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PRE FACE

This report is an adaptation of the thesis of Daniel A. McCathern, Jr.,

submitted to the Department of Physics at The University of Tennessee in

partial fulfillment of the requirements of the degree of Master of

Science.

An ultrasonic beam in a liquid is incident upon a solid coated with

• a thin solid layer. At certain angles of incidence leaky surface waves

are excited on the interface. These surface waves cause the reflected

beam to be separated into two components: the specular component and a

• displaced component. A schlieren system is used to observe the two

components and the null strip between them. The null strip is used as a

measure of the angle of excitation of the surface waves, and hence as a

measure of the surface wave velocity. The substrates studied were

stainless steel, aluminum, lead, plexiglass, brass, glass, copper, and

aluminum oxide. The layers were zirconium ox ide, aluminum oxide ,

aluminum, brass , stainless steel , copper , and nickel. The behavior of

the phase velocity of the Rayleigh-like waves is determined by the

relationship between the layer and the substrate shear velocities. The

phase velocity tends toward the layer Rayleigh velocity except for the

ceramic layers , zirconium oxide and aluminum oxide , on stainless steel.

• The behavior observed for these samples is attributed to changes in

layer shear velocity resulting from granularity. When the layer shear

velocity exceeds the substrate shear velocity and the layer thickness

is very small compared with the substrate Rayleigh wavelength, the phase
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j velocity changes much more slowly than indicated by the Farnell-Adler

theory [C. W. Farnell and E. L. Adler, Physical Acoustics, edited by

W. P. Mason and R. N. Thurston (Academic, New York , 1972), Vol. IX,

pp. 35-127] for the vacuum-solid layer-solid problem.
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‘ Ch APTER I

iNTRO DUCT ION

Ultrasonic wave reflection from a l iquid-solid interface has been

studied extensively by many investigators . Only longi tud ina l  waves can

propagate in a liquid because of the low viscosity of the medium , but

such waves incident from a liquid onto a solid can excite longitudinal and

shear waves in the solid , and a reflected longitudinal wave in the liquid.

At some angles of incidence , surface waves can he excited along the

interface. Total reflection occurs at the longitudinal critical angle ,

above which only shear waves propagate in the solid. For solids whose

shear velocity exceeds the longitudinal velocity in the liquid , one

observes a shear critical angle , at and above which total reflection

occurs for all angles of incidence. It is beyond this shear critical 
*

angle that surface waves can he excited.

Garber [1966) used a goniometer to measure the reflected energy as

a function of incident angle for longitudinal waves incident from water - -

onto flat samples of aluminum and beryllium in ordej’ to compare results

with calculated values. The experiment agreed well with theory except

for certain angles where large dips in reflected energy, att ributed to

strong energy absorption due to surface wave propagation , were measured .
— 

Adequate theoretical explanation for surface waves at a liquid-solid

interface was not available at that time, but the existence of such

waves was experimentally documented . P. F. Smith (1968) modified the

• gonionieter to allow the ~~ceivcr to move laterally and discovered that

1
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lateral displacements in the reflected beam parallel to the interface

occur for certain angles of incidence for beams incident from water onto

the aluminum and duralumin samples studied. Schlieren photographs were

taken to show the displacements. The decreases in measured energy

observed by Garber were then explained by the beani displacements causing

the reflected beam to partially or totally miss the receiving transducer.

- • The results obtained by Smith do not disregard the existence of surface

waves because the displacement mechanism is not specified.

Ultrasonic beams of Gaussian distribution were used by J. H. Smith

(1971) to study the reflected beam near the Rayleigh angle, the angle

above the shear critical angle where energy losses were observed. Using

the goniometer and schlieren technique, he found the energy to be

redistributed into multiple beams, one or more of which may be dominant.

The samples studied in water were brass, lead, lucite, aluminum,

beryllium, and stainless steel. Some investigators had attributed the • 

-
•

energy losses noted above the shear critical angle to lateral beam

displacements, but energy redistribution is a more accurate description

of the situation (Breazeale , Adler , Smith, 1975). Bertoni and Tamir

(1973) suggested that this phenomenon was due to coupling between the

incident wave and a leaky surface wave excited by it. The energy is then

reradiated from this leaky surface wave and interferes with the specularly

reflected energy. The angle at which the surface waves are excited is

known as the Rayleigh angle, although originally the Rayleigh angle was

defined for free surfaces.

