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Investigation and simulation of hot forming
of alumina based materials
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Hot forming of a MgO-doped alumina and of a alumina-based nanocomposite has been
carried out at 1400◦C under vacuum. The forming consisted of discs of the materials being
punched between graphite parts into hemispheres. The loading data are presented along
with a simulation of these data. The MgO-doped alumina disc broke before completion of
the test, whereas the alumina based nanocomposite disc was formed into a hemisphere
with reduced damage. Calculated loading data fitted monitored loading data satisfactorily.
Microstructural investigations were performed on the nanocomposite hemisphere. The
microstructural damage consisted of reduced cavitation which occurred essentially in a
shallow region of the outer surface of the hemisphere. The reduced damage observed on
the nanocomposite microstructure must be associated with the fineness of the
microstructure and the reduced alumina grain growth in this material. Considering the
severity of this forming process in terms of deformation, this test illustrates very well the
superplasticity of the nanocomposite material. These observations confirmed results
gathered from compressive testing. C© 2003 Kluwer Academic Publishers

1. Introduction
High temperature shaping of ceramic materials has
been investigated for a long time and studies are con-
tinuously reported by different authors [1–12]. Stud-
ies of the hot forming of alumina or alumina-based
ceramics are rare and investigations of the plastic de-
formation of these materials reveal the crucial impor-
tance of microstructural control during deformation.
Indeed, for example, hot-forming of zirconia ceram-
ics has been more extensively demonstrated due to
lower microstructural evolution during deformation.
Alumina however exhibits important dynamic grain
growth, which is deleterious for further deformation
capabilities.

Superplastic deformation of fine grained aluminas is
a boundary diffusion process, involving mainly grain
boundary sliding. Also, cavitation may become an im-
portant accompanying process for deformation when
the mean grain size is over a few micrometers. From
this basis, one of the necessary conditions for dense
alumina to exhibit important deformation capabilities
is to start with a submicrometre microstructure. The
finer the initial microstructure, the better the plastic
behaviour.

The present paper reports on the hot-forming of an
alumina-based nanocomposite. The results are com-
pared with those of a MgO-doped alumina. The
nanocomposite compressive deformation behaviour
has been presented previously [2]. This deformation
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behaviour proved to be superplastic in the conditions
corresponding to the study in terms of temperature,
true stress and strain rate. One may argue that su-
perplasticity must be investigated under tension to
be proven. Here the authors decided to investigate
the formability of the two materials under a much
more severe testing method consisting of punching
a flat disc into a hemisphere. The loading data are
presented along with a simplified simulation of the
monitored parameters, based on an analysis by Wu
et al. [1].

2. Experimental procedure
The nanocomposite material consists of a fine and ho-
mogeneous distribution of carbon nanoparticles in an
alumina matrix. The alumina matrix was doped with
500 ppm MgO. The size of the particles and of the
alumina grains were in the range of 20 to 50 nm and
650 nm respectively. The carbon content was about
1.2 wt%.

The alumina material was MgO-doped, with a mean
grain size of 1200 nm. Both materials were prepared
by hot pressing alumina powders1. Details of both
material preparation and characterisation have been
reported previously [2]. The densities were higher
than 99% of theoretical. The compressive deforma-
tion investigations of the nanocomposite and of the
alumina led to two constitutive equations which are

1Baikowski, SM8.
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respectively:

ε̇ = C1 · σ 2.4 · d1.6 · exp

(
− 515,000

RT

)
(1)

ε̇ = C2 · σ 1.6 · d2.35 · exp

(
− 560,000

RT

)
(2)

where ε̇ is the true strain rate in s−1, σ is the true stress
in MPa, d is the grain size, T is the temperature, R
is the gas constant and C1 and C2 are constants. The
activation energies are given in kJ/mol.

Taking into account the initial grain sizes, these equa-
tions have been reformulated and computed at T =
1400◦C, to give Equations 3 and 4 for the nanocom-
posite and for the alumina, respectively

σ = 900 · ε̇0.42 (3)

σ = 11,100 · ε̇0.62 (4)

The true stress is in MPa when the true strain rate is in
s−1 in these equations. These equations do not consider
the grain growth that can occur during deformation at
high temperature.

