WO 2005/ 004249 PCT/ S&004/ 000038 1 Piezoelectric
Tubes Field of the Invention 5 The invention rel ates
WO 40d and apparatus for form ng pi ezoel BET(SGI004/000038
tubes, and in particular, to piezoelectric tubes
suitable for use as transduceys, as used for exanple
in heart punps, or the like. Reference to Rel ated
Application 10 Reference is made to US provi siona
pat ent application nunbdpzetrclriceTubes filed on 3
Cbtober 2002 for "Piezoelectric Tube"; and the basic
|I| atept application nunber 10/611, 401 for
"Pl ggltﬁ?ﬁ?@ es" filed 1 July 2003 in respect of
and claimng the priority of the provisiona

3ppl Trféqmeﬁlrbnr}{élﬁ%@ ﬁo 8 Ml aﬁﬁ%pp&%tu@@&%rh‘mgl [ﬁ’étoé’lfectﬁ&?ﬁlbes

Rel at ed ence . to

S pe BT FaPERSEleo bR sile 5ot Toamisfere s usgp for
ac k rexaingld dretrean purops, aritie filer m of suggestion that the
prior art fornms part of 20 the common general

know edge. It is known in sone practical applications

of Jdtaferancsie RelatedAnpieatifters, | to use tubul ar

1pi ezoel ectric conponents. 25 For exanple, a tubul ar

{1 ASOUGRE i ol LS ARG dafonf oD AHRS: 697eas Welibn

el ec I nher SUI‘ aces
out @rO@wc 2003der “Riggodipstricabe’; itkifie bariclP ididt ratrnE agplisaiign
t he duaBgi {omi1 et foli*Piegdddehic Thbd! fildaet Junneooseh eedpecidd and

e PRI B R Pl ghote o

1uadrants of the outer electrode. Such configurations

can f8erflionv thel Huldi®NXrtSi t uati ons, such as a tube
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tubular piezoelectric components.

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 elecirode to be achieved by applying
currents to selected quadrants of the outer elecirode. 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 “Singie-tube three-
dimensional scanner from scanning tunneling microscopy”. Rev Sci. Insirum. 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



electric field. This design offers advantages of good
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positioning a rod in the fluid medium; depositing particles on the rod using

30 electrophoresis; and heat-trealing the deposited particles to form a piezoelectric
tube.

Typically, the methed 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 secend terminal of the power supply,
the electrode being in contact with the fluid medium; and using the power stpply to



apply a predeterm ned DC voltage to the el ectrode and
the rod to thereby cause at |east sone of the

WO05/8048Y t 0 be deposited on the rod. The contP&Iff&2004/000038

can be a conductive contai ner adapted to act as the

el ectrode. 5 Alternatively, @ separate el ectrode

could be used. If the container is the el ectrode, the
contai ner can be forned fromat |east one of

st ai applyapredetasnined Bfyeliage inmibie alaeiiade andrihedpd to thereby cause at
Al t BERREdnYETYhe PelitRlcs RNbAdpdited aminBeod. f or med form at

| east one of glass and plastic, the container being
coated with at 10 | east one conductive |ayer. The-

met Ho@ awhtaimentan beat congudtine coligins | adepleth 49 ©ickethe electrode.
L5y Pi Aihitvely 6 b4l oBaRkE Bllid RiRusedleposi ted particles

to a first ‘predetermned tenperature to thereby
solidify the particles to a surface of the rod and

bur nif 9é toritdirerniothe deaatrbdee thelnynthieenan aetiored dbml least one of
sol i gdj.fi rii bej S

e S B dopbor Sng Eliing 4R8r” Aiflalie> By hiePozp oo
to tiereedBymsatieast onenel daspand plagtisy HeofiaReibeing cosied with at
ToubgeasiléiR corduetb Iggneral |y further includes cutting

off the closed end of the tube. 20 The second
predeterm ned tenperature is preferably higher than

t he Tihp methodsf berittieptiriaribeidepesiisd pattigiea typipally inglydeg: heating the
pr e‘l%ﬁ 160 PREcibS 1l it YrQicfeRRinEl tdhfieRes to ARMByaddikiify the

1000C., The second edet er n ned.,.te rature.can b
bet ELHES Bt ety of yeqen ool bl ar iR B Bersel Bt g of
1§r aphiidified patticlkeuhh tubeHeingraosed eladns engly anrdk healing) the tube to a

I NClsWding YredbtetnfiAst to RRfet Sinfel M8 kb 1?4oFn 3 REARREARI 1684 al
that can be burnt off at the first predeterm ned

tenperature, in which case the rod is coated with at

| eaghe orthod genetially thirther ihelydes cutlB@ offfike ¢lested edd gidheciube:. | v

further includes using a magnetic stirrer to prevent
edimentation of the particles jn the su nsi.on. .Th

et HBE 00K PRIETREY JHERRAIGRol PR TR Ay s, it

di speaxisiemgnéchiempensture: [Tes first predetaminel vamgeratarefcen fre beiween

sus ' o@d] ' t i [
2un 3508 O SOl LR BB WenRing . e

PCTBSLE04 /1880638 4 The sol vent may be an organic
sol vent, such as at | east one of ethanol and acetone.

ternatjvely, other, solvents such as water. b
25 edhS bR DRJETRR e gEpalen st et Pl e e
i nclineliding dt Epetraien plakie wdranptbérematedal that cars b bwral ofiat 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
info a solvent to form the suspension and adjusting the pH value of said
.35  suspension o a predetermined pH value.



The nethod can al so i nclude adding a stabilizer, such
as ether glycol to the suspension. 10 In general, the
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The piezoelectric tube may be a muiti-laysred 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 elecirode;
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 Ina second broad form the invention provides apparatus for forming piezoelectric
iubes, the apparatus including a container for containing a suspension of ceramic
particles in a fiuid medium; a rod in contact with the fluld medium; an electrode in
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35 Exanpl es of the invention will now be described
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appaseicsndabodicgure 1; 5 Figure 3 is a schematic view
of the rod of Figure 1 coated with a |layer of ceramc

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 bumt off at the first
25  predetermined temperature, the rod being coated with at least one conductive

layer.

