Pi ezoel ectric Tubes Field of the Invention The
invention relates to a nmethod and apparatus for

wo eoogiong4pi ezoel ectric tubes, and in parti cul aPCT/862004/000038

pi ezoel ectric tubes suitable for use as transducers,
as used for exanple in heart punps, or the Iike.
Reference to Rel ated Application Reference is made to
US provi sional patent application nunber 60/416, 505
filed on 3 Cctober 200Pidzotlecticanbed ectri c Tube"; and
the basic US utility patent application nunber

10/ 611,401 for "Piezoelectric Tubes" filed 1 July 2003
i n Figlhefdhe vention cl ai ming the priority of the

provi sional application nunber 60/416,505. Description
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It is Known 1 n sone practical applications of

actuators and transducers, , to use tubul ar

pi e Refdra@teno Belatedppplicdtion For exanpl e, a tubul ar

ransducer is a piezoelectric ceram c tube coated with
el ectrodes both on the outer and inner surfaces. The
out efesnee isrerdle 1S PisNisOR PRIGAERPPIGRIR w&a&@ﬁ‘t@ﬁ&? Blag on
t he 3l Quigpet 2abi2RG“PidideRetric Aube Wridthé besid WS etilityedagant agpdieation
bei ng_gro . » q0f ot r t

o RanPtTgoL B o AtiedRE VUERE oty LR STk (% ane
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1§ised in many situations, such as a tube scanner in

scanni ng. .t unpgel i | gLoscope (STM and driving

co 8ﬁ8ﬂ%*'°f‘r?rf1§‘ye|¢°%é$‘?§’§| ultrasonic notor. A tube
scanner, as proposed by Binning and Smth in
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o " JB et heelearair P LS o Foudhiid RS S gre
r es dutmiac pietacieqienoypon@uisr ent | y, pi ezoel ectric tubes of
this formare produced using techni ques such as

25 For example, a tubular transducer is a piezoelectric ceramic tube coated with
electrodes both on the outer and inner surfaces. The outer electrode may be
sectioned into quadrants along the longitudinal direction, with the inner electrode
being grounded to allow movement of the electrode to be achieved by applying
currents to selected quadrants of the outer electrode. Such configurations can be

30 used in many situations, such as a tube scanner in scanning tunneling microscope
(STM) and driving component in cylindrical ultrasonic motor.

A tube scanner, as proposed by Binning and Smith in “Single-tube three-
dimensional scanner from scanning tunneling microscopy”. Rev Sci. Instrum. 57,
35 1688-1989, operates to move in the X, y and z direction with sub-nanometer
resolution by extension and contraction of the functional part under an applied



i njection nolding, extrusion, and drilling holes
t hrough solid piezoelectric rods. However, these
wo amsioetd on t echni ques typically suffer from BCTEGHO1/000038

of di sadvantages. For exanple, it is usually difficult

to ensure material uniformty using these techniques.
Furt hernore, thin-walled, sl | -si zed tubes are

usually difficult to produce due to constraints on the
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c,t
depd@???%ﬁdkﬁweg $ includes: positioning the rod
2Dn a contai ner containing the suspension; connecting
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predeterm ned DC voltage to the el ectrode and the rod

to theregy cause at, | east sonme of the particles to be
2depoymmgryohthedavenig?  The contai ner can be a

conducti ve contai ner adapted to act as the el ectrode.
In a first broad form the invention provides a method of forming piezoeleciric tubes,

the method including: forming a suspension of ceramic particles in a fluid medium,
positioning a rod in the fluid medium; depositing particles on the rod using

30 elecirophoresis; and heat-treating the deposited particles to form a piezoelectric
tube.

Typically, the method of depositing the particles includes: positioning the rod in a
container containing the suspension; connecting the rod to a first terminal of a
35  power supply; connecting an electrode to a second terminal of the power supply,
the electrode being in contact with the fluid medium; and using the power supply to



Alternatively, a separate el ectrode could be used. If

the container is the electrode, the container can be
wo or0sm0i2iy om at | east one of stainless steel, POPPEL004/000038

and another netal. Alternatively, the container can be

formed format | east one of glass and plastic, the

container being coated with at | east one conductive

| ayer. The nethod of heat-treating the deposited
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di spersing the particles into a solvent to formthe

SUS AR mkePBd gérang iudhiéd indudes euting ovfathdigosetl esddidhe tube.
suspensi on to a predeterm ned pHval ue. The sol vent may
be an organic solvent, such as at |east one of ethanal
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25  The rod may be formed from graphite, although other materials may be used,
including at least one of plastic and another material that can be burnt off at the
first predetermined temperature, in which case the rod is coated with at least one

conductive layer.

30 The method generally further includes using a magnetic stirrer to prevent

sedimentation of the particles in the suspension.

The method of forming the suspension typically includes: dispersing the particles
into a solvent to form the suspension and adjusting the pH value of said

35  suspension to a predetermined pH value.



In general, the particles are at |east one of |ead

zirconate titanate; doped |lead zirconate titanate;
W@a05/084249. 95Pb( Zr 0. 52Ti 0. 48) q 3 - 0. 03Bi Fe0 3 PCT/SG2004/000038

-0.02Ba(Cuo. 5W.5)q 3 +0.5m %O 2; and ot her

pi ezoel ectric particles. The nethod may further

i ncl ude applying netallic paéte to the inner and outer

surfaces of the piezoelectric tube; and, poling the
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forﬁl?ﬁ ”F%Ventlon provi des apparatus for forning
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cont@k B@Ifngfcgﬁdltfoﬂé‘t:éﬂ |ﬂbl[ﬂ& e &Mﬂl@ﬁfﬂ)ﬁ ioP#n Blbcthdal K B the region

P uich® i ane SeeerDiuted mBght Grptip bl el 0%

20editgoC.a power supply adapted to apply a predeterm ne
voltage to the rod and the el ectrode to thereby
deposit at |east sone of the rticles the

use; ThamipZaeleriin tue may def 3 do YEPR &N eci"ﬁ %3@% Meirgd
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25  depositing further particles on the rod using electrophoresis to form a second layer;
and, heat-treating the deposited layers to form the double layer piezoelectric tube.

The piezoelectric tube may be a multi-layered piezoelectric tube, the method
further including applying a metallic paste to an outer surface of a layer formed
30 from the heat-treated deposited particles to form an intermediate electrode;
depositing further particles on the rod using electrophoresis to form a further layer;
heat-treating the deposited layers; and, repeating the steps to form a multi-layered

piezoelectric tube.

35 In a second broad form the invention provides apparatus for forming piezoelectric
tubes, the apparatus including a container for containing a suspension of ceramic
particles in a fluid medium; a rod in contact with the fluid medium; an electrode in



I n which case the container can be formed form at

| east one of stainless steel, copper, and anot her
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at | east one of glass and plastic, the container being

coated with at | east one con%uctlve | ayer. The heat
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particles to a first predeterm ned tenperature to
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on_of j Exanpl es of the invention
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acconpanyi ng drawi ngs, in which: -Figure 1 is a
scheigt k&ofld Qﬁéﬁﬁrmfne@ntempaﬁml'éé iof typipp|gr alghe ften the first
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The rod may be formed from graphite. Alternatively the rod may be formed from at
least one of plastic and another material that can be burnt off at the first
25  predetermined temperature, the rod being coated with at least one conductive

layer.