• The goniometer was used by Scott (1975) to measure the amplitude

and phase near the Rayleigh angle of Gaussian beams reflected from 

- 
•
~~~~~

_ _  

j
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aluminum, alumin um oxide , and stainless steel samples immersed in water.

He explained that attributing the energy loss at the Rayleigh angle to

lateral displacement after examining the water-aluminum interface might

be an understandably easy conclusion to draw , but for the other samples,

only part of the reflected beam was observed to shift. Broazenle , Adler ,

and Scott (1977) supported the Rertoni-Tamir theory by showing that

Indeed the incident beam does couple resonantly with the leaky surface

wave before being reradiated .

An extension of the li quid-solid interface ~roh1em can be made by

the addition of a thin solid layer to the solid substrate. Elastic wave

propagation in layered media has been a problem of interest to

seismologists for many years, and has been treated by Ewing , Jardetsky,

and Press (1957) as well as Brekhovskikh (19&)). At present, no theory

is available for predicting the phase velocity of the Raylei gh-like surface 
*

wave for the liquid-solid layer-solid problem , although Farucli and Adler

( 1972 ) hav e t rea ted the case for a thin solid layer on a subst rat e of

infinite depth in a vacuum. Not only is the I iquid— solid layer—so lid

problem of interest to seismologists , hut it also has applications to

surface wave devices and to materials testing for coated m a t e r i a l s .

The primary purpose of this research is to ObSerVe the b e h : i vi o r  of

the phase ve l ocity when a thin layer is added to a substrate in a liquid

medium. The op t ica l  schlie’ en technique can he used to identify the

Rayleigh angles to the interfaces of in teres t  from which  the ve loc i t i e s

of the R:iv l e i g h — l i k e  modes can he calculated . Then comparison can he

made to the vacuum-solid layer-solid problem. A p r e l i m in a r y  report for
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aluminum oxide and zirconium oxide layers on stainless steel in water

has been made (Adler and McCathern, 1978). It was announced that

observations did not agree with the Farnell-Adler predictions. These

observations will be further tested. Secondary objectives of this

research include the following: (1) to determine the effect of beam

size and shape on the Rayleigh angle, and (2) to determine the reliability

3 of the Uberall equation for predicting Rayleigh velocities for materials

• iiinersed in a liquid medium.
I

I
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CHAPTER L I

THEORETICAL CONSIDERATIONS

The Rayleigh wave, a mode of elastic energy propagation which can

exist along the free surface of a solid of infinite depth, has been

studied in detail by numerous investigators. It is nondispersive, the

propagation velocity is slightly less than the shear velocity of the

material, and the mechanical displacements of the wave decay exponentially

to negligible values within a few wavelengths of the surface for isotropic

materials. Farnell and Adler (1972) treat the general case of the

Rayleigh-like mode upon addition of a thin solid layer having intimate

mechanical contact with the infinite substrate. The thin layers usually

have a thickness less than the Rayleigh wavelength of the substrate, and

when they are placed in contact with the previously free surface, the

wave becomes dispersive since the phase velocity depends on the frequency

of excitation.

The equations of motion are greatly simplified by considering only

isotropic, nonpiezoelectric substrate and layer materials. The solutions

to be obtained are straight-crested propagating waves with phasevelocity V

and wave number K. The traction components of stress and the particle

displacements must be continuous across the layer-substrate interface

because of the intimate contact. Electrical conditions can be neglected

for nonpiezoelectric materials . Applying the boundary conditions to the

assumed solutions, two extreme limits are encountered which make it

necessary to distinguish between two types of layer-substrate combinations.
5
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In the discussion that follows , the symbols V L, V~, and VR represent the

longitudinal , shear, and Rayleigh wave velocities respectively of the

substrate, while VL, 
~~ 

and VR represent those of the layered material.

The layer thickness will be denoted by h.

For material combinations with < V~/V’2, the velocity of the

free-surface Rayleigh mode is decreased by the presence of the layer,

and the layer is said to “load” the substrate. An example of such a

combination is zinc oxide on silicon, and the dispersion curve for this

sample is given in Figure 1. According to this graph, the phase

velocity of the Rayleigh-like mode decreases with increasing Kh and

asymptotically approaches the layer Rayleigh velocity as Kh tends to

infinity.

For material combinations with V5 > /i v~, the phase velocity is

increased over the substrate Rayleigh velocity by the presence of the

layer, and the layer is said to “stiffen” the substrate. An example of

stiffening would be silicon on zinc oxide, the reverse of the previous

sample, whose dispersion curve is shown in Figure 2. Characteristically,

only one Rayleigh-like mode can exist, and the phase velocity V starts

-

~ 
- 

at V = VR for Kh 0, increasing until the substrate shear velocity is

reached at some particular value of Kh. Thus for a limited range of Kh ,

the minimum velocity of the Rayleigh-like mode is the substrate Raylei gh

velocity, and the maximum is the substrate shear velocity.

• For material combinations with v5/Ii < V~ < Ii V~, the same behavior

is noted as for the strongly loadi’~g or strongly stiffening case, even if

as long as the ordering of the shear and Rayleigh velocities of

L I 
.
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- Figure 1. Dispersion curve for zinc oxide on silicon (V < V
s).- The layer loads the substrate. (Farnell and Adler , 1972, p. SS6.)
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Figure 2. Dispersion curve for silicon on zinc oxide (Vs Vs).
The layer stiffens the substrate. (F.irnel l and Adler , 1972, ~~ . 53~)
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the substrate and layer materials is as for that case. As long as

< V~ (and VR < VR), then the behavior expected for the strongly

loading case will be observed. LikewIse, whenever V~ > V~ (and VR > VR),

the behavior expected for the strongly stiffening case will be observed.

The preceding statements make it convenient to redefine the terms

“loading” and “stiffening” in a slightly different manner from Farnell

and Adler. For the purposes of this work, the term “loading” will apply

to any sample having Q~ < V~, and the term “stiffening” to any sample

having 
~~ 

> Vs. With this expanded definition, the copper on steel ,

aluminum on glass, and aluminum on steel samples will now be included in

the “loading” category. Also, the zirconium oxide on steel, aluminum

and steel on copper, and the copper on brass samples will all be included

in the “stiffening” category. All other samples obey the Farnell-Adler

conditions for loading or stiffening.

A. THE RAYLEIGH MODE FOR SAMPLES IN A LIQUID MEDIUI4

The Rayleigh mode of energy propagation can exist at a liquid-solid

interface when the incident wave couples in a resonant manner with a

surface wave. The excitation of the Rayleigh wave takes place at the

Rayleigh angle located just above the shear critical angle. IThen an

ultrasonic beam of Gaussian distribution is incident at or near the

Rayleigh angle to the interface, a null strip resulting from a 180° phase

difference between the specularly reflected beam and the reradiated wave

appears. Figure 3 is a schlieren photograph of the incident and reflected

ultrasonic beams at a water-aluminum interface below, at, and above the

Rayleigh angle.
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The n u l l  s t r i p  can he used to measure the Rayle igh angle 8R for the

Interface and to obtain the leaky Rayleigh velocity VR 
using the equat ion

a V 1jq
/SIfl 0R 

(1)

where V 11q Is the sound velocity in the liquid. Uberall (1973) has

suggested that the leaky Rayleigh velocity can he calculated from theory

by solving for the roots of the secular equation

- 

[

~~
)j 1/2{{

~~ )2 - 1~) : 1h/ 2
,: [l 

2 ( A ) .
p (V /V ) - (V 5/Cy -

— 
h g  S L (2 )

- (V 5fc) 2

where one solution for C is V R . The terms V L and V~ are the longitudinal

and shear velocities of the soLid , while 
~1i q and ~ are the densities of 

•
-

the liquid and solid.

When a thin layer j~ added to the substrate, the phase velocity V

of the Rayleigh-like mode can he obtained experimentally by modifying

Eq. (1) to the form

V — V 1j q /S lfl e
1~

where O~, still referred to as the “Rayle igh angle ,” is the angle at

which the nuil strip is observed .
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CHAPTER III

EXPERIMENTAL APPARATUS AND PROCEDURE

A. SCHLIEREN SYSTEM

All measurements of Rayleigh angles were made by the optical

schlieren technique using the schlieren system of the Ultrasonics Group

at The University of Tennessee. A diagram of the schlieren apparatus

appears in Figure 4 , and a photograph appears in Figure 5.

Monochromatic light from a laser is incident upon a beam expander

which creates a point source of light at the focal point of lens L1. The

parallel light emerging from L1 then passes through the schlieren tank

and into lens L
2 
which focuses it back to a point. A transparent screen

is set in the focal plane of L2, and a spot of India ink the same size

as the point of light is placed on the screen to serve as a spatial filter.

Finally, a prism and a television camera are placed behind the focal

plane of L
2.

Any object placed in the beam of parallel light between L1 and L2
causes the light to bend around the opaque spot , and an image of the

object is received by the television camera when the prism is in —

position 1. When in position 2, the prism diverts the image int.o a

camera mounted on a tripod for taking still pictures.

An ultrasonic beam acts as a diffraction grating for monochromatic,

parallel light. Therefore, light strfldng an ultrasonic beam present in

11

________
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the schlieren tank is diffracted , and the diffraction orders produce an

image of the u l t rason ic  beam on the video screen.

The laser used in the schlieren system is a 0.5 mw Helium-Neon
-
~~~ a

