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Abstract

SiC fibers have been coated with coprecipitated PZT powders by electrophoretic deposition. Zr and Ti hydroxides, respectively, and Pb carbon-
ate are precipitated from homogenous nitrate solutions at pH values between 5 and 7. The platinum-coated SiC fibers were electrophoretically
coated with these coprecipitated PZT powders after calcination and milling. The coated fibers were sintered at temperatures of'@out 1170
With the low solid yield of the suspension and the low layer thickness compared to the sparking distance an almost constant growth rate of
the layer is observed during electrophoretic deposition of the PZT powders at a coating voltage of 50V and a coating time of up to 180s.
Remanence and coercive field strength characteristics of the fibers sintered &€ 1idi@ase with increasing sintering time and density and

range between 11 and p&C/cn?, respectively, between 12 and 22 kV/cm in good correspondence with literature values for pure PZT fibers.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction reactions are to be expected in the boundary layer. There-
fore the sintering temperature should be as low as possible.

A great field of potential applications has been opened up Extremely fine grained powders with low sintering tempera-

by ultrasonic and pyroelectric sensors, DRAMSs, optoelec- tures may be achieved by precipitating metal hydroxides or

tronic measuring systems as well as actuators with ferroelec-oxalates from a metal salt solutiof53°> Therefore in this

tric thin and thick film layers— Moreover, for some years  paper coprecipitated PZT powders have been used which

piezoceramic tapes and fibers have been develpduat have been precipitated from homogeneous nitrate solutions.

are to take over both sensoric and actuatoric functions by uti-

lizing the ferroelectric and the inverse ferroelectric effect. ] .

Ferroelectric fibers are produced by the so-called viscous?2 Experimental details

solution spinning process? by extrusion of polymer/PZT 21 SC fiber

blend$%1¥13 or by the sol-gel techniqué1° The great o

disadvantage of these piezo-fibers is their low stability under 4y the coating experiments the SiC fiber type SCS-6 SiC

mechanical stress in use. The target of the presented StUdie?Textron Special Team Materials, Lowell, MA, USA) was

was therefore to deposit PZT layers on SiC fibers by elec- yseq. To prevent chemical reactions in the boundary layer

trophoresis. It was expected that this method allows to pro- petween fiber and PZT layer the SiC fibers were coated with
duce fibers with a uniform layer thickness. On the other hand 4 platinum layer of 50 nm thickness (Laboratory Magnetron
with a low cost equipment and a short process time a layer Sputtering Equipment, Type: LA 2503).

thickness can be expected which is significant higher than
those achieved with CVD or PVE?~22 When sintering PZT ,
layers onto SiC fibers PbO may vapoA%&@3 and chemical ~ 2-2- Powder preparation

To prepare a PZT powder by the coprecipitation pro-
* Corresponding author. cess nitrates have been used as starting materials. Bi(NO
E-mail address: heinrich@naw.tu-clausthal.dc (J.G. Heinrich). and ZrO(NQ@)2-H2,O are commercially available (Riedel

0955-2219/$% — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2004.05.011
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deHéaen AG, Germany). An aquaeous TiO@¥solution
has been created from Titanyle sulphate TiO{BExH,O
(Riedel deHaen AG, Germany) by dissolving it in distilled
water and mixing the solution with NMDH. The purified
TiIO(OH);-xH,0 was dissolved in concentrated 65% nitric
acid (HNG;, Riedel deHaen AG, Germany) and so converted
into TIO(NOgz)2. ) ;\\ Pt coated (ca.50 nm)
Nitrate solutions with the stoichiometric composition PZT slip 1> SiC fiber

of Pb:Zr:Ti = 1:0.52:0.48 were mixed from individual C o—
solutions with concentrations of 0.01 to 0.1 mol%. The
concentrations of the solutions were determined thermo- [ Magnetic stirrer
gravimetrically (STA 429, Netzsch, Germany). Because of / \

Voltage
Platinum electrode - source

Magnet

the Pb vaporization during the sintering process for some
samples an excessive PbO quantity of 15 mol% was added
to the solutions. At pH values from 5 to 7 Zr and Ti nitrates
may be precipitated as hydroxides, while Pb may be pre-
cipitated as carbonate. In order to precipitate the soluble Pb
salt as PbCg) urea (CO(NH)2, Riedel de Haen AG, Ger-
many) was added to the solution in a concentration of 0.1 to
1 mol% as titrating agent. Urea disintegrates in the temper-
ature range above 10C to create ammonium and cyanate
ions2%93637 The final solutions were therefore stored in a
closed receiver for 12h at 12C. The cyanate ion will
create ammoniac and carbonate ions that enable RbCO
to precipitate. A detailed description of the coprecipitation
process can be seen froth.

