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1. Introduction

Oxide glasses are an elementary group of materials in modern society, but

brittleness limits their wider usability at room temperature. As an exception to
the rule, amorphous aluminum oxide (a-Al,0;) is a rare diatomic glassy
material exhibiting significant nanoscale plasticity at room temperature. Here,
it is shown experimentally that the room temperature plasticity of a-Al,O,
extends to the microscale and high strain rates using in situ micropillar
compression. All tested a-Al,O; micropillars deform without fracture at up to
50% strain via a combined mechanism of viscous creep and shear band slip
propagation. Large-scale molecular dynamics simulations align with the main
experimental observations and verify the plasticity mechanism at the atomic
scale. The experimental strain rates reach magnitudes typical for impact
loading scenarios, such as hammer forging, with strain rates up to the order
of 1000 s, and the total a-Al,O; sample volume exhibiting significant
low-temperature plasticity without fracture is expanded by 5 orders of
magnitude from previous observations. The discovery is consistent with the
theoretical prediction that the plasticity observed in a-Al,O; can extend to
macroscopic bulk scale and suggests that amorphous oxides show significant
potential to be used as light, high-strength, and damage-tolerant engineering

materials.

There are innumerable engineering ap-
plications for ductile materials that are
stronger and lighter than current engineer-
ing materials, such as aluminum alloys and
steels. Even though oxide glasses show a re-
markable theoretical strength-to-density ra-
tio, their low fracture resistance under un-
confined loading (e.g., bending or pulling)
is a major limitation, averting their use in
large number of engineering applications
where the possibility of a catastrophic brittle
failure needs to be avoided at all costs. Ox-
ide glasses are typically brittle at room tem-
perature due to the absence of active plas-
ticity mechanisms. Without plasticity, the
applied elastic stress concentrates on the
processing-induced flaws in the material,
and, at a critical load, leads to an abrupt
brittle failure.!] This has led to the cur-
rent design paradigm in which glass and ce-
ramic materials are typically considered as
noncritical load-bearing components whose
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main task is to offer other additional functionality to the
application or device in question. For example, inorganic amor-
phous oxides show great promise for modern electronics, where
they allow for a wide range of tailored, functional properties,
from full dielectrics to tuned semiconductors coupled with
visible light transparency, and they offer good chemical and ther-
mal stability.23*>678] However, in more realistic, unconfined
impact-loading scenarios — such as a mobile device dropping on
a hard floor (1-10 s71),[° or hammer forging (10-100 s7!),[% or
at the extreme, a full-frontal vehicle crash (100-1000 s=1),"1] —
these materials cannot be used to bear load without the probable
risk of a catastrophic failure.

Recently, however, Frankberg et al. discovered that thin films
of amorphous aluminum oxide (a-Al,O;) exhibit significant un-
confined plasticity at room temperature under all principal load-
ing modes: shear, tension, and compression.['?] Further atom-
istic simulations have confirmed the large potential for nanoscale
plasticity in a-Al,0,.['*!* Frankberg et al. proposed that, theo-
retically, the observed viscous creep plasticity could extend up
to bulk scale if the material is dense and flaw-free.l'?! In prac-
tice, to suppress crack nucleation and propagation, and to in-
stead allow bulk plasticity, the glassy oxide material should be
sufficiently free of both intrinsic flaws in the atomic structure
and extrinsic processing flaws. To explore whether such flaw-
free bulk glass structures can be fabricated, and whether these
samples still exhibit similar plasticity at room temperature, one
of the primary tasks for follow-up studies is to increase the ex-
perimental sample volume to the microscale and beyond. In the
case of a-Al,O;, it is not trivial to produce larger samples, as it
is a poor glass former and requires, for example, an ultra-high
quench rate or a low processing temperature to retain an amor-
phous structure. In addition, the synthesis of dense and flaw-free
a-Al, O, requires a careful control of the process parameters.!1>16]
For clarity, non-crystalline materials produced using physical va-
por deposition, such as pulsed laser deposition (PLD), are typi-
cally defined as “amorphous” materials, instead of “glass”, and
therefore we define our experimental material as amorphous
alumina.