laser producing visible red light of wavelength 6328 A . Both L1 
and L2

are Eastman Kodak f/6.3 48-inch focal length Telephoto Type I-Class B

lenses , having apertures of eight inches.

B. CIONIOMETER

An important feature of the schlieren system used is that an

ul t rasonic  beam incident upon a sample in the tank w i l l  be incident

upon the same point of the sample at a l l  angles. This is achieved by

suspending the transducer from a goniometer built over the tank in the

form of a parallelopiped . The angle of incidence is changed by the worm

gear and is measured by the angular scale located on the worm gear. , 
-

Figures 6 and 7 show the goniometer and a close-up of the angular

scale.

C. TRAN SE 1UCER ASSEMBLY

The transducer assembly used throughout th i s  research is shown in

• Figure 8. The brass tr -?tn sducer cons is t s  bas ica l ly  of a c y l i n d r i c a l  - :
front cap fitted onto the rear case and sealed with an 0-ring fixture,

thereby providing a water-tight compartment for housing the electrodes

and for protecting the contact  between the cable and electrode from the

li quid medium in which it is immersed .

The device fac i l i t a tes  the changing of frequency, accomplished by

• removing the front ~ap and insert i ng a crystal having the desired 

~~~~~--—-- -- -- :~~~~~~~~~~~~~ T’
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frequency. The crystal S USed were all X— cut quart crystals , one— inch

in diameter and coated on one side with a thin gold layer. The con-

duct ing layer is in contact with the li quid medium, while the uncoatcd

side is in contact with the electrode. Frequencies used ranged from I to

7 MHz.

p. EIJ~CTRODES

- I One of the objectives of this study was to determine how various

sizes and shapes of electrodes , and therefore incident  sound beams ,

in Il tience the measured Ray It ’ I gh aug 1 e of  a m a t e r i a l  - Accordingly, a

va r i e ty  of brass c i r c u l a r  and r e ct angu la r  e t-ctrodes • shown in
I-i

j :j gure 9 , was used . Tt ’f i on ri  tigs served to hold  the  ci ectro~ks i~ place

in the center of the cryst~m I

The rectangular electrodes used by previous inves t igators  were

replaced by we l l -mach ined  ones for t h i s  project .  The al ignment  of these

rec tangu la r  electrodes is a c r i t i c a l  point , for the  u l t r a son i c  beam must

he perpendicular  to the inco m ing  l igh t .  Grooves having the same

dimensions as the electrodes were made in teflon rings , and holes were

drilled through them for the cylindrica l proicctions from the backs of

the electrodes to pass in order to make contact w i t h  the cable .

The t ransducer  was f i t  ted w i t  Ii an a 1 i gnment p i n  p r o j e c t i n g

from the rear case (vi si He in  1:1 gure Si • and each teflon r i n g

supplied w i t h  a ho le  near the  ou te r  edge so tha t  rma t clii ng the p in and

hole dur ing  assembly ot the  t ransducer  resu l t s  in proper a l ignment  ~ f the

electrode .

- - :-- - : .
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F .  SUBSTRATES

Many substra. -. w i t h  :i wide range’ of shear velocities were chosen

in order to better examine the behavior of the Rayleigh angle as the

differential between layer and substrate  shear ve loc i t i es  is changed .

The stainless steel type 304L , aluminum , lead and p l e x i g l a ss

substrates were all in the form of rectangular blocks with dimensions

10 cm x 5 cm x 2.5 cm. The brass was a rectangular block with

dimensions 7 cm x S cm x 2.5 cm. The glass  was in cubic form , each

edge hav ing  a length of S cm . -rho copper and a luminum oxide substrates

• were circular disks , the former hav ing  a diameter of 7.5 cm and a

• thickness of 1.3 cm , and the latter having a diameter of h.S cm and a

th ickness of 2. * cm.

Table I lists the density, l o n g i t u d i n a l  v e l o c i ty , and shear

veloci ty  measured for each subst r a t e .

F . Th IN LAYFRS

The m a t e r i a l s  used as t h i n  layers in th i ~ research are listed in

Table 2 along h i th t h e i r  propert i es . Va liies were obtained from the CRC

Handbook of Chemistry and P hy s i  cs, except those for • - I reon m m  ox ide and

aluminum oxide wh ich  were measured . B a s i c a l ly , three methods ot

deposit ion were used : ( 1 )  s~~~ oat  i ns, i i )  w h i c h  t he  m at e r i a l  i-c be

depos i ted is heated to the mel t  ing poin t  antI  then sprayed onto the

substrate , (2 )  bonding u s i n g  s i l i c o n e  vacu-nn grease a~ the bond , and

(3) e l e c t r o p l a t i n g.  ‘I he z I rcon i urn oxide and a l u m i num o x i d e  layers were

spray co~ te,~ . the :i l u m i n u r n , b ras- - • and sta i n l ess s teel  layers we r e 