Regarding the hot-forming tests, flat circular disks
were ground and diamond-polished to a thickness of
2.2 mm for a diameter of 30 mm. These discs were
placed between a hemispherical punch and a circular
die, made out of nuclear grade graphite2. The punch
diameter was 17 mm and the die inner diameter was
20 mm. Disc edges were by not clamped during test-
ing. Following heating at 10◦C/min up to 1400◦C under
secondary vacuum, the discs were punched at a constant
displacement speed of 0.12 mm/min. A typical forming
time was a hour.

3. Results and discussions
Forming data are plotted in Fig. 1 for both the nanocom-
posite and the alumina. Forming loads are correspond-
ingly higher for the latter. This must be associated with

Figure 1 Forming load versus punch displacement for both alumina and
nanocomposite materials at punch velocity v = 1.2 × 10−1 mm/min−1

and at T = 1400◦C.

2Carbone lorraine, high quality graphite 2114.

the higher initial grain size resulting in a higher flow
stress. Higher flow stresses have also been reported for
deformation tests on the alumina material [2].

The alumina disc broke before completion of the
test, whereas, the nanocomposite underwent no rup-
ture. Fig. 2 shows the discs after forming. According
to Wu et al. [1], the disc underwent large biaxial ten-
sile stretching during forming. These authors discussed
the severity of this test in deformation terms and con-
cluded this process is much more severe than uniaxial
tension.

From Wu’s paper, the geometrical analysis of the disc
being formed between the punch and the die resulted
in two equations. These expressed the growing surface
‘S’ of the deformed portion of the disc and the punch
displacement ‘d’ as follows:

S = � · (a2 − R2 · sin2(β))/ cos(β)

+ 2�R2(1 − cos(β)) (5)

d = R · (1 − cos(β) − tg(β) · sin(β)) + a tg(β) (6)

where ‘R’ and ‘a’ are respectively the punch radius and
the die inner radius, and β is the angle from the center of
the punch to the contact points (see schematic diagram
in Fig. 3).

Here, the strain is defined as the variation of disc sur-
face relative to the initial one. The true strain is the nat-
ural logarithm of the ratio of current surface S to initial
one. The true strain rate is determined from this knowl-
edge. True strains and true strain rates were computed
using Equations 5 and 6 for the presented geometry of
the equipment with a punch velocity of 0.12 mm/min.
Results are shown in Fig. 4.

Both true strain and true strain rate only depend on
the geometrical analysis and on the growing surface
‘S’. It can be noted that the strain rate is not constant
and that a maximum of ε̇ = 1.8 × 10−4 s−1 is reached
close to the completion of the test, i.e., when the punch
displacement is larger than 8 mm. The arithmetic mean
true strain rate values are ε̇ = 1 × 10−4 s−1 for the
nanocomposite and ε̇ = 7.7 × 10−5 s−1 for the alu-
mina. The true strain reaches a value of ε = 0.45 for
the nanocomposite when the test was completed and a
value of about ε = 0.25 for the alumina when the disc
broke.

Also the evolution of the load with punch displace-
ment was simulated from the knowledge of the sim-
plified stress analysis proposed by Wu et al. [1]. On
the basis of the mean true strain rates determined
for both materials, true stresses were computed from
Equations 3 and 4. Taking into account the growing
surface ‘S’ of the deformed disc, the forming load evo-
lution was computed and the corresponding data are
presented in Fig. 5. The fitting shows good agreement
with the experimental curve of Fig. 1. The underes-
timate of the computed data corresponding to the first
two millimetres of punching displacement is associated
(i) with the elastic loading, which has not been taken
into account and (ii) with the setting of the test with
the elastic loading. Also, the fitting suggests that grain
growth is not dominant in the loading determination
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Figure 2 Side view (a) and Top view (b) of the formed discs. The nanocomposite is black-coloured and is placed on the left hand side of photographs
and the alumina is grey-coloured, and is on the right hand side of photographs.

Figure 3 Schematic diagram of the punch and formed disc.

Figure 4 Computation of the true strain and true strain rates versus
punch displacement.

Figure 5 Simulation of the evolution of forming load versus punch
displacement for both materials for a true strain rate of 1 × 10−4 s−1.

during the test, for the present testing conditions. Ba-
sically the flow stresses were calculated from results
obtained by compressive testing. The good fit obtained
between experimental and computed loading led to the
conclusion that similar values are appropriate for flow
stresses under compressive loading or tensile loading.
Plastic deformation under tensile loading is to be car-
ried out to confirm that this is the case.

