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bstract

he flow properties of high solids concentration suspensions has been extensively studied and established, however, the rheological behavior for
eramics suspensions with very high solids loading, up to 60 vol.% is poorly known. This is due to both difficulties of preparation and behavior
easurement. The theory shows ceramics suspensions with very high solids loading may present viscoelastic properties attributed to interparticle

orces active. The oscillatory and creep-recovery rheological measurements can provide this knowledge when discretion used. Thus, rheological
ehavior of alumina suspensions with high solids loading (>43 vol.%), properly stabilized and the characterization of slip casting shaped samples
as been analyzed. High solids loading suspensions, over 43 vol.%, present adequate flow and suspensions with solid content since 60 vol.% present

iscoelastic properties attributed to interparticle forces active. The rheological parameters can provide subsidies to obtain after shaping process,
uch as extrusion, injection and plastic pressing, suitable products for the desired application.

 2013 Elsevier Ltd. All rights reserved.

eywords: Rheology; Viscoelasticity; Alumina; Colloidal processing.
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.  Introduction

The rheological behavior of ceramic suspensions has been
idely studied and therefore well established. The requirements

onditions for the several shaping processes, such as, slip cast-
ng, tape casting, gel casting, dip coating, etc. may vary depend
n each technique, however, all these shaping methods are based
n dispersed concentrates suspension, generally below 80 wt.%
f solids. High concentrations of solids are usually necessary to
educe both drying problems and shaping time.1 However, when
he solids concentration in those stable suspensions, is elevated
eyond the usual values (∼80 wt.%), the responses become more
orceful to provide. This is due to particles proximity; conse-

uence of the interparticle forces active, repulsive electrostatic
orces and attractive (London – van der Waals), generating high
iscosity and elastic effect.

∗ Corresponding author. Tel.: +55 11 4996 7940.
E-mail addresses: luiz.setz@ufabc.edu.br, lfsetz@yahoo.com.br

L.F.G. Setz).

l
f
t
d
e
e
t
o

955-2219/$ – see front matter © 2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.jeurceramsoc.2013.06.002
Structured liquids have a natural ground condition in which
heir microstructure represents a minimum-energy state. When
hose liquids are deformed, thermodynamic forces immediately
egin to operate to restore their ground state, for example, as
tretched spring will always seek to return to its unextended
ength. Similarly as a spring, movement from the ground state
epresents storage of energy, which manifests itself as an elastic
orce trying to reproduce the initial static condition. This kind
f energy is the source of the elasticity in structured liquids.

The elastic force exhibits itself in small deformations between
arious elastic moduli, such as the storage modulus (linear
egion), and at steady state (i.e. very large deformations) by

 normal-stress difference, as Weissenberg effect, in the non-
inear elastic region.2 Besides those elastic forces, the viscous
orce is an ever-present due to the dissipation, proportion and
he rate not extent of deformation; therefore together they pro-
uce viscoelastic effects. For a long times, linear viscoelastic
ffect has been confused with thixotropy, however the differ-

nce between both is that under the linear viscoelastic region
he microstructure over responds in a restricted time scale with-
ut changing. Otherwise, the thixotropic property does change

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2013.06.002&domain=pdf
http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2013.06.002
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3212 L.F.G. Setz et al. / Journal of the European C

t
c

m
l
(
t
s
p

σ

b
t
r
w
b
v
T
E

σ

s
d
c
m

i
d
v
M
a
t
K

a
o
h
m
v
t
i

2

w
Q
(
u
t
U

t
p
B
p
(
u
t
a
s
s

Fig. 1. Viscoelastic mechanical model: Mawell (a) and Kevin-Voigt (b).

he microstructure, by breaking down or building up and such
hanges take as a function of the time.3

The viscoelasticity understanding is doing by using of simple
echanical models. These models consist of combinations of

inear elastic and viscous elements, i.e. springs and dashpots
Fig. 1). A spring is a representation of a linear elastic element
hat follows Hooke’s law, i.e. the strain is proportional of applied
tress (σ). In a simple shear deformation (γ) the constant of
roportionality is the elastic modulus (G), Eq. (1).

