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Abstract

Nanocrystalline oxide powders synthesized in supercritica} CSL-CQ) generally consist in nanoparticle agglomerates, which are
difficult to handle. In this work a particle encapsulation method in SG-®&s developed to overcome this problem. By performing both the
synthesis and encapsulation steps in the supercritical fluid, the agglomeration of particles can be limited, their handling can be improved and
the powder behavior can be modified depending on the selected encapsulation agent. Poly(dimethylsiloxane)-graft-polyacrylate (PDMS-g-PA)
phase separation method and methylmethacrylate (MMA) polymerization on particle surface are typical encapsulation processes usable in
batch mode, with SC-C{as a solvent, for ceramic powder encapsulation. This paper describes preliminary results concerning the synthesis
of yttrium stabilized zirconia (YSZ) in SC-C{and its encapsulation with PDMS-g-PA or PMMA in SC-£@ has been shown that both
phase separation and polymerization allow coating of the oxide particles, and clearly modify their properties. On the other hand, the use of
a surfactant like PDMS-g-PA allows anchoring of MMA monomer and promotes polymerization on the particle surface. The choice of the
surfactant is considered as a key parameter for a successful encapsulation process. This preliminary work offers new perspectives for synthesis
and encapsulation of ceramic powders in SC,CO
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction dia for ceramic forming and processing. In the ceramic area,
production of fine, uniform, crystalline or amorphous pow-
Over the past decade, supercritical (SC) fluids have re- ders suitable for subsequent compact forming and sintering
ceived considerable attention as solvents or reaction mediais certainly the most promising development for supercritical
for the synthesis of a number of ceramic and closely related methods. Processing of ceramic precursors by a supercrit-
oxide materials. Above its critical parameters, temperature ical CO, assisted sol-gel method was already investigated
and pressure, a SC fluid exists as a single phase. More-4n our group as a suitable synthesis pathway yielding,SiO
over, SC fluids offer a novel combination of gas like (vis- fibers! TiO, powders’ as well as doped ceria, lanthanum
cosity, diffusion coefficient) and liquid like (density) prop- gallates and zirconi&.In particular, the size and morphol-
erties, which make them unique as solvent and drying me-ogy of oxide nano-particles obtained by reacting the pre-
cursors (salts or metallo-organics) in SC-L@edia, was

* Corresponding author. Tel.: +33 4 75 50 43 39; fax: +33 4 75 50 43 42. controlled by tunlng the operating parameters Su_Ch as pre-
E-mail address: audrey.hertz@cea.fr (A. Hertz). cursor concentration, temperature, reaction time in SC con-
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ditions and pressure release. The ceramic powders synthe2. Materials and methods

sized by this method do not need any drying step, and their

crystallization temperature is generally much lower com- 2.1. Chemicals

pared to traditional processes (e.g. classical sol-gel pro-

cess). However, when nanophase ceramic powders are pre- The precursors used for the oxide powder synthe-

pared, they often tend to aggregate when the reactor issis (yttrium doped Zr@) were zirconium hydroxyacetate

opened. (Zr(acetatg)OH),,zHO (x+y=4)) and yttrium acetate
Encapsulated liquid or solid particles are designed for (Y(acetatej-xH,0) both provided by Aldrich. Pentane (99%

several applications, such as drug-controlled delivery in -PROLABQO) was used as the solvent medium for acetate

the pharmacy, sector pigment stabilization for paint in the precursors and nitric acid (65% HN@LUKA) as dis-

chemistry sector, protection of active ingredients in the cos- solution additive. CQ (Carboxyque-France) was used as

metic industry or ingredient and aroma addition in pow- an anti-solvent for polymer encapsulation and as a sol-

der form in the food industry. Several encapsulation pro- vent for monomer polymerization. All the chemicals for en-

cesses exist,which can be classified in two categories: capsulation and polymerization methods were supplied by

physical methods (vibrating nozzle, rotating disk, pan coat- ALDRICH. PDMS-g-PA was used as encapsulation poly-

ing, fluidized bed, spray drying, etc.) and chemical meth- mer phase separation method) or surfactantffolymerization

ods (coacervation, phase separation, interfacial polymeriza-method). MMA was the selected monomer and 24%obis

tion, in situ polymerization, sol-gel methods, etc.). Actu- (2-methylpro-pioramidine) dihydrochloride was the initiator

ally, encapsulation with a polymer is one of the processes used forits polymerization. FOMBLIN (ALDRICH) was also

used for preventing aggregation of ceramic powders. The en-used as a surfactant instead of PDMS-g-PA.

