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Abstract

We report the mechanical behavior and deformation mechanisms in sapphire (Al2O3) studied using �1 mm diameter micro-pillar compression
experiments performed in situ in a scanning electron microscope (SEM) at room temperature. Four crystallographic orientations: 〈10 –10〉, 〈1 –

210〉, 〈0001〉 and 〈�1012〉 corresponding to M, A, C and R planes respectively, were studied. The residual deformations of the four planes were
analyzed using Schmid law and geometric observations. Several deformation mechanisms such as cracking and plasticity were observed in our
tests, and their probability of occurrence were strongly orientation dependent. Thus, for the same pillar size, pillars oriented along 〈1 �210〉 are
more prone to deform plastically than those 〈10 –10〉 oriented. For pillars exhibiting plasticity, the resolved shear stress achieved just before the
load drop was close to one thirtieth of the shear modulus and was consistent with heterogeneous nucleation mechanisms.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Sapphire (Al2O3) is the second hardest material known (after
diamond) and it has many industrial applications such as
windows glasses and microelectronics in harsh environment,
missiles domes or even transparent armors [1]. Mechanical
properties and plasticity of sapphire has been extensively
studied since the 70's [2–9] particularly at high temperature
[10–18]. Sapphire has a hexagonal compact structure [17,19]
where the length a of the basal hexagon is reported to be
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4.75 Å and the height c of the unit lattice is 12.97 Å, leading to
a high aspect ratio (c/a) equal to 2.73 [20].
Sapphire is known to exhibit 8 slip planes leading to 17 slip

systems (see the review in [18]), while other systems with
dissociated dislocations have also been reported [10,15–
17,21]. The most common reported slipping planes are (with
mineralogical symbol): {0001} C, {10 –10} M, {11 –20} A,
{01 –12} R and {10 �11} r [3,4,6,8,19]. Previous studies
have shown the basal or C slip to be the dominant slip system
for high temperature experiments [10,15,17,18]; however at
room temperature C slip is difficult to observe [9]. In addition
sapphire crystal exhibits a significantly higher strength when
deforming parallel to the [0001] direction and is not able to
deform plastically. Several authors linked this to crystal-
lographic properties, i.e., when C is the compression plane,
slip systems in C, A and M planes present a Schmid factor
equal to zero, thus a lot of systems are unable to help the
deformation [8,22]. Nanoindentation studies have also shown
that fracture and twinning are the main mechanisms respon-
sible for deformation at room temperature. Two types of
twinning systems are typically reported in sapphire: basal (C)
and rhombohedral (R) twinning [10,16].
ghts reserved.
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The deformation mechanisms in sapphire have been tradi-
tionally difficult to examine due to its relatively high strength
and its brittle nature. The advent of micro-mechanical testing
over the last two decades, such as nanoindentation experiments
[10,16], have helped to alleviate this problem since a lower load
is required to deform the micron-sized volumes in these tests.
Micro-pillar compression tests are particularly advantageous in
this respect since they can be used to induce a brittle-to-ductile
transition in the material response by controlling the volume of
the interrogated material [23–31]. More recently, the technique
has been applied to gain new insights into the onset of
deformation mechanisms in brittle materials using in situ Raman
spectroscopy [32,33]. Micro compressions of metals show an
increasing yield strength as the pillar size is decreased [25–27].
Several authors have associated the increase in yield strength in
these experiments to the lack of dislocation sources (similar to
what has been reported for whisker deformation [34–36])
suggesting that the deformation is controlled by dislocation
nucleation. Other researchers such as Greer and Nix [28,29]
have proposed a model for “dislocation starvation hardening”
for gold micropillar compressions. In this model, stress induced
by the contact of the flat punch push out preexisting dislocations
from the pillar and leaves a dislocation-free crystal able to
support higher stresses. Nevertheless, the yield strength never
reaches the so called theoretical shear stress set to G/10 (with G
the shear modulus) but a lower value closer to G/30. Bei et al.
[37] linked the inability to reach the theoretical shear stress to
the use of focused ion beam (FIB) which is the most common
technique for pillar fabrication. These authors showed that
defects induced by FIB milling in Mo-alloy pillar help to
decrease the stress for dislocation nucleation, and this effect is
more visible as the pillar size decreases. The nature of these
defects could be point defects, amorphization or even disloca-
tions [38–40]. Moreover, previous studies in semi-conductors
have reported that nucleation from surface causes a decrease in
the critical stress [41]. It is then obvious that in reduced
structures, such as micropillars, the surfaces have a predominant
influence. Bei et al. [42] applied the work of Beltz et al. [43] to
the compression of micropillars and attributed the “low” yield
stress (as compared to the theoretical shear stress) to the fraction
of the dislocation loop generated. That is, during compression of
micro-pillars, dislocations are nucleated from the surface and
thus a half or a quarter loop is nucleated instead of a full loop as
in other test modes such as nanoindentation. They estimated that
the critical shear stress is reduced by a factor of two and three
for a half and a quarter dislocation loop, respectively.

