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bstract

he effect of forming method (cold isostatic pressing and slip casting) on particle packing and the consequent effects on densification, phase
ransformation and microstructural evolution were evaluated during sintering of a transition alumina powder (Nanotek®, particle size of 47 nm, �
nd � phases). It is well known that the transformation of transition alumina towards the stable � phase has a critical influence on the sintering
ehaviour. Therefore, correlation between microstructural evolution and shrinkage in compacts was established using dilatometry, Scanning
lectron Microscopy and X-Ray Diffraction. By the two mentioned forming methods, green bodies with the same density were processed, in
rder to investigate only particle packing homogeneity and its effect on phase transition and sintering. For the same initial green density, the

amples prepared by slip casting present a better homogeneity of particle packing, due to an optimal dispersion of particles in the slurry. This
nitial microstructure feature improves the particles rearrangement during the transition to �-alumina and hence enhances the transformation to the
hermodynamic stable �-phase and the densification step.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Production of fully dense nanostructured ceramics requires
careful control of each step of ceramic processing, from pow-
er synthesis to the final sintering stage. Moreover, each step
ay have a detrimental effect on the following one. The effect

f forming procedure on particle packing and the consequent
ffects on sintering have been of paramount importance in the
owder processing of ceramics.1–3

Furthermore, most nanocrystalline oxide ceramic powders
re metastable and this metastability may have a critical influ-
nce on the sintering behaviour. Studying the transformation of
ransition alumina has been the subject of an extensive litera-

ure. The transformation proceeds by the formation of several
ncreasingly ordered transition aluminas before final rearrange-

ent into the stable phase �.4–6 As an example, upon heating,
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ing; Cold isostatic pressing

-Al2O3 undergoes a series of polymorphic phase transforma-
ions from a highly disordered cubic close packed lattice to the

ore ordered cubic close packed �-Al2O3. This sequence repre-
ents a so-called topotactic deformation. At higher temperatures,
-Al2O3 undergoes a reconstructive transformation to form the
hermodynamically stable hexagonal close packed �-phase. This
ransformation occurs by a nucleation and growth process.6 The
ransformation into the stable �-Al2O3 is generally accompa-
ied by vermicular microstructures enclosing a high proportion
f intragranular pores. The temperature necessary to remove
hese pores depends on their size. The production of dense �-
l2O3 ceramics from transition alumina has been the subject of
considerable number of studies. Most of them were dedicated

o the lowering of the phase transformation temperature.6–11 To
ur knowledge, less effort was devoted to the lowering of the
ore size distribution after the transformation.
Experimental knowledge about phase transformations dur-
ng the sintering of a compact powder and their dependence to
he initial particle packing is important to understand ceramic
rocessing. The aim of this study was therefore to investigate

mailto:jerome.chevalier@insa-lyon.fr
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green body by impurities diffusion. After 24 h, the samples were
removed from the mold and put in a dessicator for an additional
24 h.
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he effect of forming (slip casting or pressing) on particle pack-
ng and its consequent effects on the phase transformations and
ence the sintering behaviour of a transition alumina powder.

. Materials and methods

.1. Main features of the nanostructured transition alumina
owder

A transition alumina powder produced by Physical Vapor
ynthesis (PVS) (NanoTek®, Nanophase Technologies corpo-
ation, Romeoville IL, USA) was used in this study. The main
eatures of the as-received powder are summarized in Table 1.
pecific surface area was measured using the BET-N2 technique
ASAP 2010 Micromeritics, Norcross, GA) and equivalent
pherical diameter calculated from the surface area. True den-
ity was measured by pycnometry using He (AccuPyc 1330,

icromeritics, Norcross, GA). The size and morphology of the
lumina powder were examined with a Transmission Electron
icroscope (JEOL 200 CX, Tokyo, Japan). The crystallographic

