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ABSTRACT
Ultrasonic Thin-Walled Tube Devices

Xing Li

Ultrasonic devices employing thin-walled tubes for sensor considerations are theoretically
and experimentally investigated. Similar to ultrasonic plate we.ve sensors these configurations
have advantages of separating the sensing medium from the sensor electronics and of high mass
sensitivity for several modes provided that the tube wall thickness /4 is very thin. Furthermore, the
inner side of the tube can be used as the chamber or flow channel of the gases or liquid to be

monitored.

In order to achieve an integrated sensor configuration, a sol-gel process for the fabrication
of thin piezoelectric lead zirconate titanate (PZT) films coated coaxially on stainless steel tubes is
developed. PZT film thickness up to several microns and coating length more than several
centimeters have been achieved. Interdigital transducers (IDT) which excite the ultrasonic waves
are fabricated as the transmitter and receiver on the curved tube surfaces. Along the axial
direction, delay line configurations are adopted (o measure the velocity and phase change of the
acoustic modes. Along the circumferential direction a resonator or delay line geometry is made
with one IDT. Experimental measurements with good signal to noise ratio at frequencies between

1 and 8 MHz are presented. Effect of liquid loading in the tube device is also investigated.

The wave propagation characteristics in both the axial and circumferential directions of
the cylindrical shells, as well as the mass sensitivity of the thin-walled tube wave devices, are
theoretically analyzed. Explicit formulas for the mass sensitivities of several modes such as the

lowest axially symmetric mode and torsional mode were derived and compared with those of the

iii




bulk, plate and thin rod acoustic wave sensor devices. The high mass sensitivity can be achieved

by using thin wall (small 4) tubes and it makes these devices excellent sensor candidates.

iv
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CHAPTER 1: INTRODUCTION

There has been growing interest in the development of integrated acoustic sensors
in the past two decades. Most of them are based on bulk acoustic waves (BAW) [1-14],
surface acoustic waves (SAW) including shear-horizontal and Love types [15-41], plate
acoustic waves including Lamb and shear-horizontal types [42-54], and most recently thin
rod acoustic waves [55-60]. These sensors are used for chemical sensing in either gases or
liquids, to determine concentrations of certain chemical and biological substances
[6,7,9,19,12,17,18,20,24-28,35,39,40,51,60,61], as well as for physical property
monitoring such as film thickness [1-4], temperature [15,18,34], pressure [15,16,30],
viscosity [8,13,16,34,36,52,54], acceleration [29], and voltage [21], etc. Fig.1.1 briefly
illustrates the geometrical configurations of the above sensors employing four different

types of acoustic waves.

When additional mass is loaded onto the sensing surface of a device, it causes
changes in the acoustic properties. In an acoustic delay line, a perturbation leads to a
change of the wave velocity and thus a change of the time for the waves traveling from the
transmitter to the receiver. In a resonator, the resonant frequency shifts from the unloaded
resonant frequency, due to the loaded mass. A sensor coated with chemical or biological
selective layer(s) may be able to bind particular particles of interest onto its surface. By
measuring and analyzing the change of the acoustic parameters due to the mass loading,
the so called gravimetric effect, information about the concentration of the attached
substances in the medium (gas or liquid) may be obtained. A review article [61] has
outlined several basic requirements of such chemically-selective coatings. In order to
reduce the sensor noise caused by environmental fluctuations such as temperature and

pressure, in general a dual-channel configuration [19,22] was used.
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Figure 1.1 Four different geometries (a) bulk, (b) surface,

(c) plate, and (d) fibre acoustic wave devices




Many recent studies have been reported on membranes and fibres, which have
considerably higher sensitivity than traditional BAW and SAW devices [46-58]. In
general, the mass sensitivity is inversely proportional to the mass per unit area of a
characteristic layer in the thickness direction of the device substrate. Physically this layer is
the active region of the device that stores elastic energy and is perturbed by changes of
surface mass. For the BAW and SAW sensors the thickness of this layer is approximately
the operating wave length, and for the plate and thin rod devices it is the plate thickness or
the rod diameter. To increase the sensitivity of the BAW or SAW sensors, the wavelength
must be decreased, or equivalently the frequency must be increased. By using very thin
plates or fibres, the sensitivity can be substantially increased independent of the
wavelength and thus the wave velocity. In addition, for a given acoustic wavelength, in the
lowest antisymmetric ( 4,) mode the phase velocity decreases as the plate thickness or the
rod diameter reduces. Therefore, these sensors can work at a very low frequency and
velocity with a high sensitivity. Furthermore, the sensitivity of a lowest symmetric (S,) or
shear-horizontal (SH,) plate acoustic wave sensor and that of a lowest order extensional
or torsional fibre acoustic wave sensor are also inversely proportional to their thickness
(or diameter), when the product of the frequency and the thickness (or diameter) is very
small [50-64]. In addition to the high sensitivities, thin plate acoustic wave devices offer a
significant advantage in that the sensing region and the device electronics are separated by

the thin plate [42,45-48,50,51].

However, for the sensing application in gases or liquids, the plate wave (also BAW
and SAW) sensors reqire containers for the gases or liquids to be monitored, as shown in
Fig.1.2. Often, the construciion of these coutainers need special attention and sometimes
makes the device impractical for use. The development of tube sensors comes from the

consideration of an improvement in this respect.
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Figure 1.2 Comparison between plate and tube wave devices in the aspect

of the chamber containing gas or liquid to be monitored

As in the case of the thin plate, when the tube wall is thin enough, the wave energy
can be present on both its inner and outer sides, allowing one of its sides, say the inner
one, to be used as the active sensing surface and the other side to be equipped with device
electronics. It can be expected that properties of the wave propagating in a tube whose
wall thickness is very small compared to its diameter are very similar in many ways to
those of a thin membrane. Thus a thin-walled tube, with many advantages of the thin plate
devices, offers a unique geometrical structure where, for instance, the inner side is
naturally used as the container for the gases or the liquids to be sensed, as shown in

Fig.1.2. A tube delay-line sensor, which is very similar to a plate wave delay
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Figure 1.3  Two geometries of tube devices: (a) axial wave delay line, and

(b) circumferential wave delay line or resonator.

line, is illustrated in Fig.1.3 (a). In addition to the delay-line configuration, the tube wave
devices can be also used in a resonator structure. Furthermore, along the circumferential
direction of the tube it is possible that only one transducer is used, and waves excited in
both directions have the same contribution and travel along the circumference without

reflection (See Fig.1.3 (b) ).




While some approaches and technologies for SAW and plate wave sensors may
readily be employed in the tube sensors, such as interdigital transducers (IDT) and their
fabrication, theoretical analysis for tube waves and actual techniques for fabricating the

tube devices are indispensable.

Problems of wave propagation in a hollow cylindrical structure are in principle
more complicated than in the planar structure. Although interest in the study of elastic
waves in cylindrical structures goes back more than one hundred years [62], it has been
only in recent decades that exact solutions for elastic waves in thick shells were obtained
and varied approximate theories were developed for thin shells, only a few of which [63-
71,77,78] are quoted here. Their results were displayed in terms of dispersion curves,
displacement and stress distributions for infinite as well as finite shells either in a vacuum
or in an acoustic medium (water). Experimental results were also obtained and compared
with the theories [73-76]. However, while the wave propagation in the axial direction has
been extensively studied, only a few reports on that along the circumferential direction are
found in the literature [77][78] (those on circumferential surface waves are not included)

and the theories given were not complete.

In this thesis a general analysis of the waves in a cylindrical shell will be outlined,
including both axial and circumferential directions, which provides a guideline for the
selection of proper modes for practical device considerations. Special attention is devoted

to circumferential modes.

Techaologically, one important concern is how to achieve an integrated tube wave
device which is of practical interest. A practical approach is to coat piezoelectric layers
onto the tube surface, as shown in Fig.1.4, which converts the electrical and energy and

energies from one to another. In general, piezoelectric thin films such as ZnO and AIN




. . Piezoelectric layer
Tube acoustic wave guide (e.g. PZT, ZnO, etc.)

;n

Chemically-selective layer Interdigital transducers (IDT)

Figure 1.4  Structure of a typical tube sensor

fabricated by conventional vacuum sputtering techniques, which have been used for planar
substrates in SAW or membrane devices, are difficult to coat on surfaces with large
curvatures, metallic substrates and substrates with a long coating length. Lead zirconate
titanate (PZT) ceramics, have been widely used as a class of piezoelectric and acoustic
transducer materials because of their large piezoelectric coupling coefficients [80]. Up to
1987, the fabrication of PZT films had been reported primarily using techniques such as rf
sputtering, electron beam evaporation and ion beam deposition. More recently, pulse laser
deposition has been explored [81]. These physical deposition techniques have the common
feature that it is necessary to deposit the films in high vacuum and to sputter or evaporate
materials from a multicomponent material source. This implies that a complex set of
conditions has to be met to obtain good quality films. In recent years, fabrication of PZT

films by the chemical sol-gel method [82-90] has become attractive, because of its




advantages such as easier fabrication of large areas and on complex shapes [88,89),

suitability for metallic substrates [88], low cost, short fabrication cycle, etc.

Once tubes coated with piezoelectric layers are available, technologies used in
SAW and thin plate devices for fabricating the interdigital transducers (IDT), which excite
acoustic waves in the piezoelectric layer and reconvert them into electrical signals, can be
then adopted here. However, special procedures must be developed since for the tube

devices the IDTs are to be made on curved surfaces rather than on flat ones.