As mentioned earlier, micro-pillar compression experiments
offer the opportunity to study some interesting size effects, in
particular the brittle to ductile transition temperature (BDTT).
Recent works in brittle materials such as silicon [44] or
gallium arsenide [31] show a lowering of the BDTT when
the diameter of the pillar is reduced. For a diameter lower than
a critical value, pillars show a ductile behavior with consider-
able dislocation activity. On the other hand, for pillars with
diameters greater than the critical value the deformation is
mainly governed by crack nucleation and propagation.
Unlike other micro-mechanical testing geometries (such as
nanoindentation), the stress state in micropillar compressions is
mostly uniaxial, which allows the determination of the resolved
shear stress (RSS) acting on slip planes using the Schmid's factor
analysis [45,46]. However as the pillar size decreases so does the
probability of the presence of dislocation sources within the pillar
volume. Ng and Ngan [47] proposed a numerical model to study
the correlation between the operative slip system and the Schmid
factor in face centered cubic structures. They showed a competition
between the mechanisms of dislocations glide and nucleation,
always in favor of the glide. Consequently the active slip system is
firstly one with preexisting dislocation and then the one with the
highest Schmid factor.
Although the mechanical properties of bulk sapphire have been

studied extensively [2–9], its mechanical behavior at the micron
and sub-micron length scales have generally been restricted to
nanoindentation experiments [10,16]. To our knowledge no
observations of compression of micron-sized sapphire pillars at
room temperature have been reported. Here we present the results
of our investigations on the different deformation modes of four
common orientations in sapphire, namely the {0001} C,
{10 �10} M, {11 �20} A, and {01 �12} R planes, at room
temperature using micro-pillar compression experiments. By
decreasing the pillar sizes to �1 mm diameter we are able to
study the plastic behavior of this normally brittle material under
compression.

2. Experimental procedure

2.1. Sample preparation and compression

Sapphire single crystals of 4 different orientations, namely
the {0001} C, {10 �10} M, {11 �20} A, and {01 �12} R
planes, grown by the Kyropoulos method were investigated.
The samples were in the form of discs of 3 cm diameter and
3 mm thickness with both sides polished. At least 5 micro-
pillars were fabricated using the focused ion beam technique
(FIB SEM Lyra from Tescan, Czech Republic) in each of the 4
samples. For all 4 crystal orientations the fabricated micro-
pillars were about 3 mm in height with a diameter of 1 mm, or
an aspect ratio of about 1:3. Due to the limitations of the
fabrication technique the pillars were not perfect cylinders, i.e.
the outer walls were not perfectly parallel to the pillar axis.
This taper angle was measured to be around 41, making the
uniaxial stress state in the pillars inhomogeneous.
The sapphire micro-pillars were compressed inside a custom-

built indenter [33,48] using a 5 mm diameter flat punch indenter
tip. Experiments were been performed in situ under a Zeiss
DSM962 scanning electron microscope (SEM) (Oberkochen,
Germany). The in-situ technique allows proper alignment of each
individual pillar under the flat punch. The compression tests were
performed at a 1 nm/s displacement rate, and the force and
displacement values were continuously recorded. A typical stress-
displacement curve is shown in Fig. 1. The study is focused on
the stress analysis of the pillars, thus displacement has not been
converted into strain. Furthermore the exact procedure for the
conversion of displacement to strain in micro-pillar compressions
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is still subject to debate [49]. The tests were continuously
monitored inside the SEM and pillar images were taken both
before and after compression. The active slip systems were
determined using crystallographic and geometric considerations
with the help of the Schmid's law. We assumed the origin of
dislocations to be at the upper part of the slip step (where the
smaller size of the pillar cross-section results in a higher uniaxial
stress). We also assume that the justification of the Schmid's law
breakdown by Ng and Ngan [47] cannot be considered here due
to the very low density of pre-existing dislocations [50].

