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bstract

he effect of the nanometric-ranged particle size of the starting powder through a simple and well-established shaping method, slip casting, has
een studied. Several alumina suspensions with the same viscosity (but different solid content suspensions) and different particle size (11, 44,
90 and 600 nm) were prepared and shaped into a dense body. The green and sintered densities ranged between 30–67% and 63–99% of the
heoretical value, respectively. These values, together with the microstructure observations reveal the effect of the solid content of the suspensions

nd the characteristics of the ceramic powder, leading to the determination of an optimal particle size. Based on both processability (rheological
ehaviour) and microstructure (density and grain size) it has been determined that particles with sizes ranging 100–300 nm are the best for preparing
oncentrated suspensions with low viscosity and bodies with density close to the theoretical value when using conventional pressureless sintering
ensification.

2010 Elsevier Ltd. All rights reserved.

l
S
r
t
c

m
d
T
h
2
i
o
a
r
i
t
s
s

eywords: Alumina; Nanoparticle; Suspension; Rheology; Sintering

. Introduction

The interest in ceramic nanoparticles and their processing
nto nanomaterials and nanocomposites has led to their exten-
ive study through a wide range of techniques and approaches
or a variety of different applications. Ceramic nanopowders are
xpected to produce promising materials in terms of strength,
ardness and wear. These fine-grained dense ceramics rely on the
election of low sintering temperatures to prevent grain growth
o fulfill the required properties and microstructure for a spe-
ific application. But it is also necessary for the starting point
or sintering to be a high green density body made of particles
ith large specific surface area to drive the desired densifi-

ation. The preparation of high green density bodies is based
n the preparation of high volume fraction and well dispersed
uspensions, with low viscosity values, so that the suspensions
an be formed into various complex shaped components. Very
mall particles have the large specific surface area needed to
rive good densification, but they do not pack well into a green

ody since they cause a high suspension viscosity. The lower
reen density bodies are typically difficult to sinter unless spe-
ial densification methods are used.1–3 If particles somewhat
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arger are used, the fine-grained microstructure is not achieved.
o the next question needs to be answered: can nanoparticles
eally lead to these fine-grained microstructures, when conven-
ional pressureless sintering is used, to produce complex shaped
omponents?

The routes that allow achieving the desired properties and
icrostructures often necessitate the handling of the nanopow-

ers through the difficult preparation of stable suspensions.
he nature and characteristics of nanoparticles result in very
igh viscosity suspensions for solid contents often lower than
0 wt.%.4–7 The high excluded volume around the particles orig-
nating from the electric double layer or polymer layer adsorbed
nto the surface to prevent agglomeration due to van der Waals
ttractive forces is one potential cause for high viscosity. Another
eason for the high viscosity of the nanoparticle suspensions
n the increase in electrolyte concentration associated with
he high surface area of high volume fraction nanoparticle
uspensions.8 Although some authors have described suspen-
ions up to 50 vol.% with relative low viscosity,9,10 the typical
ow solids content is not enough to obtain ceramic pieces with
igh green density that produces final fully dense sintered bod-
es.
However, as mentioned before, this is not the only drawback
o achieve a fully densified material from nanoparticles. First
f all, their tendency to form agglomerates several times bigger
han the primary particle size results in pores and heterogeneities

dx.doi.org/10.1016/j.jeurceramsoc.2010.03.019
mailto:gvfranks@unimelb.edu.au
dx.doi.org/10.1016/j.jeurceramsoc.2010.03.019
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Table 1
Characteristics of powders selected for the present study.