The emerging product was filtered out by means of a glass
filter pump and washed with distilled water thereafter. The
gel-like filter cake was dried for 24 h at a temperature of
80°C. After calcination at temperatures between 650 and
750°C and 60 and 180 min the powder was ground by mean
of yttrium-stabilized ZrQ grinding balls (1 mm diameter)
in an attritor with ethanol as dispersing agent.

Fig. 1. Schematic view of the electrophoretic precipitation equipment.

2.4. Sntering experiments and microstructural
characterization

The coated fibers were sintered in a PbO-enriched atmo-
sphere created by a powder bed of PbZO5wt.% ZrQ,
in a platinum crucible. The samples were preheated in an
oxidizing atmosphere at 70C, followed by a heating rate
of 10°C/min to reach the final temperature of 110 The
thickness of the layer, the fracture surface and the surface
of the sintered samples were examined by scanning elec-
tron microscopy (Cam Scan CS4, Cambridge, UK). The el-
ement distribution in the boundary layer between fiber and
PZT layer was analyzed by EDX. (Tracor Northern TN
5502, USA). Mineral phases have been analyzed using XRD
S (Phillips, PW 1710).

2.5. Ferroelectric hysteresis

To measure the ferroelectric characteristics of the de-
posited PZT layer it was necessary to apply electrodes both
on the SiC fibers and on the PZT layé&iid. 2). This coat-

. For the electrophoretic coating process a mixture of dis ing with metallic platinum was done in a vacuum sputtering
tilled water, ethanol, acetone and acetylacetone was used as - . : .

. . - equipment (Laboratory Magnetron Sputtering Equippment,
dispersing agent. Ethylene glycol was added to stabilize the

slip. The solid yield of the suspension was 0.5wt.%. The LA 2503). The layer thickness of the platinum electrode was

. . . .~ <0.05um. To achieve a uniform thickness the fiber was ro-
mixed solution was experimentally proved to be effective . . .
. . tated during vaporization and the layer thickness was con-
for control of the composition of deposited layers. The be-

. ) o . . trolled by piezo-sonic sensors.
?;vg)é of the powder in the solvent media is described in The hysteresis was measured at room temperature

Fig. 1 shows the schematic test set-up for the elec- (Hewlett-Packard LCR Meter, type 4274). The sinusoidal

. . ; . _electric signal Wi r Hewl Packar
trophoretic coating process. The distance between the S|Ce ectric signal used was created by a Hewlett Packard

fiber and the counter-electrode was 20mm. The vary-
ing parameters were current density, voltage and coating Pt-electrode
time. In order to avoid any sedimentation in the solu- Y
tion and concentration differences between the areas close sic-fiber 77772 [
and far to the electrodes the solution was stirred dur- [E 2/ |
ing electrophoretic coating. After the coating process the

layer thickness was determined by means of a scanning

eleCtrlon microscope at 10 different points of the dried Fig. 2. Schematic view of the platinum electrodes on the PZT-coated SiC
sample. fiber.

2.3. Electrophoretic coating

|74

|
PZT-layer
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Arbitrary Waveform Generator of 100 Hz frequency and a £
voltage of about 150 kV. i
0 /
3. Results and discussion -1t
=2

3.1. Powder preparation é ol

X-ray analysis shows that no other phase than hy- é’ sl
drocerussite [(PHCO3)2(OH),)-phase] and cerussite 5
[Pb(CGs)-phase] appeared in the dried precipitation prod- §~ 0 Deposition potential
uct (Figs. 3 and % Crystalline phases containing Zr or i D.C,50V
Ti ions did not appear. The intensity of the peaks of the I
hydro-cerrusite phase decreases with increasing tempera- i . . . . . .
ture. At temperatures of 29@ and higher hydrocerussite 0 60 0 120 150 180
has been transformed into cerrussite. At temperatures of Coating Time (sec.)