The crystal orientations were determined using electron back
scattered diffraction (EBSD) obtained using a Zeiss DSM 962
scanning electron microscope (SEM). These orientations are
represented on the SEM images by a white 2D projection of the
hexagonal lattice.

2.2. Stress analysis

Assuming uniaxial compression, the stress acting on a slip
system can be resolved using the Schmid factor m [45,46]

m ¼ cosφ cos λ ð1Þ
Where φ and λ are angles between the loading axis and the slip
plane normal, and between the load axis and the slip direction,
Fig. 1. Typical uniaxial stress – displacement curve on sapphire. The load drop
(ld) is indicated by an arrow.

Fig. 2. Pillar after compression on M plane, (a) top view SEM image with a symboli
in inset, the slip direction is indicated by continuous white arrows and (b) schematic
respectively. Thus, the resolved shear stress τRSS acting on the
entire plane is given by

τRSS ¼ mp ð2Þ
Where p is the uniaxial stress, defined as the ratio between the
force and the contact area. The shear modulus was set to
157 GPa [51] for all orientations in order to simplify the
analysis.

3. Observations and discussions

Micro-pillar compression tests were performed on the C, R,
A and M orientations of sapphire and a typical stress –

displacement curve is shown in Fig. 1. The stress reported
here corresponds to the uniaxial stress calculated using the
diameter of the pillar-top, since the stresses are highest at this
point due to the taper in the pillars. The loading curves
typically exhibited a load (stress) drop, marking the transition
from reversible to irreversible deformation, usually associated
with dislocation activity. When pillars are unloaded before any
load-drop, loading and unloading curves are perfectly super-
imposed and no residual deformation (steps, cracks, etc.) was
observed. The load (stress) drop is thus a good benchmark to
indicate the start of irreversible deformation. It is marked by an
arrow on the stress-displacement curve shown in Fig. 1.
The value for the critical stress calculations was taken from
the first load drop, corresponding to Fld on Fig. 1.
We observed two different deformation behaviors in the

sapphire micro-pillars. In one case SEM images revealed cracks
to be present in the deformed pillars, whereas in the second case
the pillars presented clear and well defined glide planes as indicated
by a distinct line on the pillar surface (for example see Fig. 2).
Furthermore in the latter case, the uniaxial stresses at the load drop
(Fld) were greater; these values were also highly consistent over
multiple tests unlike in the first case where a larger spread was
observed. These observations lead us to believe that the deforma-
tion behavior is governed by plasticity in the latter case and not by
fracture based on a statistical distribution of preexisting flaws (as in
the former case). In the following analysis, we concentrate our
efforts on the data obtained from pillars exhibiting exclusively the
characteristics of the latter group. The results of our analysis are
summarized in Table 1.
zed plane view of the hexagonal lattice; a profile view rotated from 901 is given
3D view of the hexagonal lattice with crystallographic planes and orientations.



Table 1
Uniaxial stress observed at load stress drop for each orientations, with
corresponding slip systems and resolved shear stress (RSS), average values
of uniaxial stress and RSS are obtained from n experimental values (ductile
deformation).

Compression
plane

Uniaxial stress
(GPa)

Active slip system RSS
(GPa)

n N

M 13.6 {1 �102}1/3〈1101〉 6.1 2 6
A 11.1 {1 �101}1/3

〈01 �11〉
4.3 3 4

C 23.7 {01 �12}1/3
〈0 �111〉

10.7 4 8

M 13 – – 3 4

N is the total number of pillar deformed (brittle and ductile deformation). RSS
values were calculated from the uniaxial stresses using Eq. (2).
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3.1. Compression on M plane