The apparatus can also include a magnefic 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 1o
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: -



particles; and, Figure 4 is a cross sectional view of
a piezoelectric tube produced using the apparatus of

WG #03/80434% Figure 5 is an SEM i crostruct ure ofPClI§§2004/000038

pi ezoel ectric tube of Figure 4; 10 Figure 6 is an
X-ray radi ography photo for different tube sizes;
Figure 7A is a schematic side view of an exanple of a
transducer according to the invention; Figure 7B is a
schefigure ! 8 arsciiénealic ofiagrame dof ramnexpler Dfoﬁpﬂaregtlﬁr for 7preducing
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apparatus for measuring t di sge acenent

t r andgHie @ris anj ygmelegef 28 aéte@pté\ﬁhelg%rg grranagment for Gse In the
det eipﬁhrﬁﬂntsbﬂmgméupl ezoel ectric constant d31 for a

o ﬁ@]\lcoor%:s:%h%tﬁgﬁcz\géf@f tﬁ@iﬂodéﬁfggafeef SaRAWhiGa 'é%gé@gfﬁic

€ em use measuring t
f r ecrapislgacdy end nodes of transverse oscillation of a

tr arﬁghr@ Qe a s b6l Uibw & & pRraetriRoMd podiided using the
response for a tube produced according

di spl ace@rl\?a éF
to £PPHP JeL7 {5 ¢ exanple; Figure 12 is an exanpl e
of tHigIredisradiSEM micesiaichns ofidkapliereelrciriabeeifgT fee- f r ee

16Nd FRASEisUn )@r%?l’édlo@rtabﬁvaar@fo ior diﬁe?éhﬁﬂﬁ@ﬁﬁes Figure 13 is

? 0 J (rfl&-{l? %%!? %Vz\%sncs?{mtg j@e v'_elwgq% AR eﬁeﬁnﬂ?e &t InsciuHer %ﬁ&gﬂé % the
conpaventomn of cal cul ated and rreasured end

di Sﬁ-":ﬁf@f@@a s@lltler@atlﬁ H[QEVJQ\FJ%F”ME ﬁ&l&@%?ﬁﬂhd’iﬂe ‘]W the first

speciftic_exa %ure the
scheﬁ’%‘(‘f g I?)p.éﬁhe‘;mgwd@p ge%‘o??@"@ a%pgar%tf:s gor measuring
Brammahemomaﬂlsd@er,t o the invention; 30 Figure 16

i s FidukdP8%s 3 hQR&d inv %We@ﬁmlﬁé?loﬁ)éﬁggﬁd:éie@frlc 004t ldg, for a
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t he Mgnee] ectric tube of Figure 16; Figure 18 is an
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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 10 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 piezaelectric
| tube;
Figure 17 is XRD pattern of the piezoelectric fube of Figure 16;
Figure 18 is an SEM microstructure of the piezoelectric tube of Figure 16;
Figure 19 is an example of the configuration of a double iayered transducer;
35  Figure 20 is a graph showing the longitudinal displacement of a double layered

iransducer;



Figure 21 is a graph show ng the bendi ng di spl acenent
of a double |ayered transducer; Figure 22 is a graph

WEhWOH/04249 conpari son bet ween the theoretical X6d/SG2004/000038

nmeasured bendi ng di spl acenent of a doubl e | ayered

transducer under the conditi V2=0; 5 Figure 23 is a

graph show ng a conpari son between the theoretical and

nmeasured bendi ng di spl acenent of a doubl e | ayered
trarBglueen isredgrapt lsbowinm diiet bealing ldisplacermerguriea 2auliie legrered

grap, n;ﬂﬁ&nng a conparison between the bendlng

di spl'acenent of a single and doubl e

t r arfdgHR &2 IS @r@ienh shRwing é‘ﬁamPﬁ*f@ﬂ" Refuspyd ﬁ?fa"'cali?'lj’&%as%d
l s aaeﬁeﬁlﬁ@ﬁs;ﬂmmeﬁg:fhhmb!@l&yﬁd tfahsdlmertdmelerhhmcbnmgon Vp=0;

. 5 f

Fur AR Bia e INg aomddhef b 4 88 e i
of thadimy @ssémemnm datibiaayerarasadiep uderrthaennditian YrsO:
f or ﬁugﬁﬁé@aﬂi@l alir SR RAGARG & b&naaumeweesh@wanmmg Fegacemert.of a

S | NG e

SOl 16 S e SRk et s i forfugR Ui\ and:
f or rigird 2oimagraphrebewingthe yaniatipr Indke @nﬁiég QISPIﬁCWb@ﬁquBHB
101 T hyReed traﬁQJu‘éé?‘%ra%ra fgﬁrﬁ&rr@dhf% radhant.ed to be
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In this example, the container is formed from an electrically conductive maierial,
30 and accordingly, the container 4 acts as the electrode 6. However, it is also
possible to provide a separate electrode 6, 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
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an electric potential is generated

In this latter case, the container 4 can be formed from stainless steel, copper, or
_ any other metal that is sufficienily 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 graphiie or plastic coated with one or more -

conductive layer or layers.
35



between the rod 5 and the el ectrode 6. In particular,

the rod 5 is connected to the negative term nal of
WhUOoHe424° supply, so that the rod acts as a CM@@QBWOOOOSS
and becones negatively charged. Simlarly the

el ectrode 6 acts as the posité vely charged anode. 10

The particles having a positive charge are therefore
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i nternedi-ate el ectrodes. Thus, for a piezoelectric

tube having N | ayers (where N22) there wl| be
pr odftereigppsiton; e é‘PCh%’d jopated withe: e es b seraictraTtislayi asishoy) for
i nnsfanwitdat ik Eigurl £ Thé AAESs Rendved Rom tiakedpersnidnt dried
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particle layer 14 (it will be appreciated that a

te trhlsop]:omt a‘¥a uaiqay\ér Bge B o S rﬁ}cic{uc*?erjt 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 platinum pasite. 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 {imes io
form a multi-layered tube, with each layer being separated using appropriate
35 intermediate elecirodes. Thus, for a piezoelectric iube 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.