Micropillar compression can be used to study low-temperature
plasticity phenomena in ceramic and glass materials,!'”] which
on the macroscopic scale normally exhibit fully brittle behavior
under elastic loading. Typically, a limited plastic strain can be
measured in the micropillars, which is accompanied by crack
nucleation and propagation eventually leading to fracture.!!31]
As an example, single crystalline sapphire (a-Al,0,) micropil-
lars compressed at room temperature show limited plasticity by
dislocation slip, accompanied by local cracking and eventually
fracture.?! In addition to the distinct brittle-to-ductile transition,
it is known that limiting the ceramic or glass sample size to a
micropillar, with both the diameter and height measured in mi-
crometers, induces also other size-related effects, and can, for
example, influence the observed yield stress of the material and
the observed plastic strain prior to failure.?!] In addition to size,
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Figure 1. Reported plastic strain-to-failure in micropillar compression of
crystalline ceramic and semiconductor materials at room temperature.
Micropillar data on crystalline ceramics: single crystal (sc) MgO,[?#! sc
AIN,[%1 polycrystalline ZrO,,[26] sc MgAl, 0, [3%] and semiconductors: sc
Si,127] sc GaAs.[2829] The dashed line represents a trend of decreasing plas-
ticity as a function of the micropillar diameter.

varying the strain rate in micropillar compression can also sub-
stantially alter the stress-strain response and induce a brittle-to-
ductile transition.[??] Further, fabricating micropillar samples us-
ing the focused ion beam technique can substantially affect the
observed mechanical properties, and minimal ion exposure on
the micropillars and caution in the following mechanical test
result analysis are advised.?’] Our survey on recent micropil-
lar compression studies at room temperature indicates that the
amount of plastic strain-to-failure reached in brittle ceramic and
semiconductor materials is typically below 10%, and, as a trend,
it decreases towards zero when increasing the pillar diameter
towards bulkier samples (Figure 1).12425:26:27.2829.30] Ip addition,
the experiments in the available literature are often performed at
quasi-static strain rates (< 107! s7!), which are not relevant for
most engineering applications.

Amorphous oxide micropillars deviate from this typical behav-
ior and have already been shown to exhibit more significant plas-
tic strain prior to failure under microcompression.!??31:32 Amor-
phous silica (a-SiO,) micropillars with a 3.1 ym diameter and
4.75 um height can be deformed plastically at up to 25% total
strain at a quasi-static strain rate of 103 s71; however, the strain-
ing induces vertical cracking of the pillars and fracture can occur
during unloading.*!l By lowering the pillar diameter to 1.4 um, in
combination with quasi-static strain rates between 10~* and 1073
s71, anomalous plastic strains of up to 60% can be produced.!??!
However, again almost all the pillars typically fail during load-
ing or at the onset of unloading, and increasing the strain rate
to 1071 s71 or above lowers the achievable strain-to-failure back
to 20%-40%.[2?1 Densification of a-SiO, can facilitate a large por-
tion of the measured strain in the compressed micropillars, while
changing the diameter-to-height ratio can alter the cracking be-
havior in the pillars by limiting the maximum tensile hoop stress
obtained along the circumference of the pillars.*?] Although mi-
crocompression of a-SiO, indicates potential damage tolerance,
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Figure 2. Experimental and simulated micropillar compression of a-Al,O; at room temperature (=300 K). a) Schematic picture of the micropillar com-
pression experiment utilizing in situ measurement of force and displacement. b) An as-milled a-Al,O; micropillar imaged using scanning electron
microscopy. ¢) A ~2.1 M atom molecular dynamics simulation “wire” model of a-Al,O; to simulate the laterally unconfined conditions (periodic bound-
ary condition (PBC) applied in the z-direction) prevailing in the micropillar body under uniaxial compression, with an initial cell diameter of ~24 nm
and length of 50 nm. d) A 1.0 M atom molecular dynamics simulation for a “bulk” model of a-Al,O; to simulate the confined bulk plastic deformation
mechanisms active inside the micropillar during uniaxial compression (PBC applied in x-, y-, and z-directions), with initial cell dimensions of 11 x 11