Nanoamor NanoTek AKP-50 AKP-15

Crystalline phase � � � �

Average particle size (nm) 11 44 190 600
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uring the sintering step.2 In addition, nanoparticles usually have
great reactivity as a consequence of a starting transition phase
r higher specific surface area, which produce different driving
orces during the densification, as explained by Legros et al.11

The effect of particle size, solid loading and surface chemistry
n ceramic suspensions has been deeply investigated by different
uthors, especially in the range of submicron-sized particles,
ointing out a key particle size distribution,12,13 the need for a
ood stabilization mechanism created by one of several different
dditives14–17 and successful routes for processing them into
ense materials.18 But when nanoparticles are to be employed,
he traditional “know-how” about suspensions cannot be just
ransferred and applied as in the case of micron to submicron-
ized particles, since the number of parameters and interactions
o control is high, depending on the shaping technique selected to
rocess the powder. A vast number of work has been conducting
n this topic during the past couple of decades,4,8,9,19 but still, a
ystematic study is required for complete understanding of the
echanism appearing in ceramic nanoparticle suspensions.
One of these examples of “know-how” is the homogenization

f the suspensions using milling20,21 or sonication22 to prepare
table slurries for the shaping of ceramic materials. In these pro-
esses some new surfaces can be created or activated due to
he breaking down of the agglomerates and/or decreasing the
article size. Sato et al.20 and Hotta et al.21 have used soft-
nergy milling (wet-jet and ball milling) with alumina (570 nm)
uspensions of different solid content. The increase of solid con-
ent led to higher packing density of the green samples. The
et-jet milling just pulverized the alumina powder, and there

re not changes in the surfaces. However, if the milling pro-
uces high collision energy, as in the case of ball milling, the
urface of alumina is activated, increasing the attractive forces
hat cause refloculation of the suspension. This effect leads to
ncreasing viscosity and green density changes but lower grain
ize and density after sintering. The more activated surfaces have
stronger driving force for densification, so the growth of the
rains is faster and poor densification could be the result. The
rocessing conditions used for nano-sized particles have to be
e-studied.

So, can nanoparticles really lead to these fine-grained
icrostructures? Yes, but it is necessary to find and develop
guide to compromise “processability” of the powder and

final microstructure” by choosing the optimum particle size.
rell et al.23,24 have reported that a closest ratio of powder
article size and sintered grain size could lead to the most fine-
rained microstructure, selecting starting powders with sizes of
00–200 nm.

Previous work8 studied the electrokinetic behaviour of par-
icles in suspension and its effect upon particle size as a way to
ontrol the interactions developed inside the suspensions. Based
n that, the present work studies the effect of particle size on the
reparation of dense bodies, focusing on the control of the vis-
osity of the suspensions using particle sizes from submicron
own to nanometric-size. In the present study, we use the sus-

ension viscosity as the control variable (viscosity is maintained
onstant rather than volume fraction of solids). We use this con-
rol variable since suspension viscosity is the key parameter in

v
b
f

ET surface area (m2/g) 300 34 10 4
ensity (g/cm3) 3.70 3.66 3.98 3.98

etermining success of processability in terms of mould fill-
ng for example. In order to achieve this, a traditional shaping

ethod like slip casting has been selected, as well as electrical
ouble layer stabilization mechanism for the suspension. We
onsider conventional pressureless sintering in order to densify
he green bodies.

. Experimental

Four different alumina powders were used for this study:
anoamor (Nanostructured & Amorphous Materials, Inc.,
SA), NanoTek (Nanophase Technologies Corp., USA), AKP-
5 and AKP-50 (Sumitomo Chemical Company Ltd., Japan),
resenting increasing particle size, as summarized in Table 1.
ig. 1 shows SEM images of the different powders.

