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Abstract

A systematic study of the mechanical deformation and failure of transparent ceramic aluminum oxynitride (AlON) has been con-
ducted using a depth-sensitive nanoindentation technique combined with transmission electron microscopy (TEM) and Raman spectros-
copy. Although discrete displacement bursts appear in the load–depth profiles at high applied forces, a detectable high-pressure phase
transition has not been found by means of micro-Raman spectroscopy and TEM. Instead, a high density of dissociated h1 1 0i disloca-
tions can be observed underneath the nanoindenters, suggesting that extensive plastic deformation takes place in the brittle ceramic at
high contact pressures. Moreover, nanoindentation-induced micro-cracks oriented along well-defined crystallographic planes can also be
observed, consistent with the low fracture toughness of AlON evaluated by an indentation method using Laugier’s equation.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Aluminum oxynitride (AlON) spinel ceramic can be
used for a wide range of engineering applications because
of its outstanding mechanical properties, low specific grav-
ity, and broad electromagnetic transparency [1–3]. There is
considerable interest in the use of AlON as a transparent
armor ceramic against high impact pressures [4]. Shock
loading and Kolsky-bar experiments suggest that the
mechanical response of AlON under dynamic loading
and high pressures involves detectable inelastic deforma-
tion that may result from dislocation plasticity, twinning
or pressured-induced solid-state phase transitions [5–8].
Nevertheless, the underlying micro-mechanisms responsi-

ble for the nonlinear phenomenon have not been fully
understood to date.

It has long been supposed that ceramic plasticity may
play an important role in the impact performance of the
brittle materials [9–11]. Recently, a number of new experi-
mental and theoretical studies have provided compelling
arguments that the dynamic yielding and failure of high
performance ceramics directly relate to the variety of
inelastic deformation mechanisms by dislocation plasticity
and twinning [5,12–14]. However, direct characterization of
the ceramic plasticity is rather difficult since their brittle
nature leads to fragmentation that may mix the plastic
deformation with other inelastic behaviors, such as
micro-cracking and stress-induced phase transitions
[9,10,12–15]. Post-mortem characterization of recovered
fragments frequently gives rise to controversial conclu-
sions, mainly because of the unknown and uncontrollable
loading experience of individual ceramic debris produced
by dynamic tests. In view of the complicacy of the underly-
ing micro-mechanisms of the actual deformation and
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damage of brittle ceramics at high pressures, indentation
techniques that can produce self-confining stresses and
high contact pressures underneath indenters can be
employed to investigate the deformation and failure of
brittle ceramics. The relationship between hardness and
applied forces has been suggested as an important index of
ceramic brittleness and plasticity [11,16]. In the present
study, a technique of depth-sensitive nanoindentation com-
bined with micro-Raman spectroscopy and transmission
electron microscopy (TEM) is used to characterize the defor-
mation and failure of AlON. Nanoindentation has been
established as a powerful technique to characterize mechan-
ical properties (hardness and elastic modulus) and fracture
toughness at small scales, such as individual crystallites
and grains, and the variation of these properties with pene-
tration depth by analyzing load–depth profiles [17–20].
Moreover, the unusual changes in nanoindentation load–
depth profiles have been widely recognized as the indicators
of structural phase changes that occur within indented mate-
rials during the tests. This application has even greater
importance in experimental studies of material physics under
high pressures. For example, the emergence of dislocation
slip or twinning in Al2O3, SiC and ZnO [21–24] and the
high-pressure phase transformations in Si and Ge [25,26] in
nanoindentation tests can result in discontinuities in load–
depth profiles of these materials. With complementary
micro-Raman spectroscopy, pressure-induced structural
changes such as a solid-state phase transformation [27] or
amorphization [28] can be readily ascertained.

In this study, the plastic deformation and failure of
AlON have been investigated by nanoindentation with a
Berkovichi indenter. Post-mortem Raman spectroscopy is
performed to identify the potential structural phase transi-
tions. Cross-sectional TEM specimens prepared by focused
ion beam (FIB) milling are characterized to investigate the
microstructural changes beneath the nanoindentation.

