical elastic media
[23] is carried out.

2 Basic equations and conditions
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Figure 1: The structure with the anomalous absorption of bulk sagittal shear waves in a fluid layer
between two elastic media.

The analysed structure with a fluid layer enclosed between two elastic halfspaces, is presented in Fig.
1. A bulk shear sagittal wave propagating in the first elastic medium is incident onto the fluid layer
at an angle 6. As a result, in the first halfspace there are two reflected waves, one of which is a shear
sagittal wave and the other is a longitudinal wave. Similarly, in the second elastic medium there
are two transmitted waves, one of which is a shear sagittal wave and the other is a longi- tudinal
wave (Fig. 1). The elastic media 1 and 2 are characterized by the Lame coefficients A1, p1, and
densities p; 2, respectively. The vectors kj; , are the wave vectors of the longitudinal waves (kj; , =
wlp12/(A12 + 2;11,2)]1/2), and k; » are the wave vectors of the shear waves (kg » = w[p12/11, 2]1/2)
in elastic media 1 and 2, respectively, w is the angular frequency. The fluid layer has the thickness ,
kinematic viscosity v and density ps. The system of coordinates is presented in Fig. 1.

All viscous fluids are characterized by one or more times of relaxation, 7, (m = 1,2,...), of shear
stresses [10,11]. If the frequency w < T, 1 for all values of m, then the relaxation times can be
neglected and the fluid is Newtonian. If w ~ t,,! at least for one m, then the fluid is characterized
not only by a shear viscosity, but also by some non-zero shear modulus [10,11,26]. Such fluids are
called non-Newtonian fluids.

The rigorous analysis of the interaction of an incident shear sagittal wave with a viscoelastic layer
of non-Newtonian fluid of arbitrary thickness can be carried out using the transfer matrix approach
[8,9,19]. However, as we will see below, the absorptivity in the fluid layer is usually strong if the layer
thickness, 5, is small compared to the penetration depth and length of the shear acoustic wave in the
fluid. If, in addition, the effect of the mass of the fluid layer on the wave propagation is negligible,
then the transfer matrix approach results in the following approximate boundary conditions for the
layer [5,8]:

Olyy = Kn(uly - u2y)/ Olxy = Kt(ulx - uZx)/ Olyy = O2yy, Olxy = O2xy, (1)
where 07 i are the strain tensor components, and Uy » are the displacement vectors in elastic halfs-
paces 1 and 2, respectively, K; = iwb/h, K, = C/h (these coefficients also represent spring constants
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in the spring boundary conditions [1-5]), w is the frequency of the incident wave, C is the bulk mod-
ulus of the fluid (C = v?py, v is the speed of longitudinal acoustic waves in the fluid), and

b — Z HoomTm 2)

L iwTy, — 1

where the summation is taken over all different relaxation processes in the fluid, o, are the con-
tributions to the overall shear modulus, pe = 3, Hoom, Of the fluid at w — +oo from each of the
relaxation processes.

Usually, the speed of longitudinal waves in a viscous fluid is much larger than the speed of shear
waves caused by shear viscosity, which means that

IC/(bw)| > 1. (3)

or |K,/K:| > 1. Therefore, equations (1) give Uy, — Up, < Uy — Up,. and the displacements that
are normal to the layer must be approximately the same at the layer boundaries y = 0 and y = h
(Fig. 1). Thus the first of the boundary conditions (1) can be reduced as Uy, = Uy,. Introducing also

tangential velocities of the layer boundaries 0Uj o, /0t = —iwl oy, gives
Olyy = O2yy, uly = uZy/ Olxy = O2xy, Olxy = W(aUZX/at - aulx/at)y:() 4)
where
W = —b/h. )