X 90 nm.

pure tensile stress in a-SiO, always produces an elastic brittle
fracture without plasticity,'>3}] excluding certain anomalies ob-
served in the extreme nanoscale.**! In addition to a-SiO,, metal-
organic framework glasses have been shown to exhibit signifi-
cant densification-driven plasticity under microcompression,*”]
however, similar to bulk glassy SiO,, a melt-quenched bulk MOF
glass is shown to remain brittle.[¢]

Here we provide evidence that the plasticity phenomenon ob-
served earlier in a-Al, O, thin films extends to the microscale and
high strain rates. We do so by using combined micropillar com-
pression experiments and molecular dynamics (MD) simulations
supported by finite element method (FEM) modeling. The to-
tal volume of a-Al,O, samples undergoing significant plasticity
without fracture is increased from the earlier discovery by five
orders of magnitude from 10’ nm® to 10'> nm?.['?! Simultane-
ously, the highest experimental strain rate possible to be used
without fracture is shown to be extended by four orders of mag-
nitude up to 10* s~! when compared to previous results limited to
107! s71.121 We show that a-Al,O; exhibits exceptional plasticity
in the realm of ceramic and oxide glass micropillar compression,
exhibiting plastic strain of up to 50%, and, in contrast to a-SiO,,
it deforms without any fracture during loading or unloading. We
show that the observed plasticity in a-Al, O, is not due to any size
or strain rate effects known in the literature to possibly influence
such results. So far, all improvements in oxide glass damage tol-
erance have been related to producing stronger glasses, for exam-
ple, by inducing residual stresses or producing more elastically
flexible glasses by limiting the glass film thickness.*”] Here, we
introduce a new functionality to ceramic and glassy oxide mate-
rials: a ductile response to mechanical loading.

2. Results

We performed in situ micropillar compression experiments and
large-scale atomistic simulations to study the microscale plas-
ticity of a-Al,O; at room temperature (~300 K) (Figure 2). The
micropillar compression setup induces unconfined and complex
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loading on the sample including compressive, shear, tensile, and
hydrostatic loading components, at any given strain and often
simultaneously. Residual stresses created during the PLD syn-
thesis are relieved on the micropillar samples due to the milling
process and are therefore not considered to impact the results.
The PLD process was optimized to enable the growth of a-Al, O,
films up to 50 um thick with a minimal defect size and defect den-
sity. For detailed characterization of microstructures and chem-
ical composition see supplementary Section S1, Supporting In-
formation.

Plasticity without fracture was observed in all performed exper-
iments and simulations. Figure 3a summarizes a set of represen-
tative experimental stress-strain results of up to #20% compres-
sive strain at strain rates varying between 10~ and 10° s7! (for
the full data set including data from all 21 micropillars, see sup-
plementary Section S2, Supporting Information). The end of the
experiment is indicated by the relaxation of stress back to ambient
pressure. In Figure 3b, we show the MD simulated compressive
stress-strain response of a-Al,O; with “bulk” and “wire” setups
with up to ~40% strain, including multiple relaxations back to
ambient pressure in the bulk setup (1 atm at 20%, 30%, and 40%
strain).

