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bstract

VX copolymers containing both carboxylate ( COO−) and hydroxyl groups (vinyl alcohol) are synthesized with the objective to ensure the
ouble function of dispersant and of binder for dry-pressed green parts.

Carboxylate groups are responsible for strong adsorption of copolymers onto alumina surface and can promote sufficient electrostatic repulsive
orces to achieve a good state of dispersion, similar to that obtained with a classical ammonium polymethacrylate (PMA-NH4

+) for a proportion of
arboxylic groups in the copolymer larger than 35%. On the other hand, hydroxyl groups confer higher mechanical strength than PVA to the green
ressed parts (4.2 MPa for 1.5 wt.% PV35 (35% COO−) versus 1.8 MPa for 1.5 wt.% PVA, with and without PEG as plasticizer, in the case of
amples pressed at 120 MPa).

The high density of the green parts obtained with soft PV35 copolymer and the good adsorption of this compound onto alumina surface lead
o a high mechanical strength of the pressed compacts. After addition of 1.5 wt.% PV35, the amount adsorbed (0.7 wt.%) confers a high cohesion

o the spray-dried granules and the non-adsorbed copolymer (0.8 wt.%) reinforces adhesion between granules through interdiffusion of the low Tg

olymeric films.
Then, synthesized PVX copolymers have proved to be efficient dispersants for aqueous suspensions of alumina and also efficient binders for

ry-pressing, even for concentrations as low as 1.5 wt.%.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

The forming of advanced ceramics generally requires the use
f organic additives, in order to confer to the system desired
roperties of flow and cohesion.1–5 In aqueous systems, charged
olyelectrolytes are commonly used as dispersants to enhance
uspension stability and to impede particle flocculation, thus
eading to both high solid loadings and low viscosities.6–10 The

dsorption of polyelectrolyte molecules onto the surface of the
owder results in the formation of a double electrostatic layer
hat surrounds each particle and leads to electrostatic repulsive

∗ Corresponding author. Tel.: +33 5 5545 2222; fax: +33 5 5579 0998.
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orces between particles.11,12 Ammonium or sodium polyacry-
ates are currently used for dispersion of concentrated alumina
uspensions.13,14

Binders are often introduced in ceramic processing to confer
dditional cohesion to the green parts.15,16 In the spray-drying
nd dry-pressing process, the addition of these organic binders in
he starting suspension is required, first to confer adequate cohe-
ive strength and free flowing properties to the sprayed granules,
nd, secondly to improve the mechanical strength of the green
ompacts. The binder must satisfy a compromise since it should
e “soft” enough to allow granules to deform during pressing,

nd at the same time “hard” enough to confer cohesion to the
pay-dried granules and mechanical strength to pressed green
odies.17 Polyvinyl alcohol (PVA) is largely used as a binder in
ry-pressing of ceramics.18,19 But the adsorption of the binder is

mailto:t_chartier@ensci.fr
dx.doi.org/10.1016/j.jeurceramsoc.2006.11.076
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enerally considered as weak in comparison to that of the disper-
ant. This generates an heterogeneous distribution of the organic
hase in the ceramic green part.20 Indeed, during water removal
rom the droplets in the spray-dryer, the non-adsorbed, solu-
le, PVA tends to migrate with water to the surface of granules.
aklouti investigated the binder distribution in spray-dried alu-
ina agglomerates and in the pressed green parts.20 He showed

he great influence of the heterogeneous binder distribution on
he mechanical properties of the pressed samples.

Moreover, the use of various organic additives in a suspension
ften involves interactions not only between the additives and the
eramic powder but also between the additives themselves. For
nstance, one can observe a competitive adsorption of these addi-
ives onto the surface of the ceramic particles, which can result
n a decrease of the dispersant and/or the binder efficiency.21

In order to avoid, or at least to minimize, these problems, a
olution consists in using copolymers which can adsorb onto the
rain surface and which can play the simultaneous role of disper-
ant and binder. In this context, the aim of the present work was
o evaluate the dispersant and the binder efficiency of synthe-
ized copolymers bearing two different groups, i.e. one ionized
unction which facilitates adsorption on alumina particles and
rovides a sufficient density of charge to disperse particles in
ater as well as one neutral function, which provides cohesion

o the spray-dried granules and to the pressed green parts.