capsulation of TiQ particles modified with titanium alkox-

ide through MMA emulsion polymerization in an aque- 2.2. Apparatus

ous solution of sodium dodecylsulphate (SDS) surfactant

can be quoted as a relevant example reported by Caris et A schematic representation of the experimental set-up

al® . . . used in this study is shown fRig. 1 A stainless steel auto-
Regarding SC fluids, different methods have been de- clave is mechanically stirred and works in a batch mode. The
scribed for the encapsulation of powdéfsjn particular  internal volume of the reactor is 11, and the maximal work-

those based on the rapid expansion of supercritical so-jng conditions are 600C and 40 MPa. For each experiment,
lutions (RESS) and its derived processesbtained by  the reactor was operated according to the following proce-
coupling with a non-solvent (RESS-M)° or with a flu- dure: after introducing a solution of reactants, the reactor
idized bed!1? Anti-solvent processes (GAS or SA8}*  \yas closed and Cfwas injected at room temperature up to

or phase separatiéh'® are also used for this purpose. An- 50 6 MPa, depending on the required final pressure and tem-
other encapsulation method, well adapted for batch oper-perature. Then stirring and heating (external electric heater)
ation, involves polymerization on the particle surface in were started. The increase of temperature induces an increase
SC-CQ. This method is equivalent to the aforementioned of pressure following an isodensity curve. The final temper-
emulsion polymerization route in agueous medi@xcept  ature and pressure were maintained from several minutes to

that SC-CQ is used as the polymerization solvéAitSC-  a few hours (residence time) in order to allow the formation
CO;, is now a classical sol_velgt used for polymerization of ceramic powder or polymer-coated particles. Finally, tem-
reactions in dispersed medi&!® and MMA polymeriza-  perature was decreased and,G@s vented. The reactor was

tion is often studied in SC fluid® 22 More recently en-  then opened and the reaction products were collected.
capsulation in SC-C® has been found to be of partic-

ular interest for recovering and processing metal oxide
nanoparticleg3-24

In this work, a synthesis and encapsulation process in
SC-CQ was applied to yttrium stabilized zirconia (YSZ)
powders. In a first step, sol-gel synthesis combined with
an anti-solvent process (GAS or SAS) was used for YSZ
powder production. In a second step, the recovered ceramic
particles were coated in SC-GOby a phase separation
method or by polymerization of a monomer in presence
of amphiphilic compounds such as poly(dimethylsiloxane)-
grafted-polyacrylate (PDMS-g-PA) or FOMBLIN. PDMS-
g-PA was also the encapsulation polymer used in the phase
separation method for comparison with the polymethyl-
methacrylate (PMMA) formed in the second method by Fig. 1. schematic representation of the reactor used for the synthesis and
methylmethacrylate MMA polymerization. encapsulation of ceramic oxide powders in SC,CO

2.3. Ceramic powder synthesis

The synthesis of the YSZ powder can be described as a
SC-CQ aided sol-gel process. Yttrium and zirconium ac-

Liquid CO, reserve

Heating

Cooler
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Table 1

Experimental conditions used for the synthesis of the YSZ ceramic oxide in SC-CO

Sample ref. Synthesis method Sol (aging time, h) T (°C) P (MPa) Acid content (wt.%) ¥O3 content (mol %)
A a - 250 30 10 <8
B b 20 250 30 10 <8
C b 40 250 30 10 <8
D b 112 250 30 10 <8
E b 40 250 20 10 <8
F b 40 250 10 10 <8
G [+ - 250 30 10 >8
H c - 200 30 10 >8
| c - 200 30 25 >8
J d 64 200 30 25 >8

etates were mixed with pentane and nitric acid was addeda concentration of 30 wt.% in CCand was totally dissolved
drop wise until a transparent sol was obtained. The solution at 90°C and 30 MPa.

