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Strain rate effects and cyclic loading behavior, relevant for fatigue initiation processes, of single
crystalline a-Al2O3 nanoslab structures in vacuum have been characterized and compared under finite
temperature dynamic loading and incremental static loading conditions by reactive molecular dynamics
and ionic relaxation simulations, respectively. Different failure mechanisms for each loading case are
observed and compared in view of known applicable material failure mechanisms. In particular, structure
size effects along with unit cell and bulk defect distribution based mechanisms are considered. The
effects of lateral pre-strain are assessed. Conclusions are drawn regarding conditions which could lead
to low cycle failure of the material.

The results indicate that finite temperature and strain rate result in lower failure strains, as compared
to static relaxation calculations, however low strength enhancement of ductility with kinematic strain
hardening upon repeated loading may occur. We suggest that the latter facilitates a shakedown mechan-
ism. Positive pre-straining results in increased stress triaxiality (hydrostatic vs. equivalent stress), which
significantly reduces crack healing probability, due to single sharp crack propagation. Instead, volume
pre-relaxation results in multiple crack branching and/or amorphous band formation, which facilitates
crack healing and deformation induced transition to purely elastic response (shakedown) possibility.
Amorphization, which manifests as small strain plasticity enhancement, is found to occur ahead of
propagating cracks due to multiple dislocation mechanism as a low energy barrier partially reversible
low density phase transition, both at static and finite temperature/strain rate conditions. The observed
property changes and phase change related defect healing mechanisms have been investigated further
by bulk unit cell simulations and validated against DFT calculations.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The cyclic and static fatigue behavior of polycrystalline Al2O3 or
Al2O3 based ceramics has been studied experimentally and
analytically, considering strength and crack propagation rate
dependence on grain boundary content and air vs. water [1–3] or
inert vs. moist air [4] environment, as well as grain bridging shield-
ing degradation dependence on grain size and loading level [5–7].
The interface strengthening effects, along with splat cracking and
void coalescence development mechanisms, of Al2O3 coating appli-
cation, e.g., for steel substrates [8], have also been studied.
However, to the best of our knowledge, no atomistic fatigue studies
beyond unit cell a-Al2O3 calculations [9] have been done. Yet,
according to an experimental study [10], transgranular fracture,
which may be dominant for unstable fracture [3,10], constitutes
�30% of fatigue fracture surfaces. Moreover, since experimental
fatigue studies may not identify incipient atomistic failure
mechanisms of single a-Al2O3 crystals in cyclic loading, this
simulation study is intended as a contribution to the purpose. In
order to form a link with general characteristics of single- and
polycrystalline Al2O3 cracking, a brief overview of known phe-
nomena will be presented in the remainder of this section.

The experimental data on polycrystalline, in particular nanocrys-
talline, Al oxide crack propagation indicate that cracks primarily
propagate along grain boundaries [7,11]. In contrast, the brittleness
of bulk crystalline Al2O3 has been explored in context of density dis-
tribution and extent of surface relaxation during crack opening in a
DFT study [12]. Furthermore, the brittle vs. ductile deformation
behavior of the material beside temperature can be influenced by
deformation rate, grain size and the structure of the grain bound-
aries. In particular, the increase of deformation rate corresponds
to increase in brittle to ductile transition temperature (BDTT) [13],
whereas the presence of other elements, like Mg, may result in
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Table 1
a-Al2O3 elastic constants and fracture toughness values.

C11 + C12 (GPa) C13 (GPa) C33 (GPa) KIc (MPa m1/2) 0001f10 �10g KIc (MPa m1/2) 10 �10f0001g

DFT/experiment 660 [42]; 604.35 116 [42]; 109.12 500 [42]; 455.84 2.345 [43] 4.54 [44]
ReaxFF (AlOH_Oct2013) 781.33 344.04 506.16 2.413 4.528

config. ε Smin Al (GPa) Smax Al (GPa)
a 0.00 86.6 109.6
b 0.02 93.8 120.5
c 0.09 94.9 127.1
d 0.10 85.4 124.4

Fig. 1. Maximum normal virial stress [50] distribution for a ½10 �10� strained a-
Al2O3 slab (300 K).
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formation of amorphous grain boundary phases that have lower
melting temperatures than pure Al oxide. As a result, a transition
from ductile to brittle at high temperatures may occur [14]. The
grain size is found to be proportional to the slope of stress intensity
vs. crack length (R-curve behavior), which implies that the fracture
toughness of the material decreases with decreasing grain size
[13,15]. This particular material behavior is explained by the corre-
sponding reduction in crack path length surrounding the bridging
grains (grains in compression due to mismatch between elastic
and thermal properties of grains) and the mean value of residual
stresses [15]. Lower residual stresses imply reduction of friction
forces upon grain pullout from the embedding matrix. The residual
stress reduction, in turn, is attributed to stress relaxation due to
grain boundary diffusion, which is higher for smaller grains [16].
Likewise, the R-curve behavior may be significantly reduced by
addition of second phase particles, like ZrO2 or SiC, due to resultant
reduction in grain size [15].