. Experimental procedure

.1. Starting materials

An �-Al2O3 powder (P172SB, Pechiney-France) with a mean
article size of 0.4 �m and a specific surface area (BET) of

0 m2 g−1 was used.

Polyelectrolyte copolymers of sodium acrylate and of vinyl
ydroxide, were synthesized (PVX copolymers, X being the
olar proportion of functional carboxylic groups). PVX copoly-

2

p

able 1
he copolymers PVX are synthesized (X corresponds to the COO− molar fraction (%

rganic additives Structures

MA-NH4+

VA

VX

MA-NH4
+ (Darvan-C®, Vanderbilt, UK) and PVA (PVA 4-88, Mw = 31,000, Mowio

X corresponds to the COO molar fraction (%) of carboxylic groups in the copolyme
ean Ceramic Society 27 (2007) 2687–2695

ers, with X = 20, 35 and 55, were prepared by radical
opolymerisation of acrylic acid and of vinyl acetate. Copoly-
erisation was carried out in methanol in presence of benzoyl

eroxide as initiator during 5 h in a backward flow. The PVX
opolymer was then obtained after hydrolysis of the acetate
raction of the previously synthesized copolymer. The hydrol-
sis was carried out by methanolysis using NaOH as catalyst.
nce hydrolyzed, the formed copolymer precipitated instanta-
eously in methanol. After filtration, the copolymer was washed
wice with acetone, dried under nitrogen atmosphere and dis-
olved in water to obtain a concentrated solution. The content
f carboxylate groups ( COO−) in the polymer was determined
y colloidal titration with a cationic polyelectrolyte (PAD-Cl−,
oly(chloride N,N,N-trimethyl ammonium ethyl acrylate)) stud-
ed in earlier work and alternating moieties in polymeric chains
ere confirmed by differential scanning calorimetry (DSC).22,23

A commercial ammonium salt of polymethacrylic acid as dis-
ersant (PMA-NH4

+, Darvan-C, Vanderbilt, UK), a commercial
olyvinyl alcohol as binder (PVA 4-88, Mw = 31,000, Tg = 70 ◦C
dry PVA), Mowiol, Hoechst, D) and polyethylene glycol as
lassical plasticizer (PEG400, Mw = 400, Union Carbide, USA)
ere used for comparison. The structure of the various poly-
ers used in the present work and the corresponding molecular
eights are given in Table 1.
The glass transition temperature Tg of synthesized poly-

ers was determined by differential scanning calorimetry.
he average molar masses (Mw) of synthesized copolymers
ere estimated from intrinsic viscosity measurements (Ubbel-
ode viscometer) using Mark–Houwink relation24 [η] = KMα

w,
here parameters K and α are characteristics of each poly-
er/solvent couple.
.2. Adsorption isotherms

Experiments concerning the adsorption of polymers were
erformed by adding given amounts of the copolymer solution,

) of carboxylic groups in the copolymer)

Tg (◦C) Mw

– 15,000

70 “dry PVA” 31,000

X = 20

46 20,000

X = 35
35 20,000

X = 55
27 17,000

l, Hoechst, D) are commercial polymers. The copolymers PVX are synthetised
r).
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t the pH required, to a 10 wt.% aqueous Al2O3 suspension.
he pH adjustments were made using NaOH or HCl solutions.
hen suspensions were sonicated for 15 min under an output
ower of 200 W and shaken for 24 h to reach equilibrium. Then
hey were centrifuged at 3000 rpm for 1 h. The supernatant was
emoved, and the amount of free polyelectrolyte in the solu-
ion was determined by a colloid titration technique using a
ationic PAD-Cl− polymer and orthotoluidine blue as indica-
or. This colloidal titration is based on the fact that oppositely
harged polyelectrolytes form 1:1 complexes in a low ionic
trength medium. The point of charge equivalence is determined
y colour change of an appropriate indicator, as orthotolui-
ine blue in the present case. In cationic systems, this indicator
ecomes pink due to the formation of a complex with the anionic
olymer.