~~~~~~~~~~~~ ----  — ~~~~~ -- —
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TABLE 1

PROPERTIES OF SUBSTRATES

Substrate p (g/cm3) V
L

(m/sec) V8(m/sec)

Stainless Steel Type 304L 8.09 5,610 3,180
Aluminum 2.73 6,400 3,100
Lead 11.4 1,960 690
Plexiglass 1.24 2,590 1,290
Brass 8.86 4,150 2,050
Glass 2.66 5,660 3,370
Copper 8.93 5,010 2,270
Aluminum Oxide 4.0 10,460 6,010

• TABLE 2

PROPERTIES OF LAYERS
J.

Layer p (g/cm 3) VL (m/sec) V
~

(m/sec)

Zirconium Oxide 5.2 7 ,660 4 ,300
Aluminum Oxide 4.0 10,460 6,010
Aluminum 2.7 6,420 3,040
Brass 8.6 4,700 2,110
Stainless Steel 7.9 5,790 3,100
Copper 8,93 5,010 2,270
Nickel 8.85 5,480 2,990 

- •---- -- -. ~~~~~~~ — ---- -- -..
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bonded, and the copper and nickel layers were electroplated onto the

substrates.

G. BEAM ALIGNMENT

The system is zeroed before each measurement by setting up standing

waves in the tank between the transducer and the sample. After the

transducer is mounted, the sample to be studied is placed on a platform

with its surface parallel to the face of the transducer. A traveling

microscope is placed behind the tank and focused on the sound field

visibility pattern. The orientation of the sample is adjusted until

the visibility pattern has optimum clarity. As the visibili ty pattern

is very sensitive to alignment of the transducer and reflector, it

becomes a very convenient means of establishing normal incidence of the

ultrasonic beam onto the sample. With the system thus aligned, the

angular scale can be set to zero, so that the angle of incidence can be

read directly from the scale.

H. EXPERIMENTAL DEFINITION OF THE RAYLEIGH ANGLE

In practice, the null strip used to identify the Rayleigh angle may

• appear over a range of angles, so it becomes necessary to pinpoint the

Rayleigh angle by other means.

Most materials, particularly at lower frequencies such as 2 and 3

MHz, exhibit a rather interesting behavior. Several degrees before the

null strip begins to appear, many very narrow beams, parallel to the

reflected beam, split apart from the main body of the reflected beam and 

--
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begin to spread out over the surface of the material. These beams,

which shall be referred to as secondary beams, increase in number and

cover a larger area as the null strip range is approached. At some

point within the null strip range, the secondary beams reach theirmaximum

number and spread , after which they diminish as the angle increases.

It is at this point of maximum spread that the Rayleigh angle has been

defined for the purposes of this investigation. A photograph of

these secondary beams at the Rayleigh angle of steel appears in

Figure 10. These secondary beams have been attributed to diffraction

(Breazeale , Adler , Scott, 1977). If no secondary beams are visible,

then the Rayleigh angle is chosen as that angle at which the best null

strip occurs.

j  - -~~~ ~~~~~~~~~~~~ - - ---~~~_
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CHAPTER IV

RESULTS AND DISCUSSION

A. WATER AS THE PROPAGATING MEDIUM

The results reported in this section were obtained using water as

the liquid medium. The longitudinal veloc ity of water was measured to

be 1482 m/sec, and the density was taken as 1.0 g/cm3.

Beam Size and Shape

A number of investigators have used circular electrodes without

examining the effect of beam size and shape on the measured Rayleigh

• angle. A number of samples were examined using the circular and

rectangular electrodes described on page 17 at frequencies between

1 and 7 MHz. Table 3 lists the Rayleigh angles for three substrates

irradiated with 2 MHz beams . Similar behavior results for other sub-

strates, layered materials , frequencies , and liquid media.

Although the magnitude of the Rayleigh angle is not noticeably : -
affected by the shape of the electrode, the energy distribution in