For brittle transgranular fractures at room temperature fracture,
morphologies of even fracture surfaces, surfaces with step-terraces
and surfaces mainly composed by curved fracture have been iden-
tified [17]. Likewise, single sapphire crystal plates fatigue mechan-
ism has been studied phenomenologically, indicating loading
orientation dependent spatial perturbations along low energy
cleavage planes [18]. Beside transgranular fractures that occur
along the primary crack line along with intergranular fractures,
the crack-interface grain bridging [19], which may appear between
overlapping cracks, separated by several grain diameters, has been
identified as a mechanism for explaining the R-curve behavior of
the material under the assumption that no phase transformation
takes place. This behavior is found to correlate with the findings
of an acoustic emission study which attributes the propagation of
the primary crack at room temperature to two crack resistance
mechanisms which consist in coalescence of microcracks behind
the crack tip and energy dissipation in the flanks of the crack [20].

Crystalline to amorphous (CA) transformation due to overall
pressure has been reported for TiO2 [21] and Y2O3 [22], as well is
for hypervelocity impact deformations [23,24]. Specifically, amor-
phization in a-alumina under hypervelocity impact has been
observed in large-scale MD simulations [23], where the amorphous
regions are found to act as a source of dislocations. Instead, at the
interface between amorphous domains and crystalline phases
domains cracks are reported to initiate [23]. Likewise, amorphiza-
tion has been observed in mullite (3Al2O3–2SiO2) samples shocked
above the phase-transition pressure [24]. Alternatively, CA transi-
tion in elastic loading can be a sudden collapse of the lattice when
the crystal is brought to become mechanically unstable, e.g., due to
the loss of shear rigidity [25,26]. The latter, according to [26], is
valid for homogeneous processes of mechanical melting, which
can be observed at extremely high deformation rates, or upper lim-
it of superheating. Another deformation mechanism by amorphiza-
tion induced plasticity has been introduced in [27]. According to
this mechanism, nanoscale amorphization (NA) serves as a special
plastic shear deformation mode in initially crystalline Ni and Si
nanowires. For alumina such phenomenon could be partially
attributed to the observed reduction of yield strength and stiffness
in amorphous phases, which is related to lower density of the
amorphous phases [28]. Similarly, in [29] non-viscous, plastic
deformation behavior at low stress values (�360 MPa) in amor-
phous ZrO2–Al2O3 under compression has been attributed to the
low density of the amorphous phase [29]. In the latter case plas-
ticity onset is associated with a sharp yield drop and the formation
of localized shear bands throughout the sample [30]. In contrast, Al
nanowire amorphization has been explained by increased defect
concentration, presumably due to a large surface/volume ratio,
which results in reduction of plasticity due to necking type fracture
[30]. Subsequently, it is suggested that amorphization may serve as
a locally plastic, macroscopically brittle failure mechanism in
materials with large dislocation barriers, including ceramics [31].
2. Method

ð10 �10Þ slab structures with periodic dimensions of 15.23 �
0.488 nm in ½10 �10�=½�12 �10� directions, respectively, thickness of
15.25 nm and a rectangular ð10 �10Þ=½10 �10� surface notch were
considered in the study.

The Nose–Hoover thermo- and barostats, coupled with equa-
tions of motion in velocity Verlet formulation [32], were used for
the simulations. Single chain thermostat was used for the pressure
equilibration.