Suspensions were prepared in deionized water at different
olid contents and sonicated for 10 min (AKP-15 and AKP-50)
nd 30 min (Nanoamor and NanoTek) to break down agglomer-
tes and homogenization. Electrical double layer repulsion was
sed as the stabilization mechanism for achieving proper disper-
ion. The pH was adjusted at 4.5 using HNO3 to create positive
harge on the alumina particles surfaces. The preparation of the
uspensions is based in the previous work of Jailani et al.8 The
amples were rolled overnight to reach equilibrium. Solid con-
ent of each suspension was adjusted in order to achieve similar
heological behaviour for each type of particles (Table 2), i.e.,
roducing low and high viscosity suspensions (referred to as LV
nd HV, respectively). Suspensions were slip cast into cylindri-
al PVC rings (20 mm diameter) placed over porous plaster. The
reen bodies were unmolded after 24 h of casting, then it took
p to 5 days for total drying in air, and then placed at 105 ◦C in
ven for at least 12 h. Samples were sintered at 1300–1500 ◦C
or 2 h, with a heating rate of 5 ◦C/min up to 350 ◦C, with a dwell
ime of 30 min, 10 ◦C/min up to 1200 ◦C to try to overcome the
→ � alumina phase transition before significant densification
ccurred, and 5 ◦C/min up to selected sintering temperature and
urther cooling down to room temperature.

Rheological behaviour was studied using a rheometer (RS5,
heometric Scientific, USA) with a cone-plate configuration

diameter 40 mm, angle 0.0398 radians and gap 0.0483 mm).
uspensions were presheared for 30 s at 10 and 75 Pa for the

ow and high viscosity samples, respectively, and the viscosity
urves were obtained by steady state shear viscosity measure-
ent as the stress was increased over the range specified, from
iscosity ones. The green and sintered densities were determined
y the Archimedes method in water, using wax to prevent water
rom penetrating pores in the case of green bodies. Densification
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ig. 1. SEM images of the starting material used in the present work: (a) Nano

tudies have been performed by registering dilatometric curves
t 5 ◦C/min up to 1500 ◦C (402 E/7, Netszch, Germany) The
icrostructure of sintered specimens was observed by scanning

lectron microscopy, SEM (Philips XL-30) on polished and ther-
ally etched surfaces at 1450 ◦C/10 min. The intercept length

∼2/3 of the grain size) was measured by line counting over
everal images for each sintering condition.

. Results and Discussion

The results of the viscosity measurement for different suspen-
ions of each type of particles are plotted in Fig. 2. The difference
etween low viscosity (LV) and high viscosity (HV) suspensions
s approximately one order of magnitude. All of them show the

ame shear-thinning behaviour despite of different solid content
elected in each case (Table 2), although the LV suspensions
ave a more Newtonian behaviour. The powders with smaller
article size and higher specific surface area, required lower

s
f
t
s

11 nm, (b) NanoTek 44 nm, (c) AKP-50 190 nm and (d) AKP-15 600 nm.

olid content in suspension to obtain the same viscosity. This is
elated to the fact that the high specific surface area contributes
o increase electrolyte concentration due to the dissociation of
onizable sites and soluble species and reduces the zeta poten-
ial and stability of suspensions, as explained elsewhere.8 It is
nteresting to mention that the preparation of stable suspensions
nly by changing pH, i.e., electrical double layer stabilization
echanism, even for smaller particle size, has led to values close

o those reported in the literature (20 vol.%) when dispersant is
dded for electrosteric stabilization.25

As it was mentioned before, the limited solid content for
ow viscosity nanoparticle suspensions is either related to the
xcluded volume around each particle or the higher salt content.8

oth of these factors result in the fact that the smaller the particle

ize, the higher the viscosity of the suspension. Studart et al.9

ound a strong yielding behaviour, indicating that the nanopar-
icles agglomerate in a weakly attractive colloidal network that
pans the entire suspension. Apparent viscosity values measured
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Table 2
Solid content of suspensions and green densities values obtained for each condition.