The average uniaxial stress at the load-drop during compression
on the M face was measured to be 13.6 GPa (average of 2 tests).
Fig. 2 shows the SEM image of a pillar after compression along
the [1 �100] direction. Fig. 2a shows the top SEM view of the
compressed pillar; the schematic in the upper right corner shows
the projected plan view of the hexagonal lattice giving the
orientation of the crystal. The profile view in the inset shows the
intersection between the pillar's wall and the slip plane (circled).
Two planes are closely aligned to this feature: r and R. These two
planes lead to five different slip systems. With respect to the
Schmid factor analysis, two slip systems exhibited a null value.
The slip system {1 �102}1/3〈�1101〉 was found to have the
highest value, equal to 0.45. Furthermore the observed slip steps
are consistent with this system. The other two remaining systems
showed values 25% and 55% lower. This indicates that the
{1 �102}1/3〈�1101〉 is the prominent slip system for this
orientation. Note that this slip plane corresponds to the R plane
of sapphire and Fig. 2b shows the schematic 3D view of the
hexagonal lattice showing slip plane and direction. Slip direction is
also pointed out by the white arrow on SEM images. Finally, the
resolved shear stress acting in this system (Eq. (2)) was calculated
to be about 6.1 GPa.

3.2. Compression on A plane

The average uniaxial stress at the load drop for compression
on the A plane was 11.1 GPa. Fig. 3 shows a pillar after
compression parallel to the A plane [2 �1 �10]. Slip steps are
clearly visible in Fig. 3a (dashed black arrows). We focus our
attention on the slip step produced on the top of the pillar.
Physically, this line is the intersection between the compres-
sion plane A, and the slip plane. For clarity, this line has been
highlighted by a white dashed line on Fig. 3a. The angle
measured between this slip line and the c axis of the hexagonal
lattice is 351. The only plane that is able to produce this angle
when intersecting the A plane, is the r plane (1 –101).
The intersection between both A and r planes is the line
[01 �11] which made an angle of 331 with the [0001] axis.
In the r plane two systems are possible, but in the present
configuration only the system {1 –101}1/3〈01 –11〉, presenting
a Schmid factor equal to 0.38, is consistent with experimental
observations. We note that another slip system (in the M plane)
present a higher Schmid factor of 0.43. But the M plane is
unable to produce this kind of slip step with the A plane. In
addition the Schmid factor of the active system is only 10%
lower than that of the M plane and hence adherence to the
Schmid's law can be explained by experimental uncertainties.
Finally, the resolved shear stress (calculated using Eq. (2))
acting on {1 –101}1/3〈01 –11〉 is 4.3 GPa (averaged over 3
values).

3.3. Compression on C plane

Micro-pillar compressions on the C plane led to an averaged
uniaxial stress at the load drop of about 23.7 GPa. Fig. 4a shows a
pillar compressed on the C orientation. The slip plane {01 –12}
was determined using geometric observations. The profile view in
Fig. 4b clearly shows a big translation of the top of pillar,
resulting in a large step. The white arrows in Fig. 4a and b
represent the projection of the slip direction on the C plane. In the
{01 –12} slip plane, the only direction which gave a perpendi-
cular projection to a side of the basal hexagon was the 〈0 –111〉
direction. Thus the slip system activated here was the {01 –12}1/
3〈0 –111〉as schematically represented in Fig. 4 c. The Schmid's
factor for this slip system is 0.45 (from Eq. (1)), it is one of the
very few to be non-zero and is the highest value for this
orientation. The resolved shear stress acting on this slip system
was calculated to be 10.7 GPa (averaged value on 4 tests).
Nanoindentation experiments on (0001) Al2O3 of Mao et al. [2]
showed another preferred operative slip system (same plane but
with a different slip directions): {01 –12}1/3〈�2021〉. But from
the observations made here it is clear that the shear direction
reported by Mao et al. [2] is not compatible with the experimental
observations of Fig. 4a.

3.4. Compression on R plane

Fig. 5 presents the results of compression tests on the R
plane. The uniaxial stress at the load drop is about 13 GPa
(average of 3 tests). The residual deformation observed at the
bottom of the pillar in Fig. 5a looks different from the other
three orientations described above. Instead of a sharp line the
pillar exhibits a “stair shaped” surface. Nevertheless the
deformation was identified to take place in the A planes. But
we found no slip direction consistent with a glide in A plane
that can explain the profile of the deformation. In addition
these mechanisms mainly took place at the bottom of pillars
(2 of them) and could be probably linked to the interaction
between the pillar and the substrate below.
In addition, a clear line is observed in the SEM image in

Fig. 5b which has the appearance of a slip step. Two points
need to be noted here: first, the deformation seems to take
place in the same plane as in the pillar bottom; and second,
crack formation was observed at the intersection of this slip
plane with the top of the pillar. A closer observation of the



Fig. 3. Pillar after compression on A plane, (a) top view SEM image with a symbolized plane view of the hexagonal lattice, the intersection of the slip plane and the
surface A is marked by the white dashed line, the slip direction is indicated by continuous white arrow and (b) symbolized 3D view of the hexagonal lattice.