In all the experimental and simulated loading scenarios, at the
onset of loading, the material first responded with reversible elas-
tic strain. As the stress increased, an irreversible plastic yielding
gradually initiated along with a transition from elastoplastic to
plastic yielding. When the externally applied stress overcame the
strength of the material, the stress reached a maximum, which
we define as yield stress. After yield stress, a relaxation of the
stress occurs, and the stress slightly decreased until leveling to
a constant value, which we define as flow stress. The gradual in-
crease of engineering flow stress as a function of strain appearing
in Figure 3a-b does not originate from the hardening of the ma-
terial, nor from a changing strain rate, but experimentally origi-
nates from the initial pillar taper, i.e., the pillar has a larger diam-
eter in the lower part. The simulated true stress, which consid-
ers the momentary change in sample diameter, confirms the lack
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Figure 3. Dynamic mechanical response of a-Al,O; using micropillar compression and molecular dynamics simulations at room temperature
(=300 K). a) Engineering stress as a function of engineering strain in micropillar compression at different strain rates, with an inset zooming in on
the yield stress region with a 2% strain offset for clarity (¢ = 1073103 s™', n = 1, where ¢ is strain rate, and n is the number of samples averaged for each
data point/plot); for samples strained at 102 s~" and 10% s~', adjacent average plot smoothing is shown using 20 points of the window with Origin soft-
ware. b) Engineering stress as a function of engineering strain in confined bulk PBC simulations of a-Al,O5 with varying strain rates (¢ = 5.00 x 107 s™',
5.00 x 108 s71,5.00 x 10° s™', n = 1), in a laterally confined PBC wire simulation (¢ = 5.00 x 108 s~', n = 1), and in comparison to experimental
mechanical behavior (¢ = 1073 571, n = 1). ¢) Log-log presentation of the micropillar yield stress data at 2% strain offset as a function of strain rate to
determine the strain rate sensitivity me,,, for a-Al,05 (¢ = 1073-10% s™1, n = 1).

expt

of strain-hardening mechanisms as true flow stress remains ap-
proximately constant (see Section S3, Supporting Information).
Amorphous Al, O, is a strain rate-sensitive, or viscous, material,
meaning that increasing the strain rate increased both the yield
stress and flow stress, and vice versa, in both the experiments and
simulations. The strain rate sensitivity factor m was measured to
be 0.018 (Figure 3c), and the linear fit in the log-log plot of m in-
dicates that the overall plasticity mechanism did not change even
when scanning the strain rate between 7 orders of magnitude. As
the experiments and MD simulations, both show a remarkably
similar mechanical response for a-Al, O, (Figure 3b), despite the
large difference in strain rates, we used the simulations to investi-
gate the plausible atomistic mechanisms enabling the microscale
plasticity.

The experimental and MD simulated stress-strain behavior
(Figure 3), ex situ images of the compressed micropillars (Figure
4) supported by FEM modeling (Figure 5), and the analysis of
MD-straining simulations (Figure 6) reveals a mechanism of mi-
croscale plasticity for a-Al,O; at room temperature comprising
two phenomena: 1) homogenous viscous creep through fast nu-
cleation of localized plastic strain events (LPSE, see definition

Adv. Mater. 2023, 2303142 2303142 (4 of 14)

in Frankberg et al.l?l) and 2) localization of the LPSE nucle-
ation to narrow, ~45° angle bands, commonly known as shear
bands (SBs), and the slip-like propagation of shear deforma-
tion along these bands. For a-Al,O, in compression, the per-
manent density increase associated with the LPSE-mediated vis-
cous creep mechanism gives a negligible contribution to the
measured plastic strain and is not considered here as a signif-
icant mechanism to contribute to the plastic strain (see Sec-
tion S4, Supporting Information). First, regarding the evidence
for the proposed plasticity mechanism, we discuss the atomistic
simulations.