Boundary conditions (4) mean that the fluid layer has been replaced by an immediate contact of two
solid halfspaces with friction, the coefficient of which is given by Eq. (5). Indeed, normal displace-
ments and tangential and normal stresses are continuous across the contact (layer), and the tangential
stresses are proportional to the relative velocity of the surfaces in contact. The coefficient of propor-
tionality, W , is the coefficient of friction, which is real for Newtonian fluid layers and complex for
non-Newtonian fluids (see Eq. (5)). Note that this procedure is similar to that used for the approx-
imation of a bonding layer between two elastic media by some special boundary conditions (e.g.,
spring boundary conditions), depending on the properties of the layer [1-5,8,9,20].
As has been mentioned above, the main applicability condition for the frictional contact approxi-
mation (represented by conditions (4)) to a fluid layer between two elastic media is that the layer
thickness h must be noticeably smaller than the magnitude of the complex penetration depth a of the
shear wave into the fluid:

hla| < 1, (6)

where
o = —iwpe/b + k¥ sin’ 6. (7)

However, conditions (3) and (6) are necessary but not sufficient for the validity of boundary condi-
tions (1) and (4). It is also necessary to assume that the mass of the layer can be neglected [8,9]. This
can be done if, in addition to conditions (3) and (6), the shear impedance of the fluid is much smaller
than the shear impedances of the surrounding elastic media:

bar| < (p11) Y2, (papsa) /2 8)

(compare with the similar conditions for the frictional contact approximation for shear acoustic
waves polarized perpendicular to the plane of incidence in a thin layer of Newtonian and non-
Newtonian fluids [21,26]).

Note that at lower frequencies (< 100 MHz) conditions (3) and (8) can be breached only if the vis-
cosity, density, and/or relaxation times of the fluid are unusually large, or the shear modulus of at
least one of the surrounding elastic media is unusually small (rubber-like material). For commonly
used fluids and solids at not very high frequencies, conditions (3) and (8) can easily be satisfied and
the main condition for the frictional contact approximation is given by inequality (6).
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Substituting the solutions to the wave equations in elastic media in the form of one incident, two
reflected and two transmitted waves (see Fig. 1) into boundary conditions (4), we obtain a set of four
linear algebraic equations with four unknown wave amplitudes. The energy coefficients of reflection,
transmission and transformation were determined as the ratios of the y-components of the Poynting
vectors in the relevant reflected or transmitted waves to the y-component of the Poynting vector in
the incident wave. In this case the wave absorptivity in the layer is given by:

M=1-T—-R—K; — K, (9)

where T is the transmissivity, R is the reflectivity, K; is the coefficient of transformation of the incident
transverse wave into a reflected longitudinal wave in the first elastic medium, and K3 is the coefficient
of transformation in the second elastic medium.

One of the significant advantages of the presented frictional contact approximation is that it allows
simple analysis of AA in non-uniform thin fluid layers. If fluid parameters such as viscosity, density,
relaxation time(s) vary across the layer, for example due to interaction of the fluid with the solid
surfaces, then the parameter b determined by Eq. (2) is a function of the y-coordinate (Fig. 1). As
shown in paper [26], the frictional coefficient for such a non-uniform layer of non-Newtonian fluid
of thickness & is given by the equation:

_ h -1 -
W_—</Ob dy) | (10)

In this case condition (6) has to be written as [26]:
h
/ lodx < 1 (11)
0

and in conditions (3) and (8) b must be replaced by max(|b|).

In the frictional contact approximation, the coefficient of friction is the only parameter that represents
properties of the fluid layer. Therefore, if we use Eq. (10) for the frictional coefficient, then all other
equations determining AA in a non-uniform layer will remain the same as for uniform layers.

3 Numerical analysis

An attempt to carry out analytical analysis of AA of shear sagittal waves was made in paper [23] for
the special case of a uniform Newtonian fluid layer between two identical elastic media. However,
analytical analysis becomes much more involved if more complicated structures are considered and,
therefore, numerical analysis of AA has been used in this paper. In addition, since in the frictional
contact approximation non-uniform fluid layers can be analysed in the same way as uniform layers
(with the use of Eq. (10)), only examples with uniform fluid layers will be considered in this section.

As an example, consider a structure with a thin uni- form layer of poly-1-butene-16 (with 16 repeat
units and average molecular weight 640 [10]), enclosed between two solid halfspaces. The parameters
of the fluid layer are p; ~ 0.88 g/cm3, v &~ 57cm?/s, and T ~ 6.33 x 10~ %s [10] (only one relaxation
time is taken into account, po, = pfVv/T).