The apparatus can also include a magnetic stirrer for stirring the fluid medium to
prevent sedimentation of the particles in the suspension.

30
In general the apparatus of the second broad form of the invention is adapted to

perform the method of the first broad form of the invention.

Brief Description of the Drawings

35
Examples of the invention will now be described with reference to the

accompanying drawings, in which: -



Figure 4 is a cross sectional view of a piezoelectric
t ube produced using the apparatus of Figure 1; Figure

W®»2008/084246EM i crostructure of the piezoel ect rPCT/5GHH4/000038

of Figure 4; Figure 6 is an X-ray radi ography photo
for different tube sizes; %ure 7A is a schematic
side view of an exanple of a transducer according to
the invention; Figure 7B is a schematic plan view of
the thﬁl%nﬂidslcd%cr@fnaﬁi dizgem/ & afri gxanpie Sofi apparate hfermatddacing
di agr am %& exan‘pl e of apparatus for neasuring the

di sPraEsHEie (?F a transducer; Figure 9 is a graph used
in Figerede e ameramilont of ajiraative elastedecaranaeneh forduse in dhe
a 1t LansduCFiqud gures 10A and 10B are schematic

ft d f .
$ho oPEe BAIRSoaIRY Trateded B oTRcare BT SRR e
of particlenaddicer; Figure 11 is a graph show ng the
di SIPIIgsfeeEﬂ;r‘éﬂa %%p%%a{ Wew"’bf LURE-dRlceft Gas %&R@Q'Lﬁﬂ?ttﬁe

Specific exanple, Figure 12 is an exanple o
theaéﬂ?é?t@ﬁﬁﬂ%"%vstem used when neasuring free-free

end F@Qdﬁﬂs @h SERmitbatiucre o thepidzoalemibuomy of Fleugute 13 i s
[ in response
200 SRR, LOEBBRALY  SUACEIE e ! ooP
co nﬁmuresws @fscwmaéla Is'ﬁ? digw ghan ??@ﬂ‘é’l?r‘& @ t@ﬁ%ﬂua?%g%me
of gvkatla; produced accordlng to the first specific

exanpl e u c plan

vie %feg'ggég'he@aéc %an Y' ﬁh&é?drsg%cgauceqi Fg;%:/tor di ng to

t he Figoweediis arscheRiagel ﬂ@g@w of ngexamgle <of apparates far mﬂaéwn@f’fhe
gn @?gggpéneen@gfaqréalgdu@é,e I ayer p| ezoel ectric tube;

17 X t
Fi gu@rﬁglé %lg Rﬁélgit%metl::e rggﬁt‘”onp 'oF égfcjregég E 'rcgnstt#ﬁpg %br a
pi eresddgedrr i ¢ tube of Figure 16; Figure 19 is an

exa 'ﬁ&u?esolfOAt Jh@ 108 MHrd gd#éﬁhbil@tﬂ]aéiémﬁ oﬂlﬂé Rb&dihay eyKém used for
transducer ;

| ondieeayind he g f glﬁy%fégrﬁgﬁlmog?s rgfgrag e se oFc.%IaEgh of a transducer;

20  Figure 11 is a graph showing the displacement response for a tube produced
according to a first specific example;
Figure 12 is an example of the coordinate system used when measuring free-free
end modes of oscillation of a transducer;
Figure 13 is a graph showing the bending displacement in response to a step
25  voltage;
Figure 14 is a graph showing a comparison of calculated and measured end
displacement of a tube produced according to the first specific example of Figure 7,
Figure 15 is a schematic plan view of a second example of a transducer according
to the invention;
30 Figure 16 is a cross sectional view of an example of a double layer piezoelectric
fube;
Figure 17 is XRD pattern of the piezoelectric tube of Figure 16;
Figure 18 is an SEM microstructure of the piezoeleciric tube of Figure 16;
Figure 19 is an example of the configuration of a double layered transducer;
35  Figure 20 is a graph showing the longitudinal displacement of a double layered

transducer;



transducer; Figure 21 is a graph show ng the bending
di spl acenent of a double |ayered transducer; Figure 22
WO 2008/0gr2aph showi ng a conpari son between the PCT/SG2004/000038

t heoretical and nmeasured bendi ng di spl acenent of a
doubl e | ayered transducer under the condition V2=0
Figure 23 is a graph showi ng ‘a conpari son between the
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doubiggrel 2y & @dyrighasietlitgethe Witeléing tisplacamsii tof andddbreCayered
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bei patfed PessHiption of 1he\PesferdetPPnbodimeNi a respecti ve

| eads 8, 9. Typically an ammeter 10 and a voltneter 11
are provided to allow the current and vol tage applied

t o Bhexarople 6f apparatun for éraipg pigaee!Btricdhse ismbawinddgure 1.
ifinally, the contalner 4 is positioned on a nmagnetic
stirre apt a ' , ;
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conduct1 ve nateri cor [
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exanple in Figure 2. In use, the apparatus all ows the
particles to be deposited the ro

Cl e avPe aP T ahgor e VoM lyre Rk e i syreryend
t hi solrayy abplied ¢diihe veeich anidlthe aiepivodaes Wdedrdapered. n
particular, the particles 2, which are piezoelectric

ceram c particles, such as |ead zirconat tlt nat
28 pr e A 44 FEURSEPN 6 AR TRy 17, VT episg

t he dhideerotation of a magnetic bar 13, positioned in the contalner 13 to allow the
suspension to be stirred in use.

In this example, the container is formed from an electrically conductive material,
30 and accordingly, the container 4 acts as the electrode 6. However, it is also
possible to provide a separate electrode 8, as shown for example in Figure 2.

In use, the apparatus allows the particles to be-deposited on the rod using -
electrophoretic deposition (EPD). The manner in which this may be achieved will

35  now be described.



are dispersed into the solvent 3 to formthe
suspension 1. The nature of the solvent wll depend on
wo b@sspeed fic i npl enentation, and the parti cl eBCRSG2004/000038

al t hough typically organic solvents, such as ethanol

and acetone, are used. Howevey alternative solvents,

such as water, may al so be used if appropriate. Once

the particles are suspended within the solvent, the pH
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In this latter case, the container 4 can be formed from stainless steel, copper, or
any other metal that is sufficiently unreactive, so as not to impact on the EPD
30 process. Alternatively, the container 4 can be formed from plastic/glass coated with

one or more conductive layers.

Similarly, the rod 5 can be formed from graphite or plastic coated with one or more -

conductive layer or layers.
35
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is then fired by heatin u
At this point, if a dual layer tubg is to be proJuced once the deposits have been

thoroughly dried, the outer surface of the deposited layer can be painted with a
30 uniform layer of metallic paste, such as platihnum paste. A second layer of
deposition can be performed to produce a second ceramic layer.