In this thesis we introduce and develop ultrasonic devices employing thin-wall
tubes for sensor considerations, which is an extension of the previous works on thin
membrane and fibre acoustic sensors. Related theories are studied and applied to this

subject.

Chapter 2 gives the fundamentals. In Chapter 2.1 a general description is
introduced of waves propagating in cylindrical shells and particular discussions are given
on circumferential waves. Gravimetric sensitivities of tube sensors derived using

perturbation theory are discussed in Chapter 2.2.

Chapter 3 presents detailed descriptions of the experimental procedures for thin-

walled tube fabrication, PZT film coating and IDT transducers making.

In Chapter 4 we show experimental results of the tubes wave devices, and evaluate
their sensing features. Concluding remarks and comments on further development of the

sensors are given in Chapter 5.




CHAPTER 2 : THEORIES

2.1 ELASTIC WAVES PROPAGATING IN CYLINDRICAL SHELLS

The propagation of free harmonic waves along a hollow cylinder of infinite extent
was studied by Gasiz {67, 68] and many others (not quoted here), within the framework of
the linear theory of elasticity. The waves considered were coherently propagating along
axial direction in sinusoidal function form, and the acoustic fields in the circumferential
direction were stationary and periodic. In our sensing application involving circumferential
modes, the fraveling waves rather than the stationary ones are of interest. The three-
dimensional theory given in [68] is reviewed here first, and then its extension will be

developed in section 2.1.1, to accommodate the propagating circumferential waves.

Consider a concentrical hollow cylinder with finite thickness » = b-a, where a and

b are the inner and outer radii, respectively (Fig. 2.1).

Figure 2.1. Cylindrical shell and the co-ordinate system




The equations of motion for an isotropic elastic medium are, in invariant form,

A pdtu
Vau+(1+=)VVu=tex B
u+( +”) V-u Lor @1

where u is the displacement vector, p is the density, A and p are the Lame's constant, and

V? is the Laplace's operator. The displacement u is expressed in terms of a dilatational

scalar potential @ and an equivoluminal vector potential ¥ according to

u=Vop+Vxy, 2.2)

with

V.y=0. (2.3)

The displacement equations of motion are satisfied if the potentials satisfy the wave

equations
1 3%
Vip=z——>
¢ v:or’
s 2\|r 2.49)
Vig=———"
M vE ar’

where 7 and ¥ represent the longitudinal and shear wave velocities in this bulk material,

respectively, and given by

Vi=(A+2u)/p;

2.5
Ve=n/p. @

In detail, the Helmholtz equations (2.4) can be expressed in cylindrical coordinates by

10




(V2 +a?172)p=0;
2 -0

(v2 +a? 178}y, =0, 26

(V2 =177 +0? 1V2)w, —(2/7*) (e / 36) =0,

(V2 =1/r2 +@* 1V v, +(2/ )3y, 1 36)=0

Let the potentials be of the form

¢ = f(r)-cos(nB)-exp[j(y + w¥)}
¥, = g,(r)-sin(n6)-exp[ j(1z + i)}, @7
Yo = 8o(7)- cos(n8)- exp[j(1z + i)}

= g,(r)-sin(n6)-exp[ j(1z + )]

where v is the axial propagation constant. The waves propagate in the positive axial
direction, and around the circumference the waves are stationarily distributed in an

arbitrary numbei of waves 7. By substituting Eqs.(2.7) into Eq.(2.6), one obtains

2
8afr(r) : 3affr)+[az_:_2]f (r)=0; (28-2)
d d
ag:(r) : g:(r) +[p2 'r’]g,(r) 0, (2.8-b)
a 2
agr,(r) : 3g,(r)+[ﬁz n ],( )+ 22 R a0, (2.8-)

d go(") 1 3g9(r) 2
ar? r +[ﬂ

] go(r )+ =0, (2.8-d)

where a and b are the radial component of the longitudinal and shear wave vectors,

respectively, which are given as

11




o = IV -y
B’:w’/VS’"— 2 (2.9

Eqgs. (2.8-a, 2.8-b) are the standard Bessel's equations and their solutions are the Bessel

functions with arguments o and Br. Considering the case > 0 and 8 > 0, the general

solutions can be given by,

f=AJ(ar)+B Y (ar),

2.10
g,=8,=C,-J,(Br)+D,-Y,(Br), 2.10)

where, J, and Y, are the first and second Bessel's functions of nth order, respectively.

Subtracting Eq.(2.8-d) from Eq.(2.8-c) gives

ar? ror

d? 2
[ L2 pr- ) ][g,(r) 2,(M)]=0, @.11.1)

and adding Eq.(2.8-c) to Eq.(2.8-d) yields

82
[ s +/3 (" 1) }[g,(r)+ga(r)]= -

or* r (2.11-2)
The solutions of Egs. {(2.11-1) and(2.11-2) can then be given by
& =(1/2)(g, -8)=C,J,,(Br)+ DY, (Br);
& =(1/2)(g, +8g)= 4, J,(Br)+ B, Y _(Br). (2.12)

12




The property of the gauge invariance can now be utilized in order to eliminate two

of the integration constants of Eqs.(2.12). Owing to this property, any one of the three

potential components of g, (i =1,2, 3) can be set to zero, without loss of the generality of

solution. Physically, this implies that the displacement field corresponding to

equivoluminal potential g, can also be derived by a combination of the other two

equivoluminal potentials. Setting g, = 0, we have

8&=-8=§& (2.13)

The resulting displacements are then given by

u, =[f'+(n/r)gy + j¥ 8] cos(nB)- exp[j(y z+ w 1)}
uy=[-(n/r)f - g's+jy & |-sin(n)-explj(y z+ @ 1)}, (2.14)
u, =[jv 1 - g\ ~(n+1)(g / r)]-cos(nB)- expli(y z+ 1)},

where primes denotes differentiation with respect to 7.

The stress components are

T, =0, -cos(nB)- &’ *** ",
Tg = G,9-sin(nf)- e’ ", (2.15)

T, =0, -cos(nf).e’"***

where the distributions of the stresses are given by

on=i @4y s ey 1+ 2{g,-8) |
oulu=-2{ gL} jy ("t g~ g1 )-(2a"-p7s,); 216)

.o N, (n(n+1 .n
6. /u=2jyf —7 8 "( (rz )“ﬁz""yz)‘gl*JY’;'gs-
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The boundary conditions, for free motion, are

6,=0,=0,=0, at r=aandr=»5 (2.17;

The frequency equations result from substituting Eq. (2.16) in (2.17), with six
constants A, B, C, D, E, and F appearing in each of the six boundary condition equations.
A necessary and sufficient condition for the existence of a nontrivial solution is that the

determinant of coefficients must vanish, i.e.

l“I 1 l"IZ rl k] rM I‘I 5 Fl 6

er I“‘22 l“‘23 r24 I‘25 l-‘26

r!l FJZ r33 r34 r35 FJG =0

r4l raz r43 r—“ L 45 r46

l-‘Sl FSZ r53 r54 r55 r56 (2 1 8)
l“‘61 r‘62 r63 r64 r65 r66

where the elements are given by

0y =[2k12, —k;]'J"(xl)+2a2 S (%)
I, =[2k12. "ksz‘]'yn(xl)'*'2a2'yun (x)

M= 2j8-J i O1)
Iy =2/ Y_ 't 1)

l-‘15='2""B2‘ Jn'(.VJ)‘MJ
N A 341

r16=2"lﬁz° K-'(yl)‘—"—');(yl)]
N | N
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T =24 2] gy )+ 208 0 Gy
P =[2k] - R3] 1, (xy)+ 202 77, (x,)

Fs=28-0,,, 0n)
Cu=2/8-1,,, 0n)

2n 2 ’ ‘]n(yQ)
lL.=22p32. J —nM27
25 .Vzﬂ [n()’z) Y ]

2n 2 [ Yn(yZ)
I, =2-p82. Y — B2
26 W ﬂ [ n ()’z) yz ]

[‘3’ = -'2”“2 '[Jn'(xl)‘ J,,(x,)]
X Xy

—2na? Y. (x
I = "—"[,Q'(xz)"‘"'(-ll]
X Xy

Iy= jYﬁ'[-/'n+1 (.V:)"ﬁ;—]-/m(h)}
1

. . n+l
I = JYB'[Y,M o) -—;-Km (yx)]
1

I35 =ﬂ2 ‘[Jn(yx)"z"/"n ()’1)]
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2
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Ly =2y J,'(x))
I, =2jya-Y,'(x))
np? n(n+l)ﬁ g, Yz

Ty == ()
53 » n+l \J1 yl

“Jp1()

2
Fy=~ nﬂl Vo) - n(n;-l)ﬁ l’2+72 FaOn)

= mn'y;'(}’l)
1

To=2jy0J,' (x;)
T =2jy-1'(x,)

2 2

ro=-"E.r,., 00| (DB ﬁ’+v’ Jua ()
Y2 .V2

2

F64=""£“Y'n+l()’2)" n(n+1)ﬁ ﬁz'*")’z Y1 072)
Y2 5 .V2

Fss':jmn“,n(yz)
V2

F“=’J’,’2’"'Yn(yz)

where x, =oa, x,=fa, y=ab and y, =fb .