of acetate precursors was prepared either directly in the re- The first encapsulation method, based on phase sepa-
actor without sol aging (methods a andTapble 1), or in a ration (Fig. 2), was performed according to the follow-
beaker (methods b andTable J) when sol agingwas carried  ing procedure. The synthesized YSZ powder and the SC-
out prior to its introduction into the reactor. The yttrium pro- CO, soluble polymer PDMS-g-PA (4—-8 wt.% with respect
portion was calculated in order to obtain partially (methods to the oxide quantity) were introduced and mixed in the
a and b,Table 1 Y03 < 8% with respect to Zrg) or fully reactor before filling with C@ Complete dissolution of
stabilized zirconia (methods ¢ andThble 1- Y,03>8% PDMS-g-PA was obtained by increasing the temperature
with respect to Zr@). Each solution composition was tested up to 150°C, and keeping the pressure in the reactor at
with and without sol aging. Then, GQwas injected in the 30 MPa during 30 min under stirring (test #izble 3. Then,
reactor and both temperature and pressure were increase@ressure and temperature were decreased leading to poly-
up to 250°C and 30 MPa respectively. The temperature was mer precipitation and coating of the ceramic particles. Pres-
selected in order to obtain a crystallized YSZ powder. Af- sure release was carried out at’45and 10 MPa in order

ter completion of the reaction, GQvas vented and tem-

perature slowly decreased down to 100-160n order to

avoid condensation of pentane in the reactor. The reactor I
was opened in order to evacuate the residual pentane va-
por and the ceramic oxide powder was recovered in ambient (a)
conditions. Polymer Pa

(b)

Ta
2.4. Powder encapsulation methods \ '

Two encapsulation methods were tested on several powder
samples synthesized according to the previously described oxide particles
method. For each method, the powder was synthesized first,
then the reactor was opened and the different reagents for Pa
encapsulation were introduced in the reactor. Tw 1

Before encapsulation experiments, the solubility in SC-
CO, of the amphiphilic compounds used as surfactants, was
studied in a sapphire cell having a volume of 38 ml and able
to work at 300°C and 50 MPa. The cell was putin an oven in
order to control the temperature. The concentration of surfac-
tants was chosen higher than for the encapsulation test and
the dissolution was studied at 30 MPa for various tempera-
tures (60; 90; 110 and 15C). 10 wt.% of PDMS-g-PA was
introduced into the sapphire cell and the £@essure was
increased up to 30 MPa. Dissolution of PDMS-g-PA started
when the temperature reached°@ At 150°C, about 75% Fig. 2. Schematic representation of the encapsulation method by phase sep-
of the product was dissolved in SC-6@n comparison, for a_ration:.(a) introduction of Y_SZ particles _and PD_MS-g-PA in t_he ree}ctor; (b)
the encapsulation experiments, the concentration of polymer.d'sSOIUtlon of PDMS-g-PA In s_c-cpp y Increasing P & T dispersion of
. - ) insoluble YSZ particles in the mixture; (c) PDMS-g-PA precipitation and en-
introduced in the reactor was0.05wt.% in CQ at 30 MPa capsulation of particles by decreasing T & P; (d) recovering of encapsulated
and 150°C. Inthe same way, FOMBLIN was introduced with  particles (adapted frort?).

(©) @




1198 A. Hertz et al. / Journal of the European Ceramic Society 26 (2006) 1195-1203

to recover the encapsulated powder at atmospheric pres- Tne quantity of polymer deposited on Pk YSZ, M,/S,

sure. . . _ _ and its density (g/m®) allow the calculation of the thickness
The second investigated encapsulation method is basethf polymer shell.

on an in situ polymerization process at the surface of ce-

ramic particles. The YSZ powder, the MMA monomer, the M, 1 mc — MyNC
surfactant (PDMS-g-PA or FOMBLIN) and the initiator “~ s ™ 5 = 1, x Saet x (1 — (mc — munc))
were introduced in the reactor containing pentane. The re-