It will be appreciated that this process may -be repeated any number of times to
form a multi-layered tube, with each layer being separated using appropriate
35  intermediate electrodes. Thus, for a piezoelectric tube having N layers (where
N=2), there will be provided N-1 intermediate electrodes, with additional inner and

outer electrodes being provided, as will be described in more detail below.



at a first tenperature, to thereby solidify the

particle layer 14, and burn away the rod 5, to thereby
wo easmo2ie particle layer 14 intact. The firstPCT/SG2004/000038
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RSTonS CUSed 1Nt ornatlon of a single layer
pi ezoel ectric transducer tube, suitable for use in an
STMThekubd s 1BlerPaliired toavosidbiefere havisy e slosedtred réraqvedtaingredy

in the co-pendi g
(1 100 SEB Ribe Bel B ) o B e "

DAVHERO1PRF fil ed October 02, 2002) will now be
ogescribed. In particular, in this exanple, the ceramc
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120 minutes duration and at temperature 100 to 150°C. This may be performed in

silicon oil.

First Specific Example

30
A specific example of the conditions used in the formation of a single layer

piezoelectric transducer tube, suitable for use inan STM, or as a pump transducer,
as described for example in the co-pending patent application entitled “Pump”, -
(filed as serial no. 60/415844, attorney docket number DAVI190.001PRF filed

35  October 02, 2002) will now be described.
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into the raw powders. The mixed powders are then

calcined at 750 0C for 2 hours. Finally, the calcined
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25  In this example the powder concentration in the suspension is 50 g/l and the
suspension pH is controlied to be 4 or 4.6 at room temperature. The suspension
may also be stirred for 3 to 6 hours to further ensure the complete dissolution and

dispersion of the powders in the medium.

30 In this example, the conductive container is used as the anode, with the rod 5
having a diameter of between 0.3 to 25mm, being used as the cathode.

The distance between the two electrodes is adjusted to between 20 to 50 mm. A
DC voltage with the range of 10 to 100 V is applied between the container 4 and

35  the rod 5, during which time the suspension is stirred with a magnetic stirrer 12 at a
moderate speed to avoid the sedimentation of the powder particles.



appl i ed voltage. Thus, at a higher voltage of 100v, a
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improvement compared to other techniques such as the hydrothermal method.

30 The X-ray radiology photograph shown in Figure 6 also highlighis that the
structures reasonably uniform in diameter and wall thickness.

Thus, as shown, the tube has a substantiaily: constant structure, and thickness,
with no discontinuities, or other faults, thereby ensuring good material strength and
35  durability, as well as ensuring consistency between different piezoelectric tubes

produced using the method.



pi ezoel ectric tubes that may be used as actuators or
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Performance
The piezoelectric constant ds; of a tubular transducer is given by the standard.

equations:
25 Sy =dy L,y (1)
where S, is the strain in the length direction of the tube given by:
AL
S, =—
L @)

where AL and L are transducer displacement and length respectively.
E, is the average electric field, and this is given by:

2V
E, =

r
(r, +1,)In=
30 " @)
where V is voltage added to the wall thickness direction; ro and r; are the outer and

inner radius of the transducer respectively.
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In this case, the coordinate systemused for the
derived equations is as shown in Figures 10A, and 10B.
The origin @eﬁSBIxéOé&astem lies at one end of (4he tube
23, as shown in Figure 10A. The neutral plane, X—Y
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the traditional method such as the flexibility in component shape and ability to

produce smaller component (<1mm).

30  The bending displacement of the piezoelectric tube with clamped-free and free-free
end conditions were derived and experimentally verified for the using apparatus
similar to that shown above with respect to Figure 8. In this case, the coordinate
system used for the derived equations is as shown in Figures 10A, and 10B. The
origin O of the system lies at one end of the tube 23, as shown in Figure 10A. The

35 neutral plane, X-Y plane, passes through the origin 0. The transverse
displacement takes place along the Z direction. As shown in Figure 10B, the



are aligned mrror-symetrically according to the
Z-axis. Angle b, which determnes the driving parts
war@a/ 004239 i es fromO to 90°. The tensile or coPQI/BECHI0N@00038
stress and strain along the longitudinal direction are
denoted as T1 and S1 for the_,driving parts and TV and
SV for the driven parts, respectively. According to
the piezoelectric relationship, the stresses along the
XaXél&ctr@ﬂ@d exigeste 32 tand B4 :and the uneBctroded iriven| pafts B1 and 38
I ewgl C | afHich
con%rF a%lfgneq'hmm{ofgeyn)tﬁﬁrﬁ{:cg vsenjcgmji“ﬁg BI ?Engidsdllﬁgcm? Fon E3
i s dstgymines v diving par a;rea(varleg\ﬁ@mgtq%s radi us bet ween
outer radius r0 and inner radius h. Assum ng that the

jc,:\; ?‘{S”Ifqa%gét@i 0?’23051%%@%14) :lai%gse EH(p gtr_arm alglfmgl;. tHe tlor?gﬁ[hdu?% dﬁ%ﬁlop Gre
P i Gerloted asamii arsl S foc thewdaiving eartsFandal 1’ 9nd {Sheforb@ﬁ(gipyﬁjl parts,
nDnPe@ ecﬂ\éeh; Il\%c&ﬁflﬁé %Srﬁ ?_@f&e'le@fr‘ic iatRAsHid, iHsPesSRBIdMG the X-

s + zTAs JJssl| | ++ss33 xx
JJs@Q?areﬁmﬂfssfito(@) Putting Equation 5 to 8 into 9,
gi ves: (10) Singe i ndthe static equilibriumcondition
t he total Wpﬁd—l—@—t‘fﬁffﬁgt over a cross section is zero,

i.e., M= 0Q hi s réguires: )
10
! 1 1
I =55
= (®)
where S11E is the elasticA compliance constant. The electric field in thickness
direction E3 is expressed as:
|4
E, = ”
rin=
15 hi @
where r is radius between outer radius r, and inner radius r;
Assuming that the cross section keeps plane under deflection, S1 can be written
as:
S z 1 z dz”
1T TET_FE AT
20 ‘ p  dx ®)
where p is the radius of curvature.
Finally, the bending moment of the a cross section at position x can be expressed
as:
!
= + zTds
25 M 51453 2T, ds fv2+s4 1 9)

Putting Equation 5 to 8 into 9, gives:



8d 1V cos/? P p{ro +rb In r (11) As the radius of
curvature keeps constant in the static situation, and
WG@ERWSEO4249 1 P dx 2 (12) it can be derived fronPEgsGL604/N00038
4 that: dz 1 _ " = _ X+ Cdx p (13) z = x 2 +C +D 2
(14) where C and D are consH nts. The constant C and D
can be determ ned by considering the clanped-free end,
and the free-free end boundary conditions. In the
cl anped-free_e d bou d n .00 Z-°
UB)LM#94%gL d hggng &% £ the maxi mum
dlsplacenenvmat t he fr@éhLLp end iIs obtained to be:0 §
\ ) n (16) The relatlonrbetmeen t he dlsplacenqn@ z
and pi ezoel ectric constant d31 g,
| engjnde in toestatih eruiliEuBoadiiRadthe F‘B%gﬂéaﬁm ."l?H‘ei‘% i g‘ﬁ!?ss

11 Shewss 8do,iikl, NSk ioahiseeyuirs: t he di spl acement with
respect to changes of radius rO and h. The paraneters

used are d31 = - 4.5x10 11 mv, L=10 nm b=45°
1 8dyVcosp
p 7r(ra2 + rl.z)lnr—"
5 T (11)

As the radius of curvature keeps constant in the static situation, and since:

1_d=
pax (12)
10
it can be derived from Equation 4 that
% _ —1—x +C
dx p (13)
z=llx?MR+D
15 2p (14)

where C and D are constants.
The constant C and D can be determined by considering the clamped-free end,
and the free-free end boundary conditions.