only one will be described for clarity purposes) is

then fired by heating in a furnace 5 at a first ~
WOPEV4249re, to thereby solidify the particl e PCAPER004/000038
14, and burn away the rod 5, to thereby |eave the
particle layer 14 intact. Thgsfirst tenperature is
typically between 500C and 1200C, and it will

therefore be appreciated that the rod 5 nust be made

of material that can burn within this tenperature
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First Specific Exanple 30 A specific exanple of
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20Punp”, (filed as serial no. 60/41 5 8 44, attorney
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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 fube, suitable for use in an STM, or as a pump fransducet,

as described for example in the co-pending patent application® entitted “Pump’, -
(fled as serial no. 60/415844, attorney docket number DAVI190.001P_RF filed

35  October 02, 2002) will now be described.
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30  In this example, the conductive container is used as the anode, with the rod §
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 fo 100 V is applied between the container 4 and
35  therod 5, during which time the suspension is stirred with a magnetic stirrer 12 ata

moderate speed fo avoid the sedimentation of the powder particles. '



may typically be used. After being thoroughly dried

for 12 to 48 hours at anbient 5 tenperature, the
WA98EMME sanpl e is heat-treated in a furnacePCE/SG2004/000038

off the carbon rod 5. The tenperature for heat

treatnent can be set in the r@nge of 700 to 1200 C

and the holding tine is about 10 to 100 m nutes. The
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30 The X-ray radiology photograph shown in Figure 6 also highlights that the
structures reasonably uniform in diameter and wall thickness.

Thus, as shown, the tube has a substantially constant-structure, and thickness,
with no discontinuiiies, or other faults, thereby ensuring good material strength and

35  durability, as well as ensuring co'nsistency between different piezoelectric tubes
produced using the method.



In order to be used as a transducer for piezoelectric
punp, the sintered tube is cut 5 into the designed
WOHBY4242d brush-pai nted with silver paste toPC&SFR004/000038
i nner and outer electrodes, before firing at 850C for
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vi brapl ane 21, a fotonic sensor 22,
Periormance

The piezoelectric constant dg; of a tubular transducer is given by the standard.

equations:
25 Sy = dyEs 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 lengih respectively.
E, is the average electric field, and this is given by:
i
E, = ”
(7, +1)n=
30 £ | @)

where V is voltage added to the wall thickness direction; r, and r are the outer and
inner radius of the transducer respectively.



such as a probe MI12032RX. Ml Instrunment and the
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and 1 OB. The OI‘I% n,o of the systemlies at one end
of the tube ¥8558x18hofn in Figure | OA. The 3§

neutral plane, X-Y plane, passes through the origin O
The transverse displacenment takes place along the Z

di r etivispe ofB583HBWhprovidds the:fe valpBof theymatops! 26@5’/6@'@4@'@9*95

2§CT/ ﬂ%@#@%ﬂﬁ@] e chn p%a%@é piestRfbofic |c¥ﬂaﬁ1§]: toBdstiGeally sittied for
4 I"ect rod

a1 | GBS RiTARSSHoaHdes o el e B Sy B antogRs ver
Anglee Gaditional mbthodl etatr a thedlekihilitydnicempeneph ehape And gbility to
var 'p‘?(?ducé Qrﬂ?al%r Eo?np%gent {<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 O. The iransverse
displacement takes place along the Z direction.. As shown in Figure 10B, _the



5 The tensile or conpressive stress and strain al ong

the longitudinal direction are denoted as Tl and S
W005/M4248 i vi ng parts and Ti' and S1' for thePEAISEaHN4/000038

parts, respectively. According to the piezoelectric

rel ationship, the stresses algng the X- axis are

expressed to be: 1 d31 T1 = ESi- E F'3 S11 S11 (5) 10

"'1' T1 =ESi S11 (6) where 811lE is the elastic

comelechorisd diwing parie 32 ardSdernsiine Heelgaratied driven PRSI Y 33,

di f%‘?é 'eﬁ’iane%3 nhﬁor%aﬁﬁﬁw@ﬁsﬁgl a®ording to VheY Zads) Adde 13, ¢Aigh
outer i Q.LIS ro and i nner

whe
radldﬁ?"l’“ﬂes tﬂ%Q‘d’l‘ﬁgrPé‘ﬁf ﬁrﬁ? Vtaﬁeé“ oy éction keeps pl ane

under deflection, S1 can be witten as: 1 dz2 S =

é ur JQ? lﬁnsﬁle érocd?nqqé%s(lg )stresb g%trﬁn lafonk t?ﬁe foﬁﬂiuleiﬁnaiocflrectlon are

monent Cross

sectdeartethes Hbend Sé) FPf%h%ﬂfW*ﬂdeaﬁi grédE&nd Sasff’f ﬁaeiffwsﬁﬁ‘&*
ds+ rés%é&ﬂélgl.&b“cmﬁ% to e pRzbéibdNE rEkimEhipthS strass@s alongothe X-

gl ves 04249 PCT/ SG2004/ 000038 16 M=-4
| (04XIp 8P eXPEy P¥ 2 r,2)cos' 6 r
1 d,, .
I = —E'Sl - %Ea
S Su )
10
+ 1 T
'Tl '—""E_Sl
S11 )
where SnE is the elasﬁc‘ compliance constant. The electric field in thickness
direction E3 is expressed as:
14
E, = ”
rin-%
15 i Q)
where r is radius between outer radius r, and inner radius r;.
Assuming that the cross section keeps plane under deflection, 3, can be written
as:
dzz
S, = —z—]i =z
20 dx ®
. where p is the radius of curvature.
Finally, the bending moment of the a cross section at position x can be expressed
as:
) !
25 . M= s1+5321; dS <+ L 2+S4Z1;dS (9)