the reflected beam possibly is affected. For example, the null strip

is usually wider with circular beams than with rectangular beams,

rectangular beams produce more secondary beams, and the null strip range

- . - may vary with the size and shape of the beam. 

~~~~~~~~~~-- ~~~~~~~~— - - 
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TABLE 3

RAYLEIGH AN G LES FOR STAINLESS STEEL , COPPER, AND AUJMINUM
OXIDE FOR SEVERAL 2 MHz BEAMS. ALL RECTANGULAR

BEAMS HAVE LENGTHS OF 2.03 cm

Dimension Steel Copper Aluminum Oxide

Circular Beams (Diameters Given)

0.54 cm 30.5° 46.3° 15 .50

0.76 cm 30.5° 46.3° j 5~~50

0.87 cm 30.7° 46.5° 15.7°

1.20 cm 30.5° 46.3° 15.7°

Rectangular Beams (Widths Given)

0.25 cm 30.5° 46.3° 15.50

038 cm 30.5° 46.3° 15.5°

0.51 cm 30.5° 46.3° 15.5°

0.76 cm 30.5° 46.3° 15.5°

4 

-H
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The Farnell—Ad ler theory predicts that if the layer shear velocity

is lower than that of the substrate, the phase velocity will be lower

than the leaky Rayleigh velocity of the substrate, corresponding to an

increase in Rayleigh angle. The layer is said to “load” the substrate.

As the layer thickness increases , the phase velocity approaches the

Rayleigh velocity of the layered material.

Copper on stainless steel. Table 4 lists data obtained for copper

on stainless steel. The phase velocity V was calculated from Equation

3 on page 10 using measured values of rite dimensionless quantity

Kb 2~ where K is the wave number and h is the layer thickness ,

is an indication of the relative site of the layer with respect to the

substrate Rayleigh wavelength A R. for the larger the value of Kh , the

larger the layer thickness is compared to AR
. Table 4 clearly shows

that as Kh increases , V decreases as the Farnell-Adler theory predicts

for loading in the vacuum-solid layer-solid case. A plot of phase

veloci ty  as a funct ion of Kit for the copper-steel sample is given in

Figure 11. Although the only data available were for Kb ‘- 1, the curve

has been extended to resemble Figure 1, page 7, thus showing the expected

trend as Kb becomes larger.

Samples loaded with aluminum. Data for three substrates loaded

with aluminum are given in Table S. In each case, the observed behavior

parallels that predicted by the Farnell-Adler theory, since V decreases

as Kh Increases. 

- - -
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TABLE 4

PHAS E VELOCITIES CALCULATED FROM THE RAYLEiGH ANGLES MEASURED
- 

FOR COPPER ON STAINLESS STEEL

h (
~
) f (MHz ) Kb V (m/sec)

0 2 0 30.5° 2920

20 2 0.10 31.70 2820

¶ 50 2 0 .22 32.3 ° 2 7 5

69 2 0.30 32.70 274 5

- 69 3 0.45 33.0° 2720

69 4 0.59 34.0° 2650

-~ 69 5 074 34.9° 2590

~ (calculated) — 44.0° 2135

I
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Figure I I .  Plot of phase ve loc i ty  vs.  Kit for copper on s t a in less
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- TABLE 5

- PHASE VELOC iTIES CA LCULATED FROM THE RAYLEIGH ANGLES PlEASURED
- - 

FOR MATERIALS LOADED WITH ALUMINUM

- - Substrate h (p) f (MHz) Kh Op V (m/sec)

• Aluminum Oxide 0 2 0 15.5° 5545
20 2 0.05 15.5° 5S45

- 
- 58 2 0.13 16.3° 5280

215 2 0.49 17.5° 4930
- 215 5 1. 22 18.7 ° 4620

- Glass 0 2 0 28.5 ° 3105
29 2 0.12 29.0° 3055

- 58 2 0.24 30.0° 2965
- -

~ Stainless Steel 0 2 0 30.5° 2920
- 29 2 0.12 31.3° 2855

• 29 3 0.19 31.5° 2835
(calculated) 32.0° 2795
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Aluminum oxide has ne~L r ly  t w i c e  the shear v e l o c i t y  of the a lum inum

layer. The 2Ou layer on aluminum oxide demonstrates that there Is a

minimum layer thickness below which no appreciable change in phase

veloc ity occurs. For this particular sample, the substrate Rayleigh

wavelength is 140 times the layer thickness, and the Rayleigh angle is

the same as if no layer were present. Refer to Figure 12 for a plot of

phase velocity as a function of Kit for aluminum on aluminum oxide. Here

again, the curve has been extended to show the expected behavior for

larger Kh values .

The other two substrates have shear velocities much closer to

that of the layer. The shear velocity of glass is only about 10% higher

that that of aluminum, while V~ for steel is very near, though slightly

above, the layer shear velocity. I)ata for these substrates show that

regardless of the differential between layer and substrate shear

velocities, the phase velocity will be lower than the substrate Rayleigh

velocity as long as 
~~ 

V~. This is the result expected for the vacuum-

solid layer-solid case considered by Farnell and Adler.

Stainless steel on aluminum oxide. Layers of stainless steel on

aluminum oxide were examined with 2 M h z  beams to f u r t h e r  study the

loading effect. The phase velocities obtained as a funct ion of Kb

listed in Tah1~ 6. Once again, the smallest layer (2Sii l produces no

measureable change in v e l o c i t y ,  and as Kb increases , the phase velocity

decreases. 
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TABLE 6

PHASE VELOCITIES CALCULATED FROM THE RAYLEIGH ANGLES MEASURED
FOR STAINLESS STEEL ON ALUMINUM OXIDE

h (Li ) f (~lHz) Kh 
- 

0R V (m/sec)
0 2 0 15.5° 5545

25 2 0.06 15.5° 5545

51 2 0.12 16.0° 5375

- 
76 2 0.17 16.3° 5280

102 2 0.23 17.0° 5070

• (calculated) 31.0° 2875

_ _ _ _ _ _ _ _ _ _-- ~~~~~~~~--~~~~ - - -  - -
~~_
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• Stiffening (Vs s )

“Sti ffening” is said to occur when the layer shear velocity exceeds

the substrate shear velocity. In this case, the Farnell-Ad ler theory

predicts that the phase velocity will be higher than the substrate leaky

Rayleigh velocity, corresponding to a decrease in Rayleigh angle.

Zirconium oxide on stainless steel. Zirconium oxide has a shear

velocity 35% higher than that of the stainless steel substrate. The

Rayleigh angle measured for steel is 30.5°, while for zirconium oxide

it is calculated to be 21.9°. Examination of the phase velocities

listed in Table 7 shows that they decrease as Kh increases, an unexpected

result on the basis of the theory.

• Aluminum oxide on stainless steel. Earlier (page 31), stainless

steel was observed to load aluminum oxide. Choosing stainless steel as

the substrate and aluminum oxide as the layer should then cause

stiffening, but the results in Table 8 are those expected for the case

of loading. Recall  that  aluminum oxide has twice the shear velocity

of stainless steel.

Samples stiffened with aluminum. Copper and brass were layered

with aluminum to test stiffening, and the results are given in Table 9.

The Rayleigh angle decreases for both materials when stiffened by

aluminum . Figure 13 is a p lo t of phase velocity V as a function of Kh

for aluminum on copper. The plot resembles Figure 2 on page 7 in that V

approaches the substrate shear velocity for small values of Kb , but near

Kh = 0, the data points i n d i c a t e  that the curvature is quite different
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TABLE 7

PHASE VELOCITIES CALCULATED FROM THE RAYLEIGH ANGLE S MEASURED
FOR ZIRCONIUM OXIDE ON STAINLESS STEt~L

h (~i) f (P .*lz) Kh Op V (rn/sec)

0 2 0 30.5 0 2920
25 2 0.11 31.0° 2880

25 3 0.16 31. 00 2880
75 2 0.32 31.5 0 2835

150 2 065 32.5° 2760

150 3 0.97 33.0° 2720
250 2 1.08 34.5° 2615

250 3 1.61 34.5° 2615

250 4 2.15 34.5° 2615

~ (calculated ) 
21.9° 3975

TABLE 8

PHASE VELOCITIES CALCULATED FROM THE RAYLEIGH ANGLES MEASURED
FOR ALUMINUM OXIDE ON STAINLESS STEEL

h (p) f (!4-Iz) Kb O~ V (m/sec)

0 2 0 30.5° 2920

50 2 0.22 31.3° 2850

100 2 0.43 35.0° 2585

~ (calculated) 
15.5° 5545

a 