All titrations were carried out under conditions of low ionic
trength (lower than 10−3), obtained by dilution of the super-
atant sample with distilled water. Blank tests conducted on
MA-NH4

+ and other commercial acrylic copolymers, made of
crylamide and N,N,N trimethyl ammonium ethyl acrylate chlo-
ide, have confirmed the validity of the method with a sensitivity
f the titration down to 1 ppm.

.3. Powder processing and characterisation

Spray-drying of suspensions containing 50 wt.% alumina
20 vol.%) was performed with a laboratory spray-dryer (Büchi
90). The inlet temperature of the spray-drier was fixed at
00 ◦C, which in the present experimental conditions leads to
n exit temperature of 104 ◦C.

The copolymer was first dissolved in distilled water, the alu-
ina powder added, and the dispersion was deagglomerated by

ltrasonic treatment with a power of 300 W applied during 2 min.
hen, the dispersion was submitted to mechanical stirring dur-

ng 2 h. The preparation of the alumina suspensions containing
he PMA-NH4

+ dispersant and the PVA binder, with and with-
ut addition plasticizer (PEG), was performed in two steps. The
lumina powder was first deagglomerated in water by ultrasonic
reatment with the dispersant, then the binder and the plasticizer
ere added and the suspension was submitted to agitation during
h.

The average diameter of the granules obtained is relatively
mall (10–20 �m), which leads to a poor flowability of the
owder. However, the use of this laboratory equipment makes
ossible the evaluation of the efficiency of additives.

The spray-dried alumina powders were pressed uniaxially.
he spray-dried alumina containing organic additives was pre-
iously dried at 100 ◦C for 1 h before pressing to be sure of
he value of Tg. Indeed, the Tg of polymer will depend on the
ater content, water being a plasticizer of PVA. The powder
orphology and the fracture surfaces of green pressed samples
ere observed by SEM (Cambridge S260). The size distribution
f spray-dried granules was measured by laser light diffusion

Malvern 2000). The strength of the green samples was mea-
ured immediately after pressing by the diametral compression
est (Brasilian test) performed with a universal testing machine
t a loading rate of 0.5 mm mn−1. The strength was calculated

i
e
o
u

ig. 1. Adsorption isotherms of the polyelectrolytes onto P172SB alumina (pH
.5–9). Open and black symbols are related to mg m−2 and �mol m−2 scales,
espectively.

ccording to the following expression:

r = 2F

πDl
(1)

here F is the load applied at fracture, D and l are the diameter
nd the thickness of the sample, respectively. These mechan-
cal measurements were performed immediately after forming
ecause the strength may vary with time after ejection.15 The
eported values of strength correspond to the average of three
ests.

. Results and discussion

.1. Adsorption isotherms

For the three synthesized copolymers and for the PMA-
H4

+, the amount adsorbed onto the alumina surface at pH
.5–9 increases as the quantity added increases, until a plateau
s reached (Fig. 1). The shape of these isotherms suggests

monolayer adsorption of the polyelectrolyte, whatever the
olymer composition. The adsorption is complete for addi-
ions lower than 0.3 wt.% in the case of PMA-NH4

+, PV55
nd PV35, and lower than 0.7 wt.% of PV20. No polymer was
etected in the supernatant until these values were reached.
uch an observation indicates a rather high affinity type adsorp-

ion. The amount adsorbed on the plateau decreases as the
ontent of carboxylic groups in the polymer increases. The cor-
esponding quantities adsorbed are about 0.36, 0.58, 0.67 and
.17 mg m−2 for PMA-NH4

+, PV55, PV35 and PV20, respec-
ively. Such values correspond to respective adsorbed surface

olar amounts of 4.27 × 10−6, 8.11 × 10−6, 10.89 × 10−6 and
1.66 × 10−6 mol m−2.

