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Abstract
Alumina (α-Al2O3) is one of the most versatile engineering ceramics, and its
mechanical properties have been extensively studied. However, the microme-
chanical properties of Al2O3 with a fine microstructure are less well understood.
Here, we present one of the first investigations that probe the micromechani-
cal properties of fine-grained polycrystalline Al2O3 fabricated via spark plasma
sintering, employing in situ microcompression tests inside a scanning electron
microscope. This study explores the influence of temperature variations on the
deformation mechanisms, particularly the involvement of microcracks and dis-
location activities throughout the deformation process. As temperature rises,
substantial deformability occurs in the inherently brittle Al2O3 at intermedi-
ate temperature, where the improved plastic deformability mainly arose from
prominent dislocation activities accompanied by grain boundary sliding. This
study sheds light on understanding the relationship between defect evolution
and mechanical behavior in Al2O3 with fine grain sizes.
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1 INTRODUCTION

Alumina (α- Al2O3) is one of the representative ceramic
materials used in critical structural components due to
its superior hardness and strength-to-weight ratio.1–4
Processing of Al2O3 by a conventional pressureless consol-
idation method takes more than 10 hours above 1400◦C to
reach a high relative density.5 As the high temperature and
long sintering time lead to significant grain coarsening,
an alternative sintering technique is necessary to prepare
dense specimens with desired fine microstructures.6
Spark plasma sintering (SPS) is an efficient method that

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2024 The Author(s). Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

enables the densification of ceramic and metal powders
at low temperatures with a short holding time.7–10 By
applying an electric field, a high current will flow through
the conductive tooling. The resulting Joule heating can
provide high heating rates that alleviate grain coarsening,
and contribute to the densification of powders at low
temperatures.6,11 Although there have been arguments on
whether the electric discharge at spaces between powders
can be generated during SPS, the plasma may enhance
densification through effectively purging adsorbed gases
adhering to the surface of particles.12–14 The impact of
spark discharges on densification is most significant
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during the initial stages of sintering, as numerous gaps
between particles facilitate the generation of spark
discharges.15 However, once the sample achieves a state of
closed porosity, densification is predominantly driven by
grain boundary and lattice diffusion mechanisms.15
There have been many attempts to fabricate the dense

and fine Al2O3 by means of a wide range of heating
rates and pressures through the SPS technique.16–20 In a
study by Shen et al., the influence of heating rate on the
densification and grain growth of Al2O3 during SPS was
investigated across a range of 50–600◦C/min.16 A heat-
ing rate of ≤ 350◦C/min resulted in fully dense Al2O3,
while higher heating rates led to the formation of a porous
structure.16 Meanwhile, Zhou et al. demonstrated that the
densification and grain growth behaviors of Al2O3 exhibit
significant variation depending on the applied heating
rates. A fast heating rate can substantially enhance the
formation of necking between particles at the early stage
of sintering and ultimately result in higher densities and
smaller grain sizes compared to a slower heating rate.18 On
the other hand, Ratzker et al. showed that full densifica-
tion of alumina via the SPS technique could be attained at
1050◦C by employing high pressures ranging from 500 to
800 MPa.20 However, the application of the high pressure
led to significant dynamic grain growth facilitated by grain
boundary sliding, grain rotation, and coalescence.20
The wide application of Al2O3 as a structural material

requires a thorough understanding of its mechanical
performance over a broad temperature range. However,
the deformation mechanisms in Al2O3 are difficult to
examine due to its brittle behavior and high mechanical
strength.21 Prior research on the mechanical properties
of single-crystal (SC) Al2O3 discloses a wide range of
deformation mechanisms including cracks, twinning,
and dislocations.21–28 It is reported that SCs oriented
along < 12̄10 > are more prone to plastic flow than other
orientations under room temperature (RT) deformation.21
On the other hand, deformation twinning carries the
majority of the plastic strain apart from dislocation when
the SC Al2O3 is oriented for the basal slip near 200◦C.24
Furthermore, some studies on the polycrystalline Al2O3
by bend test demonstrated that specimens with a fine
grain size exhibited deformability at temperatures as high
as 1500◦C, with a brittle-ductile transition temperature
of 1350◦C.29–31 Three deformation mechanisms may take
place at elevated temperatures, including diffusional
creep, basal slip, and grain boundary sliding. While
most SC and polycrystalline ceramics are brittle, and
susceptible to crack nucleation and propagation at RT,
plasticity emerges when the temperature increases beyond
the brittle-to-ductile transition temperature (BDTT).29
Strategies involving a hydrostatic pressure or reducing the
sample dimension can reduce the BDTT.21,32 Therefore,