 =  Gγ (1)

It is important to notice that time does not considered into this
ehavior, so that, if a strain is applied (γ) to unstrained model,
he resultant stress (σ) suddenly appears, and then, if the strain is
emoved, the stress (σ) falls immediately to zero (and vice versa
hen a stress is applied). Similarly, linear viscous response can
e displayed using a dashpot. A plunger moving through a very
iscous Newtonian liquid physically is an example of this model.
he response of this element is described mathematically by the
q. (2).

 =  η̇  (2)

Only the rate of deformation matters, and if switched on an

tress σ, the dashpot immediately starts to deform and continue
eforming at a constant deformation rate γ̇  and without any
hange with time until the stress is removed, and then the defor-
ation stops immediately (once again vice versa if a shear rate

i
w
d

Fig. 2. �-Al2O3 powders SEM micro
eramic Society 33 (2013) 3211–3219

s applied). There are no effects of the time. If a spring and a
ashpot are connect in series, the simplest representation of a
iscoelastic liquid is obtained, and this arrangement is called a
axwell model (Fig. 1a). If a single elastic and viscous elements

re connect in parallel, they end up with the simplest represen-
ation of a viscoelastic solid, and this procedure has been named
elvin-Voigt model (Fig. 1b).

The viscoelasticity, which are considered in processes such
s injection and extrusion, can be determined by oscillatory rhe-
logical measurements and through curves and creep-recovery,4

owever, due to the inherent difficulties of preparing and making
easurement of ceramic suspensions above 80 wt.% of solids,

iscoelasticity in ceramic suspensions is virtually unknown, and
hus the aim of this work is to investigate the viscoelastic behav-
or of stable alumina suspensions with high solids concentration.

.  Experimental  procedure

A high purity �-Al2O3 powder (Almatis, A1000, USA),
ith specific surface area of 8.2 m2 g−1 (BET – Monosorb,
uantachrome, USA) and average particle size of 0.67 �m

SediGraph 5000ET, Micromeritics, USA) (Fig. 2) has been
sed. The particles morphology was observed in Scanning Elec-
ronic Microscopic (SEM – Quanta 600FEG, FEI Company,
SA).
The stability of the �-Al2O3 powders was studied as a func-

ion of pH through Zeta potential measurements, which were
erformed using Phase Analysis Light Scattering (ZetaPALS,
rookhaven Instruments Corporation, USA). The samples were
repared with solid content of 0.01 vol.% in deionized water
Milli-Q Plus pure). The ionic strength was fixed at 10−3 M
sing KNO3 (Aldrich-Chemie, Germany) as indifferent elec-
rolyte. The pH adjustments were made by adding appropriate
mounts of HNO3 and KOH. For results standardization, all
uspensions were ultrasonicated for 1 min to homogenize the
ample.
Suspensions of �-Al2O3 powder were prepared in deion-
zed water with solids concentration of 42–63 vol.%. Dispersion
as achieved by adding 0.2 wt.% of citric acid related to the
ry solids, according to previous works.5,6 To reduce powder

graph and average particle size.
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Fig. 3. �- Al2O3 zeta potential curve.
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gglomerates, the slurries were ball milled for times up to 24 h,
sing alumina balls.

The rheological behaviour of all prepared slurries was per-
ormed through a rheometer (Haake RS600, Thermo, Germany)
ble to operate at either controlled shear rate (CR), controlled
hear stress (CS) and oscillatory modes (OSC). The used sensors
ystems were a double-cone rotor and a stationary plate. This
ystem being surrounded by a cylindrical wall, the chamber is
rotected with a solvent trap to reduce evaporation phenomena
CR and CS) a plate-plate rotor was used for OSC and Creep-
ecovery measurements. The flow curves were determined by
ontrolled rate mode (CR) in order to characterizing the slurry
tability. Measurements were performed by increasing the shear
ate from 0 to 1000 s−1 in 5 min, and maintaining at 1000 s−1

or 2 min and returning to 0 in 5 min. CS measurements were
chieved by increasing the stress from 0 to a value higher
han the yield point estimated by direct observations of the
R flow curves (i.e. 10–15 Pa). The up and the down curves
ere measured without any intermediate step. For both ramps

he measuring time was 200 s. The oscillatory measurements
ere performed primarily based on CS results, after that, the
easurements were completed by varying stress and frequency.
he Creep-Recovery analyses were conducted by using plate-
late rotor at different stress values maintaining for 60 s and then
emoved after the same time (60 s). Temperature was maintained
onstant at 25 ◦C during the experiments. Rheological parame-
ers were analyzed by Haake software RheoWin 3.61.0004.