hases was determined by X-Ray Diffraction (RIGAKU vertical
iffractometer, Kent, UK). Fig. 1 shows a Transmission Electron
icroscopy (TEM) picture, together with particle size distribu-

ion obtained from several images. Fig. 2 represents a X-Ray
iffraction (XRD) pattern of the powder.
In agreement with previous works on the studied powder,12

he TEM micrograph of Fig. 1a shows that the particles are
early spherical. The grain size distribution (Fig. 1b), based on
he number of particles, shows that the average particle size is
round 20 nm and most particles range between 5 and 60 nm.
% of large particles with size between 60 and 100 nm are
resent, among them 0.5% with a size close to 150 nm. XRD
evealed that the powder consisted of a mixture of � and �-
lumina. The proportion was evaluated semi-quantitatively from
he diffractogramm and from Diffracplus software (Bruker AXS,

adison WI, USA) to be δ ≈ 70 wt.% and γ ≈ 30 wt.%. The
hase content was in agreement with the data given by the
roducer.

.2. Forming procedures
Forming of green compacts was conducted via two different
ethods: dry (pressing) and wet (slip casting) processing meth-

ds. Our first objective was to obtain, by the two mentioned
orming methods, green bodies with the same density, in order

able 1
ain features of the as-received Nanotek® powder

anoTEK® aluminum oxide

l2O3, white powder

urity 99.95%
verage particle size (evaluated from SSA) 47 nm
SA (BET) 35 m2/g
rue density 3.49 g/cm3

orphology Spherical
rystal phase 70:30; �:�
ig. 1. Transmission Electron Microscopy image (a) and particle size distribu-
ion (b) of the Nanotek® powder.

o investigate only particle packing homogeneity and its effect
n phase transitions and/or sintering.

Slip cast specimens (7 mm diameter, 3.5 mm thickness)
ere prepared from alumina suspensions in distilled water at
2 vol% solid loading. Electrostatic dispersion was achieved
sing hydrochloric acid. The pH was adjusted to a value of
.5 (which has been shown to lead to high Zeta potential),13

nd the slurry was stirred for 24 h using 1–2 mm alumina beads
ratio powder: beads of 1:10). The slurries were then cast onto
orous alumina molds, in order to avoid contamination of the
Fig. 2. X-Ray Diffraction pattern of the as received Nanotek® powder.
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The density of the green compacts was calculated from
ercury porosimetry measurements (Micromeritics Autopore

I 9400, Norcross, GA) at the very beginning of the intrusion
ycle. With the slip casting conditions mentioned above, green
odies presenting 62% (±1) of the true density (3.49 g/cm3, as
easured on the starting powder) were obtained.
To obtain the same (62%) green density, pressed specimens

7 mm diameter, 3.5 mm thickness) were prepared by uniaxial
ressing (56 MPa) of the as-received powder followed by Cold
sostatic Pressing (350 MPa). In fact, 62% green density was the
aximum value we could obtain by the two methods with this

owder.

.3. Follow up of transformation and sintering processes

The transformation and the sintering processes in the alumina
ompacts were followed with four methods:

Sintering was conducted in a dilatometer (SETARAM 1700,
Caluire, France) up to 1700 ◦C under non-isothermal condi-
tions in air (heating rate of 5 ◦C/min and cooling down to
room temperature at 20 ◦C/min). Densities and densification
rate curves, as a function of temperature, were computed
from the recorded shrinkage data and from the initial den-
sities measured by mercury porosimetry on green samples.
Some densification runs were interrupted at different stages

of the heat treatment in order to carry out further phase iden-
tifications by XRD and microstructural analysis on fractured
surfaces by Scanning Electron Microscopy (SEM, FEG XL30,
FEI, Eindhoven, Netherlands).