in situ micropillar compression offers the opportunity
to investigate the temperature-dependent deformation
mechanisms of brittle materials at elevated temperatures
by controlling the specimen volume at the microscale.33–35
Furthermore, while some previous studies focused on SC
Al2O3 using compression testing, the bend test is com-
monly utilized in studies involving polycrystalline Al2O3,
and there is limited research on polycrystalline Al2O3
under uniaxial compression. The non-uniform stress
distribution induced by the bending moment complicates
the accurate interpretation of the stress-strain relation-
ship in the bend test. In contrast, uniaxial compression
offers a direct assessment of compressive properties
such as compressive strength, modulus of elasticity, and
deformation behavior under compression. This method
provides valuable insights into the material’s response to
compressive loading conditions, contributing to a more
comprehensive understanding of its mechanical behavior.
Here, we report an in situmicropillar compression study

on the mechanical response of SPS Al2O3 with an aver-
age grain size of 420 nm at elevated temperatures (up to
740◦C). The temperature-dependent transition of defor-
mation mechanisms was observed. Furthermore, the in
situ studies highlighted the reduced BDTT for fine-grained
Al2O3 compared to previous studies of deformation behav-
iors at macroscales.

2 EXPERIMENTALMETHODS

2.1 Specimen preparation

Highpurity𝛼- Al2O3 powder (USResearchNanomaterials,
Inc., 99.9%, 135 nm particle size) was sintered by the SPS
technique. The powderwas placed in a cylindrical graphite
die with an inner diameter of 10 mm. A graphite foil was
inserted into the inner wall to prevent the powder from
adhering to the graphite tooling. The SPS system (SPS-
10; Thermal Technologies LLC) was powered on when the
vacuum in the chamber reached 2 × 10−2 torr. The sin-
tering temperature ramped to 1200◦C at a heating rate of
200◦C/min and held for 10 mins along with a pressure
of 60 MPa. The relative density of the sintered specimen
was measured to be higher than 99% by the Archimedes
method.

2.2 Microstructure characterizations

The structure of SPS Al2O3 was characterized by the
X-ray diffraction (XRD) technique by using a PANalyt-
ical Empyrean X’pert PRO MRD diffractometer with a
2×Ge (220) hybrid monochromator to select Cu Kα1 in
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the 2θ—ω geometrical configuration. A Thermo Fisher
Quanta 650 FEG scanning electron microscope (SEM)
and an FEI Talos 200X transmission electron microscope
(TEM) operated at 200 kV were utilized to analyze the
microstructure of specimens. Grain sizes were estimated
by the line intercept method over 200 grains based on
TEM images. TEM samples were manually prepared
by grinding, polishing, dimpling and final polishing in
an Ar ion milling system (PIPS ii, Gatan) at 2 kV. The
crystallographic information embedded in the Inverse pole
figure (IPF) and Kernel average misorientation (KAM)
maps were generated by procession electron diffraction
equipment (ASTAR; NanoMEGAS) installed in the FEI
Talos 200X TEMmicroscope.