20 Inthe clamped-free end boundary conditions:

&
dx
z=0 (15)

it is obtained that C=D=0.
25  Thus, the maximum displacement at the free tip end is obtained to be:



and V=30v. The outer radius r0 varies from0.5 to 2.5
mm The inner radius r, varies fromnear zero to 0.95
wotooshes2eut er radius. It can be concl uded fronP€T8G2004/000038
present analysis that for the sanme outer radius, with
I ncreasing the inner radi us,gt he di spl acenent
i ncreases; and the |larger the outer radius, the
smal l er the displacenment for the same inner radius. In
the case of the fre -f{,ee d boundary conditions, the
transducer wa he owg «ipdal points a and
L-a as shown i% Fig 1244 Zlmihe nodal %)m nt is the
position where the |spI acerent is zero at r@eonance

freguenc Thus, Wi e _sane
c1 e RN TG AP PR Sy e ofble B
conbitageoviand ldagtix kGarbther be abtaixedxrosr Equation 1ﬁ.>7) Th e shape

equation can be derived to be: " L\ (L Z- - x a?2p
2 2 (18) Thus, the displacenent can

cal cul at e
Ss: Figure 1&{1howa)an2VU?’ff@tt9n[°féhié'sle'i‘é?ﬁef‘i WE%ﬁeSB%C@%@ﬁa'lgﬁ%
as Falbfasfr UdHett . crnalpagmsmlrsamﬁlwﬁ A i= +4§xneaumed,-f1ﬂmren p=45°
tota ectio Z | S _equa er-
di Sﬁndag'e:{% f hq ?]u o rg%sed, i frérﬁn fa Sg%rks ThE mr*ep‘?aoﬁdsﬂ
t hevarlearipmdnckr eero do@.95 o dhet puser r@éwa lhean kg cw@#%ff% the

be Hn%?gﬂ LR%) s'iJ‘ﬁalnﬁlt @6 shielodtefPadifs, @its PloRasing tie. innkniradius,
has  a

6 s Fals, @it
VR RCK R LT R

pr odisples:nlearfgethe same inner radius.

In the case of the free-free end boundary conditions, the transducer was supported
at the two nodal points a and L-a as shown in Figure 12. The nodal point is the
15  position where the displacement is zero at resonance frequency. Thus, following
the same procedure as in clamped-free condition and using the boundary

conditions:

dz B dz|
E|x<0.5L - dx L-x
z= 0 x=a,l-a (1 7)

20
The shape equation can be derived to be:

SR IR

25 Thus, the displacement can be calculated as:




di spl acenent for the sane size. In addition, the
cl anped-free end condition tube has | ower resonant

wo c@gensy conpared with free-free confi gurati POT/EGHO4/000038

In order to verify the above-derived equations, the
end di spl acenent of the claq%ed-free transducer was
measured. The transducer set™"up and the neasurenent
procedure is Lhe same as that is used for d31
measurenent shown in Figure 10A. However, the outer
:gﬁc}r?de4gsédt_ —ihto 4 parts, and the angle b is
qua 0 °t Figure 13 shows one cycle of the
d!splacenenaélLI§§ gpéjfto the step vol tage under a
gi ven set va Ge 3PP\ V. 2A good linear property with
sn?ll_hrstgr33|s 12s clearly shown for a typical hard
materi al . Fi gure-14 shows the conparison of the
nmeasur ed resll t s®4nd the cal cul at ed resul t s(19si ng
Equation 16 for the displacenent under 300 v . The
appl i ed paraneters are tabulated in Table 1, bel
Tablt eanlbeQgee that asdhe ingtional displagampst §dhigeyreg: t@im%ﬁ a‘\Fq{@C‘bQ“
r g %g@'}a?dﬁl {d 'EF)eb dubMar of ﬁ%‘tibldis;]ﬁlaébmént%clémﬂéli-fﬁae%ndiﬁon- As a
- 5. can seen t t. : S rlotbr i
SpooHoHEGTRETFE R ad S pEfpr FEI] BTe (R i il i
el etmophdisgiademette Fbisi ltas ctsol effesadomathed fas é“iaiaty'a'%?&mg of the
”etm&iokﬂ fiaRsdueat aiarld | cigamserdaul tangivearoepreddesi darger
tube wth desired perovskite phase f] s
mi cHigRieqeepiiPetne 8"’“%8 SiE&<l agg't'fnu @bﬁ R g'lr?g %3 d gpnditgn Jube
qs) : Zgés?cr)\gameﬁog@t ﬁbqu?@d@mﬂled with fieecTreprAoatiauratien tugpd
- e end conditions have indicated that: The
endi ng di spl acenent is _proportjonal t
o clmerecty e s ey aBied Sel; s, SBpgesment of e
i clnpediral meodducar, wahemsapurede E tranpddesncest HRnjjidh the
glng ’ﬁggﬁ%@%}f Brlﬁh‘%d;ur;e)a{sé teﬁe‘fsaﬁte ﬁé Mahis Qs8d86r d;AdbassirentdnBshown in
rad Gw?1@ﬁe”@ﬁ¥@%WePHér§%F@PéEgéﬁ%§$“$%8£%§ﬁ+ @?E?%%Bis
13li sphatewent for the same inner radius; The transverse

di spl acenment wi Il decrease when the boundary

condi tions changes fromcl anped-free to free-free.
Figure 13 shows one cycle of the displacement in response 1o the sef‘ep volitage

under a given set value 300 v. A good linear property with small hysteresis is
clearly shown for a typical hard material. Figure 14 shows the comparison of the
70 measured results and the calculated results using Equation 16 for the
displacement under 300 v. The applied parameters are tabuvlated in Table 1, below.

Table 1
Outer radius | Inner radius | Length L daq
Angle p°
r, (mm) 1 (mm) (mm) (10-11 mAv)
1.45 1.19 9.98 45 -5.58

25 It can be seen that the calculated value is in good agreement with the measured

resulis.



This makes the resultant tubes ideal for use as

transducer, for exanple for use in a punp. Second
wEp@siob42¢9 Exanpl e In the case in which the proPCIT/ea2004/000038

pi ezoel ectric tubes are used in STMs or as transducers

in piezoelectric notors, Iarge di spl acenent is

desirable to achieve a Iarge scanni ng range or higher

rotational speed and torque, respectively. This can be

ac hieuramghy $ldagophedte béesitiary s rseawi wihel @ goadrmetsetliodrbricals
exa%lledgésemgullg&lezg?lé lar\/vlﬁ%' fekired :bérovikﬂet 'a§e and fine