Small ceramic discs with 1.5 cm in diameter were obtained
y slip casting suspensions prepared at different conditions on
laster of Paris moulds.7 The green densities of the disc-shaped
pecimens was determined by mercury immersion technique
Poresizer 9320, Micromeritics, USA) after drying at room con-
itions for 48 h. Shaped discs were sinterized at 1600 ◦C for 1 h
n a vertical furnace (LindbergBlue, USA). The densities values
ere determined by using the Archimedes’ principle. All den-

ities values were reported as percentage of theoretical density
Td) of alumina (3.99 g cm−3).

.  Results  and  discussion

Fig. 1 shows the SEM micrograph of the �-Al2O3 powders.
amellar particles it can be observed with some variation of
article size (0.25–3.5 �m). Morphology and the particle size are
mportant because directly influence the rheological behavior4

f the high solid concentrated suspensions.
The alumina Zeta potential curve is showed in Fig. 2. The lit-

rature reports the isoelectric point occurs around pH 9.0,4 and
he stability values (>20 mV) are observed at pH below 7.5 and
bove 11.5. In concentrate suspensions, the citric acid amount
0.2 wt.%), added as dispersant,5 promotes a ∼pH 5, and accord-
ng to the results presented in Fig. 3, it is showed Zeta potential
alue sufficient to obtain stable suspensions.

The effect of dispersants with a low molecular weight, such

s citric acid, is based mainly on the charging of the surface
f powders particles, thereby increasing the repulsive double-
ayer forces. The steric hindrance caused by the adsorption of
hese small molecules is negligible.5 Thus, the small size of

I
m
w
c

ig. 4. Citric acid (a) and polyacrylic acid ammonium salt (b) molecules.

itric acid molecule, allows a better insight about interparticle
orces, compared to ammonium salt of a polyacrylic acid (NH4-
AA), a polymeric dispersant (polyelectrolyte) commonly used
n ceramic processing (Fig. 4). Polymers can induce interpar-
icle repulsion and colloidal stability when they are grafted or
dsorbed onto the particles. The NH4-PAA molecule has an aver-
ge molecular weight of 2400 Da, i.e. molecules length enough
o promote viscoelastic responses at interparticle forces level
hen the solids content in suspension are high. The dispersant

mount required to produce stable suspensions, are 0.2 wt.% for
itric acid and 0.8 wt.% for NH4-PAA,8,9 both related to the
ry solids. It is possible to achieve stability with citric acid by
sing 25 wt.% of needed NH4-PAA amount, hence, the molecule
nterference expected, in interparticle forces responses, are also
ower with citric acid.

The alumina suspensions flow curves, with different solid
ontents, are shown in Fig. 5. It can be observed as expected an
ncrease in flow resistance and a change of behavior, from shear-
hinning to shear-thickening (dilatancy), due to solids loading
ncrement.

The transition shear-thinning to shear-thickening, with solid
ontent increase, are displaced to lower shear rates (Fig. 6),
tarting at shear rate of 50 s−1 in suspensions with 43 vol.%.
his change is similar to that observed for kaolin concentrate
uspensions.10 The increasing of viscosity observed in kaolin
uspensions from 400 s−1, is attributed “house of cards” struc-
ure formed by the difference of the electrostatic charge between
he edges and faces of kaolin particles, which have platelet shape.
n the alumina suspensions this behavior is attributed to lamellar
orphology of the alumina particles, observed in Fig. 1, like-

ise the particle size (0.67 �m),4 associated with high solids

oncentration.11
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ig. 6. Viscosity curves versus shear rate highlighting the transition shear thin-
ing to shear thickening, for alumina suspensions with different solids loading.