A. Circumferential modes - motion independent of z

Motion independent of z occurs when y =0, which corresponds to the cut-off

condition, or the waves around the circumference. The determinant of coefficients reduces
to
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r“ rlz 0 0 1-‘Ifi 1“16
er r): 0 0 rzs r26
I'y I, 0 0 Iy Ty
Tw Te 0 0 T T,
0 o0 I, r, 0 O
0 0 r, r, o0 O
(2.20)
I-‘II r 12 l-‘l.‘0 l-‘l6
- Gy Ty I gl My T -
= . =4 sl ¢ 52
r!l r32 F!S r36 rﬁ! 64
rﬂ F‘Z r45 I“46
Eq. (2.18) is satisfied if either
rll rlz rls r 16
8 = rZI r22 r25 r26 - 0 or 5 lr53 r$4 - 0 (2 21)
= X = .
' FJI r32 FSS r36 FGJ FM
rll r42 r‘i r46
For 6,=0, setC=0,D=0
The displacements are then
u, =[f'+(n/r)g,]-cos(n6)-e™,
g =[-(n/r)f - g\ sin(n6)-e™, (2.22)

u=0

We can see that the waves are independent of z, and have both the radial and the angular

components, which correspond to the sagittal-plane waves in the plate case. The

disp.ersion relation in these circumferential modes is determined by solving &,= 0.

For 8, =0, setting A=B=E=F =0 f=g,=0,
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the displacements becomes

u,(r)=0
ug(r)=0 (2.23)

u,(r)=[~g',~(n+1)(g / r))- cos(n6)-e™

and only one component - the longitudinal shear [67,68]component exists, which

corresponds to the shear-horizontal (SH) polarization in the flat plate case. Equation &, =

0 defines the dispersion relation of this type of modes.
B. Axial symmetric modes - motion independent of 0

In the case of n = 0, the motion is independent of 6 and the acoustic fields around
the circumference are uniform. These modes are referred to as axially symmetric modes.
The waves with only circumferential displacement is referred to as torsional modes, and

those with the axial-radial polarizations are referred to as longitudinal waves.

When n = 0, the determinant in Eq. (2.18) degenerates to the product of two

subderminants, i.e.

r, , , r, o o!

Iy Iy Iy Iy 00

0 0 Iy I, I I

0 0 Ty Ly L T
Iy Ty Ty Ty 00
Fg T Tg T 0 O (2.29)
rh np, Iy I

- Iy T Ty T _'ras Iy =5,-5,=0
I To T Tyl N T
Tq Te Ta T
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Considering ,=0, this is found to represent the longitudinal modes involving only
the displacements u, and u,, The displacement field 4, =0 is automatically satisfied since

sin(n@) =0 when n = 0. As in the case of waves in a plate, these modes involve both

dilatational and equivoluminal waves through the potentials f and g,. A special class of
solutions corresponding to equivoluminal Lamé-type modes is found to exist for the

special case of §* = > > 0 [68).

The torsional modes come from

84=0
(2.25)
A=B=C=D=0 — f=g =0,

In this case, only #, appears, which is not obvious from Eq. (2.7) where if n = 0 the

torsional term vanishes. However, this would not be the case if the alternate solution

involving the interchanged sin(n6) and cos(78) were used. The dispersion equation can be

simplified to

J,(Ba)-Y,(Bb)~J,(Bb)-Y,(Ba)=0 (2.26)

In analogy to the case of cylindrical rod, the lowest mode, corresponding to
F=w/Vi-y¥=0 (2.27)
is not adequately described by general expression for the displacements. But the field

u,=B-r-e’7*" (2.28)
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satisfies the wave equation and the boundary condition if the condition (2.27) holds. All

the physical meanings of this mode are the same as that of a rod.

In general, three classes of modes are recognized, the first two of which have their

equivalent in the flat plate. These are

1. Longitudinal axially symmetric modes
Ly, (m=123.)

2. Torsional axially symmetric modes
Tom(m=0,1,2,3..)

3. Non-axially symmetric modes

Foy(n=123..,m=123..)

In these modes the integer m refers to the modes of vibration within the wall of the
tube, while n refers to the modes of flexing of the tube as a whole. In the case of non-

axially symmetric modes F,,,, , all three particle motions are coupled to one another.

It could be difficult to visualize these modes, but it may be helpful to say that in the
limit (as the radius of the tube r — oo, or the relative wall thickness 4/ r — 0), the class
L, corresponds to all Lamb waves in a flat plate while the mode Ty, corresponds to the
SH, waves in the plate. Fig. 2.2 shows schematically the particle motion in the two lowest
axially symmetric modes Ly, and L, in a longitudinal section of the tube. It can be seen
that in both cases the motions are symmetric with respect to the axis, while Ly, mode is
antisymmetric and Ly, mode is symmetric with respect to the center of the inner and outer
shell surfaces. These two modes asymptotically correspond to the two lowest

antisymmetric and symmetric plate modes 4, and §,, respectively, as #/a— 0. One will
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Figure 2.2 Schematic illustration of the particle motion in the two lowest axially
symmetric tube modes (longitudinal section of tube).

note that as the inner radius a — 0, i.e. the tube reduces to a solid cylinder, the L,, mode

is identical to the lowest axisymmetric mode in a solid rod.
2.1.1 Traveling circumferential waves
The circumferential waves described in Eqs. (2.22) and (2.23) are stationary rather

than traveling waves. Along the angular direction, the displacements were described in

terms of cos(n8) or sin(n@), where n is an integer.
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Viktorov and Zubova firstly discussed the radial-angular plane circumferential
waves propagating in cylindrical shells [77], using a two-dimensional theory. They did not
discuss the longitudinal-shear modes, i.e. waves with polarization in the axial direction,
which correspond to the SH modes in the plate case and are also of our interest in sensing
application. In their discussion they have presumed the Lamb-like circumferential modes,
i.e. waves with polarization in the radial-angular plane, exist without showing that these
modes can be decoupled from the vibration in the axial direction. They made a quantitative
evaluation of the effect of curvature of the thin-walled shell on the normal mode
characteristics and obtained asymptotic solutions for the two lowest Lamb-like modes,
which correspond to the S, and 4, modes in the thin plate. This corresponds to the case in
the three-dimensional theory described above with y =0, §;= 0, and n>> |, i.e, there are
many wavelength around the circumference of the shell, and no wave nodes in the
thickness direction. By extending our discussions in the three-dimensional theory and
properly choosing the potentials, we can easily show that traveling Lamb-like and

traveling SH-like circumferential modes can be separated from each other.

In [68]), an angular wave number p = (2 m/ Ay) r was introduced to describe the
traveling circumferential waves, where p is a constant whereas A,, and so the phase
velocity, is a function of r , as shown in Fig. 2.3. For convenience in our treatment and a

better physical understanding of the angular wave number, we further define (see Fig. 2.3)

P=12=/A,)r=2n/0=0/Q, (2.29)

where the parameters Q and ©, can be named angular phase velocity and angular

wavelength of the circumferential wave propagation, respectively, as the counterparts of

the phase velocity and wavelength of the plate waves in a plate. Here p, Q and © are all

independent of the coordinate 7. In order to avoid the artificial limitation on the problem
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Figure 2.3 Illustration of a circumferential wave with an "angular wave length"

of O=A,/r,wherea<sr<b.

by integral values of P, we consider the solution in the infinite angular interval

—c0< @<+, In this way, different values of the solution in the intervals

m< 0/2x<m+1 for various values of the integer m are naturally interpreted as a field
consisting of a sequence of generalized plate waves [95] traversing the cylinder

circumference.

We now write the potentials in the form

@ = f(r)-cos(p6+ 7+ at),

v, =g, (r)-sin(pO+ 1z + o),
Vs = 8o(r)-cos(pO+ 1z +ax),
Y. =gz(’)'Si“(1_’9+)2+W)-

(2.30)

for traveling waves both in the 0 and z direction. Replacing Eq. (2.7) with Eq. (2.30), all

the equations associated will remain unchanged, except the parameter n is replaced by 7 ,
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the latter being not restricted to be an integer. With ¥ = 0, the waves are purely
circumferential. From previous discussion, two independent classes of modes can be
found. The relation between the unknown angular wave number Q and the parameters o,
B and the shell geometry (h, a, b) are defined by &,= 0 for the radial-angular modes and
by 8,= 0 for the longitudinal-shear modes, respectively, where the Bessel functions are
Dth order rather than nth. The phase velocities of the waves around the outer and inner
surfaces of the shell are expressed by bQ and aQ respectively. When a cylindrical shell
with very thin wall is considered, an average phase velocity can be described by RS,
where R is the average radius of the shell (see Fig. 2.3). By numerically solving the
frequency equations 6,= 0 and d,= 0, dispersion curves can be obtained for these two

types of modes. This is, however, beyond the scope of this thesis.