exa transducer 1 nclu first
andnigiostoetiire tor kentised Iaﬁw“'@f yansducer.dTop Siede Eﬁndﬂﬂ? dé‘??'aceme"t
' ntﬁfh‘%ﬁp’éﬁ%@ beskdeaeR ohd cortinions Ied indichied thet:ect r odes
43, 44 are al so provided and are sectioned into
quadrant s as shown. The fabrication process is
S UlEHealvendiab |djspeeTnérais propariiene! i9etbe pisBesieckisospastaptt 431, the
r e%ﬁ? eV gg&é?lgn %eﬁglbl@legﬁﬁlﬂc’u&f BHRSQU4TE of tréf3ducat lehgthatand
herefore escribed in detail. In particular, the
flr%F66355W?b | ayer is deposited on the rod 5, as
desgr @ﬁl@n %bféVGadlu'Ehmedrﬂmemetd ihagsees with dndresge of the inner
t hor ou AR inner
16} aceilE dre aaie BB gL T thatii e M Rhehionht 8
per@dﬂﬂed. In this case, the EDP current may be
applied to the rod or the platinum paste |ayer,
dep ndi ng o t 0
nout vepaeren AP AT SRt € herthd Sl LA orddges
pr oigpraoiembédefrdeip fra@:ﬁeeat 110000 for 1 hour.The sintered
14 ube was then cut into the desi gned | ength and pai nted
with silver paste r
pet Dremieei satiendise Hog| S5 RNt HanbL 865 e
carpungd out in S|I|cone oil at 1000C by applylng a DC
field of 2 kVmm al ong the radial thickness direction
for 2 hours. Figure 16 shows a segnment of the cross
secﬁﬂﬁﬂiéﬂgﬂﬁézgkggoelectr|c tube after sintering,
2mbserved using an optical mcroscope. It can be seen
thaj Qeg%n@m:lythfe'ﬂﬂ@duééw pl@ﬁel'e@Wc ﬂub’@%laﬁ’él%ed in STMs or as

|nterwe& ate el ectrode ab [

| ayBarsdugers i) RIRFORBHIHEPIPLY g%get ﬁ%ﬁ s%één?r%g%? gc%ﬁl\&e a

t ec hiRjet seanhiag famge biagrer tatasionkd apded ah@tmt@dfe%qm@!yu?@s can

l n Eé %Hl]; gvegiqlsmb rhﬁ?cﬁjg%géfe%dﬁublﬂar(i%h(ﬂﬁ&d ag(ré;@ﬁlﬁé tof @Rich is
28| eé‘ﬁ%p'ﬂé:r‘ﬁé'fei . dl@ﬁB‘é.eE‘?'B%e VR P ey e TR FcuaBl

el eahd estond erarhie lagels 48t Ackeparstediby bn ntermerdiate eleatraslg 48 ynner

persons isKidd &8ss shGelsh provided and are sectioned into quadrants as

shown. The fabrication process is substantially similar to that described above with

Ul

respect to the single layer transducer, and will not therefore be described in detail.
30

In particular, the first ceramic layer is deposited on the rod 5, as described above.

The deposited layer is dried thoroughly, and then painted with uniform platinum

paste before a second layer of deposition is performed. In this case, the EDP

current may be applied to the rod or the platinum paste layer, depending on the
35  implementation. After drying for 12 hours, the dual deposit layers are sintered in a

programmable furnace at 1100°C for 1 hour.



To confirmthe conposition of the deposited

pi ezoel ectric PZT tubes, an XRD neasurenent was
w@anosioet4out usi ng a Shi madzu XRD- 6000 wi t h CuPCEHBSGEN4/000038

under 50.0 kV, 20.0 mA and 2.0000 deg/ m n scanni ng

speed. Figure 17 illustrat es%%) the XRD pattern of the
materials after sintering, d the expected

tetragonal - phase perovskite structure of PZT was
ObS‘ﬁ{evs?lﬁiereEltlgier\ﬂasltﬁels bavisio dive GEMNRd dangiprang hpaintedcwithsslver

glecz:[té's {he lhr‘? rpelnﬁzo%%lr Sfbfddes tb‘é?b‘?e fll:l_rtbeata%%‘s@ﬂﬁ 2" RinDtes.

r esmlualwagmeétscaqueouavsﬁhcebé g\)'u@%&ioooeﬂw 3(5’8%‘9 tayDﬁggg'd of 2

meagyiRchidrg tiCradiaGRiSkngéLdictionifer@ rarsel ect roni ¢
ensi neter (MD-200s), which is 96. 7% of the

heoretl cal . val ue. The results have shown that the
pi eFigeb a6t shows audsgmApisof Bee prosy pelip @' ihe RIEZPRIPHTG be ypiter

de nﬁﬁeWBﬁsen)éH QLih ad %pﬂclaﬂ M@ké&ipe Sit EAELELERA Snad e¢éasemably
| ayout t he ered t ! nsducer
us efine 3y ’ﬁ‘fP\%‘rH‘Pé‘ﬂF'ﬁt'@erg%/ egigter Aok g’ aazaé%‘ é?&ﬁ‘nst(f@%rafe? ffip two
ar elaﬁeré\ht bRo Admandrateb @hadHPD Bgarpeifecive ®biwjquarie f@ppﬂte &
"t ho HRLLAdS, s\(l;bctﬁ%d Vl%gu 5(;1‘§ptﬁ8te|e\5ﬁ$dé IS Id&lé?\%&% gé‘s‘ﬁlog rh%ar
ngP R dri

erm nes I ng area sduce
Dertheucwgar syjtiage; 8M9/awrngaih?r@ﬁwmef%ﬁf i F'S?UOPEPf?tha eposition, the
despkdiidR & b @erodeltan be adlisigl, di s/l becppreoittedby péreons skilled
doubl e- %ﬁyered transducer under C anped- Free boundary
conit§ is:tdVr - r22)cos0OdV2r2-r )cosbL Qb
**r(r3 4 - N)(lilr 3-1nr2) p(rd4 - r/XInr 2 - Inr

19 P1& cbrdh thé %oﬂhsésaioh @ trkéeadpasmbdt hezodiestpt CT rmaks, an D
i ezoel ectric cons

p
V2) meiaweﬁt Elas F?{H%(f Ol%’[ aln%’sa} S?\_n%a%u QQRtDV&JOE) 3&?1‘ C\é tgg & tﬁ\g}gr
r2 sma kYu2@e mlaghidi2.000® d@gl«mubécwglmsye%fwiw?eﬂ fipsyies fiee

equﬂhb%ﬁernpoftthtb ma&halé raﬁéPSéiMGIﬁfg, Whd theddxpediad Riagdnalgihesk
in Tab el ow nmeasure the bendi ng

di s B?rg\‘mgﬁeeﬂfucture of\{g%'? was observed
20

Figure 18 shows an SEM micrograph of cross section of the piezoelectric tube. The
average grain size is evaluated to be approximately 2.6 pm. Some residual pores
were also observed. The density is measured to be 7.639 g/cm3 using an
electronic densimeter (MD-200s), which is 96.7% of the theoretical value. The
725  results have shown that the piezoelectric tube has been sintered to a relatively

dense state.

Figure 19 illustrates the cross section layout of the double-layered tubular
transducer. In use, the intermediate electrode r is grounded. The areas A1 to A4

30  are the driving parts. They are applied with voltage V1 and V2, respectively. In both
designs, angle p determines the driving area of the transducer.