The quantity of PMA-NH4
+ adsorbed on the plateau (pH 9),
.e. 0.36 mg m−2, is in agreement with that reported by Cesarano
t al.25 At pH 9, PMA-NH4

+ is fully ionized, and its adsorption
n the surface of alumina proceeds in a relatively flat config-
ration. The adsorption increase on the plateau as the fraction
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f carboxyl groups is reduced may be explained by a lower
epulsion between ionisable groups inside the polymer chain.
hat allows a denser packing of the macromolecular chains on

he alumina surface and an expected formation of loops in the
dsorbed configuration as the fraction of hydroxy vinyl units
ncreases. Then, more chains with a lower surface covering are
equired to get a saturated monolayer.

.2. Stability of the suspension

When plotted versus the quantity of polymer added, the
iscosity of the alumina suspension first decreases to reach a
inimum at a given amount of dispersant. The optimum con-

entrations are about 0.4 wt.% for PMA-NH4
+

, 0.55 wt.% for
V55, 0.6 wt.% for PV35 and 0.9 wt.% for PV20 (Fig. 2). These
alues are in fair agreement with the adsorption data corre-
ponding to the saturation of the solid surface, i.e. 0.36, 0.58,
.67 and 1.17 wt.% for PMA-NH4

+, PV55, PV35 and PV20,
espectively. The minimum of viscosity is shifted towards larger
olymer concentrations as the fraction of hydroxyl vinyl groups
s increasing or as the fraction of carboxylic groups is decreas-
ng. This can be attributed to: (i) the loop-tail conformation of
olymers containing a low fraction of carboxylic groups, that
ust be compensated by a larger polymer content for an equiv-

lent surface coverage and/or (ii) to a lower negative charge
rought by carboxylic groups. Indeed, carboxylic groups are
esponsible for the decrease of viscosity by an electrostatic con-
ribution to the dispersion. In the same respect, the minimum
alue of the viscosity decreases from PV20 to PV35, PV55
nd PMA-NH4

+, PV20 bringing a too low density of charge.
he evolution of the viscosity according to the weight frac-

ion of the alumina in the suspension suggests a good efficiency
f the synthesized polyelectrolytes and especially of the PV35
nd PV55 (Fig. 3). Copolymers bearing 35% or 55% of car-

oxylate groups are efficient dispersants with a critical powder
oading of 80 wt.% corresponding to 50 vol.% of alumina in the
uspension.

ig. 2. Variation of the viscosity of the alumina suspensions in function of the
oncentration in PV20, PV35, PV55 and PMA-NH4

+ (60 wt.% Al2O3, 22 s−1).

t

t

F
p
0
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.3. Spray-dried alumina powder

One must keep in mind that the objective is to conjugate a
ispersing effect brought by carboxylate groups and a binding
ne brought by vinyl groups in the PVX copolymers. On one
and, the state of dispersion obtained with 0.6 wt.% PV35 and
ith 0.55 wt.% PV55 (Figs. 2 and 3) is similar to that obtained
ith 0.4 wt.% of PMA-NH4

+. On other hand, the expected bind-
ng effect of PV55 is likely lower than that of PV35 due to
ts lower concentration of hydroxyl vinyl groups. This is the
eason why the PV35 copolymer, which represents a good com-
romise between the dispersing and binding effects, will be
onsidered only in the following. In order to evaluate the aptitude
f this PV35 copolymer to improve cohesion of the pressed parts,
he alumina powder was spray-dried with different amounts of
V35, dry PVA and PVA with plasticizer (PEG400).

Besides the size, one of the parameters governing the flow
roperties of a spray-dried powder is the morphology, which
hould be spherical. The morphology of granules is conferred
y the surface tension, which is exerted on the suspension
roplets once formed at the exit of the nozzle in the spray-dryer.
ig. 4 shows granules of alumina spray-dried with 0.4 wt.%
MA-NH4

+ + 3 wt.% PVA and with 1.5 wt.% PV35. An addi-
ion of 1.5 wt.% PV35 copolymer allows the formation of more
pherical granules than those obtained with 3 wt.% of PVA,
hat will facilitate the flow of the granules. In both cases, the
ranules present a marked depression (donut shape). During
pray-drying, the fine fraction of the powder in suspension and
ater soluble additives migrated towards the external surface of

he granule where evaporation takes place and form an imperme-
ble polymeric film. Once this layer was formed in the early stage
f drying, the vapour pressure in the heart of the droplets creates
hole in this impermeable layer to allow the water to escape. The
hat some polymer has migrated during spray-drying.
It is worthwhile to mention at this stage that one of the objec-

ives of this work was to avoid, or at least to minimize, the

ig. 3. Variation of the viscosity of alumina suspensions in function of the
owder concentration for 1.2 wt.% PV20, 0.7 wt.% PV35, 0.55 wt.% PV55 and
.4 wt.% PMA-NH4

+.