2. Experimental

The investigated AlON material with a nominal composi-
tion of Al23O27N5 (35.7 mol.% AlN and 64.3 mol.% Al2O3)
was procured from Surmet Corporation (Burlington, MA).
For microstructure characterization and nanoindentation
tests, the sample surfaces of AlON were mechanically pol-
ished to a mirror finish and followed by thermal etching in
flowing nitrogen atmosphere at 1200 �C for 30 min. Nanoin-
dentation experiments were performed using a dynamic
micro-hardness tester (Shimadzu W201S) equipped with a
Berkovich diamond indenter at maximum loads ranging
from 25 to 700 mN. Post-indentation examination was per-
formed using a micro-Raman spectrometer (Renishaw
1000, UK) with an argon ion laser source (excitation wave-
length of 514.5 nm). The high-point of the laser spot is as
small as about 1 lm. The cross-sectional TEM specimens
of the deformed AlON samples were prepared by the lift-
out technique using a multi-beam focused ion beam (FIB)
system (JEOL, JIB-4600F). A low dose of Ga ion beam

was adopted in the final cutting process to minimize surface
damage. The microstructures of the as-prepared and
deformed samples were characterized with a JEOL JEM-
2100F transmission electron microscope operated at
200 kV and a scanning electron microscope (SEM).

3. Results and discussion

3.1. Microstructural characterization of as-received AlON

Fig. 1 shows a SEM micrograph of the as-received AlON
that has large grain sizes ranging from 150 to 200 lm. Sec-
ondary phases at grain boundaries and triple-junction points
cannot be found by careful SEM characterization. However,
micrometer-sized voids can occasionally be seen. Quantita-
tive chemical analysis by SEM energy dispersive spectros-
copy (EDS) was conducted to measure the chemical
composition of the as-received sample. During the measure-
ments, standard Al2O3 and AlN samples were used as the ref-
erences and the average composition of the AlON was
determined to be 9.1 at.% N, 49.1 at.% O and 41.8 at.% Al,
which closely agrees with the nominal composition (Table 1).

TEM specimens were prepared with the FIB system. The
sample shown in Fig. 2a is intentionally cut from a region
across a grain boundary. Dislocations are rarely observed
in the sample and twins cannot be found. High-resolution
electron microscopy (HREM) was employed to characterize
the atomic structure of the grain boundary (Fig. 2a). The lat-
tice image shows that the grain boundary has a high mis-
match angle. A very thin amorphous layer (2–3 atomic
layers) along with a few crystallites can be found at the grain
boundary (Fig. 2b and c). The crystallites with a diameter of
�2 nm have a crystal structure and lattice constant that are
consistent with AlON. Chemical analysis by EDS also can-
not identify obvious composition difference between the
small crystals and AlON matrix. However, the crystal orien-
tations of the crystallites are different from those of the grains
at the two sides of the grain boundary. Moreover, the chem-
ical composition of the amorphous layer is also very close to
that of AlON. Thus, these interfacial phases are most likely
introduced by transient liquid phase sintering used in the
dense bulk sample fabrication. The liquid AlON at the inter-
face as sintering aid may not be fully reacted with the solid
AlON phase during sintering and the remaining liquid forms
the crystallites and amorphous phase at the grain boundary
during cooling. Similar to SEM observations, a few nano-
sized voids can be found from TEM micrographs. Fig. 2d
shows a void with diameter of �5 nm within a crystal of
AlON. It is interesting to note that the void has a hexagonal
shape projected from a h1 1 0i zone direction and the facets
of the voids are parallel to low-index {1 1 0} and {0 0 1}
planes.

3.2. Nanoindentation measurements

Micromechanical tests were carried out using nanoin-
dentation with maximum loads ranging from 25 to
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700 mN. Fig. 3a shows the typical nanoindentation load–
depth profiles of AlON using a Berkovich indenter. The
blue curve is the result of a small loading force (150 mN)
and the red one corresponds to a large loading force of
700 mN. It is evident that the load–depth profiles with
the maximum loads smaller than 200 nm are smooth dur-
ing the loading–unloading cycles and extensive plastic
deformation can take place underneath the Berkovich

Fig. 1. (a) SEM micrograph of AlON showing grain sizes in the range of 150–200 lm; and (b) corresponding quantitative EDS spectrum of AlON.

Table 1
Quantitative chemical analysis results of the as-received sample.