2.3 In situ micropillar compression
testing

The SPS Al2O3 was manually polished on diamond papers
(15–1 µm) and colloidal silica (20 nm) to minimize the sur-
face roughness. The polished samples were mounted on a
specimen stub to coat a thin layer of platinum at 40mA for
60 seconds to enhance the electric conductivity in SEM.
Micropillars with ∼3 µm in diameter and 6 µm in height
(an aspect ratio of diameter to height of ∼ 1:2) were fabri-
cated using a focused ion beam in a Thermofisher Quanta
3D FEG scanning electron microscope. A series of decel-
erated currents (from 30–0.3 nA) was used to fabricate
the pillars in the center of a large crater, with a smooth
surface and minimized tapering angle. A Hysitron PI 88
× R PicoIndenter equipped with a piezoelectric actuator
on the capacitive transducer was installed in a Quanta 3D
FEG microscope to perform in situ SEM micropillar com-
pression tests. A 20-µm diameter diamond flat punch was
mounted on the transducer to collect force-displacement
data during compression. The specimen was tightly fixed
by a V-shape Mo clamp on a ceramic heating stage to
maximize the heat transfer andminimizemachine compli-
ance. The temperature on both the heating stage and probe
heaterwas rampedup simultaneously at a rate of 10◦C/min
and isothermally stabilized for 30 min to eliminate ther-
mal drift. An average drift rate of less than 0.7 nm/s was
monitored in the preloading process at each testing tem-
perature. Each mechanical test was performed at a strain
rate of 5 × 10−3 s−1 under displacement control mode.

3 RESULTS

Detailed characterization was performed on as-sintered
SPS Al2O3 before the in situ compression test. XRD study
in Figure S1 confirms the existence of α-Al2O3, where

F IGURE 1 Characterization of the grain morphology and
grain size distribution of the spark plasma sintering (SPS) Al2O3.
(A) Scanning electron microscopy (SEM) micrograph of the SPS
Al2O3 showing typical granular morphology. (B) Bright-field (BF)
transmission electron microscopy (TEM) image shows dislocations
(orange arrows) and nanovoids (white arrows) formed in the
specimen. (C) BF TEM image shows some defective grains (blue
arrows). (D) Statistics of grain size distribution show an average
grain size of 420 nm.

no phase transformation occurred in the polycrystal spec-
imen. Figure 1 exhibits the morphology and statistics
of the grains of Al2O3 with a relative density of more
than 99% after SPS. The SEM image in Figure 1A shows
the typical equiaxed granular morphology. Bright-field
(BF) TEM images in Figure 1B,C display the existence
of nanovoids, dislocations, and defective grains decorated
with a high density of stacking faults (SFs). A zoom-in
TEMmicrograph of a defective grain is provided in Figure
S2. Numerous SFs were observed within the defective
grains. The average grain size is 420 nm according to the
statistical distribution in Figure 1D.Microindentation tests
were performed on the well-polished surface of the spec-
imen at a load of 1 kg . f with a Vickers tip to measure
the hardness and indentation fracture toughness. Figure
S3 shows the representative indentation morphology, and
the cracks near the indented corner were highlighted by
dashed lines. The Vickers hardness was calculated to be
14.1 ± 0.9 GPa with the indentation fracture toughness of
3.48 ± 0.11MPa⋅

√
m from the following equation,36

𝐾𝐼𝑐 = 0.0154 ⋅
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4 SHEN et al.

F IGURE 2 Comparison of true stress-strain behaviors and the morphology evolution on the spark plasma sintering (SPS) Al2O3 under
uniaxial in situ microcompression tests at room temperature (RT), 400◦C, and 740◦C at a constant strain rate of 5 × 10−3 s−1. (A) Comparison
of stress-strain curves for specimens tested at various temperatures. (B–D) At RT, the micropillar experienced catastrophic failure at 3% strain
right after the crack nucleation, and it broke into halves. (E–G) For micropillars tested at 400◦C, cracks were initiated at 2.5% strain. Giant
longitudinal cracks propagated downward throughout the entire pillar at 3.5% strain. (H–K) At 740◦C, the crack initiated at 6% strain. The
pillar gradually deformed to 10% strain. A dilated top and some intergranular cracks were observed. See Video S1–S3 for details.