Fig. 4. Two pillars after compression on C plane, (a) and (b) top view SEM image with a symbolized plane view of the hexagonal lattice, and profile SEM view, the
slip direction is indicated by continuous white arrows. The slip step is clearly visible in (a) whereas the slip direction is more observable in (b) and c) symbolized 3D
view of the hexagonal lattice.

Fig. 5. SEM images of pillars after compression on the R plane, (a) top and two profiles views showing an unidentified mechanism of deformation whose width is
highlighted by two double orange arrows and (b) top and profiles views showing a second pillar with slip marked by bold dashed arrows, the corresponding slip step
is melting with a crack in the [2 �1 �10] direction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

A. Montagne et al. / Ceramics International 40 (2014) 2083–2090 2087
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SEM image in Fig. 5b shows the slip step to be continuous on
both sides of the crack. This is highlighted by two bold dashed
black arrows. This might suggest that in this particular case a
crack may have been nucleated after the nucleation and
propagation of dislocations. We also note a light “stair shaped”
deformation along with crack formation in the upper part of the
pillar in Fig. 5b. Everything taken together, this orientation
shows multiple deformation mechanisms belonging to different
origins, and the sequence of events happening under compres-
sion is not clear. Thus it is difficult to conclude in terms of a
preferential mechanism for this case.

4. Discussion

This work reports a systematic study of the deformation modes
under uniaxial compression on four different crystallographic
orientations in sapphire. Sapphire is a ceramic exhibiting a wide
variety of deformation mechanisms including cracks, twinning,
and dislocations. When macroscopic samples of sapphire are
deformed at room temperature, the dominating mechanisms are
crack formations and propagation, as is the general characteristics
of majority of brittle materials. However, as the temperature of
deformation is increased beyond the brittle–ductile transition
temperature (BDTT) the brittle material becomes ductile and
exhibits plasticity. Other than temperature, several different
solutions exist to lower the BDTT, such as applying an external
confinement field (gas pressure, etc.) or an internal elastic field
(nanoindentation). Recent studies have also shown that reducing
the size of the sample can also lower the BDTT, as shown
previously for 300 nm diameter pillars of silicon which are able to
deform plastically at room temperature [44]. This demonstrates the
usefulness of micro-pillars for the study of the plasticity at room
temperature without applying pressure to prevent fracture. More-
over micro-pillar testing also allows in-situ observations in the
SEM during the experiments thus enabling simultaneous correla-
tions between the evolution of the deformation behavior and their
corresponding stress–strain response.

Mechanisms of plasticity at these length scales are still
under debate, and researchers have speculated about the
competition between dislocation activation and nucleation.
Furthermore the role of surface-dominated mechanisms is still
not completely understood. The theoretical elastic limit of
G/10 has been commonly reported as a benchmark for
dislocation nucleation. When dislocation activity is reported
at a lower stress, dislocation nucleation from a source of
dislocation glide is generally invoked.