Analyzing the rheological behavior by CS mode for all stud-

ed suspensions, it was possible to measure the yield stress
howing as deformation versus stress curves, both in log scale.4

he yield stress observed at Fig. 7 occurs only for 60 and
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ig. 7. Deformation versus stress curves for alumina suspensions with different
olids loading, attained by CS mode.
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3 vol.% solid content suspensions. These means that below this
tress values, suspensions cannot flow, similar behavior can be
bserved in Bingham fluids.3,4,11,12 This behavior indicates that
nterparticle forces can be active, because of the small distance
etween ceramics particles. Above these values the suspensions
ow. For these measurements be reproducible, they must be exe-
uted in same conditions. Yield stress values measured were 0.2
nd 0.5 Pa, respectively.

In this study, the Cross model was used because of it can
roperly predict the general form of flow curves by introducing
alues of the limit viscosity extrapolated to zero shear rate (η0)
nd infinite shear rate (η∞) providing important and accurate
nformation on the behavior conditions of high and very low
hear rates, near the resting conditions.4

Fig. 8 shows the variation of relative viscosity as a function
f the volume fraction of solids (η∞–ϕ  curves) of the milled
uspensions, calculated in the high shear rate region by fitting
he experimental η∞ data (symbols) to the Krieger-Dougherty

odel (line),13 where ϕmax values up to 0.65 were found, quite
lose to maximum solids loading used in this work.

Rheological analyses for all studied suspensions are pre-
ented in Table 1. All parameters have been increased with solid
ontent, as expected. Negative values of thixotropy, determined
y rheometer software, are due to shear-thickening behavior
rom the shear rate of 80.3 s−1. Although it not observed large
reas in flow curves between the up and down curves, the dif-
erence is due to the fact of the rheometer software considers
he full extent of measurement. The values of dynamic viscosity
t 10 s−1 have been considered since this is the value gener-
lly achieved by casting in plaster Paris moulds (slip casting).
oncentrate suspensions showed viscosities values in terms of
000 mPa s at 10 s−1, in other words, sufficiently fluids for slip
asting shaping.14,15 Thus, as can be observed, the suspensions
ith 60 and 63 vol.% were not been suitable to be shaped by this

echnique. The yield stress, as early mentioned, only appear in
he two last studied conditions. These results are the bases begin-
ing to start a viscoelastic behavior study. The other rheological

arameters determined are coherent with the solid contents.
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Table 1
Alumina suspensions rheological properties.

Solid content (vol.%) Cross model parameters Thixotropy
(Pa s−1)

Viscosity at
10 s−1 (mPa s)

Yield stress (log–log
curves – Pa)

Shear-thinning to
shear-thickening transition (s−1)

Viscosity at
0 s−1 (mPa s)

Limite viscosity
(mPa s)

43 54.8 26.3 −889.5 48.5 – 80.3
50 17,010.0 65.7 −8761.0 103.4 – 70.2
52 28,550.0 106.5 −8742.0 150.1 – 60.3
55 49,570.0 280.6 −20,460.0 383.9 – 55.4
6 2
6 3
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0 4841.0 1698.0 −5420.0 

3 12,080.0 3375.0 −77,590.0 

.1.  Viscoelastic  analyses

Based on yield stress values observed in Fig. 6, the viscoelas-
ic parameters could be determined. Only for 60 and 63 vol.%
olids produced suspensions, the viscoelastic parameters were
easured. Determination of the linear viscoelastic region was

he first step. In this region involves both viscous and elastic
roperties. However, under a applied stress, the response of the
aterial has been kept constant even though linear region/range.
o obtain this behavior range, the oscillatory analyzes are ought

o be adequate. These measurements were performed keeping
onstant the frequency, and the applied stress varied. As the
eramic materials do not show plastic behaviors, except clays,
igh frequencies do not lead a suitable control, changes can
ccur very quickly, and all of these factors prevent the accu-
ate analysis of the involved phenomena. In the other hand, low
requencies take too long time for results to be acquired. Thus,
.5 Hz was used in this study and the obtained results has been
ery satisfactory. These analyses are presented in Figs. 9 and 10.