11 nm 44 nm 190 nm 600 nm

Solid content (vol.%) Low viscosity 12.5 25.5 34 52
High viscosity 13.3 30.5 43 58

G 9.2%
7.2%
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reen density (g/cm3) (%TD) Low viscosity 1.08 (2
High viscosity 1.01 (2

y these researchers are similar to the ones presented in this
ork.
In typical ceramic casting slips using micron-sized parti-

les, the average viscosity increases as particle size decreases,
ecause the number of bonds between particles per unit of vol-
me increases.26 For average particles sizes less than 1 �m or
or particles size distributions containing a significant fraction
ner than 1 �m, pseudoplasticity is observed,13 being in good
greement with the rheological behaviour observed for the sus-
ensions described in the present work.

The relationship between particle size distribution and vis-
osity and packing in ceramic suspensions has been studied by
ifferent authors. Smith et al.13 demonstrated that controlling
he size distribution for particles finer than 15 �m provided the
ost desirable viscosity for slips composed of wide size distribu-
ions. Franks and Jailani26 and Leong et al.27 demonstrated that
he rheological behaviour of nanoparticles suspensions depends
nversely on the second power of primary particle size.

ig. 2. Viscosity curves corresponding to the different suspensions prepared in
a) high viscosity and (b) low viscosity formulation, respectively.
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) 2.19 (60.0%) 2.54 (63.9%) 2.69 (67.5%)
) 2.18 (59.6%) 2.49 (62.6%) 2.62 (65.9%)

The consolidation of the green bodies took place by the cap-
llary suction of the plaster of Paris, drawing the water out of the
uspension. Because of this reason, it is likely that some cracks
ppear in the green bodies (although too small to see by naked
ye) when low viscosity suspensions for the smallest particles
re used, resulting in green density value lower than 30% of
he theoretical value for the 11 nm particles, as summarized in
able 2; however, the rest of the green density values were always
bove 60% of the theoretical value, increasing with particle size.
t is worthy to note that the green densities for the lower particles
izes are around values usually associated to larger particle sizes.
owen et al.28 reported values of 34–50% TD for colloidal pro-
essing of transition aluminas (50 and 400 nm approximately)
howing that the effect of pH in the conformation of the disper-
ant on the surface has an effect on the green packing density of
he materials. The green density values measured for bodies pre-
ared from LV suspensions were higher than those for the HV
nes, suggesting that better dispersion produces better packing,
asier consolidation and higher density bodies.

The connection between low viscosity suspensions and high
reen density bodies is well-known and extensively reported
n literature for different systems, sizes and shaping methods,
or a given solid content. For example, Sun et al.29 prepared
0 wt.% suspensions with ZnO (260 nm) and Al2O3 (320 nm)
or different dispersant percentage. After slip casting the slurries,
he green density was higher (67% of theoretical value) for the
uspension that reached the lower viscosity value (0.2% of PAA).
indqvist et al.30 prepared alumina suspensions of 50 vol.% with
ifferent latex content as a binder for solid freeform fabrication,
eaching values of 63–64%TD for additions of latex of 0–1 wt.%
hat produces viscosities around 0.1 Pa s at 800 s−1.

But the solid content of the suspension plays a determi-
ant role in the green densities of materials. Huisman et al.22

howed that the highest green density bodies are related to the
igher solid content in suspension, reaching 68%TD for alu-
ina (460 nm) suspensions of 57 vol.%, as a consequence of a

losest particle coordination obtained by the self-arrangement
f the particles due to the interparticle forces.23 Ferreira and
iz31 studied the effect of solid content of suspension with
imodal distribution of SiC particles upon green bodies pre-
ared by slip casting. They found that at lower solid content, the
articles have “more freedom” to rearrange during the deposi-
ion stage, promoting segregation phenomena and preventing an
omogeneous packing; however, if the solid content increases,

he deposition rate is higher and, together with the multiple
nterference between particles, there is a reduction of the seg-
egation trend. If the solid content is further augmented, the
article rearrangement is hindered, resulting in lower packing.
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ig. 3. Dilatometric curve at 5 ◦C/min up to 1550 ◦C for samples prepared from
V formulations for sizes 11, 44 and 190 nm.