2.1. Molecular Dynamics Simulations

The MD simulations were analyzed using the D2, , a descriptor
for local atomic plastic strain described by Falk and Langer.®)
Plastic strain in a-Al,0, is known to be mediated by atoms ex-
hibiting above-average D?_; values.['?l Here, the LPSE is defined
as an atom cluster comprising of at least 200 atoms that all ex-
hibit D?_;, of at least twice the average value determined over
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Compressed up to ~ 20 % strain
1 e=19% e [

Figure 4. Micromechanical response of a-Al,O3 at room temperature. a) Micropillar R1C4 strained by 19% at 1073 s~ strain rate, b) R2C3 strained by
19% at 1073 571, ¢) R1C3 strained by 18% at 1072 s~', d) R2C1 strained by 18% at 10" s™1, ) R1C6 strained by 19% at 15", f) R2C5 strained by 19%
at 1057, g) R4C4 strained by 21% at 100 s™', h) R3C1 strained by 23% at 1000 s~'. The first sub-image shows the as-prepared micropillar, the second
sub-image shows the deformed pillar, and the third sub-image shows the deformed pillar rotated 180°. The orange and red arrows show the locations

of shear bands and crack tips, respectively. The scale bar is 400 nm.

the whole system (see Figure 6a,c and Section S6, Supporting
Information). The bond-switching mechanism that mediates the
LPSE nucleation was earlier introduced in detail by Frankberg
et al.l”?]

First, we simulated the compression of a fully confined bulk
a-Al, O, by enforcing periodic boundary conditions on all axes
(Figure 2d). This simulation setup allows us to observe plastic-
ity phenomena occurring inside the experimental micropillar,
a confined volume under uniaxial compression. These simula-
tions reveal that the plasticity initiates and endures by nucle-
ation of LPSEs that dynamically shift location with each mea-
sured strain step (Figure 6a, Movie S1, Supporting Information).
The nucleation rate of the LPSEs is shown to reflect the measured
stress-strain behavior of a-Al,O; as is quantitatively depicted in
Figure 6e. The figure indicates that the nucleation of LPSEs initi-
ates during the elastoplastic phase before full yielding and the nu-
cleation reaches the maximum level after the yield stress. As the
LPSE nucleation starts increasing, the slope of the stress-strain
curve starts simultaneously decreasing, and, therefore, reveals
the connection between stress and LPSE activity. After relaxing
the excess elastic energy, the LPSE nucleation rate gradually de-

Adv. Mater. 2023, 2303142 2303142 (5 of 14)

creases until a steady state level, which occurs in parallel with
the leveling of the true stress. The LPSEs continue to nucleate
at up to 50% strain without any obvious pattern, which leads to
a largely homogenous distribution of the cumulative local plas-
tic strain (Figure 6b, supplementary movie S2, Supporting Infor-
mation). In addition, there is a noticeable degree of localization
to the band-like collection of atoms that measure above-average
cumulative D?_; . These band-like patterns, however, do not ex-
clusively form in the characteristic 45° angle with respect to the
axis of compression, which is typically associated with the forma-
tion of SBs.

Second, to understand the role that free surfaces have in the
microscale plasticity, we simulated the compression of laterally
unconfined a-Al,O; wire with a-Al,O,/vacuum interfaces im-
posed on the x- and y-axes. This corresponds to a miniature exper-
imental micropillar under uniaxial compression, with a diameter
ratio of ~1:94 between the experiments and simulations shown
in Figure 2. During the elastoplastic response occurring before
yielding € = 0.01-0.08, the LPSEs nucleate sporadically with each
strain step up to the yield stress (Figure 6c, Movie S3, Support-
ing Information) in a similar manner as in the bulk simulations.
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Figure 5. Finite element modeling of a-Al,O3 at room temperature. a) The pillar's deformed shape, which is produced by a homogeneous viscous
creep mechanism at a 1073 s~ strain rate (left), is reproduced by the FE model (right) using a set of damage-related parameters associated with
the experimental strain rate, and the comparison of experimentally measured (¢ = 1073 s~") and FEM-simulated engineering stress as a function of
engineering strain. b) Pillar deformed shape governed by a mixture of homogeneous viscous creep and shear band localization at a 1072 s~ strain rate
(left) is reproduced by the FE model (right) using a set of damage-related parameters associated with the experimental strain rate. c) The shift towards
shear band propagation dominated plasticity at a 10 s~ strain rate is qualitatively captured by the FE model using a set of damage-related parameters
associated with the experimental strain rate; images from the same sample with left-side images rotated 0° and right-side images rotated 180°. The
legends show the spectrum of scalar stiffness degradation (SDEG) or damage. More details on the developed finite element model can be found in