Putting Equation 5to 8 into 9, gives:



]11 Si" r, (10) Since in the static equilibrium
condition the total bendi ng nonent over a cross
VL0249 zero, i.e., M= 0, this requires: FPCI/SG2004/000038
8d31Vcos/3 pro ~(ra z +r, 2 )In- 5r, (11) As the
radi us of curvature keeps cofgtant in the static
situation, and since: 1 dz2 P dx2 (12) 10 it can be
derived from Equation 4 that: dz— 1x+C dx p (13)
z=11x2+Cx+D %5 2p (1 2dly ¥t are constants.
The codéram nd™~ 1 jcan be eterl ?? d by considering
the cl anped-Phee end, sf{id—%he free-free end boundary
conditions. 20 In the clanped-free end boundary (10}

condi tion o HRbAeR ©Jert ) 8loss
D‘—S@ceiﬂjﬁ"?hﬁﬁ%'c ng’mc‘%ﬂ?gﬁf"&?@ tgicté?'r"en at trﬁe Tree

ti p sesidn isszewbiteai vh e, this tsauireRD 2005/ 004249

PCT/ SG2004/ 000038 17 L2 4d31V cos /iL2 0 << 2p
ro2+g2)i nf o- 2 ri (16

a( 92) e é 31‘)605 5

s 12'(15J +ri) L

5 r (1)

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

1dz2

p a& (12)

10
it can be derived from Equation 4 that:

£z~=ix+C
dx p (13)
z=}——1—x2 +Cx+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:

Z_4
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:



The rel ati on between the displacenent i; and

“FI ezoel ectric constant d31, angle voltage V a

Y24 an then be obtained from Equati on 1(§'CT§G2004"000038
Figure 11 shows an illustration of the displacenent
with respect to changes of ngadius ra and rl. The
paraneters used are d31 = -4.5x10-" nmv, L=10 nmm R=45
and V=30v. The outer radius ro varies fromO0.5 to 2.5
nm The inner padi usadgivcova® es from mear zero to 0.95

of the outers rggi pe cdifef Gged from the
present analysi's théto for same outer radius, wth
i ncreasing the inner radi 110 the di spl acefdht
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the transducer was supported at the two nodal points
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1gan R LM tiredscs; VRl 3D TGA4RS O RETAS 00 /5000 3o
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(19)d'sPFF9rE%ﬁ%gt'e§§'E%'"f'ﬁre[?d"éss the functional
di spl acenent 41 is reduced, the total deflection ($

s eﬁqﬂll Ic $cr HaGroB 43k bRd bd%dérfr‘ Soﬁdit’ﬁnéj hi%ﬂl’aﬂ%ﬁ&ﬁﬁaslsﬂpported
cla ree condition
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18s e ghosition witeee metdmplacamerttaer pao @f re@onmp@trmnw Tinyg, dollpwiag

al sQ, 01568 &odiliBOSs fiP Moldfgab#be T dordlidr® Bn@fusin@ethe boundary

conditions:

) o =-Z]
dx x<05L dx L-x
z= 0] =i, L—-a (1 7)

20
The shape equation can be derived to be:

R N

25  Thus, the displacement can be calculated as:




functional transducer since a clanped-free transducer
“pr ovi des Iar ger displacenent for the sane size

HHOPMPYA t he cl anped-free end condition tubePCﬁ£§§2004’°00033

| ower resonant frequency conpared with free-free
configuration tube. 10 In orger to verify the
above-derived equations, the end displacenent of the
cl anped-free transducer was neasured. The transducer
set up and trg Qur ment procedure is the sane as
that is used br asurenment shown in Figure 10A.
However, the outer el ectpode is divided into 4 parts,
and the angle;%S Lsi gjequal to 45. Figure 13 shows
one cycl e of enment in response to the step
vol t age unde i8i ven set value 300 v. A good |inear
property witH %ﬁﬁgt hysteresis is clearly ig for a
typi cal hard‘*material. Figure 14 shows the gparlson
of the 20 neasured results and the calculated results
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19 éﬁﬁr%é%é?rg’roy el @k rs&ra hr iitin, AR BstbddoTeel ehid o nditiont tabe
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pi et'stelpare&fﬁt%a‘e*?fﬁ%“‘tﬂﬂ S Pvétaﬁﬁerr%%%cﬁﬁs{m ﬁgus) E and

1#i ne mcrostructure to be used as tubul ar transducer

fThe Ir?‘#)%tet %o %ﬂ?'tﬁhg aBhveRleA¢RBAlationd] tHe SharREEcdiene ohnitk
ree-

ree end conditions have | a T
ben@ipmgediep| REEIEsT PE PP fret [iec Fofguidt et tp TR the
pi ereaseahent procadust iaite sddé as tthels uges! fprdyemeasatRiRgt shewn in
t he F[gEtecmegaNQH felliRPelediit8e RUIAIR b 4 bard) 8RB Bngle B is

cosp (O<t<rr/2); At a given outer
15 adleq'@”ft‘ﬁ"e di spl acenent increases with increase of
the inner 10 radius; the larger the outer radius, the

s !gﬁrre 1S SR %ﬁ&gg%efﬂp!acgﬁerﬁ M ReshdHRE o tﬁeaétéﬁJ%ltage
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

20 measured resulis and the calculated results using Equation 16 for the
displacement under 300 v. The applied parameters are tabuilatecl in Table 1, below.