In this work we analyze the influence of crystal orientation
on the deformation mechanisms in sapphire. All orientations
exhibit a competition between crack formation vs. dislocation
activity. Focusing on tests which present evidence of clear
plastic deformation, compressions on M and A planes show
that the resolved shear stress (RSS) reached just before the
load drop is around 5 GPa corresponding to a value close to
G/30. Three possible assumptions can therefore be made. (i) It
could be expected that the stress induced by the contact of the
flat punch simply moved the preexisting dislocations already
present in the pillar. Knowing that a full Burgers vector is
approximately 0.5 nm [18] in sapphire and that the residual
deformation can reach several nanometers (for example see
Fig. 5b), the necessary number of pre-existing dislocations in
the same plane is thus very large (from tens to several
hundreds) and therefore improbable. (ii) A second hypothesis
is the activation of a dislocation source. We consider now the
probability of initiating plastic deformation in a pillar; for the
M orientation 6 pillars were deformed and 2 of them exhibit
plasticity, which gives a probability of 0.3. The 4 remaining
pillars show cracks prior to measurable plastic deformation.
With the same approach probabilities of initiating plastic
deformation are 0.8 and 0.5, for the A and C orientations
respectively. According to the work of Perner et al. [50], the
dislocation density in sapphire grown by the Kyropoulos
method is lower than 10�4 cm�2. This range of dislocation
density leads to one dislocation every 10.000 pillars. Conse-
quently, there is a great mismatch between the probability of
initiating plasticity vs. the availability of possible dislocation
sources (i.e. the presence of dislocations plus a configuration in
which these dislocations can act as a source). So it can be
concluded that pillars are initially dislocation free and have no
other way to deform plastically than involving dislocation
nucleation. (iii) Accordingly the third hypothesis is that
dislocations were nucleated by the stress field of the punch.
The low critical stress exhibited by the pillars (which is
significantly lower than G/10) could be explained by the
(tapered) geometry and the size of objects and/or by topo-
graphic irregularities created by the ion beam milling. It is
known that during FIB milling pillars are also subjected to ion
implantation and defect nucleation [37,38,52]. We used Stop-
ping and Range of Ions in Matter (SRIM, [53]), based on
Monte-Carlo simulations, to get an estimate of damages
induced by the FIB milling. Parameters used for the simula-
tions were 20 and 50 eV for displacement energy of alumi-
num and oxygen atoms respectively [54] and a density of
3.98 g cm�3 [19]. Crystallography was not taken into account
and atoms were randomly distributed. Our results show a
20 nm implanted layer thickness with a high concentration of
vacancies surrounding the entire pillar. This suggests that the
strong vacancies gradients, implantation and topographic
defects may concentrate stress and help in nucleating disloca-
tions, thereby resulting in a lower critical stress. Moreover it
has been proposed that, unlike in nanoindentation where full
dislocation loops are nucleated which require a higher stress,
only partial dislocation loops are nucleated in micro-pillar
deformations, and thus a lower stress level may be sufficient
[42]. Thus, according to the above arguments, we believe
heterogeneous nucleation to be the probable cause for initiation
of plasticity in sapphire micro-pillar deformation.
We hypothesize that since all pillars have the same dimensions

of 1 mm diameter, but not the same probability to deform
plastically, the brittle–ductile transition in sapphire is probably
orientation dependent. It can be assumed that reducing the size of
the pillar will increase the probability of plastic deformation for
all orientations and in particular for compression on the M plane.
As expected compression along the 〈0001〉 direction exhibits

the highest strength [8,22]. Surprisingly, cracks were expected
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but under compression some pillars exhibited only plastic
deformation without any brittle behavior.

Contrary to Schmid's law, active slip systems were not
always those with the highest Schmid factor. Following the
results of Ng and Ngan [47], Schmid law is only valuable
when all slip systems contain mobile dislocations. As dis-
cussed above, in our work plasticity mechanisms are governed
by nucleation and not by glide. Thus one might expect the
nucleation stresses to be different from one system to the next,
leading to the activation of low Schmid factor system with a
low critical nucleation stress.

While the work presented here is a first report on the
deformation behavior of sapphire under micro-compression,
future endeavors will focus more on the study of BDTT in
sapphire as a function of temperature (high temperature micro-
compression experiments) coupled with systematic TEM
observations.

5. Summary and conclusions

We investigated the deformation behavior of micro-pillars of
sapphire of 4 different crystallographic orientations. Our
results show that compressions in micron-sized pillars of
sapphire (�1 mm diameter) can induce plastic behavior in
this brittle material. Especially significant is the plasticity
exhibited by the C plane in sapphire which is strongest
orientation in a hexagonal crystal and has the lowest number
of available slip systems. The brittle-to-ductile transition was
also found to be orientation dependent; thus for some orienta-
tions in sapphire the 1 mm diameter of the pillars remained too
large for an exclusive deformation by dislocation activity. Post
deformation SEM imaging of the pillars exhibiting plasticity
revealed typical deformation by slip. When plastic deformation
occurred the slip system was submitted to a stress three times
lower than the theoretical shear stress level and is close to
G/30. Our analysis shows that plasticity in sapphire pillars is
probably nucleation dominated (more precisely heterogeneous
nucleation), resulting in a relatively lower stress level required
for their activation as compared to their theoretical shear
strength.
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