actor was closed and the mixture stirred. Contrary to Caris’  The presence of the polymer on the oxide surface was also
case’ it was not necessary to modify the oxide surface. In- checked by a simple visual floating test carried out by prepar-
deed, CQ is non-polar whereas the oxide surface is po- ing suspensions of the powder samples in water. Typically,
lar. Therefore, the surfactant molecules tend to assemble0-1 g of powderwas introduced in 50 ml of water contained in
spontaneously at the surface of the particles with the po- @ beaker, under magnetic stirring. Both PMMA and PDMS-
lar or CQ-phobe part anchored on the partideS, and the g-PA are hydrophObiC, therefore, initial pOWdeI’S and their
non-polar or C@-phile part dissolved in SC-CQunder spe- encapsulated counterparts should behave differently. Indeed,
cific Conditionsz_S_ZS In all cases, po|ymeriza‘[ion was car- whereas the initial pOWderS first diSperse and then settle on
ried out in SC-CQ during 4 h at 30 MPa and 15C. The the bottom of the beaker when stirring is stopped, the encap-
concentrations of used products were typically the follow- Sulated powder remains at the water/air interface because of
ings: monomer 4 wt.%, initiator and surfactant respectively the polymer shell.

4wt.%, 0.04-0.12wt.% and 0.2wt.% with respect to the

oxide.

3. Results and discussion

2.5. Characterization methods
3.1. Synthesis of the YSZ ceramic powder
The morphology and the particle sizes of the produced

powders (encapsulated or not) were studied using scanning '€ experimental conditions for YSZ powder synthesis
electron microscopy (Hitachi S4500). are summarized ifable 1 The tetragonal phase was obtained

Crystalline phases were determined by X-ray diffraction from methpds a and b ano_l the cubic phase from methods c
(Brucker D800) on powders and crystallite sizes were deter- 2nd d. Typical X-ray diffraction patterns of samples prepared

mined by the Scherrer formula from diffraction lines (10 1) by the methods a, b gnd d are showrFig. 3. In thg case

for the tetragonal structure, (1 1 1) forthe cubiconedrdy) ~ °f method a, a significant percentage of monoclinic zirco-
for the monaclinic one. The fractions of monoclinic phase M@ IS present with the partially stabilized tetragonal phase
() in YSZ powders were determined from intensitid ( whereas only traces of monoclinic zirconia were detected

of monoclinic (M) and tetragonal (T) lines according to the [T0M Method b. Although the aging time of the sol and the
following relationship: quantity of yttrium seem to have a major influence on the crys-

tallization of the YSZ phases, the other synthesis parameters
1.311x Xy listed inTable 1have an influence too. The characteristics of

fm = 1+0311x Xy with the synthesized powders are summarizetiahle 2and the
I (T11) 4 Tu(111 relation to the synthesis parameters is discussed below.
Xu m(11)+ /v(111) The quantity of acid introduced in the sol has first an in-

Iv(111)+ Im(111)+ I7(101) fluence on the stabilization of single-phase compounds. For
instance, sample H was prepared with only 10% acid con-
The specific surface area of powder samples was deter-centration and the reaction of the precursors was incomplete.
mined using the BET equation and the adsorption curve Indeed, SEM observation&if. 4) revealed the presence of
of the N adsorption—desorption isotherms (Micromeritics- residual unreacted product attributed to acetate precursors,
Asap 2010). present as amorphous spheres. These spheres transformed to
Thickness of the polymer shell was assessed using the spemonoclinic zirconia after a thermal treatment at 1160n
cific surface aredget (M?/g) of YSZ powders and results  air. Conversely, sample | prepared with a higher quantity of
of thermogravimetric analyses performed on coated and un-acid (25%) did not show any presence of unreacted precur-
coated powders in order to determine the weight of polymer sors. In this case, although the crystallites cannot be detected
M, (9) per gram of powdei, = mc — munc, wheremc (g) by XRD before any thermal post-treatment, the cubic phase
represents the weight loss for 1 g of coated powdeane: was observed after calcination at 1T%0 Moreover, a com-
the weight loss for 1 g of uncoated powder. We can then cal- parison of samples H and | with sample G, revealed that
culates (m?), the surface accessible by the polymer for 1g 200°C was sufficient to perform the reaction of precursors
of coated powder: and the crystallization of the YSZ cubic phase. In other re-
spects, at low acid content, the crystallite size was decreased
S = Seet(1 — Mp) to values close to 10 nm (samples G andebles 1 and 2
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Fig. 3. XRD patterns of Y-doped zirconia powder obtained from different synthesis methods: (a) monoclinic and tetragonal structure (sampl8@X @ith 11
thermal treatment); (b) tetragonal structure (sample D with 2@5thermal treatment); (c) cubic structure (sample J with PTthermal treatment).