If the first elastic medium is made of silica (p; = 2.2g/cm?, yu; = 3.11 x 10''dyne/cm?), and the
second elastic medium is made of tin (p; = 7.3 g/cm?, pp = 2.11 x 10''dyne/cm?), then the structure
will be called silica—poly-1-butene-16—tin. Similarly, if the first medium is tin and the second is silica,
then we will have a tin—poly-1-butene-16-silica structure, etc.

Fig. 2 presents typical dependencies of the absorp- tivity M on layer thickness & for two different
structures: tin—fluid-silica (curves 1-4) and silica—fluid-tin (curves 5 and 6). The angles of incidence
are 0 = 04(tin) =~ 38.504° (curves 1 and 2), 6 = 70° (curves 3, 4, and 6), and 0 = 6 (silica) =~
39.046° (curve 5), where 0 is the critical angle at which the reflected longitudinal wave in medium 1
propagates parallel to the layer. Curves 2 and 4 are presented for the non-Newtonian fluid layer made
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Figure 2: The dependencies of the absorptivity on layer thickness for two different structures: tin-
fluid-silica (curves 1-4), and silica-fluid-tin (curves 5 and 6). The fluid layer: poly-1-butene-16 with
ps = 0.88g/cm?, v = 57cm?/s, T = 6.33 x 10~?s [10] and w/27r = 20 MHz (curves 2 and 4); the
Newtonian fluid with the same pf and v but wt < 1 (curves 1, 3, 5, and 6). Angles of incidence
0 = 0. (tin) ~ 38.504° (curves 1 and 2), 0 = 70° (curves 3, 4, and 6), 0 = 0(silica) ~ 39.046° (curve
5).

of poly-1-butene-16 with T = 6.33 x 10~’s at the acoustic frequency w/27 = 20 MHz (wt = 0.8),
while curves 1, 3, 5, and 6 are presented for the Newtonian fluid layer with the same p¢ and v as
poly-1-butene-16, but at wt < 1. Note that in the frictional contact approximation all curves for
Newtonian fluid layers (e.g., curves 1, 3, 5, and 6 in Fig. 2) are frequency independent—see also
[21,23,24,26,27].

All the curves in Fig. 2 display the behaviour typical of AA (see also [21-27]). The absorptivity
strongly increases with decreasing layer thickness, reaches a relatively broad maximum at an opti-
mal thickness, 1, and then quickly goes to zero as the layer thickness tends to zero (Fig. 2). Note that
for curve 5 the absorptivity maximum is reached at the optimal thickness h,, ~ 25um and therefore
cannot be seen in Fig. 2. The maximums of the absorptivity dependencies are broad, which reflects
the non-resonant character of AA (see also [21-26]). The absorptivity curves for a non-Newtonian
fluid are lower than for the corresponding Newtonian fluid (compare curves 1, 3 and 2, 4 in Fig. 2).
This is the result of the general tendency: the larger the product wr, the smaller the absorptivity
maximum due to AA. Note however that the difference between the curves for the Newtonian and
non-Newtonian fluids is maximal at layer thicknesses near (or a few times larger than) the optimal
thickness. If h < hy, or h > hy,, the sensitivity of the absorptivity to non-zero relaxation time be-
comes noticeably weaker. That is why AA may especially be useful for the analysis of non-Newtonian
properties of fluids (see also [28]).

Comparison of curves 1-4 and 5, 6 in Fig. 2 suggests that it is preferable to use structures with the
first elastic medium having smaller speeds of acoustic waves than in the second medium. In this case
stronger AA can be achieved (Fig. 2).

