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The specific effects of spark plasma sintering (SPS) on the creep behavior, microstructure and mechanical properties of alumina
monolithic ceramic were investigated. SPS introduces strains that concentrate at grain boundaries and inhibit crack growth, result-
ing in an improvement in the flexural strength and fracture toughness. However, creep blocks grain boundary movements and
decreases the reliability of the material. These strains can be removed by a post-sintering thermal treatment, which plays an impor-
tant role in the distribution of dislocations.
Crown Copyright � 2012 Published by Elsevier Ltd. on behalf of Acta Materialia Inc. All rights reserved.
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Since the first report by Wakai et al. [1,2] of
superplastic flow in ceramic materials, significant ad-
vances in the development of superplastic ceramics have
been made. Ceramics that have demonstrated superplas-
ticity include single-phase systems such as yttria-stabi-
lized tetragonal zirconia polycrystals (Y-TZP) [1], two-
phase systems such as zirconia–mullite [3], Y-TZP with
silica [4] and yttria cubic stabilized zirconia with silica
additions [5]. More recently, three-phase systems such
as alumina–spinel TZP [6] and alumina–mullite
(3Al2O3 � 2SiO2)–TZP [7] have shown high strain rate
potential. The key to superplastic deformation in all of
these systems is the fabrication of a material with a fine
grain size (usually <1 lm for ceramics) and limited grain
growth upon high-temperature deformation [8].

Spark plasma sintering (SPS) makes it possible to sin-
ter nanometric powders with near-theoretical values of
density and little grain growth (<1 lm). This technique
can work at heating rates of hundreds degrees per min-
ute, reaching high temperatures in a short time, and pro-
ducing dense materials at comparatively low sintering
temperatures, typically a few hundred degrees lower
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than in normal hot pressing or pressureless sintering
[9–14]. These features can produce microstructures unat-
tainable by other sintering techniques. It has also been
reported that SPS materials show mechanical properties
that differ from those of materials sintered by other
methods [11,13,14]. Gao et al. [11] found that SPS alu-
mina showed a flexural strength double that of the same
material sintered under pressureless conditions. Tamari
et al. [14] compared the properties of a titanium carbide
whisker/alumina composite as a function of the sinter-
ing method (hot pressing and SPS) and reported that
the mechanical properties of the SPS materials were
slightly higher. Those studies attributed this improve-
ment in the material features to the finer microstructure
and higher density achieved with the SPS process. The
present work, however, represents a totally different ap-
proach, demonstrating that SPS has a specific effect on
the creep behavior of ceramics. This work attempts to
investigate the microstructure in depth using high-reso-
lution transmission electron microscopy (HR-TEM)
morphology in order to further clarify the effects of
SPS on the deformation mechanisms that exist at high
temperatures in sintered alumina material.

The material used in this investigation is a commer-
cial submicrometric a-alumina (Taimei TM-DAR
Chemicals Co. Ltd., Japan) with an average particle size
ier Ltd. on behalf of Acta Materialia Inc. All rights reserved.
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Figure 1. Flexural strength as function of temperature for non-
annealed and annealed alumina.

Table 1. Creep deformation and fracture toughness (KIC) of the
alumina sintered samples.

Non-annealed
alumina

Annealed
alumina

Creep deformation (%) 1.4 ± 0.2 22.0 ± 0.4
Fracture toughness (MPa m1/2) 4.3 ± 0.4 3.4 ± 0.1
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of 153 nm and a purity of 99.99%. As-received powder
was poured into a graphite die with an inner diameter
of 20 mm and pre-pressed to 15 MPa before sintering.
An SPS apparatus (HP D25/1, FCT Systeme GmbH)
was used for sintering in vacuum at 1300 �C, 80 MPa
(applied from 600 �C until the end of the process) and
2 min dwell time. The heating rate was 50 �C min�1

and the cooling rate about 400 �C min�1. After sinter-
ing, some samples received a thermal treatment (anneal-
ing) that consisted of heating in air at 1000 �C for 5 h to
eliminate the residual strains. The final density of the
materials was determined by the Archimedes method
and referred to the theoretical density of 3.98 g cm�3

for alumina.
To perform the mechanical tests of annealed and as-

sintered alumina samples, the specimens were cut into
3 � 4 � 18 mm parallelepipeds. The tensile face of all
the specimens was polished with diamond paste down
to 3 lm (Struers, RotoPol-31) and the edges were cham-
fered (�45�) in order to avoid the influence of micro-
cracks on creep behavior.

The fracture toughness (KIC) of both kinds of mate-
rials was calculated from the crack length of the inden-
tation in the polished samples [15]. For that purpose, a
Leco AMH43 macroindenter with a 98 N load was used.

The flexural strength at different temperatures was
measured with a mechanical test machine (Instron Fast
Track 8800, using Bluehill software) in a three-point-
bending apparatus with an inner spam of 15 mm and a
crosshead speed of 0.5 mm min�1.

In order to study the effect that these strains have on
the high-temperature deformation of the materials,
creep behavior was measured by means of three-point
bending tests, using the same machine and apparatus
as in the case of flexural strength. The approximation
proposed by Hollenberg et al. [16] was used to calculate
the deformation and creep rate. The elongation was
measured with a precision of 1 lm. The tests were per-
formed at 1200 �C. To ensure the homogeneity of the
temperature in the chamber the load (50 N) was applied
after 1 h of soaking time at 1200 �C.

The morphology and microstructural characteriza-
tion of the sintered bodies (annealed and non-annealed)
were performed by TEM, HR-TEM and selected-area
electron diffraction (SAED) by using a Tecnai G2 F20
field emission gun transmission electron microscope
operated at 200 kV.