Both dynamic and static cyclic deformation in ½10 �10� direction
was simulated in order to evaluate finite temperature effects ver-
sus the static/low temperature case. For the dynamic simulation
a loading rate of 5e–6 fs�1 in 0.25% (0.5 ps) strain increments alter-
nating with 5 ps relaxation periods was applied. The corresponding
loading frequency was 1.9 ns�1. The constant size, pressure and
temperature ensemble (NPT) with the strained dimension kept
fixed, at 300 K with 100 fs damping, 0 Pa with 5000 fs damping



40 O. Verners et al. / Computational Materials Science 103 (2015) 38–44
and 1 thermostat chain on barostat, was used in the MD simula-
tions. The simulation step size was 0.2 fs. For the static simulations
0.25% strain increments with subsequent minimization were
applied. In addition to the 0 atm volume-minimized structure a

7% ½10 �10�=½�12 �10� pre-strained structure was simulated for
Fig. 3. Potential energy and tensile virial stress vs. strain for ½10 �10� strained a-Al2O3 slab

Table 2
1st and 2nd loading cycle failure strains, virial stresses and potential energies for
½1 0 �1 0� strained a-Al2O3 slabs.

T
(K)

e0 ef1 ef2 Sf1

(GPa)
Sf2

(GPa)
DEf1

(GJ/mol)
DEf2

(GJ/mol)

300 0 0.095 0.13 27.4 17.7 0.086 0.071
0 0.07 0.150 0.120 68.9 35.5 0.251 0.096
0 0 0.145 0.125 81.1 70.9 0.255 0.197
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Fig. 2. a-Al2O3 Al-terminated (0001) surface energy vs. slab thickness.
comparison. For static simulations the ½�12 �10� dimension was kept
fixed at its initial value. Thus plane stress conditions were obtained
for the dynamic simulation and mixed plane strain/plane stress
conditions in directions ½�12 �10�=½0001� for the static systems. For
all systems the tensile strain was increased up to a strain level after
fracture initiation, subsequently reduced to a compression level
within elastic response range and reloaded in tension up to a sec-
ond fracture initiation. For the volume-minimized static simula-
tion a second loading cycle was performed. For comparison
separate compression simulations from the initial state for all sys-
tems were performed for comparison.

The incremental a-Al2O3 unit cell minimization calculations
were done using conjugate gradient (CG) and damped MD based
methods [33] (algorithm ‘fire’ [34]) with a root mean square force
per atom tolerance of 41.84 TJ/mol/m (0.1 kcal/mol/Å).

For the study the LAMMPS [33,35] implementation of the reac-
tive force field ReaxFF, as described in [36], was used. The ReaxFF
force field versions used in the simulations have been based on
earlier published versions of Al/O [37,38], Al/H [39], O/H [40] and
Al/O/H [41] force fields (Table 1).

To examine the structural and energetic behavior of a-Al2O3

upon expansion and compression in the ½10 �10� direction (Fig. 9),
DFT calculations [45] were performed with VASP software [46]
using the projector-augmented-wave (PAW) potentials [47] and
the generalized gradient approximation (GGA-PBE) [48]. The 30-
atom (12 Al and 18 O) conventional hexagonal unit cell of the
corundum crystal structure was used. The wavefunctions were
expanded in a plane-wave basis set with 50.2 MJ/mol (520 eV)
energy cutoff, much greater than the minimum recommended
38.6 MJ/mol (400 eV) energy cutoff for the Al, O PAW–PBE
s at 300 K (a and b), e0 = 0.0, and at 0 K with e0 = 0.07 (c and d) and e0 = 0.0 (e and f).
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potentials. A 6 � 6 � 2 C-centered k-point mesh was used (much
longer c-axis), in conjunction with Gaussian smearing with smear-
ing width r = 0.05, to sample the Brillouin zone Optimizations
were done with the conjugate gradient algorithm implemented
in VASP using the default total energy convergence criteria,
9.6 J/mol (10�4 eV) for the electronic loop and 96 J/mol (10�3 eV)
for the ionic optimization. The hexagonal lattice of a-Al2O3 was
first optimized, and thereafter the cell was expanded in the rele-
vant direction and ionic optimizations were performed with fixed
lattice vectors.