where 𝐾𝐼𝑐 is the indentation fracture toughness, E is the
elastic modulus, HV is the Vickers hardness, P is the
applied load, and c is the crack length from the indent
center.
Numerous micropillars on the SPS Al2O3 were com-

pressed at RT, 400, and 740◦C, and the results showed
good reproducibility as shown in Figure S4. All deforma-
tion experiments were conducted at the same strain rate
of 5 × 10−3 s−1. Stress-strain curves along with the SEM
snapshots of compressed pillars at different strain levels
are shown in Figure 2. During the deformation under RT,
all pillars experienced brittle failure at a strain of 3% or less
at high flow stress of nearly 5 GPa. The catastrophic failure
occurred when half of the pillar was chucked off immedi-
ately upon the crack nucleation as shown in Figure 2D. On
the other hand, when tested at 400◦C, cracks nucleated at
2.5% strain and the maximum stress reached 3.5 GPa. Sev-
eral cracks propagated downwards slowly and converged
into a large vertical crack aslabeled in Figure 2G.When the
pillar failed at 3.5% strain, an outward buckling occurred
in the top portion of the deformed pillar. At 740◦C, signif-
icantly enhanced deformability was observed. The crack
nucleatedwhen ε= 6% at a stress of 2GPa, afterwhich plas-
tic flowwith a stress plateau was observed upon successive
compression. At 10% strain, dilation appeared in the pillar
top together with some shear offset caused by cracks. See
Video S1–S3 for details.
The fracture morphology of micropillars after compres-

sion under various temperatures was examined by SEM
at different viewing angles (top-down and side-view). As

shown in Figure 3A,B, a brittle fracture was detected in the
deformed pillar after RT compression, where subgrains
formed near the pillar top by transgranular cracking. In
comparison, intergranular cracking dominated in the
pillar tested at 400◦C, and the grain morphology in the
pillar interior was revealed by the large longitudinal crack.
For pillars tested at 740◦C, no prominent crack opening
was detected. Some microcracks propagated along the
grain boundaries (GBs) on the peripheral surface as shown
in Figure 3E,F.
To investigate the microstructure and defect evolution

after mechanical tests over a broad temperature range,
post-mortem TEM analyses were performed on pillars
deformed under three conditions. In the case of pillars
tested at RT, only half of the pillar survived at 3% strain
upon catastrophic failure.Meanwhile, grain fragmentation
was commonly observed near the pillar top, as shown in
Figure 4A.A fewSFswere observed in the deformed region
(Figure 4B). No grain rotation or sliding was observed
in the IPF map in Figure 4C. The KAM map and the
geometrically necessary dislocation (GND) map indicate
insignificant misorientation angles and few dislocation
activities (as shown in Figure 4D,E) in the deformed
pillar.
In comparison, for the pillar tested at 400◦C, two

inclined cracks transmitted from the pillar top, and then
converged into one giant intergranular crack propagat-
ing downwards through the entire pillar, as displayed in
Figure 5A. It is interesting to note that one crack was
deflected by an elongated grain as shown in Figure 5B.
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F IGURE 3 The scanningcanning electron microscopy (SEM)
images show the top and side views of deformed micropillars tested
at room temperature (RT), 400◦C, and 740◦C. (A, B) For the
remaining portion of the micropillar tested at RT, transgranular
fracture was evident on the top in which subgrains formed. (C, D)
For micropillar tested at 400◦C, the top half was smashed by
transgranular fracture, and the giant longitudinal cracks propagated
downwards intergranularly throughout the entire pillar. (E, F) At
740◦C, some microcracks were observed from the top area.
Intergranular cracks propagated along grain boundaries as observed
on the side surface.