~~~~~~~~~ - --~~  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE 9

PHASE VELOCITIES CALCULATE D FROM ThE RAY LEIGH ANGLES MEASURED
FOR COPPER AND BRASS STIFFENED WITH ALUMINUM - -

Substrate h (L’ ) f (l4iz) Kb V (m/sec)

Copper 0 2 0 46.3° 2050
29 2 0.18 46.00 2060
58 2 0.36 4 5•3

0 2085
29 5 0.44 44.0° 2135
87 2 0.S4 43.5° 2155
29 7 0.62 43•5

0 2155
116 2 0.72 42. 5° 2195

Brass 0 2 0 50.0° 1935
20 2 0.13 50.0° 1935
29 2 0.19 49.7° 1945 - 

-

58 2 0.38 48.9° 1965
215 2 1.40 46.5° 2045

~ (calculated) 32.0° 2795

-

~
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~
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O from that shown for silicon on zinc oxide. Indeed , a point of

inflection occurs near Kb = 1/2 when the data are plotted for aluminum

on copper. It should be noted however that this sample does not obey

the strongly stiffening condition of Farnell and Adler.

The data for aluminum on brass are plotted in Figure 14. The

resemblance to Figure 2, page 7, for silicon on zinc oxide is again

noticeable, as the phase velocity approaches the substrate shear

velocity over a limited range of Kb. However, again the curvature in

the region near Kh = 0 is like that for the aluminum on copper sample,

and quite different from that evident in Figure 2. The aluminum on

brass sample does obey the strongly stiffening condition of Farnell and

Adler. It appears that the observed behavior near Kb = 0 may be

• characteristic in cases of stiffening since it is observed in the plots

for both samples.

Other samples. Stiffening was examined using other samples as

shown in Table 10. For stainless steel on copper, the layer thickness

h is about 10% of the substrate Rayleigh wavelength, and the phase

velocity increases by 6% over VR. The brass substrate and copper layer — 
-

have nearly the same shear velocity, that of copper being slightly

higher. The fact that copper causes an increase in V over VR indicates 
I 

-

~

that such an increase will occur regardless of the shear velocity

differential as long as V~ - V,~, as the theory predicts in the vacuum-

solid layer-solid case. 
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TABLE 10

PHASE VELOCITIES CALCULATED FROM THE RAY LEIGH ANGLES P&AStJREI)
FOR OTHER “STIFFENED ” SAMPLES

Substrate Layer h (~) f (MHz) Kh O~ 
V (mlsec)

Copper Stainless Steel 0 2 0 46.3° 2050
102 2 0.63 43.0° 2175

t
Brass Stainless Steel 0 2 0 50.0° 1935

102 2 0.b6 47 .3° 2015

L Brass Nickel 0 2 0 50.0° 1935
T 45 2 0.29 49.5° 1950

- 

45 5 0.73 48.5° 1980

Brass Copper 0 2 0 50.0° 1935
— - 115 2 0. 75 48.3° 1985

I
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Lead and Plexi glass as Substrates

Lead and plex iglass have shear velocities lower than the

longitudinal veloc ity of water, and therefore have no Rayleigh angles.

When layers are added to them, however , null strips can be detected.

Two types of layers, brass and aluminum, were bonded to lead, thus

causing nul l  strips to appear at the angles shown in Table 11.

Plexiglass is perhaps a more interestiug sample to study . Between

42° and .2 ° incidence , the reflection coefficient is so small (Smith,

1971) that no reflected beam can be seen. Also, recent experiments

(Breazeale , 1978, p. -15) have shown that a null strip can be detected

for plexiglass at an angle of 40° even though no Rayleigh angle ex ists.

Layers of brass and stainless steel were bonded onto plex iglass, and

the angles at which nul l strips were observed are given in Table 12.

A null strip was observed for the plex iglass at 40°, but the addition —

of the thin layers causes an increase of about 15° in the angle at

which the  m i l l  s t r ip  is  seen . The l52~i brass l ay er , comparable to a thin

plate, was examined at 2 MHz to determine whether the 53° nu l l  st r ip

might be attri buted to a plate mode , hut no n u l l  s t r ip  occurred near

that angle for the th in  plate .  In each case , a reflected beam is

present at all angles when a layer is deposited on pl exig lass , u n l i k e

for the plain substrate.