The angular dependencies of the optimal layer thickness, h,,(6), for the silica—poly-1-butene-16—tin
structure are presented in Fig. 3a. Curve 1 in Fig. 3a is for the poly-1-butene-16 layer with the
assumption that wt < 1, while curves 2 and 3 are for the cases with T = 6.33 x 10~ %s and the
frequencies w/27 = 20 and 40 MHz, respectively. All three curves are characterized by strong max-
imums at the critical angle 68 ~ 39.046°. The values of these maximums are 25, 20, and 14 ym for
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Figure 3: The angular dependencies of the optimal layer thickness for the silica-fluid-tin structure
(a), and tin-fluid-silica structure (b). The fluid layer: (1) poly-1-butene-16 with xs ( 1 (Newtonian
fluid); (2) poly-1-butene-16 with T = 6.33 x 10~%s and w/27r = 20 MHz; (3) same as (2) but with
w/2m = 40 MHz.

curves 1, 2, and 3, respectively. It can be seen that the effect of non-Newtonian properties of the fluid
is the reduction in the optimal layer thickness (Fig. 3a).

Fig. 3b displays the dependencies h,,(6) for the tin—poly-1-butene-16-silica structure for the fre-
quencies w/2m = 20MHz (curve 2) and w/27 = 40MHz (curve 3). Curve 1 represents the same
structure, but with wt < 1 (i.e., for the Newtonian fluid layer). The three maximums of each of
these dependencies correspond to three critical angles of incidence in the considered structure. As
has been mentioned, the first critical angle, 6.1 ~ 38.504° corresponds to the reflected longitudinal
wave in medium 1 (tin) propagating parallel to the layer (k, = k¢1x = kj1). The second critical angle
0.2 ~ 26.9° corresponds to the transmitted shear wave propagating parallel to the layer (k, = k).
Finally, the third critical angle 8., ~ 16.55° corresponds to the longitudinal wave in medium 2 propa-
gating parallel to the layer (this happens when k, = k). If 6 = 6.1, then the optimal layer thickness
for the Newtonian fluid (curve 1) is 6.9 um, while for curves 2 and 3 it is equal to 5.4 and 3.9 ym,
respectively. Similarly, if & = 6.3, then the optimal layer thickness for the Newtonian fluid reaches
25 um, while for curves 2 and 3 it is 20 and 14 um. At the second critical angle the optimal layer
thicknesses are characterized by only a very minor peak (Fig. 3b).

The curves in Fig. 3b also demonstrate a reduction in the optimal layer thicknesses with increase of
fluid relaxation time or frequency. This is similar to the tendency that has been observed in Fig. 3a.
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Note again that curves 1 for Newtonian fluid layers in Fig. 3a and b are independent of frequency.

The dependencies h,,(0) in Fig. 3a are typical of structures where the speed of transverse waves
in medium 1 is larger than the speed of longitudinal waves in medium 2 (cy; > c¢jp), whereas the
dependencies in Fig. 3b are typical of structures where cy; < cy.
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Figure 4: The angular dependencies of the absorptivity M for the tin—fluid—silica structure for the
two layer thicknesses: (a) h = 1u, (b) h = 5um. The fluid layer: poly-1-butene-16 with wt < 1
(Newtonian fluid—curves 1); and poly-1-butene-16 with 7 = 6.33 x 10~%s and w/27 = 20 MHz
(curves 2). The arrow indicates the maximal value of the absorptivity for curve 2.

The dependencies of the absorptivity on angle of incidence for the tin—fluid-silica structure are pre-
sented in Fig. 4a and b for two different layer thicknesses: (a) h = 1um, and (b) h = 5um. Curves
1 are again for the Newtonian layer (i.e., poly-1-butene-16 with wt < 1), while curves 2 are for the
non-Newtonian fluid layer with T = 6.33 x 10~?s and w/27 = 20.

The most interesting feature of Fig. 4a and b is the sharp and strong maximum of absorptivity at
the first critical angle (Fig. 4b) for both Newtonian and non-Newtonian fluids. It is important that
this maximum is achieved at the same angle at which the optimal layer thickness also has a strong
maximum (Fig. 3b). This behaviour is unique to AA of sagittal shear waves, since the usual tendency
is that increasing optimal layer thickness (e.g., near the critical angle for shear waves polarized nor-
mally to the plane of incidence) results in a simultaneous decrease of the absorptivity maximum
[21,22,26]. The coincidence of the maximums of the absorptivity and optimal layer thickness (Figs.
3b and 4b) may also be important for observation and application of AA in fluid layers with small
viscosity, where optimal thickness may be unreasonably small [21,22,26].