The high-resolution TEM image in Figure 5C illustrates
the formation of a curved low-angle grain boundary
(10◦) to accommodate the plastic strain. The IPF and
KAM map in Figure 5D,E indicate that the intergranu-
lar cracks dominate. A high degree of misorientation was
observed near cracks. The GND map in Figure 5F corre-
lates well with the KAM map showing limited dislocation
activities.
Enhanced deformability was observed in the pillar

deformed at 740◦C as shown in Figure 6A. A high density
of dislocations was generated in the deformed top region
(Figure 6B), while the bottom half of the grain interior
is relatively clean with fewer defects (Figure 6C). In
addition, the IPF map in Figure 6B shows that grain
morphology has changed from the equiaxed to an

F IGURE 4 The post-mortem transmission electron
microscopy (TEM) analyses of the spark plasma sintering (SPS)
Al2O3 micropillar after room temperature (RT) compression. (A) A
bright-field (BF) TEMmicrograph showing a half of the micropillar
survived after being deformed to 3% strain. (B) Some stacking faults
(SFs) were observed within the grain in the micropillar. (C) An
inverse pole figure (IPF) map of the fractured micropillar confirmed
no grain rotation in the polycrystalline pillar. (D) The kernel average
misorientation (KAM) map indicates few degrees of misorientation
and fewer dislocation activities in the remaining portion of the
fractured pillar. (E) The geometrically necessary dislocation (GND)
map shows a few grains with GND distribution.

elongated shape in the top region, while grains in the
bottom half of the pillar remain equiaxed, indicating
that plastic deformation was primarily accommodated
by the top region. The KAM map in Figure 6E exhibits
some gaps (grain separation) near the pillar top, which
originated from a large extent of grain boundary sliding,
as shown in Figure 6D. The KAM map in Figure 6E
exhibits a high degree of intragranular misorientations
in the elongated grains and such misorientation was also
observed in the lower portion of the deformed pillar. The
GND map shows evident dislocations in the deformed
micropillar.
Figure 7A shows the evolution of the KAM value as

a function of test temperature. Below 400◦C, the KAM
value of the deformed region is similar to the undeformed
region, while it increases evidently when the test temper-
ature reaches 740◦C. Figure 7B,C illustrates the evolution
of maximum flow stress with test temperature, alongside
the literature data on the compressive strength of SC
and polycrystalline Al2O3.

23,24,37,38 It is evident that the
maximum flow stress of polycrystalline Al2O3 is compa-
rable to that of SC Al2O3 at elevated temperatures (even
surpassing it slightly when tested at 740◦C), and decreases
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6 SHEN et al.

F IGURE 5 The post-mortem transmission electron microscopy (TEM) analyses of defect formation in the spark plasma sintering (SPS)
Al2O3 micropillar after 400◦C compression. (A) A bright-field (BF) TEMmicrograph showing some intergranular cracks formed and a giant
crack propagated downwards through the entire pillar. (B) BF TEM image of some grains in the upper deformed region shows the presence of
dislocations, and a defective grain with a high aspect ratio was bent near one intergranular crack. (C) High-resolution TEM image of the bent
defective grain shows a low angle boundary of 10◦ formation in the interface. (D) The inverse pole figure (IPF) map indicates the mostly
equiaxed polycrystalline grains after deformation. (E) The kernel average misorientation (KAM) map shows that the high degree of
misorientation was only concentrated within the grains near the fractured top surface, or along the cracks. (F) The geometrically necessary
dislocation (GND) map correlates well with the KAMmap showing limited dislocation activities.

monotonically when temperature rises. The maximum
strain where the pillar fractured decreases slightly from
3.5% at RT to 2.8% at 400◦C, followed by a substantial
increment to 10.6% when tested at 740◦C.

4 DISCUSSION

4.1 Microstructure characteristics of
SPS Al2O3

SPS is one of the most efficient consolidation methods
to fully compact Al2O3 at a lower sintering temperature
with shorter sintering time than conventional sintering.
The microstructures of the SPS specimens can be tuned by
adjusting processing parameters including the sintering
temperature, heating rate, sintering dwell time, and
pressure.39 Debate exists under the homogeneity of grain
size distribution by using SPS. Wang et.al. found that the
microstructure near edge was denser than the interior for
a short holding time of 10 min, suggesting the powder was
sintered by heat from the surrounding graphite die.40 In
our study, no obvious grain size difference was visualized