Deriving equations in a manner similar to that described above, the bending
displacement of the double-layered transducer under Clamped-Free boundary

35 conditionis:



Table2 L ri r2r3 P (m (m) (m) (nm (Degree) 12.08
1.61 1.78 1.87 0 The internediate radi us r2 was

wore@soedd under optical mcroscope. The appar apCESGHOE 000038
for displacenent neasurenent is simlar to that
descri bed above and will not,,be described in detail.
Fi gure 20 shows the | ongitudinal displacenent under
di fferent voltages. A perfect straight |ine was not
obser S2 exp : Thisy L9 b 2the materigl is
n?t= dillr4 A A e)co 1 es Qﬁd@ﬁ?i gh
el ect vi(' £ Kold rani hnca(di<p )y s tEai n (20)
not-linearity. The maximumelectric field is estinmated
to be nore than 1150 V/ mm at 300 V. However, since the
di splaseiaetisentines tiepihdeyneat &andapiepuelettiin eongtashda hangle B,
appl jed \yal t age, ks W h BhdSouter
ool Wy ARy s gl dedes L oM

5st andies d carebeagdstinetipipeddrom tgg eauebans: Appl yi ng Equat i on
(3), d3i is calculated to be 1.18x1010 m V. The
bendi ng di spl acengnts for t. [ j =
VoAt ERSEP T J07 iap JE B o e el R leasure
exp@s bévelingalisplacerfergur e 21 shows one cycle of the

di spl acenent in response to the step voltage under a
maxi mum appl i ed vol tage of 300 V (V1=0, V2=300; V2=0,

10/1=B®2 Both curves have shown | owel ectronechani cal
| oss, which [g cau$ed by|[the domain [l notijon. As
shown the resultin teresi sii I hgyres 22
and 23 show ﬁ%mgco%rg% SQ IﬁrE’et mé@rq)s ((ed)?gl;é:ér))r dgtical and
experi ment al ng#e fiey the sgwo|g@adi §igons V1igGand
V2=0, respectively| Thes¢ two fii gures show the sane
trend as that—observed in Figure 20, 1.e., In the

| ower Vol Lage Lange. e 8 | ﬁﬁ@%l n¥@rb§l:% g%@% aratus
bas?wpqevne&gaé%ra@wggqvgets%eg)s/l{rgwcﬂ]iﬁf e he'o_r et cal v%ﬁ ﬁe't
Howeseeforatisptacemens Imeassergers i Sipiler & Bajrieteribpg abgyg@ae WHn©
exhi bidSislihiPAdainon- i nearity and the deviation
bet ween the theoretical predictions and the
I2xperinmental neasurenents becones | ar g_e. The bendi ng
di s plgaretenbwh dteviewgiudita displaesinent wiAer BEeTeYioBFRAMY PETRS!
S| ngllra%l‘ﬁl)(iﬁé Was not observed as expected. This is because the material is not
hard enough to keep linear properties under high electric field and hence displays
certain not-linearity. The maximum electric field is estimated to be more than 1150
20  V/mm at 300 V. However, since the displacement is basically a straight line when
the applied voltage is below 100 V, the data below this voltage were applied to

determine ds; using the standard relationship

Sy =dyE, 21)

25
Applying Equation (3), da1 is calculated to be 1.18x1010 m/V.

The bending displacements for two situations, V=0 and V.=0, in Equation (20)
were also measured experimentally. Figure 21 shows one cycle of the
30 displacement in response to the step voltage under a maximum applied voltage of
300 V (V4=0, V»=300; V2=0, V1=300). Both curves have shown low



system can be conpared using equations (16) and (20).
Figure 24 shows the theoretical bending predictions of
wo b@soo4systens. It is found that the bendi ngPCT/SG2004/000038

di spl acenent can be significantly increased if the
doubl e-l ayered systemis appl,i ed. The enhancenent is
appr oxi mat el y doubl ed under The sane driving vol tage.
Figure 25 shows an illustration of the displacenent

Wi tdleciremgmaiicdl tosshehigreis caused hy therdotiziatveall mpdpny \srspown the

can_b fie di splacement increase linearly
wheR® m9n§£%§%£§% % r3. The maxi mum enhancenment is

neasured to be 16% As a result, it is also shown that
t heﬁ&ﬁéhdézrbﬂud@b%ﬁbﬁmmpamn batween ihe thieortiesh sediexpgrimental
ncreasi n in ~ad]

3% r et b onah gl AR verD ool Phosd 148 Tres show
De pths sdmeimeridas tb@@hsegmﬂ,m thgreoi@ Be- gla(’glaf Ireernoliagegange, the
f ab&g& Sl %.'IQ& ‘f(eép'%y sl apg&a Qféhﬁﬁérfcy Guith Lthel lit@oretical value.
tran cer.

do ul@qugvpra%;élpee@ tlejagg?ﬂela PJ% {9 é‘(ﬁﬂé enal Q{hlb‘itg gtr?ng an Imeanty
go Oﬂwda@\é edaviation istweeh hibet memet@all mldlcmné dangk ien §Xnﬁr'\‘.ﬂﬁntﬁ'

(}he mﬂ%ﬁkn%%g%ﬁg E%%?gch | ar ger than bendi ng
|

rRcenen with a single |ayer
transducer It will be appreciated that the techni
C anTIJféebefn'dfnb hiplaexihendetivden the duibtelayared sysiape iapd they ﬁe@e-

? a\éllg.ggﬁtj\l \ys?%ec!aﬁ b%%ﬁlﬁaﬁreh%%}\g eé{ﬂaﬁ&hst(lﬂ@ a‘r’ﬁykid -Hig¢&€ L ehows

hanced
di stk tee bendigaredidions PpsRSYLRTS- |'té%|P‘ﬁ%Hd {hgthg ppnding
19 | LisidRmeficah Be bigaticantiacroatsd if el datibledeyerad dystem is applied.

cg‘rjllrf' c %,'}‘cgg,%g nUACPr&&g JARRANLEM: the/¥ahmeSHGRY voltage.

ons that becone apparent to
persons skilled in the art, should be considered to

fal |=| Weté?a' %oﬁ@%nsimls[rhﬁonadfdhéﬁmﬂecdlﬂmt tvhie réspeat e ichanges in

br Oa%}_’%ﬁlﬁ?@r ing, bef pr tt?ﬂg{thé)@ﬂ%é%ﬁ\e@u?dréﬁe irneaﬁy when

et A |ezoePec ric %
20 nchurdraages 10 &) Th@mmnmgm&ngwgg?@ isdﬂeaalflree @r%ﬁs‘;{ s a result,
par 'iscils%ss.hb\ﬁn fhaf thé! behdiRtigpfcerhidn)t cqrodiéd betindresgsed by oidresing

h d h d
L1 g e Pt o SRR Rpl e BRENGEED, D0 (0 7

deposited particles to forma piezoelectric tube. 2. A
met i Q&r&yﬁ@&tmh&r@t.&baﬁd&nuaﬂ hideecpishawetocind &igood wethod to

2o 0 g5 ed ol e £ Nargetdaag
2% yr fabdeatg ngpl{pgq zqggre? a)p e%%e ?c?nc %Lﬁér ’J’#F ce baste to ang
out ersplacenfeat ef e daulblefayerefl a@bylﬂr ﬁrém%ﬁ’é%ﬁf was Tound to be in good
agreement with the theoretical predictions within the linear range and much larger

than bending displacement obtainable with a single layer transducer.

30 It will be appreciated that the technique can be further extended to provide multi-
layered tubes having N layers (where N>2), with the multi-layered tubes having
even further enhanced bending displacement properties.