Figs. 3b and 4a,b are typical for the case when the speed of longitudinal acoustic waves in medium
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Figure 5: The angular dependencies of the absorptivity M for the tin—fluid-silica structure for the
layer thickness & = 5um. The fluid layer: (1) poly-1-butene-16 with wt < 1 (Newtonian fluid); (2)
poly-1-butene-16 with T = 6.33 x 10~? and w/27 = 20MHz.

1, c1, is less than the speed of transverse waves in medium 2, ¢y, i.e., when three critical angles exist
and 03 < 6.1. If only one critical angle exists, i.e., if the speed of longitudinal waves in medium
2, cpp, is smaller than the speed of the incident transverse wave, c, (e.g., for the silica—fluid—tin
structure), then the typical angular dependencies of the absorptivity are presented in Fig. 5 for the
layer thickness i = 5um for Newtonian (curve 1) and non-Newtonian (curve 2) fluids. It can be
seen that in this case the overall absorptivity is significantly smaller. However, a sharp (but smaller)
maximum at the first (and the only) critical angle still exists for both Newtonian and non-Newtonian
fluid layers (Fig. 5).

One may think that the sharp maximums of the angular dependencies of the absorptivity at the crit-
ical angles (Figs. 4 and 5) may have the same physical explanation as the maximums of conversion
of a sagittal shear wave into a longitudinal wave at an interface between two media due to the gen-
eration of pseudo-surface-waves at the interface [20]. However, in our opinion, this interpretation is
questionable. Indeed, the maximums of the longitudinal wave amplitudes in [20] occur at angles that
are slightly (but noticeably) larger than the critical angle, whereas all the maximums in Figs. 3-5 and
below occur precisely at the critical angles. Furthermore, it can be seen that the absorptivity due to
AA at the angle corresponding to the maximal wave transformation [20] is substantially lower than
its maximum value at the critical angle (Figs. 4 and 5). For example, for the sapphire—copper struc-
ture considered in [20] the maximum of the absorptivity due to AA (if there is a fluid layer between
the elastic media) and the maximum of the wave transformation [20] hardly overlap. This suggests
different physical nature of these maximums and effects.

At the same time, the sharp features of the angular dependencies of the reflected and refracted waves
at the critical angles at a sliding contact between two elastic media [7] obviously have a relationship
to the behaviour of the similar dependencies in the case of AA in a fluid layer at the same angles.
However, it is necessary to stress out that AA does not exist on a sliding contact, because such a
contact is non-dissipative (without friction) [7].



D. K. Gramotnev, M. L. Mather and T. A. Nieminen, Ultrasonics 41, 197-205 (2003) 10

04 .03'01 .02
= .. ()
2 TN, '
2 ookF--2
- 2F T T~ - - -
!' \\\ I, \\
g 1 | /! R
: * l\ & »’/l \\\
i\ e
0 ! ! ! Ne” 7 ! ! !
] 10 20 30 40 50 0 70 30 %
04 .01 ‘03
s (o)
> 0.3F \ / ]
= 1
> L._.2
E— 02 \\\ .
[ ] \\\\l |
2 et A ]
o 1 1 1 1 LN =T 1 1 =

O 10 20 30 40 50 0 70 30 9%
Angle of Incidence, 0 (degrees)

Figure 6: The angular dependencies of the absorptivity M in the structure silica—fluid-medium
2, where the parameters of the hypothetical medium 2 are: (a) p» = 1.45g/ cm3, w = 2.5 %
10 dyne/cm?, A, = 1.45 x 10''dyne/cm?; (b) p, = 2.6g/cm? and pp and A, are the same as in
(a). The layer thickness is 1 = 5um. The fluid layer: poly-1-butene-16 with wt < 1 (Newtonian
fluid—curves 1); and poly-1-butene-16 with T = 6.33 x 107? and w/27 = 20MHz (curves 2). The
arrows indicate the maximal values of the absorptivity for curves 2.