M.R. Ben Romdhane et al. / Journal of the European Ceramic Society 27 (2007) 2687–2695 2691

) 0.4 w

b
o
g
s
e
f
t
o
1
t
i
a
d
p
m
w
c
b
t
t

p
d
P
p
i
t

s
d

quantity of PV35 copolymer introduced (Fig. 6). Introduction of
1.5 wt.% PV35 leads to granules having a similar size distribu-
tion to those obtained with 0.3 wt.% PMA-NH4

+ + 3 wt.% PVA.
The difference between the size distributions of the granules con-
Fig. 4. Morphology of alumina spray-dried granules with (a

inder migration onto the surface of the granules by adsorption
f copolymer on the surface of the alumina grains. The acidic
roups present on the chains of the macromolecules of PV35
trongly attach to surface alumina and avoid the migration. Nev-
rtheless, the quantity in excess, not adsorbed, will be able to
ollow the departure of water during spray-drying. The satura-
ion of the alumina surface is obtained for 10.89 × 10−6 mol m−2

f PV35, corresponding to 0.67 wt.%. Then, with and addition of
.5 wt.% PV35, about 0.8 wt.% is non-adsorbed and is expected
o migrate during drying. A precaution has to be taken concern-
ng these values. Indeed, adsorption isotherms were measured
t room temperature and the temperature inside the granules
uring spray drying is close to 100 ◦C. The adsorbed amount of
olymer can slightly vary with temperature. A compact arrange-
ent of the alumina grains in spherical granules were obtained
ith an addition of 1.5 wt.% of PV35 (Fig. 4c). The spherical and

ohesive aspect of the granules can be attributed to the hydrogen
onds with the vinyl alcohol sequences of the PVX copolymer. A
angle of the chains adsorbed on the powder can also contribute
o the cohesion of the granules.

The size distribution of granules (laser granulometer) pre-
ared with 0.9 wt.% PV35 is given in Fig. 5. The size
istributions obtained with 0.3 wt.% of PMA-NH4

+ + 3 wt.%

VA and with 0.9 wt.% of PMA-NH4

+ dispersant only are
lotted for comparison. The average diameter of the granules
ncreases when the fraction of carboxylic groups decreases,
hen when the fraction of vinyl binding groups increases. The

F
c
P

t.% PMA-NH4
+ + 3 wt.% PVA, (b) and (c) 1.5 wt.% PV35.

mallest diameters were logically obtained with the PMA-NH4
+

ispersant which does not contain any group able to act as binder.
The average diameter of the granules is increasing versus the
ig. 5. Size distribution of alumina granules spray-dried with 0.9 wt.% of PV35
opolymer, 0.9 wt.% of PMA-NH4

+ and 0.4 wt.% PMA-NH4
+ wt.% + 3 wt.%

VA.
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ig. 6. Evolution of the size distribution of alumina granules spray-dried with
ifferent concentrations of PV35.

aining 1.5 and 3 wt.% PV35 remains small. PV35 is efficient

o form granules by spray-drying, even at low concentration.
his can be due to a more significant quantity of PV35 copoly-
er adsorbed on the surface of the alumina powder compared

o PVA.