In our case, the higher value of green density when LV for-
ulations are used versus HV suspensions could be explained

y the mobility and arrangement of particles during the casting.
he suspensions have been formulated in a manner that it could
e assume that the particle size distribution is narrow, with val-
es closed to the primary particle size.8 When the solid content
s lower, the particles are “free” enough to move inside the sus-
ension to achieve the lowest-free-energy dense packing. Since
he suspension could be considered as a “monomodal” particle
ize distribution, there is no segregation, but a rearrangement
owards maximum packing of the particles in the deposited cake-
uspension interface, in comparison with the HV suspensions,
here the rearrangement during consolidation is more hindered.
The influence of particle packing in green ceramics on the

ensification behaviour can be seen in the dilatometric curves
lotted in Fig. 3. The higher shrinkage (20%) corresponds to
he 11 nm sample, as expected, due to the lower solid content
f the suspension employed for this material. The first shoulder
bserved correspond to the removal of water. The beginning of
he sintering process involves the formation of sintering necks
etween particles, without changing the present porosity and
ithout grain growth, related with the highest contraction.11 The

hange of slope around 1100 ◦C represents the phase transfor-
ation from � to �-Al2O3 involving the higher shrinkage rate,

esponsible of the shattering of the sample. A similar behaviour
an be also noticed for the 44 nm sample, but the phase trans-
ormation takes place at temperature slightly higher due to the
ower specific surface area, and therefore, less reactivity. The
otal shrinkage is lower than in the case of the 11 nm, as a
onsequence of the higher solid content and particle packing.
owever, the 190 nm sample does not show any remarkable

hange of slope, but a continuous shrinkage (up to 12%) asso-
iated to the densification of the material. For 44 and 190 nm it
an be seen that the total contraction is lower, due to the increase

f grain size and the closing of the remaining porosity.

The results of sintered densities as a function of sintered
emperature and particle size are shown in Fig. 4. Samples cor-
esponding to particle size of 11 nm shattered during firing due

t
s

f

ig. 4. Sintered density values versus temperature for samples prepared in the
ifferent conditions described.

o the large amount of shrinkage. For the rest of the samples, the
intered density values were in the range 75–99% of the theoret-
cal density of alumina (TD). The samples of 44 nm particles did
ot densify further than 85%TD due to the shrinkage associated
ith the relatively lower value of green density (60%) and to the
hase transition from � to � phase during sintering. The higher
urface area of small particles results in greater driving force for
ensification, as it can be seen for the sample prepared with the
articles of 190 nm in comparison to the 600 nm ones. Corre-
ponding to the green density results, the highest final density
alues were reached for the LV suspensions, up to 99.5%TD for
90 nm particles sintered at 1500 ◦C.

The effect of the dispersion on green and sintered microstruc-
ures of slip cast bodies was explained by McAfee and
ettleship.32 Their work studied the effect of two suspen-

ions, flocculated and dispersed, with 20 vol.% solids content
hrough different stages of sintering by means of pore bound-
ry tessellation. This study revealed that the main differences
n densification are related to the agglomerate structure present
n the samples. Particles do not pack as efficiently when cast
rom flocculated slips, and the resultant low green density often
ncreases the sintering time required to reach high density. Two
ifferent arguments have been proposed to explain this obser-
ation. One of them suggests that low green density results in
nhanced grain growth during intermediate-stage densification
nd therefore a lower densification rate, while the second one is
ased on the argument that pores larger than a critical pore size

o particle ratio will not shrink and be totally eliminated during
intering.2,32–34

The microstructure of sintered materials at 1400 ◦C for dif-
erent particle size produced from LV suspensions is shown
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Table 3
Grain size (intercept length) of sintered materials prepared through different
sintering conditions from low viscosity slurries.