Practically, asymptotic solutions of the frequency equations are adopted to obtain
explicit expressions of the displacement distribution and / or the phase velocity, which are
then used to derive explicit formulas for the mass sensitivities of these modes. The few
lowest plate modes which are of interest for sensing application, correspond to the axial
tube modes of small integers 7 and m (usually O or 1), and to the circumferential modes of
very large p values (in our tube devices, for example, 7 = 30), respectively. Furthermore,
for the consideration of high sensitivities, we are interested in shells with very thin wall
thickness. The condition #— 0 or a@//h — o> means the arguments ar and fr appearing in
the equations are very large. The instability of the asymptotic behaviors of the high order
Bessel functions in the limit of large arguments makes it di“¥icult to search the asymptotic
solutions, as encountered in the case for the circumferential modes. Efforts in solving this
problem by appropriate mathematical transforms and in deriving the related mass
sensitivities are being made in parallel with this work in our team by Wang [95], who has
recently discussed the asymptotic solutions for the longitudinal-shear circumferential

modes and presented the mass sensitivity formulas.
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2.2 MASS SENSITIVITIES

In a resonator geometry, the acoustic device is used as the frequency-control
element of an oscillator. Perturbations of the oscillating frequency are monitored in
response to the changes of the environmental parameters which are considered as the

measurands or noise. The mass sensitivity of a resonator configuration is given by [46)

Sy = lim ——= 2.31)

where Am is the mass loaded on a unit surface area of the device, A f= /- f; and f;, and f
are the unloaded and loaded resonant frequencies, respectively. If the load mass layer is

uniformly distributed over the surface and has a density p’ and thickness A, then
Am = p'h. (2.32)

In an acoustic delay line, a signal of a fixed frequency and amplitude is applied. Changes in
the amplitude and/or phase between the input and output transducers due to the
perturbations can be determined by measuring the phase velocity and/or attenuation of the
propagating acoustic mode. The mass sensitivity in a delay-line configuration is given by

[46)

SY = (2.33)

lim 1
- Am-M)Vo

§[%

where V, and V are the unloaded and loaded phase velocities of the delay line,

respectively, and AV = V - ¥},
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According to Rayleigh's hypothesis [4,47), a mechanical resonant system oscillates
at a frequency at which the maximum kinetic energy U, is equal to the maximum potential
energy U, in the same volume. The energy in the form of a potential energy at a particular
time will totally convert into a kinetic energy after a quarter cycle. For acoustic
gravimetric sensors, if the loaded mass layer is very thin and does not contribute to the
elastic property of the resonator, the added layer will not store any potential energy during

the vibration cycle. The peak kinetic energy of the perturbed system will therefore remain

unchanged for the unperturbed resonator. Based on this hypothesis, the sensitivities S/

and S of the gravimetric sensors comprised of BAW, SAW, plate wave and thin rod

wave resonators [4,44,47,56] have been analyzed.

In this section we will estimate the mass sensitivities for two lowest thin-walled

tube modes Ly, and Ty, using the approaches developed in [56, 58].

Assuming that a uniform mass layer deposited on an acoustic resonator surface

changes the resonant frequency due to the boundary perturbation, we can show that

Aw _ p' 2 .
-a)——"mfs [Vl ds (2.44)

where @ =27 f; v, is the total amplitude of the vibration velocity of the particles on the

surface of the wave propagating medium; S is the area where mass loading occurs. U is
the stored energy of the unperturbed acoustic mode. p' and A are the density and the
thickness of the loading layer, respectively. The stored energy U in a resonator can be
expressed in a kinetic energy form. The total kinetic energy of a mechanical resonator in a

volume ¥ is given by
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U =p?, j@w,.(r) RdV (2.35)

where p, is the density of the resonator; v,(r) is the vibration velocity component of the

particle loaded at the position r and in the ith-direction.

For a tube with an inner radius a and an outer radius b, the kinetic energy Uin a

volume of 7(b2-a?)dz can be given by

U= [_g.;; j:);|v,.(r)|2rerzz bds. (2.36)
i
Thus,
s/ = -—1 (2.37)
m~ 20T (a,b) ‘

where, the parameter I (a,b) is the "equivalent depth" [46] of the displacement of a

certain acoustic tube mode, and for the case of outer surface sensing

Ia,b)=I*(a,b) =% {'in (¥rar (2.38)

or, for the case of inner surface sensing

Na,b) = I(a,b) = 7.1; Pin (r)rar

(2.39)

where

=3 (vir}?/ IvP. (2.40)

H
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With the same restrictions and assumptions as for the resonator, the perturbation

formula for the phase velocity measurement can be expressed by

AV _ P,

2 241
V 4P, Vol ( )

where P, is the average power flow per unit width and is given by

p 1

27 b 1¢b
=575 b LUavVgrdrd¢=;LUa‘,Vg rdr (2.42)

for a cylindrical shell. V; is the group velocity of the acoustic propagating mode along the

z direction. U,,, is the average stored energy density,

U, =L v
i

(2.43)
From Eqgs. (2.41), (2.42), (2.43) and (2.44) we have the relation
é_'i,:ﬂ(_"_) 244)
Vo f\Y
and thus
Sy = —V‘fs,{ : (2.45)

For the lowest longitudinal mode L,,, which corresponds to the 4, plate mode, if

the tube wall is thin enough the displacement distribution along the radial direction is
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considered to be uniform and the contribution of the longitudinal component can be

neglected , we have

u’ = Ae iy z—o 1)

where ¥is the longitudinal propagation constant,

The velocity of vibration is

Thus
1 verdd 1 e b -a?) | (1+alb
r(ab)=—2— 0= [ = =h(
b |vg(B)f b 2b 2

where h = b - a is the wall thickness of the tube.

Similarly,

I (a.b)=h (1+b/a)

Substituting Eqs. (2.48) and (2.49) respectively into Eq. (2.7) gives

1 1 1

S (B)= —
Sn®) 2pT(a,b) ph(1+a/lb)

and
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(2.46)

(2.47)

(2.48)

(2.49)

(2.50)




RTAC) [ ———
" 2pT%(a,b) ph(1+b/a)

(2.51)

If the wall is very thin compared to the radius, i.e,a =borh=b-a<<a b

1
f =3 f B e —
S/ (b)= S (a) o (2.52)

which is the same as the case of A; mode of thin plate [45, 56].
Ifa — -, which corresponds to the thin rod case, we have from Eq. (2.50)

S/ (a)-0 (2.53)

and

1
S/ (b))~ —— 2.54

which is in agreement with the result for the L, thin rod mode given in [56].

For the lowest torsional mode Ty, the displacement has the form (see Eq. (2.28))

ug=Bre7*°" (2.55)

and the vibration velocity is

Vg =~ Bret7¥®n (2.56)
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Thus

b
1} ve(rifrdd b*-a*
s e

Similarly,

l“'(a,b)=-:1(l+b/a)(l+bz /a%)

Therefore
2 1
s/ (by=-=
m(®) ph (1+a/b)(1+a® 1 b?)
and
2 1
S/ (a)=-= ,
m (@) ph (1+b/a)(1+b% /a?)

where again, & = b - a, is the wall thickness of the tube.

Fora=b,orh=b-a<<a b

1
! =87 (q) =~ ————
Sn (D) =S, (a) 2ph

§(1+a/b)(1+a2/b’).

@2.57)

(2.58)

(2.59)

(2.60)

(2.61)

which gives the same sensitivity as in the case of SH, mode of a thin plate [47, 56].

Ifa — 0, i.e. the tube becomes a rod where only the outer surface is used
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2
f 2w e
S/ (b) = (2.62)

which is in agreement with the result for the sensitivity of 7;, thin rod mode given in [56]

where the rod has a radius of a.

We can see that in both case, the mass sensitivities are identical to those of the

corresponding thin plate modes, as h/a —0.

For some modes of higher orders, where explicit expressions may not be available
for the derivation of the sensitivity formulas, numerical computations are required. When
the effect of the elasticity and inertial of the loaded layer can not be neglected, a two-layer
composite should be considered in the analysis of the sensitivities, which have been

recently discussed by Wang et al. [53, 54] for the planar structures.

In order to demonstrate the use of thin-walled tube wave devices as excellent mass
loading sensors, we list in Table 2.1 the mass sensitivities involving BAW, plate and thin
rod acoustic wave devices, which were derived using the perturbation approach and

collected from the literatures.
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Table 2.1 Mass sensitivities for different acoustic gravimetric sensors, where A is the

wavelength, p is the density of the devices, d is the thickness for a bulk or plate sensor, a

is the radius of the rod, h = b - a is the wall thickness of the tube, and b and a are the

outer and inner radii, respectively.

Geometries Acoustic modes S; References
Bulk n=1 (d=M2) l/pdor -2/pA [4, 56]
Plate Ay -12pd [45, 56]
SH, -12pd [47, 56]
Ty, -2pa [56]
Ly, -lipa [56]
Tube Too - 2/iph(1+a/b)(1+a?/b?) This work
Loy, - l/ph(1+a/b) This work
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CHAPTER 3: DEVICE FABRICATION

3.1. FABRICATION OF THIN-WALLED TUBES

As theoretically indicated in Chapter 2.2, thin-walled tubes are desirable for
making the sensing devices with high sensitivity. Tubes with different wall thickness are
also necessary for investigation of the dispersive behavior and characterization of the mass
sensitivities. Metallic tubes were chosen as samples in our experiments because of their
high mechanical strength and relatively high acoustical impedance. Since tubes with
desired wall thickness to diameter ratios were not commercially available, and the few
available ones were not economic in our case, we fabricated several thin-walled tubes by
chemically etching the thick wall ones. Commercially available copper, brass, aiuminum
and stainless steel tubes with wall thickness of more than 0.25 mm and different diameters
were used as the starting samples. These tubes had relatively uniform wall thickness and

smooth outer and inner surfaces.

The etchants used for tube samples of different materials and the etching rates are

listed in Table 3.1.