B) yielded a bimodal size distribution, typically at 30 and
300 nm. On the other hand, a similar effect was observed
when the reaction pressure was decreased for samples C, E,
F. Indeed, decreasing the pressure from 30 to 10 MPa led to
a homogenization of particle size and a decrease of particle
mean diameter from 100 nm to about 40 nm. The analyses of
XRD patterns also showed a decrease of crystallite size from
23nm at 30 MPa to 17 nm at 10 MPa.

Zirconium hydroxy-acetate

3.2. Post-synthesis encapsulation of the YSZ powder

3.2.1. Encapsulation by phase separation
Fig. 4. FESEM micrograph of the YSZ powder synthesized with 10% nitric The phase- separation method was mplemented in the
acid, revealing the presence of unreacted zirconium hydroxyacetate precur-S@me reactor just after the powder synthesis step. The encap-
sor. sulation was performed with PDMS-g-PA on a YSZ powder
synthesized according to method b for which a 64-h sol ag-
Aging of the starting sol, prior to its introduction inthe re-  ing was used. Only very slight evolution in texture and color
actor, was favorable for stabilizing tetragonal or cubic phases, was noticed from the initial to encapsulated powder (tests
with a minimum quantity of monoclinic phase (samples B #1 and 2,Table 3. The aqueous floating test showed that
and J,Table 2. Increasing the aging time significantly af- the encapsulated powder behaves differently than the initial
fects the size and the size distribution of the ceramic oxide powder. The treated powder floated on water after stirring
particles Fig. 5). Indeed, a long aging time (112 h in sam- was stopped, and stronger stirring led to the formation of
ple D) leads to a monodispersed size distribution centeredaggregates at the water/air interface. This shows that the sep-
on 100 nm, whereas shorter aging times (f.i. 20 h for sample aration phase method can be quite efficient for covering ce-

Table 2
Characteristics of YSZ powders prepared by SC,@8sisted sol-gel process

Sample ref. Synthesis method Particle size (nm) SgeT (M?2/g) Crystallite size (nm) Crystalline phase after thermal treatment atX150

A a - - - Tetragonal + monoclinic 57%
B b 30/300 - 23 Tetragonal

C b 50/230 36 25 Tetragonal + monoclinic 5%
D b 100 - 29 Tetragonal

E b 40 39 19 Tetragonal + monoclinic 13%
F b 40 33 17 Tetragonal

G c 60 71 9 Cubic + monoclinic 20%

H c 50 - 12 Cubic + monoclinic 11%

| c 50 106 N Cubic + monoclinic <5%

J d 40 - N Cubic

N: non-measurable; XRD: limit of detection.
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Fig. 5. FESEM micrographs showing the morphology of YSZ particles synthesized at different aging times: (a) sample B: 20 h; (b) sample C: 40 b; (c) sampl
D:112h.

Table 3
Quantities of polymer, monomer and surfactant used for the encapsulation experiments

Encapsulation method  Test# MMA (wt.% with respect to oxide) PDMS-g-PA (wt.% with respect to oxide)  Initiator (wt.% with respect to oxide)

Method 1: phase separation

1 - 4 -
2 - 8 —
Method 2: polymerization in situ
3 330 0.2 0.04
4 4 0.2 0.12
5 4 - 0.12
6 10 - 0.12
7 - 0.2 0.12
8 - 0.2 -
9 4 0.2 -
10 4 0.2 (FOMBLIN} 0.12

2 For this test, PDMS-g-PA was replaced by FOMBLIN.

ramic particles with the hydrophobic polymer. However, a aforementioned characterization methods were combined in
small portion of the powder was apparently not encapsulatedorder to show the presence of the polymer on the ceramic
and remained as fine aggregated particles at the bottom of theparticles.

beaker. In test #3,Table 3 an excess of monomer (10g) com-
pared to the quantity of oxide (3g) was used in order to
3.2.2. Encapsulation by polymerization easily visualize the effect of encapsulation by SEM. After