B. PTIlANOl~ AS TIII~ PROPAGATING MEiDIUM

The liquid— sol i i  l a y e r — s o l i d  Prob l em WRS further studied by testing

loading and s t i f f e n i n g  u s I n g  ethanol as the l i qu id med ium . The

- - — -
~~~~~~

-
~~~~~ - -- - - j



-. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ -~~~~~~~~~-~~
-
~~~~

- -- - -

~~~~~~

42

TABLE 11

ThIN LAYERS ON LEAD

~1iiI Layer h (i) f (MHz) 0R V (m/sec)
Brass 152 2 59.0° 1730

Aluminum 29 3 56.0° 1790

TABLE 12

ThIN LAYERS ON PLEXIGLASS

Layer h (ii ) f (MHz) O~ V (m/sec)
Brass 152 2 53.0° 1855

Steel 25 2 55. 0° 1810

51 2 54.5° 1820

76 2 54.0° 1830

H
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longi tudina l velocity of ethanol was measured to be 1170 m l  sec, and

the density was taken as 0.79 g/cm3 from the CRC Handbook of Chemistry

and Physics.

Loading (V5~~j~j

The 69u copper layer on stainless steel was examined with three

different frequencies to test loading in ethanol. Table 13 shows that

as Kb increases, V decreases, and hence the copper-steel sample gives

the expected result for loading in ethanol as well as in water. The

data are plotted in Figure 15, and as before the curve has been

extended to show the data trend for larger Kb values.

Stiffening (V s > V ç)

Two substrates were used to test stiffening in ethanol, and the

data obtained are given in Table 14. For the copper layer on brass and

the steel layers on copper, the phase velocities are larger than the

corresponding leaky Rayleigh velocities of the substrates as the

theory predicts for the vacuum-solid layer-solid case.

C. ETHANOL WATER MIXTURE AS THE PROPAGATING MEDIUM - -

Pure ethanol has a much lower longitudinal velocity than water,

but in a mixture of the two containing 25% ethanol by volume , the speed

of sound is greater than in either liquid. Such a mixture was used as

still another propagating medium to examine the liquid-solid layer-solid
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TABLE 13

LOADING IN EThANOL. PHASE VELOCITIES CALCULATED FROM ThE
RAYLEIGH ANGLES MEASURED FOR COPPER ON STAINLESS STEEL

h (ii ) f (MHz) Kb V (m/sec)

0 2 0 26.0° 2670

69 2 0. 32 26.7 ° 2605

- 
. 69 3 0.49 27.0° 2575

69 6 0.97 28.3° 2470

~ (calculated) 
33.3° 2130

-T----- -~~
_ —-
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Figure 15. Plot of phase velocity vs. Kb for copper on stainless
steel (V 5 < V5) in ethanol. 