Section S5, Supporting Information.

However, a transition occurs at a yield stress e = 0.09, where the
LPSE nucleation and the overall plasticity localize on shear bands
emerging at a characteristic ~#45° angle (D?,,, € = 0.20, Ae =
0.01, Figure 6¢, Movie S3, Supporting Information). A larger col-
lection of LPSEs appear to nucleate at the intersections of the two
colliding SBs. The shifting LPSEs form networks of continuous
plastic strain, resulting in a mechanism for the slip-like propa-
gation of SBs observed in the experimental samples in Figure 4;
however, the simulations do not show displacement steps form-
ing at places where SBs intersect with the simulation sample sur-
face, as the SB is not able to break the surface tension. This is
possibly due to the small model structure restricting the forma-
tion and propagation of SBs or the periodicity along the z-axis,
which inhibits the relative displacement of the model’s top and
bottom surfaces along the xy-plane (geometrically required for
the steps to appear). It is also possible that the collision between
the two SBs inhibits a step from initiating. SBs initiate and inter-
sect with sample surfaces at ~45° with respect to the compression
axis because the shear stress maximum occurs at this angle.*!
The cumulative plastic strain shows that as soon as the SBs begin
to form, most of the plasticity is concentrated in them, and atoms
residing in the volume left between the SBs and pillar surfaces
remain relatively stationary, with a minor plastic strain (D?;,, €
=0.20, Ae = 0.20, Figure 6d, Movie S4, Supporting Information).

At higher strains nearing 50%, the LPSE nucleation returns to
cover more homogenously the PBC wire sample volume (D? .,
€ = 0.47, Ae = 0.01, Figure 6¢c, Movie S3, Supporting Informa-
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tion). This most likely occurs due to the large change in the di-
ameter/height ratio, altering the stress state occurring in the ma-
terial. At this stage, however, most of the cumulative local plastic
strain (D? ;) has already localized at the intersections between
the dominant SBs (D?,,,, € = 0.47, Ae = 0.47, Figure 6d, Movie
S4, Supporting Information). The D? , parameter analysis for
local plastic strain irrevocably shows that the LPSE nucleation
mechanism remains active during the whole straining, and there-
fore also the SB slip occurs via LPSE nucleation. This is supported
by the fact that no significant changes occur in the stress-strain
behavior of the materials between different atomistic models,
and that there are no changes in the strain-rate sensitivity, indi-
cating a possible change in the mechanism (Figure 3). However,
due to the required transition from homogenous viscous creep to
localized SB propagation, plastic strain induced by LPSE nucle-
ation localizes to a specific volume that exceeds the yield stress,
i.e., the active plastic volume, which appears as a narrow band in
the case of SBs.

2.2. Micropillar Compression

The ex situ images of the compressed pillars depict how
the plastic strain can be distributed homogenously across the
whole active plastic volume (Figure 4a) or localized to shear
bands (Figure 4h). However, we show how these two phe-
nomena are highly intertwined parts of the same plasticity
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Figure 6. Plasticity mechanism in a-Al,O; at room temperature (300 K) using molecular dynamics simulations. a,b) Confined bulk PBC simulations
under uniaxial compression measured at € = 0.07, € = 0.20, and € = 0.47, a) with the momentary distribution of local plastic strain (D?,;,, Ae = 0.01,
£ =5x 108 s71) and b) with the cumulative distribution of local plastic strain (D?;,; Ae = 0.07, Ae = 0.20, Ae = 0.47, ¢ = 5 x 108 s71), where ¢ is