To obtain uniformly etched tubes, a set-up was used as illustrated in Fig. 3.1.
Before the etching, the bottom of the tube was sealed with wax, as the inner surfacc of a
tube with relatively small inner diameter (3 - 6 mm) can hardly be etched uniformly and is
not easy to be polished. The tube sample was held vertically by a holder and immersed into
the chemical solution. Driven by a small motor, the tube was rotated about its axis, while
the chemical solution was stirred by a spinning magnet. In this way the chemical solution

could be kept uniform and the etched particles attached on the tube surface could be
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Table 3.1 Recipes for etching samples of different materials.

Sample materials Chemicals Etching rates

Copper / Brass FeCl, (8 %) + H,0 (92 %) 5 - 10 pm / min.
Aluminum H,PO, (75 %) + HNO, (10 %) + H,0 (15 %) 0.5 -1 um / min.
Stainless steel HNO, (30 %) + HCI (60 %) +H,0O (10 %) 3-8 pum/ min.

removed consistently by the stirred liquid. In order to be able to handle easily the thin-
walled tubes in later treatment and measurement without damaging them, one or both ends
of the tube was not etched, being covered by a protection layer. The etched tubes were
polished to reduce the roughness caused during etching. A cylinder whose outer diameter
fitted well the inner diameter of the etched thin-walled tube was used as a supporter

during the polishing.

With the procedure described, tubes with relatively uniform wall thickness down to

about 30 um and smooth outer and inner surfaces were obtained.
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Fig. 3.1 Set-up for tube etching.
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3.2 PZT FILM COATING

3.2.1 Sol-Gel process

The sol-gel process is basically a chemical route to the preparation of high purity
ceramic and glass materials {91]. In the making of films, a colloidal solution containing the
required species is prepared and is then applied to a substrate to form a liquid layer. In
order to obtain a continuous film, the liquid layer should be polymerized or gelled to form
a solid gel layer. The solid gel layer is then dried and fired to displace unwanted
components to form an amorphous inorganic film. In some cases a high-temperature
anneal, e.g. for PZT, may be required to develop the desired structure in the final film. The
transition from a colloidal solution to a solid gel has led to the expression "sol-gel

processing".

The basic principle of preparation of the solution is to dissolve suitable precursors
containing the elements of the desired thin film in a proper solvent. If necessary, specific
precursors should be synthesized. The solution formed must contain one or more
compounds that can be polymerized to form an inorganic network, so that the solution can
be gelled after application to substrates, The gelation of the solution is necessary for

preparation of thick films.

In the sol-gel processing of thin films, the solution of precursors can be applied to
a substrate by dipping, spinning, painting or spraying, etc. The thickness and uniformity of
the liquid layer formed on the substrate is determined by the technique of application and
the visc~~itv and surface tension of the solution. The thickness of the final film is
determined by the thickness of liquid layer and the metal content of the solution. In device

fabrication, especially in industrial processing, thickness control is crucial. To achieve high
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uniformity and reproducibility in the thickness of thin films, the solution prepared should

be stable under ambient conditions and have appropriate viscosity and surface tension.

The gelation of the liquid layer is caused by the formation of an internal inorganic
network due to the hydrolysis and condensation of metal complexes. Gelation can also be
produced by rapid evaporation of the solvent or by heating, as occurs during preparation
of the films. After gelation, the layer formed on the substrate consists of two phases, the
network solid phase and connected pores filled with liquid phase. The unwanted
compounds in the gel layer are displaced by drying and firing. The drying of the gel layer
displaces the liquid phase, changing the wet gel layer of two phases into porous xerogel
layer. The firing of the xerogel layer in air at about 350 °C pyrolizes and oxidizes the
organic components left in the layer and converts the xerogel layer to an inorganic film.
On heating to higher temperatures, the porous amorphous inorganic film will either densify

to become a pore-free glass or crystallize to become a ceramic film.

A. Preparation of solution for sol-gel PZT films

A novel sol-gel process for preparation of PZT films has been recently developed
by Yi et al and a typical recipe of the stock solution for PZT films was given in [85, 92],
where Lead acetate, Pb(OOCCH,;),*3H,0, zirconium propoxide, Zr(OC;H,), (70% wt.%
solution in normal propanol) and titanium isopropoxide, Ti[OCH(CH,),],, were used as

precursors. They are commercially available with high purity and at reasonable prices.

Lead acetate was selected as the source of lead because of its high solubility and
stability in water. The solutions of zirconium propoxide in normal propanol and titanium
isopropoxide were selected as the source of zirconium and titanium respectively. They can

be modified with acetic acid to form highly soluble zirconium propoxide acetate and
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titanium isopropoxide acetate, which are chemically compatible with each other and also

with lead acetate. Furthermore, they can be polymerized in aqueous solutions.

A suitable solution for sol-gel films should be stable under ambient conditions and
be able to polymerize after coating on the substrate to form a gel film without disturbance
of its homogeneity. The metal content needs be high enough to build up the desired
thickness of the final film. The solution is required to exhibit appropriate viscosity and
tension and can be applied on the substrate uniformly. In the gel film the unwanted
components should be removed easily by evaporation, pyrolysis and oxidation. The gel
films formed must not crack or peel from substrates during processing. With these

considerations, a special solution for sol-gel PZT films has been developed [85, 92].

Lead acetate was dissolved in heated acetic acid in a proportion of one mole of
lead acetate to five moles of acetic acid. The solution was then heated to 100 °C for 10
minutes to remove water since water may cause non uniform gelation of titanium
isopropoxide and zirconium propoxide. The dehydrated solution was then cooled to room
temperature. The required quantity of titanium isopropoxide and the solution of zirconium
propoxide in normal propanol were mixed to form a solution with a specific molar ratio of
titanium to zirconium. The resulted solution exhibited higher viscosity than titanium
isopropoxide and the solution of zirconium propoxide in normal propanol before mixing.
Since PZT ceramics have the highest dielectric constant and show the strongest
piezoelectric properties near the morphotropic composition, typical solutions prepared

have the morphotropic composition with a Ti/Zr molar ratio of 46.5/53.5 [92] .

The solution containing Pb and the solution containing Ti and Zr were mixed in a
proportion of one mole of Pb to one mole of Ti and Zr. When mixing these two solutions,

heat was evolved, resulting in a clear solution. This solution is not a stable system in
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equilibrium and if left at room temperature, crystalline particles and condensed solids
would form. Therefore, before the solution was cooled, distilled water was added in a
proportion of twenty to forty moles of distilled water to one mole of lead. The quantity of
the distilled water is also determined by the desired viscosity of the final solution. The
more distilled water that is added, the lower is the viscosity of the final solution, and
thinner films may be prepared. After adding distilled water, the solution became a
relatively stable system in which precipitates and condensed solids would not form.
However, over a period of about three days, the viscosity of such a solution would

increase and a transparent gel could form.

In order to obtain a stable solution with constant viscosity, lactic acid was added
into the solution in a proportion of one mole of lactic acid to one mole of lead. The more
lactic acid that is added, the lower is the viscosity of the final solution. After adding in

lactic acid, the solution was stable and did not gel for several months.

At this stage, the solution can be applied onto a substrate to form a liquid film.
However, the formed solid films would not show good mechanical properties and have a
strong tendency to crack and to peel from the substrate upon drying. In order to improve
the mechanical properties of the gel film, ethylene glycol and/or glycerol were added into
the solution in a proportion of one mole of ethylene glycol and/or glycerol to one mole
lead. Also, the quantities of ethylene glycol and glycerol to be added are determined by the
thickness of the gel film required. The thicker the gel film is desired, the more ethylene
glycol and/or glycerol should be added. The sequence of addition of the chemicals should
not be changed since reactions of titanium isopropoxide and zirconium propoxide with

ethylene glycol, glycerol and water can lead to irreversible gelation and precipitation.
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The solution was then filtered using a membrane filter with a pore size of 0.22 um.
The final solution was stored in a clean sealed container. Some solvent could be removed
by heating the open bottle in air or in an oven to increase its viscosity. However, if the
solution is heated to about 100 °C in air or in vacuum, it will gel. The solution should be
aged for at least three days before preparation of the films, The aged solution exhibited a
constant viscosity and gel films prepared with the aged solution showed a lower tendency

to crack and to peel from the substrates.

A single fired layer of 0.3 ~ 0.5 um in thickness can be obtained from the typical
solution by spin or dip coating. Thinner films could be prepared by adding some
combination of water and propanol to dilute the solution. The addition of propanol lowers
the surface tension of the solution and can improve the wetability of the solution for
substrates of different materials. Thick films may be built up by a multilayer coating

process.

B. Substrate surface treatment

Fabrication of films free of defects and cracks requires a dust-free environment and
special attention must be paid to the film adhesion. A large internal stress is caused by the
volume change between a wet coating and a fired film. Mismatch of thermal expansion
between the film and substrate can also result in cracking. However, if the adhesion
between the film and substrate is strong enough so that the internal stress is dispersed
uniformly in the film and stress concentrations due to spots of poor adhesion do not exit,
the films will not crack during firing and the internal stress can be partially relaxed upon

annealing.
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The substrate surfaces to be coated were polished. Substrates were boiled in water
and detergent before final rinse in distilled water. Organic contaminants were removed by
ultrasound and by vapor degreasing in methanol. The substrates were then rinsed in
boiling filtered distilled water and blown dry with filtered nitrogen. Heating up the

substrates to about 400 OC further removed the organic substances that may remain.