3. Results and discussion

Stress distributions for all structures indicate structure-wide
stress gradients up to crack surface vicinity (Fig. 1), which corre-
spond to purely elastic/brittle material response. The absence of
uniform stress regions is attributed to the estimated size effect
limit of about 5 nm from a (0001) surface, according to the change
in slope of surface energy vs. slab thickness curve at around 10 nm
Fig. 5. Configuration snapshots for a ½1 0
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Fig. 4. Potential energy vs. time for a ½10 �10� strained a-Al2O3 slab at 300 K:
relaxation effect comparison.
(Fig. 2). The main numerical results are summarized in Table 2.
These indicate that temperature enhances plasticity upon repeated
loading, since the system at 300 K fails at a larger strain during the
second tension cycle, as compared to the first cycle (values ef1, ef2).
Yet the overall brittleness is increased at 300 K due to lower failure
strains, stresses (Sf1, Sf2) and potential energy (differences with
respect to the ½10 �10� tensile stress free state DEf1, DEf2), as com-
pared to the static simulations. Furthermore, the pre-expanded
structure (e0 = 0.07) indicates lower failure stresses and potential
energy, particularly for the second loading cycle, as compared to
the volume-minimized static structure, although both failure
strains are approximately identical and decreasing for repeated
cycles. Thus it may be concluded that pre-expansion weakens the
material response, as expected due to increased stress triaxiality,
and that under the given loading conditions low cycle fatigue is
likely to occur in static systems under positive pre-strain, whereas
shakedown [49] (deformation induced transition to purely elastic
response) may occur for the 300 K system at constant strain ampli-
tude loading.

More insights can be obtained from the potential energy and
stress response plots (Fig. 3). Due to the positive shifts in minimum
energy locus along potential energy and strain axes it can be con-
cluded that temperature and pre-expansion reduce crack healing
probability and facilitate kinematic strain hardening effect.
Instead, the volume-minimized static structure indicates no kine-
matic hardening and notable crack healing due to negligible
increase in potential energy and evident closing of most of the
cracks upon compression.

The extent of strain rate effect for the 300 K system could be
estimated by performing a constant strain relaxation shortly before
reaching the maximum strain of e = 0.1 during the first cycle
(Fig. 4), which indicates that fracture strain level is slightly overes-
timated compared to quasi-static loading, the deviation being
ascribed to differences in dynamics of loading and amorphiza-
tion/fracture propagation processes. Slight dynamics change in
structure relaxation during unloading compared to constant strain
level is also observed. Subsequently, the overall strain rate effect is
not considered being significant.
�10� strained a-Al2O3 slab at 300 K.



Fig. 7. Configuration snapshots for a ½1 0 �10� strained a-Al2O3 slab at 0 K, e0 = 0.0.

Fig. 6. Configuration snapshots for a ½10 �10� strained a-Al2O3 slab at 0 K, e0 = 0.07.
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Fig. 8. Phase transition facilitated amorphization mechanism for a ½10 �1 0� strained a-Al2O3 slab.
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It is worth indicating that the volume distributed crack pattern of
the volume-minimized static structure is notably different from the
pre-expanded static or 300 K volume-minimized systems, which
indicate a single crack propagating along a f10 �1 �2g plane and a low-
er density band formation along a f10 �12g plane (Figs. 5–7), respec-
tively. Both are experimentally detected fracture planes [17,44]. In
the case of the 300 K system we suggest that a fracture mechanism
at room temperature could be f10 �1 �2g slip initiated layer-wise
phase transition and subsequent amorphization (Fig. 8), in agree-
ment with the unit cell ½10 �10� deformation results (Fig. 9) and
experimentally detected slip planes [31]. We also observed that
repeated loading in the volume-minimized static system may
reduce f�1018g dislocation emission probability, instead favoring
f10 �1 �2g dislocations with a higher resolved normal stress (Fig. 7)
and cleavage probability [17].

A comparison of total (
P

cdA) and surface-normalized (c) sur-
face energies, corresponding to the Griffith criterion for brittle frac-
ture [51] at equivalent loading conditions (lateral strains elateral and
temperatures), and critical energy releases (DEcrit) during the
stretching simulations was motivated by the observed differences
in failure behavior in the f10 �1 �2g and f10 �12g planes. The results
of it are summarized in Tables 3 and 4.

For the pre-relaxed structure at 300 K (Table 3), the similarity of
critical reduction in energy and Griffith criterion suggests that
transition to a lower density phase instead of brittle fracture could
Fig. 9. ½10 �10� expansion equation of state a hexagonal a-Al2O3 unit cell (CG –
conjugate gradient, MD – damped dynamics based minimization).

Table 3
Comparison of surface energies and critical strain energy releases during a-Al2O3 slab
½1 0 �10� expansion.