strain and Ae indicates the reference frame for the D?,,,, calculations. c,d) Vertical cross-sections of laterally unconfined PBC wire simulations under

uniaxial compression measured at ¢ = 0.07, ¢ = 0.20, and € = 0.47, c) with the momentary distribution of local plastic strain (D?,;,, Ae = 0.01, € =5
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mechanism mediated by nucleation and the accumulation of
LPSEs, contributing to the damage resistance of a-Al, O, in vary-
ing proportions.

In the micropillar compression experiments performed at
slower strain rates of 10 s7'-1072? s7!, the homogenous nu-
cleation of LPSEs, i.e., viscous creep, dominated as the source
of measured plastic strain. At the slowest experimental strain
rate 10~* s7!, none or only a singular SB slip can be seen to
have propagated with a minor displacement, as seen in the ex
situ images of the pillars strained to ~20% (Figure 4a-b). The
mechanical response at low strain rates correlates well with the
bulk simulations (Figure 2d, Figure 6a-b), in which the plastic-
ity occurs mainly by the homogenous nucleation of LPSEs. In
addition to the lack of significant contribution of SBs, the LPSE
nucleation-driven plasticity induces a distinct “barreling” of the
pillar shape, where the ex-situ pillar body diameter exceeds the
top face diameter (Figure 4a-c). The barreled ex-situ micropillar
shape can be fully replicated by an FEM model combining the
Von Mises (metal) plasticity with shear damage constitutive be-
havior when choosing damage parameters that allow the plas-
tic deformation to be more homogenously distributed across the
pillar’s active plastic volume,[**#!] with only a minor contribu-
tion from strain localization to SBs (Figure 5a, Figure S5.2e,
Figure S5.3a—c, Section S5, supplementary Movie S5, Supporting
Information).

When increasing the experimental strain rates, fewer LPSEs
nucleate homogenously in the whole volume. Instead, an in-
creasing amount of LPSEs localize on SBs and the slip-like prop-
agation of SBs begins to contribute more to the overall plas-
tic strain. When changing the experimental strain rate through
107% s7! to 1072 s7! and to 107! s7!, a transition gradually oc-
curs where the localized slip-like propagation of SBs increases
and gradually takes over as the main mechanism inducing plas-
tic strain when further shifting to higher strain rates. Multiple
SB slips can be seen to have propagated at the strain rate of
1072 s7! in the ex situ image of the strained pillar (Figure 4c).
However, the dislocation length of each SB is still relatively small
and a distinct barreling of the pillar remains evident, indicating
that the plasticity still mostly occurs homogenously in the de-
formed volume and is dominated by the sporadic nucleation of
LPSEs. The FEM model cross-section confirms that minor SB lo-
calization can occur at the pillar surfaces, while the majority of
the plastic strain still occurs homogenously in the active plastic
volume inside the pillar, and hence the pillar obtains a barrel-
like shape when deformed (Figure 5b, Figure S5.3, Supporting
Information).

The transition from the homogenous LPSE-driven plasticity to
the SB slip propagation-driven plasticity occurs at strain rates be-
tween 107! s7 to 157!, and accordingly, the strain-induced barrel-
ing of the pillar transforms into strain-induced “mushrooming”
of the pillar, i.e., the diameter of the pillar top face overcomes