In order to increase the adhesion between the PZT film and the substrate surface, a
thin intermediate layer can be introduced on the surface prior to the deposition of the PZT
layer. Layers of Al,O,, MgO, ZrO, and TiO, were considered for this purpose, Al,0,
being the best choice [85]. For some metallic substrates, such as Aluminum and stainless
steel, a thin condensed oxidation layer can be formed by heating up the substrates in air

and no additional deposition is required [93].

C. Application of films on substrates

Dip-coating and spin-coating are commonly used techniques in sol-gel process.
Others are painting and spraying. In a dipping process the sol film flows down the
substrate after wetting the surface. Because it wets the surface, it partly adheres. When the
film reacts with the moisture in the atmosphere it undergoes hydrolysis and condensation.
For a given solution, the thickness 4 of the film is proportional to the drawing speed ¥ to a

power of 2/3 [91]

d eV}
One distinct advantage of this technique is homogeneous and uniform films can be

obtained for substrates with large areas or complex shapes [e.g. 88,89]. Another feature is

that it is possible to coat all over, inside and outside the component, where necessary.
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Spin coating is a technology that has buen well developed by the micro-electronics
industry for the application of thin photoresist layers onto the semi-conductor wafers. It
has been applied to sol-gel coating for thin planar substrates, e.g. in developing BAW and
SAW devices with PZT films [86). This method consists of dropping a quantity of sol
onto the substrate which is spinning at a high speed, e.g. 3000 r.p.m. This gives very
uniform films. Further advantages are that it is economical in usage of solution and only
one surface needs to be coated. Disadvantages are edge effects on non-axisymmetric
substrates and the mechanical problems associated with spinning large substrates. The
thickness control is a little easier than dip coating and is governed by the spin speed and
the viscosity of the solution. While dip coating was our choice for tubes, spin coating

was also performed to coat PZT films on planar substrates as comparison.

D. Firing of precursor films

The firing process which changes the organic precursor film into an inorganic
ceramic film by the pyrolysis of organometallic compounds is a key step in the film
preparation. The firing schedule affects film cracking, crystal structure, grain size and

surface roughness.

During the firing, the solvents evaporate with a consequent large change in volume
and the generation of internal stress. This occurs in the range from room temperature to
250 °C. Then the lead acetate dehydrates, melts and decomposes. The dried film becomes
“wet" again and the organic compounds begin to decompose. The internal stress is relaxed
and the volume change of the film continues. the organic film then changes to a fine
mixture of oxides of Pb, Ti , Zr and free C. At higher temperature, the free carbon

oxidizes and the mixture of oxides transforms to a transparent amorphous PZT film.
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Firing the film at a relatively high firing temperature and a rapid increase of
temperature reduces the tendency of cracking. The limit of firing temperature for thick

film was between 350 and 500 °C [92).

E. Annealing

As-fired PZT films are basically amorphous and annealing is required for the
crystallization to form the perovskite structure [85] . This process was done using a
temperature-time profile in which the annealing temperature was progressively raised, then
maintained at a constant temperature (500 - 600 °C) for a period up to 6 hours, depending
on substrate materials, and finally reduced in successive 2-hour interval to room
temperature. More recently, rapid annealing of PZT films at 700 °C for 3 seconds was also

reported [96].

F. Poling

The sintered PZT films do not show piezoelectricity. As a class of ferroelectric
materials the PZT ceramics exhibit dipole roments. Above a certain temperature, known
as Curie point, the dipoles have random orientations. Below the Curie temperature, an
unpoled ferroelectric material like PZT contains small domains, in which the dipoles are
spontaneously aligned. The directions of the aligned dipoles in different domains,
however, are randomly oriented with one another, and therefore macroscopically the
material is non-piezoelectric. These domains can be aligned by applying a strong DC
electric field ( ~ 20 kV/cm for PZT ) at a temperature near the Curie point, while slowly
decreasing the temperature, This process is known as poling. The poling process aligns

the great majority of individual domains and causes the PZT films piezoelectric.
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3.2.2 Coating PZT films on tubes

A special recipe of the stock solution was designed for coating PZT films on
metallic tubes by means of dipping, as listed in Table 3.2. The solution prepared was

contained in a thin and tall glass bottle suitable for tube dipping.

The tube substrates were cleaned as described in 3.2.1 (B). Before the coating, a
substrate was pre-heated at a temperature of about 500 °C to remove possible remaining
organic substances and to form an oxidation layer on the metallic substrate surface, which

is important for good adhesion.

Table 3.2 A recipe of stock solution for PZT films coating on metallic tubes

Chemicals Quantities
Lead acetate Pb (OOCCH; ),*3H,0 12.00 g
Acetic acid CH,COOH 3.00g
Zirconium propoxide Zr (OC;H5), 792¢

(70wt. % in 1-propanol)

Titanium isopropoxide Ti [OCH (CH3),]4 418¢g
Lactic acid CH;CHOHCOOH 05g
Ethylene glycol HOCH,CH,0H 07g
Glycerol HOCH,CHOHCH,0L 55¢g
Distilled water H,0 500g
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Fig. 3.2 illustrates an automated dipping - firing system. The sample holder can
move vertically and horizontally through the translation stages, driven by stepping motors
The tube substrate was hung on the sample holder in a manner such that its axis could be
kept vertical with its own weight during dipping. The bottom opening of the tube
substrate was sealed since only the outer surface was intended to be coated. Some weights
were inserted in the tube before sealing. the sample was lowered down and immersed into
the solution by a depth of the desired coating length. The sample was then withdrawn up
at a speed of ~ 1.5 cm / minute, as programmed, until the whole tube was out of the
solution. After drying in the air for about 10 minutes, the sample was moved to a vertically
mounted tube-furnace and was then located at tii= central zone of the furnace. The firing
was carried out at a temperature of 475 °C for 6 minutes. The sample was then
automatically taken out, staying in the air uniil cooled down to the room temperature. By
repeating the above procedure, multilayer coating was performed and films of up to 20
coats were obtained. The whole procedure was carried out by a programmable control

system using a PC computer.

The as-fired films coated on stainless steel substrates were annealed at 600 °C for
2 hours and those on aluminum substrates were treated at 520 °C for 8 hours,

respectively.

Following the above procedures, crack-free PZT films of thickness up to 6 um
were successfully coated on stainless steel tubes of diameters 6 mm - 10 mm, with a
coating length up to 100 mm. The coating length was limited by the temperature-
homogeneous zone of the furnace used. Fig. 3.3 shows a part of a radial cross-section of
a PZT coated stainless steel tube with a wall thickness of 0.5 mm and an outer diameter of

9.6 mm. The PZT film thickness is estimated to be about 5 um.
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Figure 3.2 An automated system used for dip-coating and firing the PZT film on tubes.

Fig. 3.3 A radial cross-section of a stainless steel tube with a wall thickness
of 254 um, coated with a 5 um thick PZT film.
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Fig. 3.4 (a) presents the X-ray diffraction patterns of the PZT film coated on a
stainless steel tube. It is identical to those reported in [92,93] and indicates the film has the

perovskite structure.

In the coating of the aluminum tubes, up to about 12 coats (corresponding to
about 3.5 um thick), the PZT films were found still free of cracks after fired at 450 °C.
Further coating resulted in micro cracks in the film when fired. After an annealing at 600
°C for 2 hours, the film cracked severely and even peeled off from the aluminum tube. This
is due to the relatively high thermal expansion coefficient and low melting point (about

660 °C) of aluminum.

A way to solve this problem could be annealing the film at lower temperature for
longer time, since the PZT is able to crystallize at a much lower temperature on aluminum
substrates than on others [92, 93]. We then annealed the aluminum tubes coated with up
to 10 PZT layers at 520 °C for 8 hours, rather than at 600 °C mentioned above. The final
films were found much improved, though not as good as those on the stainless steel
substrates and some areas of micro cracks were still observed under the microscope.
These films were evaluated by the X-ray diffraction which showed the desired crystalline
structure (Fig. 3.4 (b) ). Further improvement of the PZT films on aluminum substrates
requires a combination of adjustment of the chemical solution and a modified firing and

annealing procedure.

The PZT films coated on the tubes were poled by applying a DC voltage cross the
film thickness, using the tube itself as one electrode and an aluminum layer (~ 0.2 um
thick) coated on the PZT film surface as another, (the latter being also used to form the

IDT's, fabrication procedures of which will be given in the next section). The sample was
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kept at 185 °C for two hours with an applied DC voltage of about 3 V per 1 um of film

thickness, and then slowly cooled down to room temperature.

Before going to the next stage of IDT fabrication, a simple way was used to check
the piezoelectricity of the films obtained from the poling. An AC signal was applied across
the film thickness and at certain frequencies (~ 10 kHz), which may be the acoustic

resonant frequency of the tube, a sound of ringing was clearly heard.
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Figure, 3.4 X-ray diffraction patterns of the PZT films coated on a stainless steel tube (top

curve), an aluminum-coated glass tube (middle curve) and an aluminum tube (bottom curve).
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3.3 INTERDIGITAL TRANSDUCERS ON TUBES

Common photolithographic techniques for fabricating SAW and thin-membrane
devices were applied in making the interdigital transducers (IDT) on the tube devices.

Some modifications were taken due to the curved tube surfaces.