across the sample in the radial direction, where a homoge-
nous microstructure was achieved with an average grain
size of 420 nm as shown in Figure 1. The main reason
leading to the previously reported inhomogeneity could
be the starting powder size, where the coarse powder with
an average particle size of 3.46 µm were used.40 In com-
parison, a fine powder with a particle size of 135 nm was
utilized in our study. It has been suggested that apart from
Joule heating provided by the mold, electric discharge
alongwith an enhancedGBdiffusion from the electric field
also stimulates the densification and growth of the inte-
rior particles, leading to a homogenous microstructure.16
Since the dischargemainly arises from the powder-powder
contacts at the early stage of sintering, fine particles con-
taining a large specific surface area could generate
sufficiently large discharge to promote densification and
grain growth, achieving a homogeneous microstructure.
It is interesting to point out that some grains contain a

high density of SFs.5,40,16 The graphite paper separating the
powders from the graphite die created a carbon-enriched
environment during SPS under vacuum, and abundant
oxygen vacancies were potentially created.10,41 It has been
shown that the formation of extended defects includ-
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SHEN et al. 7

F IGURE 6 Transmission electron microscopy (TEM) analyses of an Al2O3 micropillar deformed at 740◦C. (A) A bright-field (BF) TEM
micrograph showing obvious dilation of the pillar top. (B) BF TEM image of some grains in the upper deformed region shows a high density
of dislocations. (C) BF TEM image of grains in the less deformed region shows the equiaxed grain morphology. (D) The inverse pole figure
(IPF) map indicates the polycrystalline feature. Grain separation and cracks formed near the peripheral region. (E) The kernel average
misorientation (KAM) map shows a high degree of misorientation within the elongated grains near the pillar top. (F) The geometrically
necessary dislocation (GND) map shows evident dislocations were formed within the deformed micropillar.

F IGURE 7 (A) Evolutions of kernel average misorientation (KAM) misorientation angle across entire deformed pillar as a function
of test temperature. (B, C) The variation of maximum flow stress and maximum strain with test temperatures from this work and literature
data.23,24,37,38

ing SFs correlates to the coalescence of charged point
defects.42–45 As many ceramics exhibit negative temper-
ature coefficients of electrical resistance, the impact of
electric current on densification extends beyond Joule
heating. When the sample temperature is sufficiently high
for the electric current to flow through the sample, the
current exerts a non-thermal influence directly affecting
mass transport through mechanisms such as electroplas-
ticity and electromigration, which potentially leads to

the formation of SFs through the coalescence of charged
species.46

4.2 Temperature-dependent evolution
of deformability in SPS Al2O3

For pillars tested at RT, the catastrophic failure happened
immediately after the crack initiation. A mixture of
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8 SHEN et al.

transgranular and intergranular cracking was visualized,
as shown in Figure 3A,B. Interestingly, while the inter-
granular cracks were distributed throughout the entire
pillar, a relatively smooth grain morphology along with
some grain fragments was obvious near the pillar top,
corresponding to the transgranular fracture mode. The
stress concentration near the pillar top drives the growth
and coalescence of multiple microcracks within the grain
and leads to grain fragmentation.47 Meanwhile, some
intragranular pores were trapped during the sintering
process due to high GB mobility. These intragranular
pores acted as the weak points for cracks to pass through,
leading to transgranular cracking.48 Moreover, the KAM
map and GND map indicate few dislocation activities
during the brittle fracture of SPS Al2O3 at RT.
For pillars tested at 400◦C and beyond, GBs are weak-