3

m
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Fig. 7. Variation of density for alumina samples containing (a) PVA, (b) PVA
ean Ceramic Society 27 (2007) 2687–2695

.4. Pressed samples containing PV35

The variation of the relative density of green samples pre-
ared from the spray-dried powder containing PV35, dry PVA
nd PVA + PEG follows a linear law versus logarithm of applied
ressure (Fig. 7). For a given forming pressure, the density of
ressed samples decreases as the content of PV35 is increasing
Fig. 8). This behaviour, observed for other commercial binders
uch as PVA, is due to increasing granule hardness, which makes
hem less deformable. The glass transition temperature (Tg) of
V35 is 35 ◦C and is slightly above the working temperature.
ressing is thus carried out with a more or less ductile copoly-
er. In the case of dry PVA used, with a Tg of about 70 ◦C, the

ranules are less deformable and the intergranular macroporos-
ty is more difficult to resorb. The addition of a plasticizer (PEG)
oftens the PVA binder and improves the density of the green
amples.

.5. Mechanical properties
.5.1. Mechanical strength of green parts
In absence of organic binder, a green part of P172SB alu-

ina pressed under 120 MPa has a strength which does not
xceed 0.1 MPa.26 Introduction of 1.5 wt.% PV35 or PVA with

+ PEG and (c) PV35 in function of logarithm of the applied pressure.
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ig. 8. Variation of density for alumina samples in function of the content of
V35, PVA and PVA with PEG after forming at 120 MPa.

nd without PEG (Fig. 9) greatly improves the mechanical resis-
ance of the green parts. This result confirms the binding effect of
ater-soluble polymers such as PVA or PV35 once introduced in

he alumina suspensions. The evolution of the strength for green
arts prepared from granules containing PV35 copolymer versus
ressure is similar to that observed for polyvinyl alcohol with or
ithout PEG, added in the same concentration, i.e. 1.5 wt.%. The

trength is increasing with the forming pressure before more or
ess reaching a plateau. The strength of the green parts contain-
ng 1.5 wt.% PV35 copolymer is more than twice larger than that

easured on parts containing the same quantity of dry or plasti-
ized PVA, whatever the pressure applied (4.2 MPa after forming
t 120 MPa, instead of 1.8 MPa for the dry PVA and 2 MPa for

he PVA + PEG). These values confirm the good binding effi-
iency of the PVX synthesized copolymer. A first contribution
o the increase of mechanical resistance can be the higher den-

ig. 9. Variation of strength for samples containing 1.5 wt.% PVA, 1.5 wt.%
VA + 0.5 wt.% PEG and 1.5 wt.% PV35 in function of the forming pressure.
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ity of the green parts containing PV35 than those containing
VA, even plasticized, under the same pressure (2.35, 2.27 and
.29 g cm−3 for PV35, PVA and PVA + PEG at 120 MPa, respec-
ively). PV35 copolymer, with a Tg of 35 ◦C presents an almost
uctile behaviour, with more deformable granules during press-
ng at room temperature, than fragile dry PVA with a Tg of
0 ◦C and even than PVA softened with PEG. The improvement
f the mechanical properties of pressed parts containing PV35
an also be attributed to: (i) a more significant adsorption on
he surface of the alumina particles (0.7 wt.% adsorbed) than in
he case of the PMA-NH4

+/PVA system, that will increase the
esistance of the granules themselves and (ii) the formation of a
olymeric film on the surface of the granules due to the migra-
ion of polymers in excess in the suspensions (about 0.8 wt.% for
n addition of 1.5 wt.% PV35), that will increase the adhesion
etween granules.

.5.2. Mode of rupture of the green parts
The fracture surfaces of pressed green parts were observed

y SEM (Fig. 10). Two modes of fracture were observed. The
upture can occur between the deformed granules (intergran-
lar fracture) or the rupture is propagated inside the granules
intragranular fracture). The mode of fracture will depend on
he relative mechanical resistance of the granule (link between
he grains within the granule itself) and of the polymeric
hase coating the granules (link between the granules). In the
ase of dry polyvinyl alcohol, the fracture of pressed samples
ressed under 80 MPa is totally intergranular (separation of
he deformed shells). The Tg of dry PVA (70 ◦C) forming the
olymeric layer surrounding the granules due to the migration
uring spray-drying, is higher than the temperature of press-
ng, then the interdiffusion of polymer chains between organic
hells surrounding the granules remains limited. The move-
ents of the molecular chains of a polymer are very limited

elow the glass transition temperature. Adhesion between gran-
les remains weak and the fracture propagates preferentially
etween the granules. In this case, one can consider that rup-
ure is adhesive-type. In addition, micro-cracks are generated at
he granule boundaries, during their deformation, because of the
ardness of dry PVA.