In these experiments, MMA and PDMS-g-PA were used a reaction time of 4 h, the non-reacted monomer was evacu-
respectively as monomer and surfactant according to the ex-ated with the C@ during pressure release. The treated pow-
perimental procedure described in Sectoh Different tests der showed a marked different aspect after reaction. The
were performed with the aim to adjust experimental con- white original powder became gray and FESEM observa-
ditions to a uniform particle covering by the polymer. The tions (Fig. 6) showed a slight increase in particle sizes after

Fig. 6. FESEM micrographs of the ceramic oxide particles after synthesis and encapsulation in:3&)8@mple C: agglomerated particles after synthesis,
no encapsulation; (b) sample 3: particles from sample C, after the in situ polymerization stage.
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of PMMA were deposited on 1fnof YSZ powder. Con-
sidering a PMMA density of 1.19 g/chhand by suppos-
ing a homogeneous coverage of the YSZ particles, the cal-
culated thickness for the polymer shell should be about
4.3nm.

In order to evaluate the minimum quantity of monomer
required for a homogeneous encapsulation of the ceramic
powder particles with a very thin polymer film, a MMA poly-
merization test was carried out with only 4wt.% of MMA
related to the ceramic powder quantity (test #ble 3. In
(@) Powder before (b) Powder after this case, the aqueous floating test showed that this quantity

polymerisation polymerisation was sufficient to completely encapsulate the ceramic powder.

: Indeed no powder particles were present in suspension or at
the bottom of the beaker after stirring and leaving at rest for
a few minutes. Thermogravimetry analysis and specific sur-
face area measurement led to a hypothetical shell thickness
Fig. 7. Images showing the aqueous floating test gvidencing th_e effect of for the polymerof about0.12 nm. Such polymerthickness be-
encapsu!atpn on Fhe p'owder color and on the partlgle behavior '|n a'qutleousing very improbable, it means that ponmer coating probably
suspension: (a) zirconia powder before encapsulating polymerization; (b) L .
zirconia powder after encapsulating polymerization (tesfféBle 9. occurs on small aggregates and not on individual nanoparti-

cles. Complementary analysis is in progress to confirm this
hypothesis.

the polymerization stage. The visual floating test described
in Section2.5 was applied to this powder. As shown in 3.2.3. Role of the surfactant on monomer polymerization
Fig. 7a, the initial powder remained as a fine powder and  The role of the surfactant (PDMS-g-PA) for the encapsu-
settled at the bottom of the beaker, whereas the treated ondation of ceramic particles by in situ MMA polymerization
totally remained at the air/water interfaceid. 7b) form- was investigated by comparing polymerization with and with-
ing agglomerates because of the hydrophobic character ofout surfactantTable 2 The surfactant is supposed to favor
the polymer. Apparently a more efficient powder encapsu- polymer anchoring on the particle surface according to the
lation was obtained by this in situ polymerization method polymerization pathway shown Fig. 9. The aqueous float-
compared to the previous one based on phase separation. Adng test was used to check the efficiency of the encapsulation.
cordingly, thermogravimetric analysigify. 8) of the initial Test #5, in which the polymerization was achieved without
(sample C,Table 1) and the encapsulated YSZ powder led surfactant, yielded a powder sample behaving identically to
to a weight loss at 350C of respectively 4.4-18.96 wt.%. the initial powder and settling on the bottom of the beaker.
These results confirm the encapsulation process but do nofThis confirms the absence of a continuous polymer shell on
give any information on the mean thickness of the poly- the ceramic particles. Even a higher quantity of monomer
mer shell. The calculation of the shell thickness can be (test #6) did not lead to a homogeneous encapsulation of the
made according to the method mentioned in Secfdn particles. These results clearly demonstrate that the role of
starting from the specific surface area (33g) of the the surfactant is essential for a homogeneous encapsulation
YSZ powder and weight loss figures obtained from ther- of the ceramic powder during MMA polymerization in SC-
mogravimetric analyses. It has been found that about 5 mgCO..

100

99 100
S

F98 = F95 &
.80 =
o =
B 0 &b

97 18,96% Loo §

196 85

(b)
: - . - 95 . . - T 80
200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)

Fig. 8. Thermogravimetric analysis in air{6/min) of YSZ powders: (a) before and (b) after encapsulation by MMA polymerization in S£-CO
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Fig. 9. Schematic description of the proposed mechanism for the encapsulation of YSZ powder by in situ polymerization jn(&@y@ed frord).