Measurement Nitrogen
(at.%)

Oxygen
(at.%)

Aluminum
(at.%)

NN/NO

#1 7.64 51.62 40.74 0.148
#2 7.71 51.63 40.66 0.149
#3 7.82 51.53 40.65 0.152
Nominal 9.1 49.1 41.8 0.185

Fig. 2. HREM images of as-received AlON: (a) image taken from a region containing a high-angle grain boundary; (b and c) the magnified micrographs
of area A and B in (a) showing a nano-sized AlON crystallites and amorphous layer in grain boundary; and (d) a void with diameter of �5 nm within a
crystal of the polycrystalline AlON.
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indenter without detectable cracking and phase transitions
that may contribute to the inelastic displacements. How-
ever, when the maximum loads are larger than 200 mN,
the load–depth profiles no longer keep smooth and discrete
displacement bursts (so-called pop-ins) can be observed
during loading. The inset of Fig. 3a is an enlarged portion
highlighting a pop-in. The hardness and Young’s modulus
of AlON show strong dependence on the applied load and
obviously decrease with increasing load and indent depth,
particularly in the low force range. This may be associated
with the size effect of the nanoindenter and the intrinsic
plasticity [4,29]. The relationship between hardness/modu-
lus and applied load is plotted in Fig. 3b. The hardness and
Young’s modulus at 200 mN without detectable pop-ins in
the load–depth curve are �24.6 GPa and 279.2 GPa,
respectively. On the other hand, the nanoindentation hard-
ness is slightly higher than the micro-hardness (16–22 GPa)
measured at high loading forces of above 1 N. The Young’s
modulus well consists with the literature data determined
by resonant ultrasound spectroscopy [4].

3.3. Raman spectroscope analysis

Since a pressure-induced solid-state phase transformation
of AlON from a spinel-type structure to a CaTi2O4-type

structure has been reported [8], the pop-in behavior in the
load–depth profile of nanoindentation experiments may
result from the first-order phase transitions that can cause
significant volume changes [27]. To characterize the possible
phase transition induced by nanoindentation, Raman
microscopy was employed to characterize the microstructure
of the indented regions. Fig. 4 shows Raman spectra
acquired from a pristine region as well as from an indented
region of AlON. The inserted SEM image shows the residual
indentation produced with the maximum force of 200 mN.
The dimension of the impression is�3 lm along the longest
direction, which is much larger than the 1 lm laser spot. A
laser power of�2 mW was adopted to avoid possible heating
effects and sample damage. As shown in the curve A of Fig. 4,
the Raman spectrum of cubic AlON is composed of a num-
ber of phonon modes at 304, 397, 626, 747, and 915 cm–1 in
the range of 200–1200 cm–1. The origins of these phonon
modes are not fully understood. Compared with the Raman
spectrum of the as-received AlON, the spectrum obtained
from the center of the residual impression shows almost iden-
tical Raman peaks. Disappearance of AlON Raman bands
and appearance of new bands cannot be found. Therefore,
dramatic structure change or phase transitions in AlON do
not seem to happen during the high-pressure nanoindenta-
tion experiment with the maximum contact pressure of
30 GPa. The only change that can be identified is that defor-
mation makes the Raman peaks broader compared to that of
the pristine one. Thus, deformation may lead to certain
structure disorder as well as residual stress and strain and
the pop-ins in the load–depth profiles of nanoindentation
are most likely from micro-cracking or dislocation plasticity
[24], but not from phase transitions.

3.4. Fracture toughness measurements

SEM characterization shows that micro-cracks appear
at the corners of the residual indentations when the loading
forces are larger than 200 mN, which coincides with the
appearance of the pop-in events in the force–depth profiles.
Thus, the discrete displacement bursts during nanoindenta-
tion experiments with large applied force are most likely
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caused by micro-cracking. Fig. 5 shows the representative
SEM micrographs of the residual indentations at the max-
imum loads of 200 mN, 300 mN, 450 mN, 700 mN, respec-
tively. The micro-cracks become more distinct along with
increased crack lengths at all three corners of the Berkovich
indentations and can be easily observed at high maximum
loads. However, the severe chipping or damage that usually
occurs in very brittle materials [30] has not been observed
in this study. Based on the crack length and the maximum
loads, the fracture toughness of AlON can be measured by
Berkovich nanoindentation using the following Eq. (1) [31]:

Kc ¼ xV
a
l

� �1=2 E
H

� �2=3 P
c3=2

ð1Þ

where P is the maximum indentation load, c is the crack
length, E is the Young’s modulus and H is the hardness.