ened due to the decrease of GB cohesive strength, mani-
fested by a significant reduction of crack nucleation stress
from 5 GPa at RT to 3 GPa at 400◦C. The longitudinal
cracks propagated slowly along GBs (Figure 2G), form-
ing the wavy pathway. The crack propagation evolves from
primarily transgranular cracking at RT to intergranular
cracking at elevated temperatures. As the fracture tough-
ness can be improved by the crack deflection, the presence
of intergranular fracture with an increasing crack length
gives rise to improved deformability by grain refinement.
It was reported that the intergranular cracking may occur
due to solute segregation along GB, crystallographic orien-
tation, nanovoids coalescence at the GB, impurities, and
localized tensile stress.49–51 Interatomic bonding and grain
boundary strength become weaker, and atomic diffusion
is enhanced for most ceramics at elevated temperatures.
For the SPS specimens, since the reduced atmosphere
created by the carbon-enriched vacuum sintering process
could induce abundant point defects, a high density of
oxygen vacancies could present along GBs due to the
high diffusivity at elevated temperatures.52 Hence, inter-
granular cracking may mainly arise from the weakened
interatomic bonding along the GBs upon compression.
When subjected to compression, theseweaker points along
the GBs (observed in Figure 1B) provide a favorable route
for crack propagation.53,54 Furthermore, upon uniaxial
compression, the dilation of the pillar top (shown in
Figure 5A,D) may generate localized tensile and shear
stress at GBs. Consequently, the cracks tend to preferen-
tially advance through these GBs that exhibit the least
cleavage energy, resulting in the formation of intergranu-
lar cracks.31 Besides the stress-induced cracks alongGBs, it
is interesting to note that when one crack passed through
the aforementioned elongated defective grain, an interface
with a misorientation angle of 10◦ formed, as shown in
Figure 5B,C. This bending phenomenon can accommo-
date the large strain gradient induced by severe plastic

deformation.55 As shown in the KAM map in Figure 5E,
a high degree of misorientation was only concentrated
within the grains near the fractured regions or along the
cracks. It is interesting to note that the KAM value in
the pillar deformed at 400◦C is similar to that in the RT-
deformed pillar, implying that the dislocation activity is
limited at such a test temperature (Figure 7B). The lim-
ited plastic strainwas carriedmainly bymicrocracking and
occasionally by grain bending.56
For the pillars tested at 740◦C, the brittle failure dimin-

ished where much less cracking was present compared to
the ones deformed below 400◦C.Most cracks reside on the
pillar surface (Figure 3F), resolving the grain morphology.
Most cracks initiated from the surface barely penetrated
through the pillar interior, as shown in Figure 6A. Two
factors may play a vital role. It is possible that with less
formation energy of point defects near the surface com-
pared to the bulk interior, more oxygen vacancies would
nucleate and coalesce, which formed nanovoids towards
GBs and resulted in stress concentration.54,57 In this case,
GBs with more nanovoids near the pillar surface resulted
in less cohesive strength and experienced more cracking.
Secondly, internal grains were confined by neighboring
grains and had less degree of freedom. As a consequence,
the surface grains exhibited a higher tendency to bow out-
wards, leading to a higher occurrence of cracks.53 Grains
in the less deformed region near the bottom half were
equiaxed, as shown in Figure 6C. It is worth noting that
the grains in the pilar interior are elongated in the heavily
deformed region near the pillar top, whereas they appear
more equiaxed near the pillar surface region, as shown in
Figure 6D,E. GB sliding accommodated by diffusion may
be prominent near the peripheral region with less dislo-
cation motion.58 The strain energy exerted on the pillar
surface can be accommodated by grain boundary sliding,
primarily due to the absence of neighboring grains con-
fining the sliding process. Consequently, before reaching
the stress level required for dislocation motion, the strain
energy is effectively released through the sliding mecha-
nism. The local grain separation induced byGB sliding and
rotation could not be filled by mass transport at 740◦C for
Al2O3. For the pillar interior, drastic dislocation activities
were observed in the KAM map, as shown in Figure 6E.
This finding proves that the dislocation glide and climb
contributed to the inelastic deformation, evidenced by the
elongated grains in the heavily deformed region. A simi-
lar phenomenon has been reported in ZnO systems.53,59,60
Most GNDs concentrated in the vicinity of cavities and
within elongated grains, indicating more GNDs formed
to impede the crack nucleation and adapt to the strain
gradient within the pillar.56
Figure 7A illustrates the evolution of critical strain for