Table 1
i i th L  d
Outer radius | Inner radius | Leng Angle B° 31
ro (mm) n (mmy) (mm) (10-11 miv)
1.45 1.19 9.98 45 -5.58

" 25 |t can be seen that the caloulated value Is in good agreement with the measured

- results,



The transverse displacenent will decrease when the
oundary conditions changes from cl anped-free
Wﬂ%’g ?‘V‘g‘%’ 15 This makes the resultant tubes PGE@F}Z\‘”&F’“OO”
use as transducer, for exanple for use in a punp.
Second Specific Exanple 20 {g the case in which the
produced piezoelectric tubes are used in STMs or as
transducers in piezoelectric notors 19 d to fabricate
cf S BPURS iR ASBop & STEHT dg e 3 SoFLngpd to abrica
S CaBihll) Hendd %alkogmed@eigbtﬁd& ket aith aesited rewdkimnghase rapdefine
res ect IV
1Cé0ﬁtru§tér:é oD H%edca%r}u?d?eﬁ tl%giyugééeﬂ'nebb?étﬂgaﬁp ing dl?plﬁemeﬂt

dou ular transducer
i s wBh ghoped-Trae BFF’ fee-tee1and cppditions bave)lngisgled “iaFre
gloubl e- 1 ayered transducer includes first and second

ceram 1 sepal, at

ol cdbe Berigensamert s BRBA0aN & 0¥ PaauEb iRt fot, e

al sool;age)vl adldel:i iaribe ticknese direations dhe ouere Rl HamssHees ‘eé‘ﬁ‘h L and

sho brication process is substantially

sim r tot lat descri bed above with ect t?

21 G & GepeuIar redhi eSS PTG WIRAErP Y e e
161es gdiveaile iafgetl Ble@iuler radid, thersmaliet ihe displagerientiof he same inner

ceramc | ayer is deposited on the rod 5, as described -

abo()”‘éj ' The deposited | ayer is dried thoroughly, and

then painted with uniformplatinum paste before a

S ec@ﬁléjtrér@Vé?ée dﬁépiéﬂ:@ﬂ@:&lvﬁu Q¥trdabe WRer ths bRthdarl portditibss crasgss
be applied to the rod or the

pI a{?"ﬂﬁ'ﬁ{“ﬁ%@{’%ﬁ%gﬁ {re "‘dependi ng on the 35
15 npl ement ati on. After drying for 12 hours, the dual

depesik InakaMRs Bs@iaft tabalidsaP@r igd a8 raffd0cH Fomaxhmple farupaine
at 1100C for 1 hour. WD 2005/004249 PCT/ SG2004/ 000038

20 MH@P-sintered tube was then cut into the designed
| ength and painted with silver paste as the inner and

out gécoebgg;&&@gmﬂgfore firing at 850C for 20 m nutes.

Pol arried out in silicone oil at 100C by
2(é\ppl ying a DC field of 2 kV/ mm al ong the radial

t hi pkihe sasalinrelith the prajuced bieznetectris iykiey weuses g ¢ as

segpERbu@ls ﬁ%zﬁél@&r% ek, @?geotﬁlsﬂlébgmﬂﬂltqg @@uﬁﬁﬂa hd GcHideea

i cleeseg s9anIng gt TG EEL, Seoed P BB BTt el i gy
nar p@achvet ivsngal duubledmyeiedt tobudr densdide, ab exampie ofywhich is
ﬁepg{o%qﬁ ﬁgﬁ% 'Féfvofn this example the doubie-layered transducer inciudes first
and second ceramic layers 40, 41 separated by an intermediate electrode 42 inner

and outer electrodes 43, 44 are also provided and are sectioned into quadrants as
shown. The fabrication process is substantially similar to that described above with

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

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 fayer of deposition is performed. In this case, the EDP
current may be applied fo the rod or the platinum paste layer, depending on ihe
35  implementation. After drying for 12 hours, the dua! deposit layers are sintered ih a

_ programmable furnace at 1100°C for 1 hour.



| ayers. It also denonstrates that EPD is an effective
techni que to fabricate the 10 double-layered
WG 200/ ?Cg? In Figure 16, the electrode is desP§heg2ely/000038
position near the outer surface. By varying the
paraneters of el ectrophoretiggdeposition, the
| ocation of the electrode can be adjusted, as will be
appreci ated by persons skilled .in the art, 1
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Figure 19 illusirates the cross section layout of the double-layered tubular
transducer. In use, the intermediate electrode r» is grounded. The areas A1 to Ad
30  are the driving parts. They are applied with voltage V1 and V2, respectively. In both

designs, angle § 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:



10 Table 2 L r12 r2r3 1 (mm (nmm (m) (m) (Degree)
12.08 1.61 1.78 1.87 O The internediate radi us r2 was

WRHEHIUuNnder optical nicroscope. The appar afGI/SGIe§Ho0038

for displacenent neasurenent is simlar to that

descri bed above and will notoy be described in detail.
15 Figure 20 shows the |ongitudinal displacenent under
di fferent voltages. A perfect straight |ine was not

b 2 12 Thizsvi(s® bed th terial i
ey g N it e
el ect rFds Fitel i and2 frdne & @i 551 WP =841 ai n (20)

not-linearity. The maximumelectric field is estinmated
to be nore than 1150 20 V/ nm at 300 V. However, si nee

t he Tt mjstian betwaen fhe dispiscersant § 2ad sleragleghic PNt HaeAng'e B,
t he @R Va1 Al tvay Berigh D ehrRIWadie rY intdrinedidiatradilzet, Gng outer

his volta wer, plied to m ne d31 using the
§ e PUpaErONoARReL o i spfb6L T e S50 LT
Equation (3), d31 is calculated to be 1.18x1010 nN The

ben gitu%laq Eﬁr@dﬁ&ﬁ WA UfndnSbnstiRd § 2Rl 2 Palew whkl edddameasure
V2=0, I n Equation (20) were al so nmeasured