Persons skilled in the art will appreciate that numerous variations and modifications
35  will become apparent. All such variations and modifications that become apparent
to persons skilled in the art, should be considered to fall within the spirit and scope

that the invention broadly appearing before described.



fromthe heat-treated deposited particles to form an

i nternmedi ate el ectrode; (b) depositing further
w@asosioed2es on the rod using el ectrophoresis toP€DsGERM4/000038

second |l ayer; and (c) heat-treating the deposited

| ayers to formthe double I3§er pi ezoel ectric tube. 3.

A nmet hod according to cl ai t he piezoelectric tube

being a multi-layered piezoelectric tube, the nethod

f urtrhe®laih$icl udi ng: (a) applying a netallic paste to an

outer surface of a layer fornmed fromthe heat-treated

deposited particles to forman internedi ate el ectrode;

( b)1. depdsinetheroffarmingeiezpelpaticiiiees. B MekRd FEHAING; ng

ﬁ' ect rophor e%rﬁmtgca sfu@péﬁs@n fowgrémc parglesin a (loijl medium;
eat-treating t l.ayer.s: . and (d) repeating
St he stepd® to%OB'F?H"}? E?ﬁ?ﬁf']tﬁ g@)‘i%&%{ﬁpi ezoel ectric tube.

4. A netod alepasitihgmgrtities e tie mdiusing ieleciiephpgsisiandt her

i ncl udi ( Roatpting 16 d8FIsRed dafticR8 tfolnPa piBfoeladttie tuband
out er sgrfacesao&%fﬁé pl§§%e|é%trlc tube; and (b)
poling the piezoelectric tube to thereby forma

t r amsducemettiod sdcorinhaal cietra o, dien giezaslestriai taed beink @ double

gPol i ng gg\f%g%dtd%gec’le&m%b@tﬁé‘}nét%f@r@r@'rln@l@éhh@n of an

electr| e region
bet ween @0- 13PQIYiRg ﬁd?@@'cdﬁﬂs?tti’ 8h °'£ﬁb3”§?°etn%]ﬁﬂ'éﬁ? VT amed
the range 1OGmhomé5@a&dmeqummmm@aﬂdemtdbnganmﬂqnymme
one of clalnslézggg : the met hod of dep05|t|ng the
partlclesm‘T 05|t|on|ngthe rod in
cont ai ne) corﬂeapﬁﬁﬁﬂéuﬁﬂffépméheo’ﬁ ”?Bgelﬁ‘arﬁﬂ'%%?si'ﬁwt@ form
14 he rod to a §idcsid m@'rmnaal of a power supply; (c)
connect i a ect.ro c r 0 e
pover sty eHEE Fe oy BF AT LRI Ao KouhBayer
fluid medi um piegedle¢tdy tuggi ng t he power supply to appl y
a predeterm ned DC voltage to the el ectrode and the

' Od t 0 tR?nret 0 aé::cacl)lr'I neg tgtclalrr? ‘rfls‘[ﬁe s‘ Qﬁleglfnc JB@ b& ﬁé 1él'n‘ﬁjlltﬁlﬁyered

20 piezoelectric tube, the method further including:

)] applying a metallic paste to an outer surface of a layer formed from
the heat-treated deposited particles to form an intermediate
elecirode;

() depositing further particles on the rod using electrophoresis to form

25 a further layer;
() heat-treating the deposited layers; and
(d) repeating the steps to form a multi-layered piezoelectric tube.
4, A method according to claim 1, the method further including:
30 €] applying metallic pate to the inner and outer surfaces of the
piezoelectric tube; and

(b) poling the piezoelectric tube to thereby form a transducer.

5. A method according to claim 4, the poling conditions including the
35 application of an electrical field in the region of 2~4kV/mm, for between

20~120 minutes duration and at temperature in the range 100 to 150°C.



to be deposited on the rod. 7. A nethod according to
claim6, the container being a conductive container
waodapetse o act as the el ectrode. 8. A nethod BCTAGLIOWE00038

to claim7, the container being fornmed fromat | east

one of stainless steel, copggr, and anot her netal. 9.

A nmet hod according to claim~7, the container being

formed fromat | east one of glass and plastic, the

COrg, ai Nex mbwbd gecomirigad awy dre gitlaingabto H e nehefliefidepesiting

| ayer. A .according to any one of clains 1

Yer- M pdy R RAGinR g y

to 9, the eattreating the deposited.
particl e@) i mesiianingghe roajn heoRtaneh cAFRNYERDH YRR
gﬁrt i g | e®) lt_(bgﬁl}etiirrgﬁﬁe RE esletier tsineotteepuper aupplye t ;
ereby solidify. the particle
Sand bur i hé’o?']%t,mgt%‘ %‘ﬁ%ﬁpg%&/o ?Sé@@éée?’tﬁ[ﬂ‘%z&g? Obokct Subfif
solidified paedarodsbeingia conitnt wileihaduig Mmsdue atd one

end; andg( b) : t ubeppl Sieemiifled DC voltage to the
pr edet erﬁf nelﬁm?g{elt&g’e Sfply46epfiP adr

her eb inter the t I ;

dense cer amidecefseandine '%ﬁ%ontg?rﬁ@ﬂc e %tﬁ%%ﬁ%f%f%&é@a%wdes
10, the net hode fepositedronitmecodidi Nng cutting of f the

100: osed end gf t he tgbe. 32. A matgod according to
claim 10, the second predeterm ned t erat ure. hej
hi ghor - thawihoacerdnsrt> BREBLET FTTANET ENDA tyS B geing
met hod agdapted ot athe blactrad20, the first predeterm ned
tenperature bei ng between 500 and 12000C. 14. A net hod
according to claim 10, the second predeterm ng% ;
t ener at Amstiodiagepraieg {gedaimah dhessritaingd GBiRg foBed Romgf 555

158ccor di NgheldpstaiiesONeel Wopedr Adndendthéronetal, the rod bei ng
formed fromgraphite. 16. A nethod according to claim
10, the rod being formed fromat |east one of Iast,(i C
andd.anot Aerethedtasearding ihelaimea AheyerniRifish eipg ?0”3?0' ?r A at least
first pregebiegaEsned jlampematdoheinet being odhtdrkivitly at trasteche
with at Ig}ag&iz‘% e conductive layer. 17. A method

accor di nf’ P¥ne of clains 1 to 16, the nethod
2G urt her
10. A method according to any one of claims 1 to 9, the method of heat-
treating the deposited particles including:
@ heating the deposited particles to a first predetermined
temperature to thereby solidify the particles to a surface of the rod
25 and burn the rod, to thereby leave a tube of solidified particles, the

tube being closed at one end; and
{s)] heating the tube to a second predetermined to thereby sinter the
tube to form a dense ceramic tube.
11. A method according to claim 10, the method further including cuiting off the
30 closed end of the tube.

12. A method according to claim 10, the second predetermined temperature
being higher than the first predetermined temperature.