Fig. 3. SEM micrographs of fracture surface for pressed (P-1 a
ramic Society 28 (2008) 1121–1128 1123

The thermal behaviour of the compacts was also examined
by Differential Thermal Analysis (SETARAM TG-DTA 92,
Caluire, France). In particular, Differential Thermal Analy-
sis (DTA) was used to investigate the phase transformation
of � to �-alumina, since the other lower temperature topotac-
tic transformations (i.e. from � to � and � to �) do not give
rise to DTA signal. The compacts were thermally treated to
1500 ◦C at a heating rate of 5 ◦C/min in a 20% N2–80%
O2 atmosphere and then cooled to room temperature at
20 ◦C/min.
XRD (RIGAKU vertical diffractometer, Kent, England) was
conducted on the samples heat treated in the dilatometer at dif-
ferent temperatures, to identify the crystalline phases and their
evolution versus temperature. XRD patterns were obtained in
a θ–2θ mode, with a Cu K� radiation. The samples were anal-
ysed from 2θ = 12◦ to 72◦ at 2◦/min for phase identification
and from 2θ = 42◦ to 49◦ at 0.1◦/min for more indepth analysis.
The diffractograms were compared to JCPDS files (�-alumina:
ICCD 16-394, �-alumina: ICDD 50–741, �-alumina: ICDD
23–1009, �-alumina: ICDD 46–1212). The diffractograms
presented in the result section are those conducted between
2θ = 42◦ and 49◦.
SEM was conducted on the fracture surface of samples heat
treated in the dilatometer at different temperatures, to observe
the microstructure evolution versus temperature associated to
transformation and/or sintering. The samples were gold coated

prior to observation (thickness 15 nm), to avoid any surface
charge effects even at high magnification and voltage (15 kV).
The topography of the samples was imaged under Secondary
Electron (SE) mode.

nd P-2) and slip casted (SC-1 and SC-2) green compacts.
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Samples will be noted respect to the forming method (SC
or slip casting and P for pressing) and their sintering tempera-
ure, for example SC1400 means a slip cast sample sintered at
400 ◦C.

. Experimental results and discussion

.1. Effect of forming method on the particle packing

Fig. 3 represents the SEM micrographs of compacts made
y pressing and slip casting and having a similar green den-
ity. Pressed green compact (P-1, P-2) possess a heterogeneous
icrostructure with large agglomerates and pores. In fact, the

nitial powder was agglomerated and forming by dry press-
ng keeps agglomeration in the green body with formation
f two types of pores; inter-agglomerate pores which coex-
st with smaller intercrystallite pores. Whereas, slip casting

ethod using colloidal suspensions leads to a homogeneous
reen microstructure (SC-1) because agglomerates have been
estroyed, therefore the uniform interparticle pore size increases
he packing uniformity (SC-2). This different initial packing
an be schematized as in Fig. 4, with a different parti-
le arrangement, for the same number of particles per unit
olume.

It is important to note that XRD was conducted on the SC
reen compacts, in order to verify that they had the same crystal-
ographic phases as those of the initial powder. This means that
he milling step used during dispersion does not introduce any
ransformation to the � phase,5 and does not produce observ-
ble seeding effects,10,14 (the presence of � seeds can play a key
ole in the sintering behaviour and enhance the densification of
lumina).

.2. Follow up of transformation and sintering processes

uring non-isothermal heating

Fig. 5 represents the density and densification rate versus
emperature. For both types of specimens, the densification

Fig. 4. Schematic illustration of initial particle packing for the gre
ig. 5. Density and densification rate versus temperature for SC (slip casted)
nd P (pressed) specimens.

urve involves two major steps (denoted I and II hereafter). The
rst step of the densification (up to 1160 or 1200 ◦C for SC
pecimens and P specimens, respectively) coincides with the
ransformation of transition alumina to the thermodynamically
table �-alumina.14 The second step is associated to the densi-
cation of �-alumina. Table 2 summarizes the main features of

he two densification steps, for both SC and P specimens. It is
o be noted that stage I for P specimens is clearly divided into
wo ‘sub-regions’ (Ia and Ib), which may correspond to differ-
nt stage in the transformation process of transition to stable
lumina.