expéeibredfirgdisRiaceEeur e 21 shows one cycle of the 30
di spl acenent in response to the step voltage under a
lgax%appl i ed voltage of 300 V (V1=0, V2=300; V2=0,
1= = Both_curves have sho Low \MD 2005/.004249
PCT/ SG2004/ 008038 [Z2 el détr omd&hani ¢ | oss,| which is
caused by thje R | mial |} oAl | QrimmAs | gheyres)t he
resulting hysteresils is | {Figurdas—22—and 23 show
t he conpari s¢Azjpet et t hd. ABheqne¥7i cgl0 and
experinmental | 5 vallue forl the tiwo conditions IV1=0O and
V2=0, respectively. These two figures show the sane

treng i?r%rr{l%f?gde ARAR TR rhdusiired Widdr dfticali mi€roscopél Thi @pparatus

| ower vol tage range, the experi tal val :
pas eI SF B eoe e i I o goag el odkp SR ot
Howey adschtsedtiindetsibl t age goes up to 300 V, the nmateri al
1Exhi bits strong non-linearity and the deviation
etween the theoretical predictions and the
expEioHiseadshpws 1y IRpaiudpa HisRRceMEL s %s'reate‘f"“ages- A perfect

straight line was not observed as expected. This is because the material is not

hard enough to keep linear properties under high eleciric field and hence displays
certain not-linearity. The maximum eleciric 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 voliage were applied to
determine dg; using the standard relationéhip

S, =dyFE, ' {21)

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

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



The bendi ng di spl acenent between the doubl e-1 ayered

. system and the single- |layered system can be conpared
W00 9at i ons (16) and (20). Figure 24 showBCT/SEa004/000038

t heoretical bending predictions of the two systens. It

is found that the bending 15ﬁg|splacenent can be

significantly increased if the double Iayered system

is applied. The enhancenent is apprOX|nateI
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ron o cera articles in a fluid nmedium

(b) positioning a rod in the fluid nmedium (c)
depa&otdnﬁw E‘@tﬁtidpﬁ&:reﬁb Dépositien hascheearstioyilo breagord wathpe ip
sit.e F LIt GFASIURER I IThe tﬂéh@ng
{ﬂ%ﬁ‘?ﬁg nd?"ﬂ)eeo%éér%és: ? ?ﬁ%e%g;rﬁ rm?%artl cl esf on tl?)e rod
i s bigplademetiv @‘pﬂweﬂeebis—*avged Aibylet Kefepaueet 328 'oH9'3 8|‘5ugﬁ%’
1, hfiBerhér 46 iRGh&drétickiubedidiensithin ttie Uikae 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 properiies.

Parsons 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 spirjt and scope
that the invention broadly appearing before described.



+ | ayered piezoelectric tube, the nethod further
i'ncluding: (a) applying a netallic paste to an_outer
surface of a first layer 15 forned fromthe PCT/5G2004/000038
heat -treat ed deposited particles to form an
internmedi ate el ectrode; (b) depositing further
particles on the rod using %I ectrophoresis to forma
second | ayer; and (c) heat Zreat | ng the deposited
| ayers to formthe double [ayer 20 piezoelectric
tube. 3. A nethod according to claim1, the

pi eélog:ll[aect ric tube being a nulti-I|ayered _

pi e G518 ric tube, the method further incl udi ng: (a)
applying, ‘a netallic paste town outer surface of a
finst : a\yrﬁéthodf?o'f’fof'rﬁlﬁd"ﬁéiz_ofelé&m tt:l(sj@, th@ﬁfétlhbd maidag: deposi t ed
particles to forman inter iate el.ectr ; .
Sdeposi ting f@ﬁ)tfﬂravngﬁaﬁ”?ﬁeef'%@& e QF@%F Eﬁgﬁﬁ%m(emm'
el ect r ophor egh) spokitioning@rrod ia thefluidheadiumayer , (c)
heat - treati ngc)tﬁﬁoéﬂﬁgﬁﬁi&&%nlt@@é;%hd and 30 (d)
repeating the steps 1o forma nmulti-layered . .
pi ezoel ect ri Ethgpdreating the, %8?31’*% p%fh%‘??%ifﬂ@’ £ Piezpeedic:
the nethod furtttker including: (a) applying netallic
paste t ' : ; is.

10p e 0e SpbER A{BLIRGE RUGRiqceh UETRES B dcphoress
pi ezoel ectric tube to thereby forma transducer.

Anmended AShehbd bEdbrRindUb R IGHR0FiELHBAREE tub@ beldg ahdouble
met hod accordin ai,m 4 ' condi tions

ncl udi FISER 8'“%'8%‘?? fibd f@nm%?gdgﬁ“‘gﬁié%@?’?b al field in
the region ofa) Zpaiking wetdlisr pastet iae putep gurirog) ohd st Byer

1sduration and atglRiRehahs heatitldatbd Qegoif@epaliids t® fabih 1.
5 6. A nethod accordi any one of clainms 1 to 5,

I.ng, to
the method of d %@&?tfgﬁcmpﬁe particles including: (a)
posi-tioning {thelepasifing furtheroricias prethe gasiisiap gleptppperesis to
suspension;  ( RYmCARBRAtdyBgakde rod to a first '
term nal of a_power supply; onnecting, a
el ectrode t o@%@%’&ﬁtﬂ‘gtﬁ? Wﬂf%r@dofﬂ?fﬁzf’ &O(SR’,{%P‘E double fayer

20 piezoelectric tube.

3. A method according to claim 1, the piezoelectric tube being a multi-tayered .
piezoelectric tube, the method further including: _
_ (a) applying. a metallic paste fo an outer surface of a first layer
25 . ' formed from the heat-treated deposited particles to form an.
' intermediate electrode; , _
(b) depositing further particles on the rod using electrophoresis to
~ form a further 'la,yer,‘ ' ‘

(c) heat-treating the deposited layers; and

B 30 : (d) repeating the steps to forma multi-iayered piezoelec_tric tube.