Increasing solids content, the interparticle average gap
emarkably decreases, limiting the Brownian movement and
romoting attractive interactions by London-van der Waals
orces. This implies an increased tendency to develop a structure

f particles in the suspension, which results in greater elasticity.4

In Fig. 9, it is observed the 63 vol.% alumina suspension
as a tendency to linearity below 0.6 Pa. The determination of

10-1 100 101 102
100

101

102

63 vol.%G
* 

(P
a)

Stress (Pa)

60 vol.%

0.5 Hz

Linear
viscoelasticity

0.6 Pa

ig. 9. Oscillatory measurements varying applied stress at 0.5 Hz constant fre-
uency.

d
w
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e

F

183.0 0.2 32.7
730.0 0.5 12.6

hese parameters is not trivial, since their behavior is completely
nlike polymeric materials or suspensions with polymeric addi-
ives (binders, plasticizers, etc.), it not has long chain organic
n its composition. The complex modulus (G*) are composed
y two components: solid-like component at no particular fre-
uency is characterized by the storage modulus, G′, and the
iquid-like response is described by the complementary loss
odulus, G′′. Normally, in polymeric materials or suspen-

ions, the stress values achieved are higher than these observed.
owever, these promote valuables subsidies to suitable com-
rehension of ceramic suspensions interparticle interaction. For
0 vol.% alumina suspensions, the linear viscoelastic point could
ot be determined. Likely, the interparticle forces are not suf-
cient intense and thus, the linear viscoelastic behavior not
ccurs.

Results achieved from results shown in Fig 9, the components
olid-like and liquid-like, G′ and G′′ moduli are respectively
resented in Fig. 10. Both are at high solid content suspen-
ions conditions, but the storage modulus (G′) only occurs, for
eramic suspensions, when the interparticle distances are very
lose. From this figure (Fig. 10) it can be observed a behav-
or changing, for 60 vol.% alumina suspensions, at 0.9 Pa and,
or 63 vol.%, at 2.5 Pa. The components intersection point is
enominated crossover. Below 0.9 Pa, the alumina suspension

ith 60 vol.% solids content show an storage modulus domains,

fter this point the loss modulus (viscous liquid) overlap the
lastic component and above 2.5 Pa, the solid-like component

10-1 100 101 102

100

101

102

2.5 Pa

G
', 

G
'' 

(P
a)

Stress (Pa)

G'' (63 vol.%)

G' (63 vol.%)

G' (60 vol.%)

G'' (60 vol.%)

0.5 Hz 0.9 Pa 48 Pa

ig. 10. G′ and G′′ versus applied stress curves at 0.5 Hz constant frequency.
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Table 2
Crossover data for high solid content alumina suspensions.

60 vol.% 63 vol.%

G′ = G′′ (Pa) 11.7 22.5
σ (Pa) 0.9 2.5
γ
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 (−) 0.087 0.087

horoughly disappears. The same analyses for 63 vol.% alumina
uspensions show a viscoelastic behavior up to 48 Pa. The stor-
ge component predominance occurs up to 2.5 Pa, after this,
he loss modulus overlaps the solid-like condition and flow
ehavior dominates the rheological response. These above infor-
ation are important for plastic shaping as injection, pressing

nd extrusion because, at low stress conditions, a part of applied
eformation can be recovered. The recovery behavior analyses
re presented forward, with creep-recovery curves resulted from
oth 60 and 63 vol.% solid content suspensions. The crossover
ata for both analyzed suspensions are presented in Table 2.

Fig. 11 shows the oscillatory analyses performed at linear
iscoelastic range for 63 vol.% alumina suspensions. As pre-
icted, the viscoelasticity was increased with frequency rise. The
xtrapolated measured data can be distributed into six excerpts,
xcept for section IV, the others divisions has been similar those
ound in the literature.3 The explanation of these sections is
resented below.

(I) The viscous region, where G′′ predominates and viscous
(flow) behavior prevails. All materials have this region,
even solids, because they creep at long times.