320°C PbO is formed from the cerussite phase because of

decarbonization Fig. 5. Deposited layer thickness vs. coating time at constant deposition

. tential.
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Fig. 3. X-ray diffraction data of powders heat treated at different temper- Fig. 6. Deposited layer thickness vs. applied voltage at constant deposition
atures. H: hydrocerussit; C: cerussit; Z: 2/ Ti7;O13; PZ: PbZrQ; time.
P: PbO.
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Fig. 4. X-ray diffraction data of powders heat treated at different temper-
atures and times. Fig. 7. Current density vs. coating time at constant deposition potential.
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from PbO, ZrQ, Ti;O13 and PbZrQ@ into the perovskite 750°C for 120 min which has been described in réf
modification Pb(Zr,Ti)@ has been found out for the first too.

time (Fig. 4). The intensity of this perovskite phase grows In this angle range the twin line of the tetragonale per-
by steady prolongation of the thermal treatment. A peak ovskite phase appears and additionally that of the rhombohe-
splitting was observed in thef2angle range between dral phase of (10 2R. The powders used for electophoretic
24° and 26 for the powder that had been heat treated at deposition were calcined at 75G for 3h and ground for

(@) Tg=1170°C, t=1 min

i ‘. "‘

layer outside ; layer inside

» j R W

(@ Ts=1170°C, t =20 min (h) Ts = 1170°C, t = 20 min

Fig. 8. Fracture surfaces of PZT-coated SiC fibers sintered at X1 &b different holding times (SEM, BE).
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Fig. 9. Surface of PZT-coated SiC fibers sintered at TT7@t different holding times: (a) 1 min, (b) 10 min. Heating rate®@0min (REM).

540 min to adsg of 0.51um and a corresponding specific In order to examine the effect of the deposition time on

surface area of 9.1%fg. the layer thickness the fibers were coated at 50V D.C. for a
period of 30-180s. The maximum layer thickness that could

3.2. Electrophoretic deposition be achieved without cracking during drying of the coated

fibers was about 4am.

In this work the solid yield of the suspension is very When changing the electric voltage as coating variable the
low (0.5wt.%), i.e. the major part of the dispersing agent thickness of the deposited layer increases almost linear with
is responsible for the electric conductivity. The specific increasing voltageHig. €). Up to 500V the layer thickness
conductivity of the deposited layer is much lower than the increases to about 120m. But as already mentioned above
specific conductivity of the suspension. The thickness of the a thickness of about 40m the fibers could not be dried
deposited layer on the other hand is very small comparedwithout creating microcracks in the deposited layer.
to the distance of the electrodeds(= 2cm, dp < 50um, Fig. 7shows the current density as function of the coating
see Appendix A from which one may conclude that we time under a constantly applied electric direct voltage of
may count on a linear time-controlled layer growth in the 50V. The current density remains almost constant up to a
early stage of the electrophoretic deposition process as itcoating time of 150 s and decreases with increasing coating
had been actually observed in this stuéyg( 5). time. The appearance of constant current density up to a

Fig. 10. Fracture surface of a PZT-coated SiC fiber with a platinum interlayer sintered &t &n@ a holding time of 20 min. Heating rate: ZW¥min
(REM).
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Fig. 11. Hysteresis curves of PZT-coated SiC fibers (50V, 90s). Sintering temperaturé:Cl 1#iding time: 1-40 min.
period of 150s is in accordance with the linear increase With increasing holding time the remanence increases

of the layer thickness in this periodrif. 5. Above 150s from 11.12uC/cn? (1 min) to 24.92.C/cn? (20 min), the
coating time both the conductivity of the solution and thus coercive field strength increases from 12.32 kV/cm (1 min)

the current density decrease. to 21.52kV/cm (20 min) which can be explained by the
increased densification of the PZT layer. The ferroelec-
3.3. Sntering of PZT coatings on the fibers tric characteristics correspond to the values described by

Yoshikawa® and Hond? for PZT fibers. For the sample

SiC is thermodynamically unstable in oxidizing atmo- sintered for 40 min no hysteresis could be observed because
sphere at temperatures above 100@&nd forms a thin Si@ of the fact that the intermediate platinum layer reacts with
layer on its surface. Smart and Glag3ereport that melt- PZT to glassy phases.
ing phases occur in the PbO-Si®ystem in the range be-
tween 710C and 760C. Thus, for a PZT-coated SiC fiber
the SiQ layer that normally protects against further oxi-
dation will be destroyed which leads to further oxidation,
respectively, to the formation of glassy phases. This has
been observed for all sintering temperatures at low heating
rates without platinum coating. With platinum-coated SiC
fibers the formation of reaction zones could be drastically
reduced.

Fig. 8shows fracture surfaces of fibers that had first been
coated with platinum and then with PZT powder under an
electric direct voltage of 50V and for a coating time of 90 s.
They had been sintered at 11°Q for a period of 1-20 min.
X-ray diffraction examinations show exclusively PZT phases
on the coated surface. The densification increases with in-
creasing holding timeHigs. 9 and 11 After 20 min however
the platinum interface starts to dissold. 10. At longer
holding times the Pt-layers began heavily to react with PZT.