4. A method according to claim 1, the method further including:
' (a) applying metallic paste to the inner and outer surfaces of the
) p‘iéZoelectric tu be; and
35 B (b) poling the piezoelectric tube to thereby form a transducer.
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.10 supply, the electrode being in contact with the :

fluid mediu and (d) using’'the power suppl t o _appl
UM o °d () using the pouer SuPhly o a88idbao00s

~a predetermined DC voltage to the el ectrode amg Ty

Lh

10
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rod to thereby cause at | east sonme of the particles
to be deposited on the rod. 15 7. A nethod accordi ng
to claim6, the container ,4i ng a conductive contai ner
adapted to act as the el ectTode. 8. A nethod according
to claim7, the container being forned fromat | east
20 ;ne of nsdtiwi ndcesrding tte edaim ot ptpe rpolingn dordiionsh veludiag: He,
9. A net (o] . [ B Cagi hN@F hddedeng
ormed BN ah sk sbis i B fegbrlR £ atUiAnner iie
cont ai né0~18imigitessiraion and ehtemperpiyiedn the Fage {3IRY G-y e

| ayer. 25 10. A nethod according to any one of clains

1to 9, the thod of heat- tr ' j .
parti ci MR tipigf o A7 Bhe ol | By bR GuiRRF LigBthng
parti cl die pagickes including: pr edet ermi ned tenperature to

t hereby sol i ¢iyf poskibHingRR! bil fl LontaPercohtdhhg @@ s@peiisivn; 30

rod and burn the rod, to ther | eave_a t f
solidified [Slﬁr"‘t"f‘%ch@,thetrﬂgp‘)t%'ﬁ%)(%@ln%go‘?%P%“é_%g'?pgg’ one
end; and (b) (¢)emnhnatngt dreelectivde tto assesenddereninal of the power
predet er m ned  t Q. tnerLHYShd bRy int BRabURE thenidmBRign:
dense ceram c tuBe. 35 11. A nmethod according to -
claim 10, the m®hod further including cutting off the
cl osed end ofd)tsigtiemwersoppliad afiiea predétamieADC voltage
PCT/ SG2004/ 000Q3&,. ﬁ%ﬂéﬁ%;én@&@?&@f&qhégﬁ%@e%[eﬁa s6th@bfm
redetermned t

10, the second : enperature being higher
than the first the eicles fahefieqositedethatddre. 13. A net hod

according to claim 10, the first predeterm ned

bei .5 D . . _ .
metthod 4ueane deg g et 1 iRl ek oftener

t enper atadanded to act as the electrode.

8. A method according to claim 7, the container being formed from at least

one of stainless steel, copper, and another metal.

9. - A method ace_ording to claim 7, the container being formed from at least
one of glass and plastic, the container being coated with at least one
conductive layer.

10 - A method according to any one of claims 1 to 9, the method of heat--
treafing the deposited particles including: . |
(a) heating the deposited particles to a first predetermined
temperature to thereby solidify the particles-to a surface of the
rod and burn the rod, to thereby ieave a tube of _solidiﬂed
particles, the tube being closed at ene end; and
~ (b) heating the tube to a second _predetermined to therehy sinter
the tube to form a dense ceramic tube.- '

11. A method according to claim 10, the method further including cutting offthe
" closed end of the tube. - -
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- bei ng between 850. and 13000C. 10 15. A nethod

accordirng to any one of clairns 1 to 14, the roq'd?l9'0§004/006038

formed fromgraphite. 16. A method according to claim
10, the rod.being formed fromat |east one of plastic
and another material that can be burnt off at the
first predeterm ned 15 tenperature, the rod bei ng
coated with at | east one cohductive |ayer. 17. A
met hod according to-any one of clains 1 to 16, the
met fd f Amtdted accondidgutd iclagn 18, the seconthgreddtéraingd tamperature
prevent I [ f ted : in the
suspensi%ﬁ%%g?gﬂtwﬁgfﬁg%g@@%ﬁ%{ﬁ%ﬁ% any one of
clainms 1 to 17, the nethod of formng the suspension
i nciaidi ngmethad actoBpg kSdlang 10 tRe frél drédateatinddritmpeaatare beipgt
o formthe s ensil.on.. and 25 (b) adjusting the pH
i/al ue ofbe%?eﬂ%gﬁgrgéﬁgqggh to a predeterm ned pH val ue.

19. A nethod according to claim 18, the solvent being

an ff gank eetifdl \Wedkding3® ciéffn 16\ thELLRRY AedrfinBd tdnfpetié M

19, the solvent at l'east one of ethanol and acetone.
21. A netdngdbeleenbNisnd 1389°¢1 ai m 18, the sol vent being
water. 35 22.- A nethod according to claim18, the

thod of dj [S] h rid gl [ neludi :
1G0T < PATRE S b 38 B SRS 1 g PF Lol Seing foped,
"1PEAI AU frayradit®04/ 000038 26 23. A net hod according

to claim 18, the nethod including adding a stabilizer
to, the suspension. 24..A hod .accor di tq,.claim
16,15 he AR RsBing i aPihe g 8RS Bribdifbal & 3 el
accor di ripstioarsirapotberenatdriatthaticas be buret off 4t the st predetarined

© 15b€i Ng atiempLRAdh, tRERd Bling ddled WRRH: 12dst GRRBARCHVE tgaat €;

17. A method according to any one of claims 1 to 16, the method further
-including using a magnetic stirrer to prevent sedimentation of the particles

in the suspension. ' '

20
' 18. " A method according to any one of claims 1 to 17, the method of forming
the suspension including:
(a) dispersing the particles into a solvent to form the suspension;
‘ . and . , |
25 _(b) adjusting the pH value of said suspension to a predetermined
.pH Qalue. ‘