The observation of the microstructure revealed some
cavitation located on the outer surface of both deformed
discs.

For the alumina disc, the fracture, which is clear from
Fig. 2, must be associated with the linkage of cavi-
ties. For this disc, cavitation occurred earlier in the test,
due to the higher initial grain size and this resulted in
the failure, which occurred abruptly and resulted in a
sudden load drop. From previous work on compres-
sive deformation [2], the microstructure evolution of
the alumina material has been observed to be more ac-
tive in terms of cavitation and grain growth. Indeed, at a
true compressive strain of ε = −0.30, the grain growth
corresponded to an increase of 110%, i.e., a grain size
of 2.62 micrometers. This important grain growth re-
sulted in the development of cavitation. In association
with the more severe strain conditions of the present
work, such a behaviour explains the early failure of the
alumina disc.

Such a relationship between grain size and cavitation
has been observed and presented for a variety of ceramic
materials [2, 13, 14].

As for the nanocomposite material, the grain growth
was reduced due to the presence of the carbon particles.
As a result little cavitation occurred under the forming
conditions and no linkage of cavities was observed.
Scanning electron microscopy observations of a section
of the formed nanocomposite disc showed cavities with
sizes comparable to the grain size. Figs 6 and 7 show the
limited cavitation of the nanocomposite microstructure.

Cavitation was mainly located within a layer of about
a hundred micrometers from the outer surface and
mainly around the apex area. Moreover no preferen-
tial orientation of the cavities was revealed. These mi-
crostructural changes are not associated with a bound-
ary glassy phase as previous studies of the materials
have not revealed the presence of such a glassy phase.
The limited cavitation observed in the nanocomposite
microstructure emphasizes the strength of the alumina
grain boundaries in the absence of any liquid phase. For
the nanocomposite material the final mean grain size
was slightly higher than one micrometer in the apex
area. It remained submicrometric away from this area.
Moreover the grain shape remained equiaxed, which
suggests strongly that grain position exchanges have
taken the main part in its deformation.

Some authors have reported on the forming of Y-TPZ
[14] and concluded that a combination of fine poros-
ity and fine grain size is beneficial. Small cavities can
ease material deformation when associated with a fine
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Figure 6 Low magnification SEM micrograph of nanocomposite microstructure showing restricted cavitation in the apex area of the formed disc.

Figure 7 SEM micrograph of nanocomposite showing fine-grained microstructure in the apex area of the formed disc.

microstructure. Here, it is proposed that deformation
must be mainly associated with grain boundary sliding
through a diffusive process. However cavitation may
have contributed to some extent to the forming of the
nanocomposite disc.

On the contrary cavitation has proved to be domi-
nant and very damaging for the alumina material. The
micrometric grain size in the MgO-doped alumina re-
sulted in the accommodation of the deformation both by
grain boundary sliding and by cavitation. Indeed grain
boundary sliding must have been too slow to accommo-
date all the deformation on its own. Hence cavitation
took place and must have dominated the deformation
accommodation up to the failure of the alumina disc.

Cavitation phenomena are difficult to avoid totally
in ceramics [5]. However, cavities remained closed for
the nanocomposite material up to the end of the test and
these could have been easily healed by a subsequent
heat treatment.

4. Conclusion
Punch stretching formability of alumina based mate-
rial has been improved by the use of finer initial grain
sizes, and the reduction of grain growth associated with
homogeneously distributed carbon nanoparticles. The
coarsening of microstructure in alumina material re-
sults in cavitation and subsequent fracture of the formed
part.

In reference to the severity of the stretching test in
terms of tensile deformation, the nanocomposite ex-
hibited a large ductility which illustrated very well its
superplasticity.

The agreement between calculated data and mea-
sured ones suggests some similarity between flow
stresses under compressive deformation and under ten-
sile deformation for the testing conditions and materials
studied.

Forming parameters have still to be optimised in
terms of time taken with reference to compression

testing carried out with the nanocomposite material, for
which a true strain rate of ε̇ = 10−3 s−1 has been reached
without microstructural cavitation and with little grain
growth.
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