The rupture of the alumina green parts containing 1.5 wt.%
V35 copolymer, pressed under 80 MPa, is mostly intragran-
lar with a higher rupture strength than in the case of PVA.
his suggests that the adhesion between granules is higher than

he cohesion of granules themselves (intragranular rupture) and
hat the cohesion of granules is higher than in the case of PVA
higher rupture strength). The stronger adhesion between the
ranules can be due to the excess, non-adsorbed (about 0.8 wt.%)
opolymer in the suspension, which is able to migrate to the
urface of the granules during drying. In addition, the low Tg
f PV35 is beneficial for the interdiffusion of polymeric films
ocated at the surface of granules. The higher cohesion of gran-
les obtained with PV35 can be attributed to a conjugate effect

f higher adsorption of the PV35 on alumina surface and of a
etter compaction of the granules due to the low Tg of the PV35
opolymer. This leads to a larger content of binder, and a better
patial distribution, inside the granules.
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Fig. 10. Fracture surfaces of samples containing 1.5 wt.% PVA, 1.5 w

An addition of PEG as plasticizer of PVA confers similar
echanical properties than dry PVA (Fig. 9) for a concentration

f 1.5 wt.% PVA, that is lower than concentrations generally
sed of about 3 wt.%. In presence of PEG, the fraction of
ntragranular fracture remains limited compared to that in the
resence of soft PV35 (Fig. 10).

To summarize, advantages of the PV35 copolymer has been
emonstrated with a better compaction ability of granulated
owder and better mechanical properties of green parts than clas-
ical plasticized PVA, for a concentration as low as 1.5 wt.%. In
ddition, this copolymer, bearing carboxylic groups, ensure a
ood dispersion of the powder and does not require the addition
f a dispersant.

. Conclusion

Synthesized PVX copolymers, bringing both charged car-
oxylic and neutral vinyl hydroxyl groups have proven to be
fficient dispersants for aqueous suspensions of alumina and effi-
ient binders for dry-pressing, even for low contents introduced,
s low as 1.5 wt.%.
Adsorption of PVX copolymers takes place by charged
roups that anchor the polymer chain on specific surface sites
f alumina, namely Al-(OH2)+. The amount of charged groups
ontrols the effective charge density of the particle surface and

s
(
fi
s

VA + 0.5 wt.% PEG and 1.5 wt.% PV35 (applied pressure = 80 MPa).

he copolymer aptitude to be used as a dispersant. Addition of
.6 wt.% PV35 (35% COO− + vinyl alcohol groups) leads to a
imilar state of dispersion, with a low value of viscosity (about
0 mPa s for 28 vol.% alumina suspensions), to that obtained
ith 0.4 wt.% of the classical ammonium polymethacrylate

PMA-NH4
+) dispersant.

The addition of the PV35 copolymer significantly improves
he compaction ability and the mechanical properties of the green
amples, with larger strength values than those conferred by
lassical PVA softened with PEG, for a concentration as low as
.5 wt.% (4.2 and 2 MPa, respectively for samples pressed under
20 MPa). Generally, an addition of 3 wt.% of classical organic
inder is required to confer a sufficient mechanical cohesion to
he green pressed part.

The increase in mechanical resistance is attributed first to
he higher density of the green parts containing ductile PV35
eading to more deformable granules during pressing than in
he case of PVA and, secondly, to the larger adsorption of
he PV35 on alumina surface which confers a high resis-
ance to the granules. For an addition of 1.5 wt.% PV35, the
dsorbed copolymer (about 0.7 wt.%), confers a good cohe-

ion to the granules themselves and the non-adsorbed part
about 0.8 wt.%), allows the formation of a ductile polymeric
lm on the surface of the granules, that increases the adhe-
ion between granules by interdiffusion of the low Tg polymeric
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