DEcrit (MJ/mol)
P

cdA (MJ/mol) elateral
a T (K) Damage planes

37.7 30.0 0 300 f10 �1 �2g, f10 �12g
104.6 154.1 0.07 0 f10 �1 �2g

a ½�12 �10� direction strain.
be energetically marginally favorable, which is partially supported
by unit cell calculations (Fig. 9). For the pre-strained structure at
0 K (Table 3), the significantly lower critical reduction in energy,
as compared to the Griffith criterion, is being attributed to the slab
thickness size effect related (0001) surface relaxation prior to frac-
ture, presumably facilitated by the relatively high accumulated
potential energy (Table 2). The absence of f10 �12g fracture despite
the latter being significantly lower in energy at strained state
(Table 4) is being attributed to the blunting by formation of lower
density phase bands – two small bands along f10 �12g planes and a
single band along a f10 �1 �2g plane (Fig. 6). The band formation in
both planes instead of f10 �12g only is ascribed to the reduced
energy barrier for laterally strained bulk material (Fig. 10). In dis-
tinction to the 300 K simulation, a transition to brittle fracture
along the f10 �1 �2g plane where a lower density band was formed
occurs immediately after the occurrence of the second small lower
density band along a f10 �12g plane. Subsequently, we attribute the
difference in behavior from purely brittle bulk behavior predictions
(Table 4) to the energetic feasibility of phase transitions, which
also explains the comparatively high accumulated strain energy
before fracture (Table 3), and geometry/size effects.

Furthermore, the difference in crack distribution evidently cor-
relates with the potential energy and stress responses after yield-
ing, which indicate a gradual discontinuous reduction for the
volume-minimized static structure and a sharp drop for the other
two structures (Fig. 3). The volume distributed pre-cracks in the
volume-minimized static structure grow by void coalescence
(Fig. 7), which is in agreement with experimental observations
from fatigue studies of alumina coatings [8]. The crack healing,
which was observed for this structure (Fig. 7), is in agreement with
earlier DFT results [9]. According to these, such crack healing can
be expected for structures with zero or negative lateral pre-strain
levels [9], which explains the negligible amount of healing for
the pre-expanded structure (Fig. 6). Subsequently, we concluded
that processing technologies which favor compressive residual
stress formation, hence a reduced stress triaxiality, would be rec-
ommendable for large polycrystalline or single crystal a-Al2O3

structures under cyclic loading.
Table 4
a-Al2O3 surface energy comparison.

surface Termination c (J/m2)a elateral
b T (K)

f1 0 �12g Al 3.15 0 0
3.45 0.07 0
3.19 0 300

f1 0 �1 �2g mixed 2.33 0 0
15.63 0.07 0

2.81 0 300

(0001) Al 1.94 0 0

a Potential energy based.
b ½�12 �1 0� direction strain.
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In order to validate the suggested phase transition facilitated
fatigue and compression induced healing mechanisms prior to
crack opening, a comparison was done using DFT calculations.
Analogous deformation in ½10 �10� with lateral dimensions fixed
was applied to a hexagonal a-Al2O3 unit cell. It indicates (Fig. 9) that
a phase transitions occur for both methods at around e = 0.25, with
a discontinuous barrier of between 1.0 and 1.5 MJ/mol for ReaxFF,
depending on the minimization method used, and a continuous
plastic deformation barrier of about 1.0 MJ/mol for DFT.
Furthermore, we also found that upon compression both methods
yield transition back to the a phase. It occurred at about e = �0.11
for ReaxFF and between e = �0.18 and e = �0.10 for DFT, starting
from a phase obtained at e = 0.70 expansion in the latter case.
Subsequently, we concluded that, despite minimization related dif-
ferences in energy responses after the first phase transition in ten-
sion, the behavior of phase transitions was compatible for both
methods below local strain levels of e = 0.5.

4. Conclusion

We have performed a molecular dynamics study of fatigue ini-
tiation processes in a-Al2O3 nanoslabs. The results indicate that
finite temperature and strain rate result in lower failure strains,
as compared to static relaxation calculations. However, low
strength enhancement of ductility with kinematic strain hardening
upon repeated loading for the former case may occur. We suggest
that the latter enhancement facilitates a shakedown mechanism.

Positive pre-straining results in increased stress triaxiality,
which significantly reduces crack healing probability, due to single
brittle crack propagation. Volume pre-relaxation results in multi-
ple crack branching and/or amorphous band formation, which
facilitates crack healing and shakedown possibility.

Amorphization, which manifests as small strain plasticity
enhancement, may occur ahead of propagating or initiating cracks
due to multiple dislocation mechanism as a low energy barrier
quasi-plastic low density phase transition, both at static and finite
temperature/strain rate conditions. Additional fatigue degradation
contribution may be due to a change in dominant fracture planes
upon repeated loading.
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