In order to study the crystalline properties and crys-
talline defects (e.g. dislocations) of alumina samples, a
careful preparation procedure was followed: after stan-
dard mechanical polishing to a thickness of <150 lm a
dimpling on both samples using a 3mm diameter disc
to a thickness in the center of the sample of about
30 lm was achieved. After that, an ion milling proce-
dure was performed using a Fishione Model 1010
machine. As a first step, samples were milled at 5 kV
and 20� milling angle; in order to avoid artefacts
generated during milling at high energy, a low ion beam
energy (3 kV) and low milling angle of 10� were then
used to produce a large, thin and clean area for
HR-TEM characterization.

The final densities of alumina materials (non-
annealed and annealed) were 99.9% of the theoretical
density. Therefore, this shows that the post-sintering
heating treatment does not affect the density of the final
material.

Table 1 lists the creep deformation and fracture
toughness values for the fired specimens.

According to the results from creep tests at 1200 �C
and 50 MPa, as-sintered alumina presented very low
deformation (<0.1%) and creep rate. Nevertheless the
sample broke at 40 h. The annealed sample presented
a much higher deformation, reaching a deformation of
22.0% after 80 h without breaking. This fact can be ex-
plained if we consider that grain boundary sliding is
the main high-temperature deformation mechanism of
alumina. On the one hand, when the sample is sintered
by SPS the dislocations induced by the sintering mecha-
nisms block the grain boundary movement, leading to a
very low deformation rate. However, in this case the
material cannot accommodate the deformation pro-
duced and breaks. On the other hand, when the same
material has been previously annealed the deformation
rate in considerably higher and the material presented
elongations up to 20% and as a consequence of that
the material is more reliable.

Considering the fracture toughness, all samples pres-
ent high values, ranging between about 3 and 5 MPa m1/

2; as expected, the higher KIC values were determined for
the non-annealed alumina. Therefore, the results con-
firm that the strains promoted by SPS act as crack prop-
agation inhibitors, explaining the higher fracture
toughness values obtained for SPS samples in this work
and in other work reported in the literature [14].

The results of the flexural strength as a function of
temperature for non-annealed and annealed alumina
are plotted in Figure 1. It can be observed that the val-
ues obtained for the non-annealed sample are signifi-
cantly higher in the temperature range 400–800 �C.



Figure 2. TEM micrographs of (a) non-annealed sample and (b)
annealed sample. The inset figure represents the SAED of (a).

Figure 4. (a) HR-TEM and (b) Fourier-filtered images of a represen-
tative zone in sample 1.

I. Álvarez-Clemares et al. / Scripta Materialia 68 (2013) 603–606 605
Hence, the residual strains could have been activated in
compression and thus inhibited crack growth. In addi-
tion, an increase in the flexural strength of materials
with induced strains has been reported by Kirchner
and Gruver [17]. Values for temperatures higher than
1000 �C are almost the same for both materials; this is
completely logical because this temperature corresponds
to the one used for the annealing treatment, and thus the
residual strains in both materials have been relaxed.

Direct observation of the grain boundaries and mor-
phologies of the microstructures were achieved by TEM
and HR-TEM. Figure 2 shows representative TEM
micrographs of samples 1 and 2 (non-annealed and an-
nealed, respectively): in both samples we observe that
the sample consists of large grains with sizes ranging
from 500 nm to 2 lm. The TEM images demonstrate
the augmentation of grain size in the case of annealed
sample and the boundaries between grains are very well
defined (in comparison with sample 1), which could be
attributed to the diffusion effect under high-temperature
annealing. The inset figure presents the SAED pattern,
showing that the grains are crystalline. The SAED pat-
tern could be indexed perfectly with an a-alumina
(PDF file 81-1667), and the rings are indexed as follows
(from center to outer): (012), (10 4), (110), (006),
(024), (11 6) and (214); the corresponding measured
interplanar distances are: 3.50, 2.59, 2.40, 2.19, 1.77,
1.62 and 1.43 Å, respectively.

In order to study the interface between the adjacent
grains we have performed HR-TEM measurements in
the grain boundary. As can be seen in Figure 3a, the
boundary is well defined in sample 1, whereas in sample
Figure 3. HR-TEM micrographs of (a) non-annealed sample and (b)
annealed sample showing the crystallinity and the interface between
grains before and after annealing.
2 the boundaries are not clear. The inset figures show the
fast Fourier transform of the selected zones. Figure 3a
shows clearly the crystalline quality of the grains; we dis-
cern also a clear difference in orientation. In the case of
annealed sample (Fig. 3b) we observe some diffusion be-
tween adjacent grains. Some reorganization in the inter-
face of grains could be observed and results in a quasi-
unique crystalline grain, which could be related to the
high-temperature annealing effect.

In order to perform an in-depth structural character-
ization and to study the effect of annealing on both sam-
ples, a careful analysis of the HR-TEM images was
made. Figure 4a shows a plan view HR-TEM micro-
graph of sample 1, where the presence of some linear fis-
sures can be clearly observed. Figure 4b presents a
Fourier-filtered image using (012); defects such as dislo-
cations are clearly visible along the line fissure. It is
worth noting that this type of fissure was not observed
in sample 2.

In summary, the results presented in this paper dem-
onstrate that SPS introduces residual strains in the
material that must be taken into account because they
affect the mechanical properties of the material. It also
has been demonstrated that the presence of these strains
can be easily removed by post-sintering thermal treat-
ments. This is of crucial importance for the future design
of materials with high mechanical properties and good
creep behavior created using the non-conventional tech-
nique of fast SPS.
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