Comparing the densification curves of SC and P samples, it
an be noticed that:

Stage I is shifted towards lower temperatures for SC specimens
and is accompanied by a larger shrinkage.
Stage II (densification of �-alumina) is more effective in
SC samples. The value of ρ at the end of the sintering run

(1700 ◦C) is 98% for SC1700, while it is only 79% for P1700.
Note that final density is reported to the theoretical density
of �-Al2O3 (3.987 g/cm3). A clear maximum of densification
rate is even observed for the SC samples (1400 ◦C), which is

en compacts: pressed (left) and slip casted alumina (right).
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Table 2
Main features of the densification stages in SC (Slip Casted) and P (pressed) specimens

Temperatures at singular points Initial density
(g/cm3)

Density at singular
point (g/cm3)

�ρ/ρ at singular
point

Final density

I II

Ia Ib

SC 1000–1160 ◦C 1160–1700 ◦C 2.18 2.70 24% 98%
P 8
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1000–1180 ◦C 1180–1200 ◦C 1200–1700 ◦C 2.1

hardly obtained on transition alumina without any seeding or
doping aids.8,14

Several samples were prepared at different sintering tem-
eratures in order to observe the evolution of crystallographic
hases versus temperature by XRD. Fig. 6 represents the dif-
erent results obtained on these samples. As reported in other
orks,14 stage I of the densification curve correlates with poly-

orphic transformations of the powder to the �-phase, while

nly �-alumina is present during stage II. XRD also confirms the
ifference between SC and P samples in terms of transformation
bility, as the compact can be totally converted to �-alumina at

ig. 6. X-Ray Diffraction patterns of SC and P samples heat treated at different
emperatures.
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2.53 16% 79%

160 ◦C for SC or 1200 ◦C for P. In order to investigate the phase
ransformation of � to �-alumina, an observation was carried out
sing DTA (Fig. 7). The examination of the curves shows that the
xothermic reaction occurs at temperatures of 1120 and 1180 ◦C,
espectively, for slip casted and pressed alumina compacts. In
act, the homogeneity of the particle distribution in the slip cast
lumina makes easier the rearrangement of the particles as well
s reducing the interspacing of the � particles and increases
he number and area of particles contacts. When the particles
re brought closer in distance, it makes interaction among the
articles easier, thus, bringing about the reduction of the transfor-
ation temperature. On the other hand, the temperature of trans-

ormation of � to � of the pressed compact corresponds to the sin-
ular point observed in the region I of pressed alumina. The rapid
volution of the relative density in the region Ib (1180–1200 ◦C)
s 9%, near to the variation of the theoretical density from � to

phase [(�ρR)th = (ρ� − ρ�)/ρ� = (3.987 − 3.6)/3.6 = 10.75%].
e have therefore defined the region Ib as transformation of �

o �.
Considering stage I in general, the crystallographic trans-

ormation of transition alumina to �-alumina can not explain
y itself the values of density variation observed in Fig. 5.
n fact, the relative density variation for the transformation
f transition metastable (�; �) alumina (3.49 g/cm3) into the

table �-alumina phase (3.987 g/cm3), (�ρR)th, should be
4.24% [(�ρR)th = (ρ� − ρ�;�)/ρ�;� = (3.987 − 3.49)/3.49]. Sig-
ificant differences in �ρR values are observed and depend on

ig. 7. Differential thermal analysis (DTA) of pressed (P) and slip casted (SC)
lumina bodies.
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Fig. 8. SEM micrographs of transition
he forming method: experimental �ρR obtained for pressing
nd slip casting are, respectively, 16 and 24%. These two results
re higher than the (�ρR)th and it is much marked in the case of
lip casting.

f
(
1

ina sintered at different temperatures.
Fig. 8 shows SEM micrographs taken on the fracture sur-
ace of samples sintered at 1000 ◦C (before shrinkage), 1160 ◦C
transition to �-alumina completed for slip casted compact),
200 ◦C (transition to �-alumina completed for pressed com-
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act), 1400 ◦C (densification of �-alumina) and 1700 ◦C (at the
nd of sintering).