The classical and still commonly used method in photolithography is aqueous
chemical etching. It has numerous versions, but essentially involves the deposition in
vacuum of the desired metal film (e.g. 2000 A aluminum) on a piezoelectric crystal that
has been previously polished, carefully cleaned and degreased [e.g. 93]. A photoresist
layer is coated on the metal film and then exposed (in general, with UV light). Finally,
after appropriate development and baking of the photoresist, the unprotected metal is

etched. Fig. 3.5 (a) illustrates this process.

Another method is the lift-off technique. In this process the photoresist is
deposited directly on the substrate, an "inverted" mask is exposed, unwanted photoresist is
removed, and metal is then deposited over the entire surface of the sample. Finally, the
photoresist is dissolved with a solvent (in general, acetone). All that remains is the metal
lodged between the photoresist tracks, as illustrated in Fig. 3.2 (b). This technique also
gives good resolution and is applicable for chemically reactive substrates. Using this
method may reduce the risk to damage the PZT film. However, as implied in Fig. 3.2 (b),
the lift-off process requires that the side walls of the photoresist be strictly vertical and the
particle beam of the metal being deposited be parallel to these side walls, so that there is
no continuity between the metal deposited in the gaps and that on the photoresist.
Therefore, this technique is limited only for small angle coating on tubes with large

curvature radius.
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Figure 3.5 (a) Etching technique : (1) deposition of metal, Coating with photoresist,
exposure, (2)after development; (3) after chemical etching; (4) After cleaning. (b) Lift-off
technique: (1) Coating with photoresist, exposure; (2) after development; (3) deposition of
metal; (4) after cleaning.

In order to transfer the designed IDT patterns on the curved surface of a tube,

masks made of flexible and highly transparent thin films were prepared. The IDT patterns
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used were designed as shown in Fig. 36. The IDT had and an aperture of 6.5 mm and 8
finger pairs, with an equal finger width and spacing of 0.25 mm. Along the axial direction,

two IDTs were used and the center-to-center distance between the IDTs was 18 mm.

Figure 3.6 Design of the IDT pattern, where » is the number of the finger pairs, p is the

distance between a finger pair, and d is the finger width and the spacing,
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The etching process was chosen in our fabrication of IDT on tube wave devices.
The surface of an annealed PZT film of good quality is smooth enough for our low
frequency application where the wave length is much larger than the dimension of the
roughness, and ready for photolithographic processing without further polishing.
However, cleaning of the film surface is necessary, as the edge effect of the geled PZT
films may result in fine particles during the firing, which may slightly pollute the sample
surroundings. The cleaning was done with acetone, followed by a rinsing with distilled

water and drying with blowing nitrogen.

An aluminum layer of about 1000 - 2000 A was first deposited on the PZT-coated
tube surface by means of vacuum evaporation The tube was mounted in the bell jar with
the axis perpendicular to the tungsten wire to maximize the coating angle, as illustrated in
Fig. 3.7. In the case where a larger coating angle was required, more than one deposition
was performed with the tube rotated by an angle between the depositions. When more
uniform electrode thickness is sought, as for devices working at high frequencies whose
IDT fingers will be very fine, the tube must be rotated at high speed during the

evaporation deposition, with an additional rotating mechanism introduced in the system.

The photoresist coating on the tubes was carried out using the same dipping
technique as for the PZT coating. For a given photoresist of certain viscosity, the film
thickness is determined by the drawing speed. As mentioned in Section 3.2.1 (C), the
lower the lifting speed, the thinner the film obtained. However, reducing the film thickness
by slowing down the dipping is not as effective as by increasing the spin speed in a spin-
coating and has a lower limit. In order to obtain desired coating thicknesses, the

photoresist should be diluted or low viscosity photoresist should be used.
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Figure 3.7 Arrangement of tube substrate in metal evaporation

In our experiment, Shipley 1813 Photo Resist was used and diluted with Shipley P-
type Thinner by a ratio of 1 part of photoresist to 1.5 part of thinner in volume. With a
drawing speed of 1.2 cm / min, a thickness of about 1.5 um was obtained, which
corresponds to that obtained from spin-coating at 3000 r.p.m. for the same type of
photoresist without being diluted. The photorisist film coated on the tube was soft-baked
in a furnace for 30 minutes at 95 °C, and was then taken out automatically as
programmed, with the same system illustrated in Fig. 3.2. The flexible mask film was then
placed in close contact with the photoresist layer on the tube, and fixed with a specially
prepared clipper. A 150W ordinary floodlight lamp was used as the radiation source,
which gave satisfactory resolution for our application in low frequency devices. The
sample was exposed for 8 minutes, during which time the tube was rotated to have
uniform illumination. The exposed samplc was developed for 2 minutes in the Shipley 351

Developer which was diluted with deionized water by a ratio of 1 : 3.5 ( developer to
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water) in volume, followed by cascaded rinses with deionized water. The tube with the
developed photoresist film was then put in a furnace for a hardening bake at 105 °C for 30
minutes After the hardening bake, a solution of the mixture of 80 m! phosphoric acid, 5
ml nitric acid and 10 ml distilled water was used to etch the aluminum layer in the exposed
areas. This gave an etching rate of about 2000 A / min for aluminum film without harming

the PZT layer. The unexposed photoresist was removed with acetone.

Following the above procedure, IDTs were successfully fabricated on PZT-coated
stainless steel tubes of different diameters. Fig. 3.8 and Fig. 3.9 show the photographs of
the IDTs equipped on thin wall stainless steel tubes with different diameters, along the

axial and circumferential directions.

Figure 3.8 Photograph of two IDTs made on a stainless steel tube with an

outer diameter of 9.6 mm, along the circumferential direction.
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Figure 3.9 Photographs of IDT pairs made on stainless steel tubes with outer diameters of

(a) 9.6 mm and (b) 6.0 mm, respectively, along the axial direction.
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CHAPTER 4: MEASUREMENT AND EVALUATION OF
THE TUBE WAVE DEVICES

The time delay of the waves in the PZT-coated stainless tubes was measured by
means of the tone-burst method, using a Ritec Ram-10000 system. In the arrangement as
illustrated in Fig. 4.1, along the axial direction of the tube, RF tone bursts were applied to
one IDT transducer, and the signals received from another transducer, amplified by the
Ritec, were observed on an oscilloscope. Along the circumferential direction, a single IDT
served as both the transmitter and receiver. In this case the time delays between the
successive "echoes"” , i.e. the acoustic signals arriving at the IDT after traveling different
cycles along the circumference, were measured. The ultrasonic pulse travels at the group

velocity v, which can be determined from the delay time 1, between the input and output,

by the relation

)
vg =f_- (41)
8

where / is the center-to-center distance between the transmitting and receiving IDTs in the
axial direction, or the circumference of the outer surface of the tube when a single IDT
was used along the circumferential direction. The cross-correlation technique was used to

determine the group delay.

In order to observe the frequency response of the IDTs and the dispersive
behaviors of the waves excited in the PZT coated thin wall tubes, measurements were
performed at different frequencies, ranging from 0.2 MHz to 8.4 MHz. The signals
received on the oscilloscope were digitized and the data were acquired to the computer

for further processing.
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Figure 4.1 Arrangement for time delay measurement of the tube wave devices.

Fig. 4.2 shows the results of the measurement performed with a single IDT on a stainless
steel tube with an outer diameter of 9.6 mm and wall thickness of 0.254 mm (sample No.
1) along the circumferential direction at different frequencies. The successive echoes
represent the acoustic signals arriving at the IDT after traveling different cycles around the
circumference of the tube. Signals of maximum amplitude and best signal to noise ratio

were obtained at 2 MHz. It can be seen in Fig. 4.2 that the time delays, and thus the group
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Figure 4.2 Signals of acoustic waves along the circumferential direction of a

PZT-coated stainless steel tube with a single IDT.

velocities of the circumferential waves at 2.0, 5.4 and 8.2 MHz are apparently different.
The frequency response for the above sample over a range from 0.2 to 8.4 MHz is shown
in Fig. 4.3. Peak amplitudes are found at frequencies 2 MHz, 5.4 MHz and 8.2 MHz,
respectively, which correspond to the signals measured in the time domain given in Fig.

4.2
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Figure 4.3 Frequency response measured on sample No. 1.

With the same transducer, different propagation modes may be excited ai different
frequencies. In Fig. 4.4 we can see that at 4.2 MHz, two different types of echoes (marked
A and S, respectively) with different group velocities co-exist in the echo train, signal 4
being more clearly seen. Signal S, the one with a shorter delay, becomes more visible at

4.4 MHz, while signal 4 becomes less significant at this frequency. As the frequency
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Figure 4.4 Time-delayed signals measured on sample No. 1.

changes to 4 6 MHz, signal S becomes dominant and signal A almost disappears.

Fig. 4.5 presents the frequency dependence of the group velocities of the

circumferential waves measured of sample No.1, derived from the measured time delays at

frequencies between 0.2 and 6.0 MHz with an interval of 0.2 MHz. It is clearly seen that

the waves are dispersive and two different modes have been excited. The calculated group
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Figure. 4.5 Frequecy dependence of the group velocity measured on sample No.
1 for the circumferential waves (filled circle) and on Sample No. 2 for the axial
waves (hollow circle), and the theoretical group velocity curves of a stainless steel

plate (solid and dashed lines) with a thickness of 0.254 mm.

velocity curves of the lowest antisymmetric mode 4, and the lowest symmetric mode S, for
a stainless steel plate with a thickness of 0.254 mm are also included in Fig. 4.5 for
comparison. The results suggest that two plate-like circumferential tube modes have been
excited near the frequencies 2 MHz and 5.4 MHz, respectively, and that for a tube with
hla =1/20 and /1 = A/4, where A = 1 mm, the circumferential waves are already very close
to their corresponding plate waves. A numerical computation of the dispersion curves for

a tube determined by Eq. (2.21) in Chapter 2 is requred for a more
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Figure 4.6 Attenuation curve for the circumferential tube wave in sample No. 1

definitive mode assignment.