Fig. 6a and b present typical angular dependencies of the absorptivity for structures where cy; < cgp
and cpp < cpp < cpp (e, O3 < Oc1 < B2; Oc1 =~ 39.046°, 02 ~ 64.9°, 03 ~ 34.314°—Fig. 6a), and
i1 < cp < ¢ butcey > ¢y, ie., B3 > 0.1 and O, does not exist (0.1 ~ 39.046°, 6.3 ~ 49.0150—
Fig. 6b). It can be seen that in these cases the absorptivity is characterized by two sharp and strong
maximums—at 8.1 (as in Figs. 4 and 5), and at 8.3. Note however, that these maximums are not as
strong as the maximum in Fig. 4b. In the tin—fluid-silica structure the absorptivity also experiences a
sharp maximum at the angle 6 = 03, but at significantly larger layer thicknesses (e.g., at h = 20um)
than those used for plotting Fig. 4a and b. This is the reason for not observing this maximum at
0 = 0.3 =~ 16.55° in Fig. 4a and b. Thus, similar to the absorptivity maximum at 6 = 6.1, the
maximum at 8 = 6.3 also coincides with a strong maximum in the optimal layer thickness (see Fig.
3b).

Note that the absorptivity maximum at the first critical angle has also been predicted for a Newtonian
fluid layer between two identical elastic media [23]. However, in that case, the absorptivity maximum
was restricted to 50% [23], whereas in the case of different media it can go as high as 100%—Figs. 2
and 4b. In addition, in the case of different elastic media we can obtain two sharp maximums at
the first and the third critical angles—Fig. 6a and b. Actually, for identical elastic media these two
maximums coincide with each other, giving only one maximum that can reach 50% [23]. Therefore,
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an interesting question is what will happen to this maximum if the parameters of the two elastic
media are only slightly different? How sensitive is AA to small variations of the elastic media? These
questions are especially interesting due to the sharpness of the absorptivity maximum at 8 = 64,
and due to small natural fluctuations of parameters of elastic media.

0.3

Abserptivity M
e e
- e N
o N ol

[
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0.05

(] I I I L ! T e
37 38 39 40 41 42 43 44

Angle of Incidence, 0 (degrees)

Figure 7: The angular dependencies of the absorptivity M in the structure silica—fluid—silica, where
the density of the second silica halfspace p; is slightly different from the first halfspace: (1) p = p1 =
2.2g/cm?, (2) pp = 2.25¢/cm® and p; = 2.2g/cm?, (3) pp = 2.3g/cm?® and p; = 2.2g/cm3, (4)
o =21 g/cm3 and p; = 2.2 g/cm3. The layer thickness is h = 5um.

Therefore, Fig. 7 presents the angular dependencies of the absorptivity in a layer of poly-1-butene-16
(at wt < 1 of thickness h = 5um between two silica halfspaces with small variations of the density
of the second silica halfspace: (1) p» = p; = 2.2 g/cm3, (2) pp = 2.25 g/cm3 and p; = 2.2g/cm?, (3)
py =23g/cm?and p; = 2.2g/cm3, (4) p, = 2.1g/cm? and p; = 2.2 g/cm?. The elastic modulae of
both the silica halfspaces are assumed to be the same: p; = pp = 3.11 x 1011dyne Jem?Z, Ay = Ay =
1.62 x 10''dyne/cm?. It can be seen that in the case of different densities p; # p, (curves 2—4 in
Fig. 7) the single maximum (curve 1) splits into two similar sharp maximums. The angular distance
between these maximums increases with increasing difference between the densities of the elastic
halfspaces, and the dip between the maximums becomes more pronounced (Fig. 7).

Finally, Fig. 8a and b present the frequency dependencies of the absorptivity maximum for the tin—
poly-1-butene-16-silica (curves 1 and 2) and silica—poly-1-butene-16—tin (curves 3 and 4) structures
for two different layer thicknesses 1 = 1um (Fig. 8a) and h = 5u (Fig. 8b) in the approximation of the
frictional contact approximation. The short dashed lines parallel to the horizontal axis correspond to
the Newtonian fluid layers with the same thicknesses, viscosity and density.