Additional tests were performed in order to have a better tant, and polymerization is promoted by the presence of free
understanding of the specific roles of surfactant, monomer radical initiator.
and initiator. Tests #7 and #8 were operated only with PDMS-
g-PA without any MMA.. Despite an expected arrangement
of the amphiphilic macromolecules at the surface of the ce- 4. Conclusion
ramic particles, no change in the powder behavior was noted
during the aqueous floating test. Obviously the amphiphilic ~ Ceramic processing in SC-G@ a very promising tech-
polymer alone does not allow an efficient encapsulation pro- nique for creating nanocrystalline and homogeneous mixed
cess. These results are in agreement with those obtained iroxide systems from metal organic compounds. The porous
tests #1 and #2. Test #9 also demonstrated that in the absencexture, morphology, crystalline structure and size distribu-
of initiator, MMA did not polymerize and the powder was tion of the derived ceramic powders can be controlled by ad-
not encapsulated. justing the synthesis parameters (sol composition, type and

The PDMS-g-PA was selected as the amphiphilic polymer guantity of additives, aging time, temperature, pressure). In
surfactant because the siloxane network is soluble in SC-this work the method was applied for the synthesis of YSZ
CO,2%30and favors particle dispersion. Moreover the poly- powders with particle diameters from 30 to 300 nm and crys-
acrylate part ensures the anchoring of the surfactant on thetallite sizes from 10 to 25 nm.
oxide surface and acts as the starting point for the polymeriza-  We investigated the encapsulation of the YSZ patrticles by
tion. Therefore, this surfactant helps the polymer anchoring phase separation and MMA polymerization in SC-C@
on the ceramic oxide particles. However, due to its chemi- number of attractive results arose from this preliminary study.
cal composition, it will release silicon atoms in the ceramic The necessary role of the surfactant (PDMS-g-PA) for MMA
after sintering. Therefore, for those applications (e.g. ionic polymerization was demonstrated. Because it is soluble in
conductive ceramics) for which Si is an undesirable impu- SC-CGQ in the selected experimental conditions, the surfac-
rity, the PDMS-g-PA surfactant will have to be replaced by a tant allows the dispersion of YSZ particles in the SC-@0e
completely organic surfactant. This was attempted in test #10to the PDMS part. The PA part, adsorbed on the YSZ particle
in which PDMS-g-PA was replaced by FOMBLIN, a perflu-  surface, facilitates polymerization by fixing monomers in the
oropolyether surfactant soluble in SC-&Qhe powder de-  core shell formed by the surfactant. Further work remains to
rived from this test did not satisfy the aqueous floating test be performed in order to better control the thickness of the
showing that a homogeneously encapsulated powder was nopolymer film on the YSZ particles, to increase the fraction of
achieved. In this case, FOMBLIN appeared as a non-adaptedencapsulated particles, and to limit the fraction of free poly-
surfactant. mer out of the particles. In particular, the concentration of

From these results, it appears that a homogeneous particlehe different reagents (surfactant, initiator, monomer) has to
encapsulation effectively results from MMA polymerization be further optimized. Various types of surfactants (Si based
and not only from surfactant or monomer adsorption on the or totally organic) have also to be considered according to
particles. The choice of the adequate surfactant is importantenvisioned applications.
as far as it has to adsorb on the ceramic particle surface al- Finally this encapsulation method in SC-g@edia can
lowing the polymerization to start. In relation with the work be extended to other ceramic oxides and with other encap-
of Caris et aP we can summarize ifFig. 9 the followed sulating agents (organic or organometallic). The foreseen
pathway for the polymer encapsulation process of ceramic advantage of this technigue is to avoid the contact of the
particles by polymerization in SC-GOIn a first step, the  nanophase oxide powder with air moisture, which is responsi-
CO»-phobic part of the surfactant self organizes around the ble for particle aggregation and for difficult powder handling.
particles with anchoring of the C@philic part on the parti- In addition, ceramic particle encapsulation with a polymer
cle surface. Steric interactions between surfactant shells helpshould facilitate further powder processing operation such as
the dispersion of the particles in SC-@n a second step,  crushing, pelletizing, sintering and may also stabilize powder
the monomer adsorbs on the &@hobic part of the surfac-  suspensions depending on the used encapsulating agent.
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