crack nucleation in Al2O3 micropillars as a function of
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test temperature. The evident decrease of critical strain
from RT to 400◦C is mainly attributed to the transition
of the failure mode from transgranular to intergranular
cracking. With the decrease of GB cohesive strength at
elevated temperatures, intergranular cracks initiated at
lower strain compared to the transgranular ones. Mean-
while, below 400◦C, the KAM values are similar to the
ones in the undeformed region, implying the test tem-
perature is not sufficiently high to nucleate and activate
dislocations. Due to the absence of dislocation activity
at 400◦C, the limited deformability mainly arises from
the microcrack nucleation and crack deflection. In com-
parison, the KAM values increase drastically from 400
to 740◦C, indicating substantial dislocation activities at
such a temperature. Grain elongation was observed, and
the strain was accommodated by dislocation glide and
climb in pillars deformed at 740◦C. Previous studies on
bulk Al2O3 suggest the BDTT is 1350◦C.29,30 The current
study suggests that the BDTT for SPS Al2O3 has reduced
significantly to 740◦C subjected to uniaxial compression.
The prominent improvement in deformability arises from
several factors. First, the SPS Al2O3 contains preexisting
dislocations. The dislocations may become mobile during
deformation at elevated temperatures, and thus signifi-
cantly improve the plasticity of Al2O3 at 740◦C.61 Similar
phenomenon has been shown previously in flash-sintered
TiO2, where significant plasticity was carried by a high
density of preexisting defects during deformation.62 The
preexisting dislocations in FS TiO2 enable to skip the dis-
location nucleation process, the stress of which is typically
much greater than fracture stress, and thus promote plas-
ticity. It was also reported that FSAl2O3 with a high density
of preexisting defects could show an improved fracture
toughness at RT.5 Second, the submicron grain size has
enabled GB sliding at relatively low temperatures, and
thus enabling deformability.63 Third, there may also be
an extrinsic size effect arising from the pillar dimensions
with an increased surface-to-volume ratio.21 Previous stud-
ies conducted on Si or GaAs demonstrate a reduction of
BDTT as the pillar diameter decreased.32,64 Furthermore,
the current micropillars contain small nanopores, with
pore size on the order of tens of nm, and thus alleviate
GB cracking typically observed in conventionally sintered
Al2O3 with large GB voids in large grains. Figure 7B
compares flow stresses between polycrystalline and SC
Al2O3 under compression. When compressed along the
c-axis, SC Al2O3 exhibits prominent softening at higher
test temperatures compared to the insensitive variation of
flow stress when deformed along a-axis orientation. All
SC Al2O3 exhibited limited strength (< 2 GPa) at 600–
800◦C. In comparison, the flow stress of SPS Al2O3 retains
high strength (above 2 GPa) at 740◦C, indicating that SPS
Al2O3 remains strong at high test temperatures, a trib-

ute necessary for high-temperature structural applications.
Furthermore, as shown in Figure 7C, the maximum strain
in SPS Al2O3 appears to be much greater than all other
data sets for Al2O3 reported in the literature. The com-
binations of high flow stress and substantial plasticity
in SPS Al2O3 enabled by small grain size, dislocations
and grain boundary sliding, may bring more structural
applications for fine-grained ceramics with preexisting
dislocations.

5 CONCLUSION

The temperature-dependent study of SPS Al2O3 was per-
formed by in situ micropillar compression technique at
elevated temperatures up to 740◦C. At RT, the SPS Al2O3
displayed a brittle failure, characterized by mixed trans-
granular and intergranular cracking. As the temperature
increased to 400◦C, a significant strength reduction to
3 GPa was observed, accompanied by a transition to the
intergranular cracking mode. Surprisingly, a brittle-to-
ductile transition fracture mode was evident at 740◦C,
occurring at a much lower temperature than the reported
1300◦C in conventionally prepared polycrystalline Al2O3.
The enhanced deformability results from the dislocation
activity with grain boundary sliding. This study provides
insights into the deformation mechanisms of SPS Al2O3
under uniaxial compression under elevated temperatures
at the microscale.
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