vv was determined as 0.016 by Ouchterlony [32]. Values
of H and E in Eq. (1) can be determined directly from
the nanoindentation data using the method of Oliver and
Pharr [33]. The crack length c is measured from the inden-
tation center to the tip of the emanated cracks as shown in
Fig. 5e [34,35]. Since reliability of the measured fracture
toughness values depends on the crack lengths and Eq.
(1) works well only when cracks are shorter than 10 lm
[36], the maximum load used in this study is 700 mN and
at this force the crack length is less than 10 lm. A plot of
fracture toughness vs. applied load is presented in
Fig. 5e. In the low force range (200–400 mN), there is a
large scatter in the measured fracture toughness data be-
cause of the relatively large error in determining the lengths
of short cracks. When the applied forces are larger than
400 mN, the measured values are very consistent and fall

(e)
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Fig. 5. (a–d) Representative SEM micrographs of nanoindentations made with various loading forces. Cracks at the corners of the indented impression
can be observed. (e) Fracture toughness values as a function of applied forces. The shadow region represents the literature values. The insert is an SEM
image of a Berkovich indenter impression showing the determination of the geometric parameters used in Eq. (1) for the calculation of fracture toughness:
a is the “contact radius”, c is the crack length, and l is the crack length emanating from the indent corner.
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in a narrow range between 2.4 and 2.9 MPa m1/2, which is
in excellent agreement with the literature data [37].

Since the depth-sensitive nanoindentation has the capa-
bility to characterize mechanical properties at micrometer

scales, the variation of hardness, Young’s modulus and
fracture toughness in two neighboring grains was investi-
gated by multiple nanoindentation measurements at dif-
ferent load levels (Fig. 6). The measured hardness,
Young’s modulus and fracture toughness were averaged
and listed in Table 2. The grain B has higher hardness
(15.1%) and Young’s modulus (19.6%) than the grain A
whereas the soft grain A possesses higher fracture tough-
ness. Although the AlON has a symmetric cubic structure,
the obvious mechanical anisotropy may arise from the
directional chemical bonding and resultant elastic anisot-
ropy, which is intrinsically different from conventional
cubic metals.

3.5. Microstructural characterization of deformed AlON

To explore the underlying micro-mechanisms of the
deformation and failure of AlON, the indented samples
were subjected to TEM characterization. Cross-sectional
TEM specimens sliced from residual impressions were pre-
pared by a FIB system [38]. As illustrated in Fig. 7a–d, the
selected region is cut from an impression and the TEM foil,
formed by removing the surrounding matrix, has an orien-
tation perpendicular to one ridge of the impression. The
wedge-sharp sample is picked up by a tungsten micro-
probe and welded on to a copper grid. Finally, the sample
is further thinned to a thickness of �30–50 nm by a
low-energy ion beam with a small incidence angle. From
these samples, the deformation areas underneath the
impressions can be readily characterized by TEM. Fig. 8a
is a bright-field TEM micrograph of the deformed AlON
with the maximum load of 200 mN, in which high density

B
A 

Fig. 6. Optical micrograph of two neighboring grains with residual
indenters. Multiple indentation experiments with different load levels were
accomplished in the two grains and the average mechanical properties
were listed in Table 2.

Table 2
The mechanical properties of grain A and B in Fig. 6.

Grain A Grain B

E (GPa) 244.9 ± 4.01 288.3 ± 0.75
H (GPa) 2.74 ± 0.85 34.1 ± 1.31
Kc (MPa m1/2) 2.2 ± 0.10 1.5 ± 0.02

Fig. 7. Illustration of the typical procedure of cross-sectional TEM specimen preparation by FIB milling. (a) The selection of an imaging region from an
indented impression; (b) two big trenches on both sides of the selected region made by FIB cutting; (c) lift out method of the TEM foil using a W tip; and
(d) final thinning of the TEM foil by low-angle ion milling.
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dislocations can be observed. Occasionally, a few micro-
cracks can be found. A selected area electron diffraction
(SAED) pattern along a h0 1 1i zone direction suggests that
the deformed region underneath the indenter still holds the
cubic AlON structure and a phase transition or amorphiza-
tion cannot be seen. The arced diffraction spots in the
SAED pattern indicate heavy lattice distortion of the
deformed region, which may be associated with the high
density of defects. Slip trace analysis suggests that the slip
bands are approximately parallel to a {1 1 1} plane. The
dislocation density in this region is estimated to be
�2 � 1015 cm–2, elucidating that AlON experiences exten-
sive plastic deformation during nanoindentation at high

contact pressures and that the plastic deformation is
mainly carried out by dislocations. HREM characteriza-
tion reveals that the dislocations have a well-defined slip
system (Fig. 8b). Burgers vector analysis confirms they
are 1/2 h1 1 0i dislocations on {1 1 1} planes, similar to
ductile cubic metals. Moreover, the lattice images also
show that the dislocations dissociate into two partial dislo-
cations with a Burgers vector of 1/6 h2 1 1i along {1 1 1}
planes with a core width of �10 nm, suggesting AlON
has a low stacking fault energy for the formation of partial
dislocations and stacking faults at high pressures.