Tsintering (◦C) Intercept length (�m)

44 nm 190 nm 600 nm

1300 – 0.84 –
1400 0.65 1.13 0.51
1

i
s
n
u
q
a
p
o
c
a
s
a
a
s
s
a
t
s
t
h

a
b
m
f
T
a
a
i
u
a
h
t
t
t
i
a
t
d

p
t
t
s
a
s

Fig. 5. SEM images corresponding to polished and thermally etched surfaces
500 1.06 1.74 1.11

n Fig. 5. The material prepared from 44 nm particles and LV
uspensions reveals a heterogeneous microstructure; which has
ot reached full densification (82%TD). The grain size grew
p to about a micron (intercept length 650 nm) as a conse-
uence of the reactive surface of these particles (Table 3). In
ddition, materials obtained from 600 nm particles and LV sus-
ensions did not totally densify either (85%), and the grain size
bserved is in the same range as the primary particles. In this
ase, surface is not reactive enough to drive mass transport
nd reach full densification. However, 190 nm particles in LV
uspensions led to a densified microstructure with grain size
round 1 �m and 97.5% of the theoretical density. Bowen et
l.2 suggested that for achieving full densities with final grain
izes <100 nm without grain growth in the final stage of den-
ification, the relative kinetics of grain boundary movement
nd grain growth have to be controlled and tuned by means of
wo-step isothermal method or the use of vacuum sintering atmo-
pheres, for example. Another method to retain fine grain size is
he dual sintering and combined microwave with conventional
eating.1

According to some authors,21,29,30 the effect of viscosity
nd green density is not so strong on the sintering behaviour,
eing the temperature of sintering the major role for developing
aterials with density values close to the theoretical one, so dif-

erent temperature for sintering were considered in this work.
he microstructures of bodies corresponding to 190 nm particles
nd LV suspensions treated at different sintering temperatures
re shown in Fig. 6. The grain size and density are higher with
ncreasing temperature (Table 3), as expected, reaching values
p to 99.5% TD after sintering at 1500 ◦C. In the case of 44
nd 600 nm specimen treated at 1500 ◦C it can be observed that
eterogeneities and porosity are still present, without reaching
he fully dense microstructure desired. So, in the present work,
he major effect on the sintering behaviour could be attributed
o the viscosity and, in particular, the packing of the particles
n the green body during the processing, and not to the temper-
ture of sintering, since the green density difference between
he HV and LV formulations is the threshold to achieve full
ensification.

Considering the rheological behaviour (for shape forming),
article packing in green body and final density and microstruc-
ure after sintering, there is an optimum particle size, 190 nm,

hat allows achieving the required conditions for an optimum
haping method, in terms of both processing and high density
nd fine grain microstructure, when conventional pressureless
intering is used. These results confirm the previous results pre-

of sintered specimens at 1400 ◦C, prepared from the following formulations (a)
44 LV, (b) 190 LV and (c) 600 LV.
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ig. 6. SEM micrographs of polished and thermally etched surfaces of sintere
90 LV at 1500 ◦C, (c) 44 LV at 1500 ◦C and (d) 600 LV at 1500 ◦C.

ented by Krell et al.23,24, where established a range close to
00–200 nm after a comparison between dry and wet processing
outes at different sintering temperatures.

. Conclusions

The effect of the particle size on the viscosity of suspensions
or shaping of ceramic bodies has been studied. It has been
bserved that particles with sizes less than about 50–100 nm
annot produce low viscosity, high volume fraction suspensions
required to produce complex shapes by colloidal processing)
nd the resulting green density is too low to fully densify. In
ddition, particles larger than about 300–500 nm can produce
ow viscosity suspensions and high green density bodies, but in
his case they do not have sufficient surface area to drive suc-
essful densification. However, it has been shown that particles

ith sizes ranging from 100 to 300 nm can be formulated as low
iscosity, high volume fraction suspensions to produce green
odies of sufficiently high green density to fully densify (99%
heoretical value), leading to homogeneous microstructures.
cimens at different temperatures, corresponding to (a) 190 LV at 1300 ◦C, (b)
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