The main aspect that can be seen from Fig. 8a and b is that the non-Newtonian properties of the
fluid produce significantly stronger effect on AA of sagittal shear waves if the absorptivity is large.
As a result, the sensitivity of AA-based viscosity sensors to non-Newtonian properties of fluids must
be substantially higher than of those using absorption of acoustic waves at an isolated solid—fluid
interface [10-16]. This important feature of AA has also been investigated experimentally in paper
[28] for the normally incident shear acoustic waves. This is the main reason why AA is of a special
importance for the experimental investigation of non-Newtonian properties of fluids [28].

The main physical reason for the strong sensitivity of AA to non-zero relaxation time(s) in the fluid is
related to the fact that due to strong absorption in the layer, the range of variations of the absorptivity
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Figure 8: The dependencies of the absorptivity M on the product wt for two different thicknesses
of the layer: (a) h = 1lum, (b) h = 5um. Curves 1: tin—poly-1-butene-16-silica, 0 = 0. (tin) =~
38.504°. Curves 2: tin—poly-1-butene-16-silica, 8 = 70°. Curves 3: silica—poly-1-butene-16-tin, 0 =
0.1 (silica) ~ 39.046°. Curves 4: silica—poly-1-butene-16-tin, 6 = 70°. The dashed straight lines
indicate the absorptivities for the corresponding Newtonian fluid layers (with the same as for poly-
1-butene-16 viscosity and density, but with wt < 1

is much larger (see curves 1 and 2 in Fig. 8a and b) than for an isolated solid—fluid interface [10,11].
Therefore, as was mentioned above during the discussion of Fig. 2, it is beneficial to use the structures
with the second elastic medium being more rigid than the first, since in this case the absorptivity can
be especially large—see Figs. 2 and 8a,b.

4 Conclusions

This paper has analysed the main features of the anomalous absorption of bulk shear sagittal waves
in layers of Newtonian and non-Newtonian fluids between two different elastic media in the fric-
tional contact approximation. The absorptivity in an ultra-thin fluid layer of thickness, that is much
smaller than the wavelength and penetration depths of longitudinal and shear acoustic waves in the
fluid, has been demonstrated to be much larger than the absorptivity of bulk acoustic waves at an iso-
lated solidfluid interface. An interesting behaviour that is characterized by pronounced maximums
in the angular dependencies of the absorptivity has been demonstrated and investigated numeri-
cally for various structural parameters including layer thickness. In particular, it has been shown
that strong and sharp absorptivity maximums occur at two critical angles of incidence at which the
reflected and transmitted longitudinal waves in the surrounding elastic media propagate parallel to
the layer. An important and unique feature of AA of sagittal shear waves is that these two strong
maximums of the absorptivity coincide with simultaneous strong maximums of the optimal layer
thickness. This fact may be important for the experimental observation and applications of AA for
the analysis of fluid layers with small viscosity, where the optimal layer thicknesses may be unrea-
sonably small. The effect of small variations in parameters of the elastic media on the absorptivity
maximums has been analysed.

It has been demonstrated theoretically that one of the most important features of AA is its much
higher sensitivity to non-Newtonian properties of fluids (i.e., non-zero times(s) of relaxation of shear
stresses in viscous fluids) than that of the absorption of acoustic waves at an isolated solid—fluid in-
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terface. The stronger the anomalous absorption, the stronger its sensitivity to non-Newtonian prop-
erties of the fluid layer. This makes AA especially important for the experimental investigation of
non-Newtonian properties of fluids and particularly solid—fluid interfaces.

The developed frictional contact approximation has been shown to be very useful for simple analysis
of AA in non-uniform fluid layers with fluid parameters (i.e., density, viscosity, and/or relaxation
times) varying across the layer. This is important for the analysis of interactions (e.g., adsorption—
desorption processes) at solid—fluid interfaces, resulting in stratification of the fluid in the vicinity of
a solid surface.

As a result, feasible applications of AA of acoustic waves can be anticipated in such areas as investi-
gation and diagnostics of ultra-small amounts of fluids (less than ~ 10 ~>cm?), suspensions, colloidal
solutions, biological and human fluids, solidfluid interfaces, frictional contacts and lubricants in tri-
bology, non-destructive evaluation, etc.
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