In Fig. 4.2, we have also observed that in the echo train the amplitude of the
signals decreases slowly, which indicates a low attenuation in the PZT coated stainless
tube at the center frequency 2 MHz. A calculated attenuation curve fitted from the
measured data of sample No. 1 at 2 MHz. is given in Fig. 4.6. An attenuation coefficient
of 0.01545 neper / micro second or 44.8 dB / meter was derived. For a longitudinal bulk

wave in mild steel, the reported attenuation coefficient is about 29 dB / meter {100]. This
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means the coated PZT film did not increase substantially the attenuation in the stainless

steal tube, which suggests that the film quality is reasonable.

while strong acoustic signals with good signal-to-noise ratio were observed along
the circumferential direction on sample No. 1, the signals obtained for the axial waves on
sample No. 2 were we~ler. Apart from the fact that along the circumferential direction
waves departing from both directions of the IDT have contribution to the received signals,

there could be other causes such as the quality of the PZT films and their electric poling.

Fig. 4.7, 4.8 (a) and 4.9 (a) show the time-delayed signals measured at 1.74 MHz
along the axial direction of a PZT-coated stainless steel tube (sample No 2) with the same
wall thickness (0.254 mm) and outer diameter (9.6 mm) as those of sample No.l. The
waveform of the signal transmitted from IDT 1 and received by IDT 2 is shown in Fig.
4.7. InFig. 4.8 (a) , the major echo marked S represents the acoustic signal generated by
IDT 1 and reflected from the farther end F of the tube to IDT 2, and echo Sy is the signal
reflected from the nearer end N of the tube, respectively. The reason that the echo from
the far end of the tube is stronger than that from the near end is not well understood but is
probably due to the odd tube-end (see Fig 4.8 (b)) which may focus the acoustic energy.
There could also be a transformation of the excited acoustic mode, when reflected at the
tube ends, to different modes which could be more efficiently reconverted into electrical
signals by the IDT. This might lead to the phenomenon that the reflected signals are

stronger than the directly transmitted one.

We also performed the measurement on sample No.2 with a reflection geometry,
where each of the two IDT's was used as the transmitter and receiver. In Fig 4.9 (a), the

major echoes marked (1) and (2) were excited by transducer 1 and 2, reflected at the far
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Figure 4.7 Waveform of the acoustic signal excited by IDT 1 and received by IDT
2 along the axial direction of a PZT-coated stainless steel tube.

end of the tube and then received by IDT 1 and IDT 2, respectively. The difference
between the time delays of the echoes received by the two IDTs is estimated to be 10.8
us, corresponding to a group velocity of about 3300 m / s, at which this acoustic signal
traveled twice the center-to-center distance between the two IDTs. This low group
velocity indicates that these reflected waves may be either the lowest axially symmetric
mode Lj,, which corresponds to the lowest antisymmetric plate mode, or the lowest

flexural tube mode Fy; [76].
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Figure 4.8 (a) Signals generated by IDT 1, reflected from the tube ends and then received
by IDT 2 observed on sample No. 2 along the axial direction. (b) Illustration of the
traveling paths of the echoes shown in (a).
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Figure 4.9 (a) Signals generated by one IDT (the upper one by IDT 1 and lower one by
IDT 2, respectively), reflected from the far end of the tube, and received by the same IDT,
observed on sample No. 2. (b) Illustration of the traveling paths of the echoes in (a).
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Due to the mass loading and finite thickness of the IDT, reflection of the excited
acoustic waves by the IDT fingers may occur [97,98]. The minor echo trains observed in
Fig. 4.8 and Fig. 4.9 are the agoustic signals reflected by the IDTs, bouncing back and
forth between the transmitter and the receiver. Since the waves reflecied by the IDT
fingers are all in phase, the resulted signals could be pronounced as observed. The time
delay between two of the minor echoes is about 5.7 s, from which a group velocity of
6300 m/s is derived. This very high group velocity value can not be interpreted by the
curves given in Fig. 4.5. Theoretical dispersion curves for the axial tube waves are
required and the non-axially symmetric modes should also be taken into account.
Qualitatively, since waves with polarizations perpendicular to the axial direction would
hardly be reflected by the IDT fingers the tube surface, the observed minor echoes could
be resulted only from the reflection of the extensional waves rather than flexural waves,
even though the group velocity of a non-axially symmetric mode could be as high as that

of an extensional one [76].

The above two modes of very different group velocity observed at the same
frequency also suggest that a mode conversion might have happened during the reflection

at the tube end F.

When the inner side of the tubes, either for sample No.1 or No. 2, was wetted with
water, the acoustic signals vere substantially attenuated. This also indicates that the waves

excited in these thin-walled tubes are plate-like, and sensing with the inner side is possible.

Both real and imaginary parts of the input impedance ofthe IDTs on sample No. 1

measured at the fundamental frequency around 2 MHz is 12 Q - j12 Q. The insertion loss
mechanism includes the electromechanical coupling and propagation loss. At the

fundamental frequency the latter loss is much smaller than the former one.
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To investigate the effect of liquid loading in the tube wave device, we filled the
tube with water. Fig. 4.10 shows signals of the circumferential waves observed on sample
No. 1 before and after being filled with water inside. We can see that the amplitude of the
signals and the time delays are obviously different in these two cases. It can be seen that
when loaded with water, the attenuated successive echoes is still significant, indicating that
sensing in a liquid phase using this circumferential mode is possible. From the results a
decrease of the group velocity about 25 % is estimated. This large liquid-loading effect on
the group velocity of this 4,-like circumferential mode in the tube makes it possible to use
this type of device, for example, to sense liquids with different densities. Theoretical study

of the liquid-loading mechanism in tubes and further experiments are in progress.

Without waler

Woaler

Amplitude (a.w.)

Time (p s)

Figure 4.10 Signals of the circumferential waves observed on sample No. 1 before (the

upper echo train) and after ( the lower echo train) being filled with water inside.
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CHAPTER 5: CONCLUSIONS

Ultrasonic thin-walled tube devices for sensor considerations were theoretically and
experimentally investigated. We have shown that similar to ultrasonic plate wave sensors, thesc
configurations provide advantages of separating the sensing medium from the sensor electronics
and of high mass sensitivity for several modes provided that the tube wall thickness % is very thin
(h << A, where A is the acoustic wavelength). A further advantage is that the inner side of the tube
can be used as a natural and smooth chamber or flow channel of the gases or liquid to be
monitored, since the construction of a chamber or flow channel for use in sensors such as bulk
(BAW), surface (SAW), plate (PAW) and thin rod sensors has been a practical concern due to its

large size and the possible turbulence caused by the corners existed in the chamber or channel.

In order to reach an integrated sensor configuration, a sol-gel process for the fabrication
of thin piezoelectric lead zirconate titanate (PZT) films coated coaxially on stainless steel tubes
was developed. This sol-gel process of low cost is suitable for the film fabrication of large arcas
and on complex shapes. Crack free PZT films with thicknesses up to several microns and coating
lengths more than several centimeters have been achieved. So far, the coating length has been
limited by our experimental apparatus. Interdigital transducers (IDT), which excited the ultrasonic
waves and reconvert them into electrical signals, were fabricated as the transmitter and receiver
on the curved tube surfaces. Each IDT had 8 finger pairs (8 mm in length) and a 6 mm aperture.
The width of each electrode and gap was 250 um. Along the axial direction a delay line
configuration was adopted to measure the velocity of the acoustic modes and the distance
between the center of the transmitting and receiving IDT's was 18 mm. Along the circumferential
direction a resonator or delay line geometry was made with a single IDT. In addition to stainless

steel tubes, PZT films have also been successfully deposited and poled on aluminum tubes.
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Experimental measurements along the circumferential direction of stainless steel tubes
have been performed between 0.2 to 8.4 MHz. The results show that two modes with different
dispersion have been observed. Both real and imaginary parts of the IDT's input impedance at the
fundamental frequency is around 12 Q - j12 Q. The insertion loss mechanism includes the
electromechanical coupling and propagation loss. At the fundamental frequency around 2 MHz
the latter loss is much smaller than the former one. Along the circumferential direction the signal
was stronger than that along the axial direction. Apart from the fact that along the circumferential
direction waves departing from both direction of the IDT have contribution to the received
signals, there could also be other causes such as the quality of the PZT films and their electric
poling. The effect of liquid loading in the tube device on the circumferential mode was also

investigated. The results suggest that a sensing in liqui.: phase is possible using this mode.

We have also theoretically analyzed the wave propagation characteristics and mass
sensitivity of different modes propagating in a tube device with a density of p, and a and b as the
inner and outer radius respectively. We show that the mass sensitivity for the lowest axially
symmetric mode is -1/[ph (1+ a/b)] and that for the lowest torsional mode is -1/[ph (1+ a/b)(1+
a?/b?)], respectively provided that the mass loading layer is deposited at the inner wall of the tube.
These results indicate that high mass sensitivity can be achieved by using thin wall (small /) tubes

and makes these devices excellent sensor candidates.
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