35 13 A method according to claim 10, the first predetermined temperature being
between 500 and 1200°C.



including using a magnetic stirrer to prevent

sedi nentation of the particles in the suspension. 18.
waemsnedd according to any one of clains 1 to RFT/SGH®©4/000038

nmet hod of form ng the suspension including: (a)

di spersing the particles i nta a solvent to formthe

suspension; and (b) adjusting the pH value of said

suspension to a predeterm ned pH value. 19. A nethod

accor di ngy niethod laacomiid@ o ¢idim o theeseconsepradpterming deiprasature

sol vent . _20. ing to claim19, the

sol vent %e’tmglbéeglsetgﬁg%ﬁ;&g?@g ﬁgnol and acetone. 21. A

nmet hod according to claim 18, the sol vent being water.

22 4A ek hoshoa Geadr@hd 't &) dHledi Bahis 1 td1e4,Ited heddbedfy formed

di sper si n%t he _éarti cl es including dispersing the

Sparti cl RPN EoN; cal Iy, 23. A method according to
claim 18, the nmethod including adding a stabilizer to
the,SuspRASIRAa c%fldirbﬁo i 6! 1R rb@ﬂng%nh@d Béraanmedss one of
the stabilizer Belng et 1er gtql col . . A method o ined
accor di nejagtis aphgnaiics msterigl|tag ﬁ%" Be pygntOK at F%E'rspgrefil ¢l es
bei ng at ehpasture) i@ red bdirgadatei mitloaideast onet candictive lavshed

1doead zirconate titanate; BaTi O 3;

0. 95Pb( Zro. 52Ti 0. 48)q 3 -0.03Bi Fe g 30 OZB%%Cuoh 4 furth
5W15) q A-+0etik ageRging: to Ay ope 1k c1gin] Ja 18 p; getnod further
parti cl epeludfy udiy APRGIcBE Mre ar préwnnsatgngpiademel the partiges
tubes, th hagugaraltorl{s including: (a) a container for
cont ai ni WS %?Sen'si on of ceramc particles in a
fluid mediunm (b) a rod in contact with the fluid

148TedigIM  AGhetiHy REAEIHG Ayl dhedBlaitst 1 Wi 17 tehreethdcduotdorming

medi um (d) a paower supply adapted to apply a
pr edet er &aeﬁaswﬁ?'?%\'a%”‘i‘]’g&t he rod

(@) dispersing the particles into a solvent to form the suspension; and
(b) adjusting the pH value of said suspension to a predetermined pH

value.
20
19. A method according to claim 18, the solvent being an organic solvent.
20. A method according to claim 19, the solvent at least one of ethanol and
acetone.
25
21. A method according to claim 18, the solvent being water.
22. A method according to claim 18, the method of dispersing the particles
including dispersing the particles ultrasonically.
30
23. A method according to claim 18, the method including adding a stabilizer to
the suspension.
24, A method according to claim 18, the stabilizer being ether glycol.
35
25. A method according to any one of claims 1 to 24, the particles being at

least one of:



and the electrode to thereby deposit at |east sone of
the particles on the rod in use; and (e) a heat source

wo erosletd treati ng the deposited particles to POI/AGZ04/000038

pi ezoel ectric tube. 27. The apparatus according to
claim 26, further including pai nter for supplying a
nmetal paste to an outer surfzgce of a first |ayer
formed fromthe deposited particles. 28. The apparatus
accor di ngad frcodatd thar2@; or cl ai m 27, the cont ai ner bei ng

a condugcgopggﬁ}g@%gmgﬁtampt ed to act as the

el ectro e apparatus according to claim 28,
the contBdTi@s being formed fromat |east one of

st ai nl esgosyifal sg'rn(ggppe osslpmg (E0RBIa Gk, W) Gl 0.58 06 MThsand
appar at u& accor Lg%t o |cFesa' m 28, the contai ner being
> or med f @ﬁﬁ%‘fzo?g PEOIe of gl ass and plastic, the
cont ai ner being coated with at | east one conduct i ve

laysy . .3m @%%t@ﬁ&%rﬁﬁdé%né%l&ﬁﬁﬂ tDISbst me amaraﬂlmﬁn@ﬁdlng
cl ai ns

source
heat the ablepo%F?’Eﬂ"%é?rt‘ioma@g‘gt%sﬁp?nsll t°§ﬁrgeh1et eridesay 2
terrperat ure tfuidhedielyy: solidify the particles to a
urface th rod, to thereby
{%Elb & Ford angﬁﬁmm{ﬁé‘ﬂt@é felifh®;

eave a artlcles he t ube bei ng
cl osed a(C)onea'é?i%Ptm%'G cpgagt thg‘et 'Hlﬁ'é“etdé‘"h second

pr edet er (@) neda béwdr besphladapied tacapplyreepredsiseming veltagenicsthe rod

dense ceram c &Ghd Barticles
cl ai m 31, theargaléggﬁl %deﬁﬁggﬁfﬁé%wgw%%?g{ﬁe be??lg

hi gher than t pethgrqdde Uss 8Rfbt er i ned t enperature. 33.
15The appafgt us a de&Qdodics gort iatireiting Bib, dephsitedl ipagitles to form a
pr edet er m ned Lenperatce bei ng between 500 and

12000C. 34. TRE: appar atus accor di ng to claim31l, the
second predeterm ned tenperature being between 850 and
13089C. 3k aEBé?atﬂ@F&@écﬁdxh@ tA@RAM cien durther dmjudimgea giainter for

claims 26 tpPymg a metan pastg (tjo Qnebd?& surface of a first layer formed from the
20 deposited particles.

28. The apparatus according to claim 26 or claim 27, the container being a

conductive container adapted to act as the electrode.

25 29 The apparatus according to claim 28, the container being formed from at
least one of stainless steel, copper, and another metal.

30. The apparatus according to claim 28, the container being formed from at
least one of glass and plastic, the container being coated with at least one

30 conductive layer.

31. The apparatus according to any one of claims 26 to 30, the heat source
being adapted to:
heat the deposited particles to a first predetermined temperature o
35 thereby:
solidify the particles to a surface of the rod; and,



formed fromgraphite. 36. The apparatus according to
any one of claim26 to 34, the rod being fornmed from
w@roosmert one of plastic and another materi al PEESG@N000038

be burnt off at the first predeterm ned tenperature,

the rod being coated with at_ ) east one conductive

| ayer. 37. The apparatus according to any one of claim
26 to 36, the apparatus further including a nmagnetic
stirrer Buwn oftihe rodniy théreby leaveda ubei of reotidifiedr paytisies, the tube

sedi nent B‘Jnj\goéﬂos% atdhe ep&ra% cles in the suspension.
heat the tube o a second predetermined to thereby sinter the tube to form

a dense ceramic tube.

5
32. The apparatus according to claim 31, the second predetermined
temperature being higher than the first predetermined temperature.
33. The apparatus according to claim 31, the first predetermined temperature
10 being between 500 and 1200°C.
34. The apparatus according to claim 31, the second predetermined

temperature being between 850 and 1300°C.

15 35 The apparatus according to any one of claims 26 to 34, the rod being
formed from graphite.

36. The apparatus according to any one of claim 26 to 34, the rod being
formed from at least one of plastic and another material that can be burnt
20 off at the first predetermined temperature, the rod being coated with at

least one conductive layer.

37. The apparatus according to any one of claim 26 to 36, the apparatus
further including a magnetic stirrer for stirring the fluid medium to prevent
25 sedimentation of the particles in the suspension.