-~~~



- ‘ - - - - 
~~~~~~~~~~~~

_ ———- -_.-.-ø. rr vs~~ ? - x’r-gnr as - -

4(1

TABLE 14

STIFFENING IN EThANOL. PHASE VELOCITIES CALCULATED FROM ThE
RAY LEIGH ANGLES MEASURED FOR SAMPLES STIFFENED IN EThANOL

Substrate Layer h (p)  f (MHz) Kb V (in/secj

Brass Copper 0 2 0 39.5° 1840

115 2 0.79 38.5° 1880

Copper Steel 0 2 0 37.0° 1945

25 2 0.16 36. 5° 1965

51 2 0.32 36. 0° 1990
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problem. The longitudinal velocity in the mixture was measured at

1552 rn/sec. The density was taken as 0.95 g/cm3 by averaging the

densities of the two component liquids with appropriate weighting

factors to account for the fraction of each component present in the

mixture. Only a few examples were studied in this liquid due to heat

schlieren problems caused by the exothermic mixing process.

Loading (Ys < 
V~~

Copper on steel was again used to test loading. As the data in

Table 15 show, V < V~ for each Kh value just as in water and pure

ethanol, and as expected from the Parnell—Adler theory.

Stiffening (“s_u s1
In water, aluminum oxide on steel causes the phase velocity to

be lower than the steel Rayleigh velocity, although one might expect

it to be higher since > V~. The data in Table 16 indicate that the

behavior observed in water occurs in the mixture as well.

U. COMPARISON OP CALCULATE!) AN!) OBSERVED
RAYLEIGH VELOCITI E S

Equation 2 on page 10 , due to lJber alI  (1973) , has been used

by investigators to calculate the Rayleigh velocity of a mater ia l

inunersed in a li quid medium . This section compares measured values

with values calculated from this equation for samples in each of the

three liquids previously discussed , whose properties are summarized

in Table 17. The properties of the samples are given in Table 1 ,

page 21.

-- ~~~~~- --- ~~~~~-- - — -
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TABLE 15

WADING IN THE ETHANOL-WATER MIXTURE. PHASE VELOCITIES CALCULATED
FROM THE RAYLEIGH ANGLES MEASURED FOR COPPER ON STAINLESS STEEL

h (14) f (MHz) Kb 0R V (rn/sec)

0 2 0 34.0° 2775
69 2 0.31 35.5° 2675
69 3 0.47 36.0° 2640
69 5 0.78 37.0° 2580
(calculated) 46.7° 2135

TABLE 16

PHASE VELOCITIES CALCULATED FROM THE RAYLEIGH ANGLES MEASURED FOR
ALUMINUM OXIDE ON STAINLESS STEEL IMMERSED IN ThE EThANOL-

WATER MIXTURE

h (ii ) f (MH z) Kb O~ V (in/sec)

o 2 0 34.0° 2775 - 
-

100 2 0.45 38.0° 2520
100 3 0.68 38.3° 2505
100 5 1.13 40.0° 2415

(calculated) 16.5° 5465

TABLE 17

PROPERTIES OF LIQUID MEDIA

I4quid p (g/cm3) VL (m/seç) 
- -

Water 1.0 1482
Ethanol 0.79 1170
Mixture 0.95 1552

____ ~— -~- ~~~~~~~~~~~~~~
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Samples Immersed in Water

Table 18 gives the calculated and measured values of the Rayleigh

velocity for each of the six samples studied. There is excellent

agreement between the observed and calculated values (within 1%) in

every case except for the copper, which shows a 4% difference. The

pulse-echo technique used in measuring the shear velocity of the

copper sample is less accurate than the methods used for the other

samples, and as much as a 3% error is conceivable. A shear velocity

3% lower than that listed for copper would give a calculation very

close to the observed value.

Samples immersed in Ethanol

The (Iberall equation has accurately predicted Rayleigh veloc ities

for materials immersed in water, but the equation must now be tested

for other liquids. Table 19 lists results obtained for the same six

samples when ethanol is used as the propagating medium. The last column

in the table shows the percentage difference between expected and - -

measured Rayleigh velocities, and for each sample the theory and

experiment differ by more than can be expected from experimental error.

Even for the copper, a 3% error in shear velocity measurement would not : 
-

cause such deviation.

Samples Immersed in the Ethanol-Water Mixture

Only three samples were studied in the mixture, and results are

given in Table 20. The measured Rayleigh velocity for aluminum oxide

agrees well with the fiberall calculation , but for the stainless steel

and copper, the difference is much greater.

I L
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TABLE 18

COMPARISON OF CALCULATED AND MEASURED RAYLEIGH VELOCITIES
FOR SAMPLES IN WATER

0R 
V
R

Sample Calculated Observed Calculated Observed

Stainless Steel 30.4° 30.5° 2930 2920
Aluminum 30.6° 31.0° 2910 2875
Brass 50.5° 50.0° 1920 1935
Copper 44.0° 46.3° 2135 2050
Glass 28.6° 28.5° 3095 3105
Aluminum Oxide 15.54° 15.5° 5530 5545

TABLE 19

COMPARISON OF CALCULATED AND MEASURE !) RAY LE I GH VELOCITIES
FOR SAMPLES IN ETHANOL

0R 
VR

Sample CaTculated Observed Calculated Observed Uiffere~~~
Stainless Steel 23.5° 26.0° 2935 270 9%
Aluminum 23.8° 25.7° 2900 2700 7%
Brass 37.6° 39.5° 1920 1840 4%
Copper 33.3° 37.0° 2135 1945 9%
Glass 22.3° 25.5° 3085 2720 12%
Aluminum Oxide 12.2° 14.00 5535 4835 13~

TABLE 2O

COMPARISON OF CALCULATED AND MEASURED RAYLEIGH VELOCIT1I~
FOR SAMPLES IN TUE EThANOL-WATER MIXTURE 

V
R

Sample Calculated Observed Calculated Observed Difference

Stainless Steel 32.0° 34.0° 2930 2775 5%
Copper 46.7° 51.0° 2135 2000 6%
Aluminum Oxide 16.3° 16.5° 5530 5465 1%
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Ch APTER V

SUMMARY ANt) CONCLUSION

The phase velocity of the Rayleigh -like mode in the liquid-solid

layer-solid problem behaves in the same manner expected in the vacuum-

solid layer-sol id case discussed by Farnell and Adler (1972) in all

samples studied with two notable exceptions. The zirconium oxide and

aluminum oxide layers on stainless steel obey the condition for

stiffening since the layer shear velocities exceed the substrate shear

velocities (although the zirconium oxide on steel does not obey the

Farnell-Adler condition for strong stiffening because V
~ 

v’~~ V s ). In

both cases the phase v e l o c i t y  decreases w i t h  increas ing Kh, the result

expected for loading on the basis of the Farnell-Adler theory.

It is probable that the way these samples were prepared led to this

unexpected behavior. As expl ained on page 20, the ceramic layers under

considerat ion were spray coa ted onto the stainless steel substrate, the

only mater ia ls  so deposited . The process requires the ceramic to be

heated to the m e l t i n g  point and then sprayed onto the steel  where i t

hardens as it cools . This method produces the least  smooth l ay e r s  of

al l  deposition methods used , and in fact the ceramic lav et - s  art’ q u i t e

grainy. This is surely a non-neglig ible condi tion and cou ld lead to the

- - observed behavior. It is l i k e l y  tha t  the elastic properties of the

ceramic layers were altered by the spray coa ti ng process , and as a

result the shear velocities of the layers may have been lowered below

SI -
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that of the steel so that the layers load rather than stiffen the

substrate. Shear wave velocities as low as 250 M/sec have been observed

in similarly granular sediments [Breazeale and Bjørn$ (1977)~I.
Another important point to consider is the manner in which the

curves in Figures 13 and 14 , pages 37 and 39, for stiffening approach

the substrate Rayleigh velocity in the Kb = 0 reg ion. The theoretical

curve of Faritell and Adler for silicon on zinc oxide (Figure 2, page 7)

shows a steep slope in this region . Data for aluminum layers on copper

and brass in water indicate that there is a minimum layer thickness

below which no measurable change in phase veloc ity occurs. As a result

the phase velocity calculated from the data increases with increasing

Kb much more slowly near Kh = 0 than suggested by the theory for the

vacuum-solid layer-solid case.

1-
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CHAPTER VI

SUGGESTIONS FOR FURTHE R WORK

The following is a list of ideas which may be developed for

completeness:

1. At present, no theory is available to predict the behavior of

the phase velocity for the liquid-solid layer-solid problem. It would

be desirable to develop a theory describing the problem.

2. Most of the phase velocities reported in this thesis were given

for Kb < 1. Other investigators might use thicker layers and higher

frequencies in order to fill out the curves for phase velocity vs. Kb

in more detail.

3. The manner in which the curves approach Kb = 0 in the case of

stiffening should be further investigated to see if there is indeed a - 
-

difference between the Farnell-Adler prediction in a vacuum and the

observed behavior in a liquid medium.

4. An investigation of the application of the equation cited by

Oberall must be made in more detail to see how well the equation predicts

Rayleigh velocities in other liquid media.

5. No difference was measured in Rayleigh angle between the

circular and rectangular electrodes used in this study. However, both

types of electrodes produce Gaussian beams. A direct comparison should

be made between the rectangular electrodes and the circular electrodes,

used by some investigators, which have the same diameter as the trans-

~~~ ducer but which produce non-Gaussian beams.

53
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6. An expansion of this work could be made by giving a more

quantitative measurement of the amplitude in the reflected beam. 
-

7. An obvious extension of this problem would be the study of

multilayered media. 
-

I 

-
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