(II) The transition-to-flow region is so called because, when
viewed from higher frequencies (where elastic behavior
dominates and G′ > G′′), the loss modulus G′′, describing
viscous or flow behavior becomes significant. The point
where the two moduli crossover is noted as relaxation
time (τr), given by the inverse of the crossover frequency

(τr = 2π/w). Hence, for 63 vol.% alumina suspension, the
relaxation time is 22.4 s.
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ig. 11. G′ and G′′ versus frequency curves attained at linear viscoelastic range
or 63 vol.% alumina suspension.

i
r

e
6
c
t
t
a
c
v
m
t
o
c
s
a
m
F
a

eramic Society 33 (2013) 3211–3219

(III) The plateau (or rubbery) region is that elastic behavior
dominates. The value of G′′ is always lower that of G′.
Plateau modulus (Gp) can often be identified in the region
where the modulus G′ is almost constant. In this region
the material exhibits constant behavior, i.e. the response
of the material has been regardless of stress time applied.
Gp modulus found 430 Pa.

IV) The increase both moduli with frequency in this specific
region occurs due to the “house of cards” structure formed
by the difference between the electrostatic charge edges
and faces of alumina particles which have platelet shape.
The same behavior is observed in Fig. 6.

(V) The higher transition crossover region has been observed.
The value of G′′ again rises due to high-frequency relax-
ation and dissipation mechanisms, at this time faster than
G′. Once more at G′ = G′′, a crossover frequency can be
defined, and another characteristic time can be obtained.
The second crossover happens at 1550 rad s−1.

VI) This region is denoted as glassy region, in which G′′
again predominates and continues to rise faster than G′
and viscous (flow) behavior prevails. From this point, the
solid-like component tends to disappear.

Oscillatory measurements, when inflicted cross the linear
iscoelastic region, show also liquid-like and solid-like com-
onents. However, their analyses are different those observed in
ig. 11. When the applied load are under crossover, as observed

n Fig. 10, the elastic component prevail at low frequencies, up
o the elastic component stops to exist by increasing the fre-
uency without crossing the elastic and viscous components.
or strains over the crossover (Fig. 10), at low frequencies, the
iscous component is predominant, but increasing the frequen-
ies, as early mentioned, the elastic component disappears. For
igher loads the frequencies in which the solid-like disappears
t has been reduced. The conjunction of low frequency and low
tress are preponderant to achieve viscoelastic properties in high
olid content ceramic suspension. This behavior can be observed
n Fig. 12(a) and (b), for 60 and 63 vol.% alumina suspensions,
espectively.

Based on viscoelastic results, illustrated in Fig. 10, the recov-
ry response was attained by creep-recovery analysis for 60 and
3 vol.% alumina suspensions. The Fig. 13 shows in detail the
reep response for 63 vol.% suspension at 0.3 Pa and its parame-
ers. It can be observed three distinct regions; the first is attributed
o immediate elastic response, the second section has both elastic
nd viscous components and the third region have only a vis-
ous response. The three regions observed correspond to Burger
iscoelastic model (Fig. 14), a combination from two simple
echanical models, Kevin-Voigt and Maxwell,3 and therefore

he analysis could properly be performed. All analyses realized
n viscoelastic region showed some recovery. For high solid con-
entration suspensions the ratio of recovery strain over applied
train is a function only of the applied strain, not of the time,

nd thus, the time to attain the results can be shorter than poly-
er materials.16 The creep-recovery parameters presented in
ig. 13 are: elastic deformation (γe), recovery deformation (γr)
nd shear rate (γ̇). The Burger equation parameters shown in
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The complete creep-recovery analyses, by using Burger
model, for both 60 and 63 vol.% alumina suspensions, at several
stress applied, has showed in Table 3. It can be noted that at the
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ig. 12. G and G versus frequency curves attained at viscoelastic range for
0 vol.% (a) and 63 vol.% (b) alumina suspension.

ig. 14 are: elastic modulus (G), viscosity (η), deformation (γ),
tress (σ) and retardation time (λ).

In Fig. 15(a and b) the creep-recovery curves from 60 vol.%

uspension up to different stress values have been shown. Defor-
ations are increased with increment applied strain, as expected.
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Fig. 14. Mechanical Burger model and equation.

hen applied stress achieves the elastic limit, as observed in
ig. 10, the recovery became negligible (Fig. 15b).