Fig. 8. (a) TEM image of the deformed area underneath the indenter.
Inserted SAED pattern is taken from the deformed area. (b) High-
resolution TEM image shows a disassociated dislocation on a {1 1 1}
plane.

(b) 

(020)

(220)

Fig. 9. (a) Bright-field TEM image of a TEM foil sliced from an indented
impression made by 450 mN applied force. Micro-cracks made by
indentation experiment can be observed, mixed with dislocations. (b)
High-resolution electron microscope image of the facet edges of the micro-
crack.
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3.6. Cleavage vs. plasticity

In addition to dislocations, well-developed micro-cracks
mixed with the slip bands can be readily observed in
deformed regions underneath the indenter when the
applied stresses are larger than 200 mN. Fig. 9a shows an
example in which micro-cracks can be observed in the sam-
ple loaded by a 450 mN force during the nanoindentation
experiment. In general, the micro-cracks have a sharp edge
faceting on {0 0 1}, {1 1 0} or {1 1 1} planes, for example
of Fig. 9b. Very few dislocations or stacking faults can
be observed in the vicinity of fracture surface, suggesting
that the failure of AlON is by cleavage along a low-energy
crystallographic plane. Thus, the inelastic behavior of
AlON during nanoindentation is quite complicated and
includes both effects of plastic deformation and micro-
cracking. Since AlON has a low fracture toughness of
�2.4–2.9 MPa m1/2, it is intrinsically a brittle material
and usually fails in a brittle manner without any plasticity
when loaded under a uniaxial condition at ambient temper-
ature. The extensive plastic deformation of AlON during
nanoindentation apparently results from the confined
stress state underneath the sharp pyramidal indenter,
which can significantly suppress the cleavage failure that
occurs at low stresses under uniaxial loading. Moreover,
the small deformation volumes underneath indenter, par-
ticularly at low loading forces, may also play an important
role in preventing the formation of micro-cracks. With the
suppression of cracking, the material can stand high stres-
ses that are above the critical value for the activation of dis-
locations. Since extensive plastic deformation takes place
prior to the cleavage failure, the formation of micro-cracks
may be associated with the dislocations. The intersection of
slip systems may result in dislocation reactions and pile-up
for the nucleation of micro-cracks [39], similar to the sce-
nario described by the Stroh model for metallic materials
[40].

4. Conclusions

Pressure-induced deformation and failure of a polycrys-
talline AlON ceramic have been systematically studied by
using nanoindentation, SEM, TEM and Raman spectros-
copy. The main results are summarized as follows:

(1) A detectable high-pressure phase transition of AlON
subjected to nanoindentation experiments has not
been observed by means of Raman microspectrosco-
py and TEM. The inelastic response during indenta-
tion mainly results from dislocation plasticity when
the applied forces are smaller than 200 mN.

(2) Cross-sectional TEM micrographs show a high
density of dislocations underneath indentations,
suggesting extensive plastic deformation takes place
at high pressures. The dislocations have been char-
acterized as dissociated h1 1 0i dislocations on
{1 1 1} planes.

(3) At high loading forces, obvious cracking can be
observed at the corners of residual impressions,
which leads to the discrete displacement bursts in
the load–depth curves of nanoindentation experi-
ments. TEM observations indicate that the fracture
facets of micro-cracks are along low-index crystallo-
graphic planes by cleavage.

(4) Fracture toughness was evaluated by measuring the
crack length using SEM. The low fracture toughness
of AlON (2.4–2.9 MPa m1/2) indicates that AlON is
an intrinsically brittle material. The extensive plastic
deformation underneath the indenter results from
the self-confining stress state and size effect of nano-
indentation that can dramatically suppress the forma-
tion and propagation of micro-cracks and thereby
enhance the plastic deformation of AlON.
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