19. A method according tb claim 18, the solvent being an organic solﬂ'vent.

30 20 A method according to claim 19, the solvent at Ieas‘tr one of ethanol and
acetone. '

.21 A metho_d according to elaim 18, the solvent'beingWater.
35 22 A method according to cllaim 18, thé method of dispersing the parti(i!es

including dispersing the particles uitrasonically.
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. (b) doped | ead zirconate tltanate 10 (c) BaTi G3; (d)

0.95Pb( Zr o;

s2Ti o, 4e) B’ 0.038|FeCB.0.0ZBa(CUO.SVb.s)CB+O.5R£HVSGQOO¢@OOO38
%hQ2; and (e) other piezoelectric particles. 15 26.
An apparatus for form ng piezoelectric tubes, the
apparatus including: (a) a.container for containing a
suspension of ceramc partiCles in a fluid mediun
(b) arod in contact with the fluid nmedium (c) an

el egtr Odﬁmiatﬁocffegﬁér&ﬁ% to \blaliM g, fhe niethod d\glmﬁni_j aniding 29tai|§i|¢t)ar ta
power sy adapted to apply a predetermne voltage
to the %ﬁgﬂxgﬁﬁw$he el ectrode to thereby deposit at

| east some of the particles on the rod in use; and
(€)242 h%etﬁ&ﬂ#ﬁc@&dnﬁ@tﬁ cBRds; ihe eRbiliZegbdinyeetitegesl. t ed
particles to form a piezoelectric tube. 25 27. The
apparatus according to claim26, further including a
paizst er A method agpiding hyany metczilclapmist to 240 tharpadigleepeing at

surface égt@‘g Erst | ayer formed fromthe deposited

10

15

20
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35

particles 8. The appar at us according to clai-m 26
or claim 27 @t'sdZepmekitiRBehei ng a conductive

cont ai ner adgytdged leadrtonate titanetepl ect rode, 29. The
appar at us acgcir[g.rrtg to claim 28, the container being
formed fromaf ~1€4st one of stainless stee oooﬁﬁr

and anot her fBtQ5PbEE Al xdP3BikeRy 0.09BefAp NYas)Os*
PCT/ SG2004/ OOOOﬁﬁnOZZanBO The appar atus according to
cl ai m 28, cqQnt al ne ein ormed fromat |east
one of ¢l ass%a Ogheﬁp'géote(e tnc?"ﬁ%legont ai ner being coated
with at |east one conductive layer. 5 31. The

ap Rar at ug a%ﬁé‘r&ﬁgfolnf@rrﬂlr% p%%(elé&}@ s GhePdpBrafd®intiodi@O, t he

r I N
heat source bea co%talnerafgr contamlng a suspension of ceramic partlcles in

. a fiuid medium;

(b} a rod in contact with the fluid medium;

{(c) an electrode in contact with the fluid medium;

(d) a power supply adapted to apply a predetermine voltage tokthe
rod and the electrode to thereby deposit at least some of the
particies on the rod in use; and

{e) a heat source for h_eat-treating the deposited particles to form

a piezoelectric tube.

27. The apparatus accprding" to claim 26, further -includin_':g a painter for
supplying a metal paste to an outer surface of a first layer farmed from _the
deposited particles.

28. The apparatué according to claim 26 or claim 27, the container being a‘
o conductive container adapted to act as the electrode.

-29. The apparatus according to claim 28, the container being formed from at _
least one of stainless steel, copper, and another metal. ' '
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-~ (a) heat the deposited particles to a first

~prédetermined tenperature to thereby: (i) solidifg
the particles to a surface of the rod; and 10 (RGT/SGZA4/000038
off the rod, to thereby | eave a tube of solidified
particles, the tube being closed at one end; and (b)
heat the tube to a second predeterm ned to thereby
sinter the tube to forma flense ceranic tube. 15 32.
The apparatus according to claim 31, the second

pr eggt er Mid@fbaratue ARRFdHg U Claite2s) thehiogtaimer Helng fortnhe fréh b t

predeterm ned tenperature. .33 T j ng
o cl ai es or HOWBT e ie §ECarAne S3RE B B BrEan gy
bei ng betondettiviigf@r.and 1200C. 34. The appar at us
according to claim 31, the second predetermnm ned

t enperature bei ng between 850 a d|130 ! 3§5th3%'e TQ%
Appdtat uEheRPBEHF AELOIANIAA FMOIE YoMy et 854 2P
rod bei nigeingfapiapteditof r om graphite: 36. The apparat us
accor di ng toa@pﬁea@nﬁleoﬁe;ﬂs@dnﬁaa@igeé Oto34, fitshEprbdatbriimibdg

formed from east one of plastic and another
material that cimrBetpteHereb80 of f at the first

predet erm ned tenggr at goligify thépartics tha surfgced dtegrad; wid h

t least one condycti I ooyl - p a
1(gccor ding to any 3' e o%ﬁrglg?/?nlgeé%' tt%-qg%?@t_%éevea%gtg?eatoas
further including a mageletied partigles; ghe tubg baing ¢losed ¢t PR
fluid mediumto prevenknd 3t sedi nentation of the ‘

particles i1 &g 2EREAY 2 LacsATBAISIRINTT kBt he

tube to form a dense ceramic tube.

15 |

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

20 being between 500 and 1200°C. ‘

34 The apparatus according tfo -claim 31, _the second predetermined
temperature being between 850 and 1300°C.

25 35, . The apparatus according to any one of claims 26 to 34, the rod being
formed from graphite.

36. , The apparatus ac_cerdihg to any one of claims:26 fo 34, the rod being

formed from at least one of plastic and another material that can be burnt
| 30 off at the first predetennined tempera-ture,' the rod being coated with at:
| : Feaét one conductive layer. '

- 37. The apparetus according to any one of claims 26 to 36, the apparatus
~ further including a magnetic stirrer for stirring the fluid medium to prevent
35 - sedimentation of the particles in the suspension. '
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