Fig. 16 presents creep-recovery curves for suspensions with
0 and 63 vol.% solids content. It can be observed that the same
pplied strain, the suspension less concentrated indicates lower
esistance deformation and increasing stress and this behavior
s more pronounced.
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Fig. 15. Creep-recovery curves for 60 vol.% alumina suspensions.
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Table 3
Creep-recovery analyses for 60 and 63 vol.% alumina suspensions solid content, at several applied stress.

0.3 Pa 0.5 Pa 0.8 Pa 1.0 Pa 2.0 Pa 3.0 Pa

60 vol.%
η0 (Pa.s)a 1080.0 617.0 324.1 217.7 2.444 1.140
γ̇ (1/s) 0.0003 0.0008 0.0025 0.0046 0.8185 2.631
γe0 (−)a 0.0578 0.1508 0.4596 0.8896 22.360 –
γr (−) 0.0175 0.0313 0.0719 0.0824 0.1198 –
Recovery (%) 23.20 15.71 11.84 7.08 0.17 –
λ0 (s)a 195.7 186.1 186.2 193.7 27.3 –
G0 (Pa)a 5.52 3.32 1.74 1.12 0.09 –

63 vol.%
η0 (Pa s) 6573.0 5759.0 5772.0 4972.0 1969.0 673.8
γ̇ (1/s) 0.0004 0.0001 0.0001 0.0002 0.0010 0.0045
γe0 (−) 0.0063 0.0080 0.0239 0.0341 0.2584 0.2420
γ (−) 0.0037 0.0036 0.0098 0.0127 0.0362 0.0643
Recovery (%) 40.77 31.48 30.36 27.55 11.34 6.474
λ0 (s) 128.3 145.0 172.4 169.4 254.5 163.1
G 33.47 29.36 7.74 4.13

s
h
s
r
i
i
d
t

a
i
f
H
s
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w
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Table 4
Relative green and sintered at 1600 ◦C/1 h densities.

Solid content
(vol.%)

Solid content
(wt.%)

Green density
(Td%)

Sintered
density (Td%)

43 75 70.0 ± 0.6 98.9 ± 0.1
50 80 70.1 ± 4.2 99.0 ± 0.1
52 81 70.4 ± 0.7 99.2 ± 0.2
55 83 70.4 ± 1.8 98.8 ± 0.2
60 85 70.4 ± 3.8 98.7 ± 0.2
6

b
p

e
a

0 (Pa) 51.22 39.72 

a
0index means t = 0.

ame strain values, suspension with more solid content shows
igher recovery values and as the load applied is increased, the
uspensions recovery is reduced. Over elastic limit, no more
ecovery can be found. The recovery values must be considered
n plastic shaping processes at low stresses therefore they can
nfluence the final dimensions of the products. In general, all
etermined parameters are proportional at each studied condi-
ion.

These results discussed are derived from interparticle inter-
ctions, the higher solids content the particles are closer, more
ntense are the attraction and repulsion (London-van der Waals)
orces active and therefore more responses are pronounced.
owever, because there are not polymeric chains in these studied

uspensions, all viscoelastic responses are located in low stress
nd strain.

The relative densities of all green pieces shaped presented
alues of ∼70 Td%. Independent of the fraction of solids it

as possible to obtain similar products. The difference in solids

ontent directly influences the speed of shaping and drying pro-
esses, then, is always seeking a middle ground, forming a quick
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ig. 16. Creep-recovery curves for both 60 and 63 vol.% solid content suspen-
ions.
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4

t
t
t
a
d
c
i

A

(
C
a
J

3 87 69.8 ± 2.5 98.6 ± 0.3

ut sufficient to allow an adequate dimensional control of the
roduct.

Density values after sintering (1600 ◦C/1 h) were high as
xpected, because of the good green densities values early
chieved. The products are suitable, dense and homogeneous.
ll densities values are presented in Table 4.

.  Conclusions

The alumina suspensions with high solid loading, exhibit a
ransition from shear-thinning to shear-thickener flow attributed
o the lamellar morphology of the �-Al2O3 particles and also
he particle size (0.67 �m). Up to 60 vol.% solid content, the
lumina suspensions presents viscoelastic behavior that could be
etermined from oscillatory and creep recovery methods. Higher
ontent of solids promote more intense responses, attributed to
nterparticle forces, but only in small efforts and deformations.
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