At 1000 ◦C, the microstructure shows almost rounded grains
with homogeneous packing for SC1000 but heterogeneous
packing with the presence of aggregates for P1000. The lin-
ear shrinkage of the pressed and slip casted compacts at this
temperature is <1%.
At 1160 and 1200 ◦C, respectively, for slip casting and
pressing, which correspond to the completion of �-alumina
formation, (SC1160 and P1200), SEM also revealed the for-
mation of � colonies consisting of vermicular shaped particles
separated by elongated pores. The vermicular colonies were
formed by the coalescence of the nuclei during the � to �
transformation instead of growth by grain boundary migra-
tion. These results are in good agreement with previous studies
for transition alumina.14 As a result, the (�ρR)exp variation
from the theoretical values can be explained by the grain rear-
rangement process coupled with the phase transformation.
This rearrangement depends on the initial particle packing.
For slip cast alumina, the microstructure of the green com-
pact revealed a uniform distribution of particles and free
space is available to the rearrangement of particles. Further-
more, the homogeneous inter particle arrangement would lead
to a simultaneous formation of the �-alumina free of ver-
miculaire growth. While, on pressed compacts, the particles
are close packed into agglomerates which make difficult the
motion of the particles and decrease the effect of rearrange-
ment. After the transition towards �-phase, the density is
2.7 g/cm3 for slip cast specimens while it is only 2.53 g/cm3

for pressed specimens. The densification of �-Al2O3, as a
consequence, begins at two different densities for pressed
and slip casted compacts, despite the same initial green
density.
On the other hand, at 1400 ◦C, the microstructure of SC1400
is composed of cubeoctahedric grains while for P1400 the
microstructure is still porous and vermicular, indicating the
higher sintering activity of the slip cast aluminas. The den-
sity achieved after a sintering step of 1400 ◦C is about
90% for the sample made by slip casting while the sam-
ple made by pressing had a sintered density of about 67%.
In fact, for pressed compacts, the transformations of transi-
tion alumina to the stable phase �-alumina have produced
large wormy grains enclosing a high proportion of intra-
granular pores, the elimination of which delays to much
higher temperature the elimination of the intracolony poros-
ity. In contrast, homogeneous particle packing in slip cast
compacts avoids the formation of wormy crystalline struc-
tures with large intragranular pores. Hence, dense material
was obtained at lower temperature for the same green
density.
Finally, at 1700 ◦C, both slip cast and pressed alumina
(SC1700 and P1700) present cuboctahedral microstructure

with the presence of pores in the case of P1700. Due to
the improved sinter activity for slip cast alumina, significant
grain growth is observed at 1700 ◦C leading to a microscaled
structure.

1

ramic Society 28 (2008) 1121–1128 1127

. Conclusion

Using two different forming methods, we were able to
rocess green bodies with the same density but different par-
icle packing homogeneity. Initial particle packing plays a
ignificant role on the rearrangement observed during the
hase transformation towards �-alumina. Compared to com-
acts prepared from the pressing of the as received powder,
ispersion of the powder and then slip casting improved the
omogeneity of particles distribution and hence enhanced the
articles rearrangement during the phase transformations into
he thermodynamically stable �-phase. This rearrangement
roduced a drastic change in the microstructural evolution
nd a significant reduction of the phase transition tempera-
ure as well as the quantity and the size of pores remaining
fter the transition. Therefore, the homogeneous distribution
f porosity in the slip cast green compact limits the for-
ation of �-Al2O3 with hard agglomeration or vermicular
orphology and makes sintering to full density easier avoid-

ng formation of large pores that are often entrapped within
rains.
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