4. Conclusion

PZT powders produced by coprecipitation, calcination
and milling are very reactive and can be sintered on Pt-coated
SiC fibers at 1170C between 1 and 20 min. At longer hold-
ing times PZT, Pt and SiC react to glassy phases. The sus-
pensions used within the frame of this study have a low solid
yield and the deposited layer thicknesses are small com-
pared to the distance between the two electrodes used for
electrophoretic deposition. The resulting linear layer growth
could be proved by a mathematical model calculation. Layer
thicknesses of about 40m could be achieved without crack-
ing which is significant higher than those achieved by CVD
or PVD. When determining the samples’ polarization be-
havior in the electric field a hysteresis flow comes up that
is typical for ferroelectrics. The ferrolectric characteristics
remanence and coercive field strength increase with increas-
ing densification of the PZT layer and are comparable to

3.4. Ferroelectric properties data for PZT fibers in the literature.

Fig. 11shows hysteresis curves measured on PZT layers
deposited on SiC fibers at 50V for a period of 90s. The Acknowledgements
sintering temperature was 1170, the holding times varied
between 1 and 40 min. The fibers sintered at 1°X70or The authors thank Dr. Wolfgang Braue, Institute for
1-20 min show a typical hysteresis behavior. Materials Research at the German Aerospace Research
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for allowing to measure the ferroelectric hysteresis. Fur-
thermore, they thank the Institute for Theoretical Physics,
TU Clausthal, Germany, for Pt coating of the SiC fibers.

Appendix A
Due to the voltage applied in the deposition process and

due to the difference in the electropotential the particles
migrate towards the substrate and separate tlége 12).

Regarding the system of the electrophoresis equipment as

a quantity of resistors connected in series in a circuit the
equation of the electric parameters will be as folldWs:

- U
J = CUE = nzeguE = nzegu —, (1)

d
where] is the mass flonC the solid yield of the suspension,
u the mobility of the particlesg the field strengthn the
number of charge carrierg, the electrochemical valency
number,ep the unit chargel) the electric voltage and the
distance between the plates.

In steady-state operation the mass flolgsn the suspen-
sion andJp in the deposited layer are equal.

J=Js=1Jp )
In the suspension applies
> Us Us
Js = ngz — =, 3
s = nszeous - = o 3)

whereRs is the electric resistance of the suspension.
In the deposited layer:

Up _ Up
Rp’

dp

whereRp is the electric resistance of the deposited layer.
With applied electric direct voltage is

Utotal = Up + Us

(4)

Jb = npzZegup

(%)

UO
Ug UQ
SiC fiber
Pt electrode Deposited layer
U= Voltage
d= Thickness
min ds do

Fig. 12. Model used for calculating the thickness of the electrophoretically
deposited PZT layer.

1643
and
Riotal = Rp + Rs (6)
jtotal _ Utotal _ Utotal @)

Riotal  Rp+ Rs’

By insertingEqgs. (3) and (4)n Eq. (7) the result is as
follows:

Utotal
(dp/npzepus) + (ds/nszeous)
_ Utotal
~ (dp/™) + (ds/1s)

wheretp resp.ts designate the specific conductivity of the
deposited layer, respectively, of the suspensioa (jzepu;).
The deposited mags is indicated by integration oEq.

(8):
t—»

m =/ Jiotar dt
0

The effectively precipitated layer thickness is indicated
by Eqg. (10)

g

i.e. dp is a function of time dp(t)), e is the density of the
deposited layer.

By insertingEq. (10)in Eq. (8)the result obtained for the
deposition rate is (differential notation):

Jotal =

(8)

(9)

Jiotal
1Y

dt (10)

% _ jtotal _ Utotal E
dt P (x/tD) + (ds/T3) P’

wherex = dp.
By integral calculus, it may be circumscribed as follows:

fo- |
/Adx+/Bde:/Utota|dx

whereA = (ds/ts)p andB = (1/tp)p
By path integration it may now be converted into the
following quadratic equation:

12)

(13)

U
—Ltaltzxz-i-Zle—Kzt:O

A
2+ 20 (14)
with K1 = A/B andK» = Uigia/B
By resolving this equation you get the following variation

of the layer thickness.

x=—K1+/K?+ Kot (15)
d d

xz_(ms)+/<ms>+<mMmot )
Ts s o)
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By resolvingEg. (16)the following two border conditions 14
arise:

ds dp 15.
s ™

S D 16.
ds dp
s ™ 17

Is Eq. (12)resolved by the first condition, the layer thick-
ness as a function of deposition time may be described as;
follows:

IS
= %

8.

X an

19.

Is Eq. (12)resolved by the second condition, the layer
thickness as a function of deposition time may be described 20-
as follows:

X =+ 2utst (18) 21.

22.
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