www.advmat.de

the pillar body diameter as observed in the ex situ images of the
strained pillars (Figure 4d-e). The SB slips begin to show a larger
overall displacement in the ex situ pillar images, which is dis-
played as a measurable displacement step between the propa-
gated SB and the body of the pillar (Figure 4f-g, SBs and steps
indicated with arrows). The atomistic simulations using the un-
confined wire geometry (Figure 2c) confirm that at high strain
rates, the plasticity concentrates on a few dominant SBs tilted
at a ~45° angle with respect to the strained axis (Figure 6¢c-d).
We then change the FEM damage model parameters to account
for the change in the dominant plasticity phenomenon. The
modified FEM model can reproduce the transition from ho-
mogenous viscous creep plasticity to a more localized SB slip
propagation-driven plasticity and the following mushroom shape
of the pillar as a consequence of this transition (Figure 5c,
Figure S5.3e—f, Section S5, Movies S6—S7, Supporting Informa-
tion). As the strain rate is further increased to 10'-10° s, a grad-
ual shift to increasingly SB slip propagation-dominated plasticity
can be observed (Figure 4f~h), however, without any sudden load
drops associated with fracture (Figure 3a, Figure S2, Supporting
Information). In addition to SBs, cracks begin to appear at the
highest strain rates (Figure 3h). However, the focused ion beam
sectioning done on a sample deformed at 10? s=! shows that the
cracking is mostly restricted to the outer surfaces of the pillar,
penetrating inwards up to a few hundred nanometers, while the
inner parts of the pillars continue to deform homogenously with-
out defects (see Section S1, Supporting Information).

2.3. Origin of the Plasticity

The MD simulation results suggest that the nucleation of LPSEs
is a rate-limited mechanism, as creep generally is. This requires
that if the prevailing temperature remains constant, the nucle-
ation occurs at an approximately constant rate independent of
the strain rate, therefore limiting the amount of available atom
translocations. Increasing the strain rate gradually forces the mo-
mentarily available LPSEs to concentrate increasingly on the few
dominant shear bands to allow the geometrically required plastic
strain without fracture. To confirm the constant rate hypothesis,
we performed simulations at different strain rates, while map-
ping the occurrence of atoms exhibiting a high D?_, (Figure 6f).
The results confirm that at a constant temperature, the total
amount of these highly mobile atoms changed only by 2%-4%
when the strain rate increased or decreased by an order of magni-
tude. The rate-limited nucleation of LPSEs serves as a further in-
dication of the diffusion-based origin of the viscous creep mech-
anism discussed earlier by Frankberg et al.,['?] and it ultimately
causes the a-Al, O, to exhibit a strain rate-sensitive mechanical
response to loading. Despite of the relatively constant nucleation
rate, the atomistic simulations confirm that the bond switch-
driven nucleation of LPSEs remains highly active in a-Al, O, atall

x 108 s~1) and d) with the cumulative distribution of local plastic strain (D?,,;,; Ae = 0.07, Ae = 0.20, Ae = 0.47; ¢ = 5 x 10® s~). e) Nucleation rate
of LPSEs (left y-axis) and true stress (right y-axis) as a function of true strain in confined bulk PBC simulations (¢ =5 x 108 s71-5 x 10° s™1, n = 1).
f) Total amount of atoms in the confined bulk PBC simulations exhibiting a degree of local plasticity two times the mean D?,,,, (left y-axis) and the mean
D?in (right y-axis) as a function of strain at varying strain rates (¢ =5 x 107 s™1, 5 x 103 s™1, 5 x 10° 5™, n = 1). Using a sliding color scale, atoms
with below-average D? ;, are shown in shades of red, average D?,;, are white, and above-average D? ., are shades of blue. All atoms above the color
scale are also in blue. Examples of LPSE clusters are indicated by white circles in (a) and (c). Loading axes are indicated by arrows.
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strain rates. The nucleation occurs at a fast enough rate to play
an important role in preventing the catastrophic propagation of
the dominant SB slip, which is a known fracture mechanism in
brittle metallic glasses.>>#?] Based on the rate-limited nucleation
of LPSEs, we will next explain the origin and shape of the a-Al, O,
stress-strain curve.

As further evidence of the viscous origin of the stress-strain
behavior in a-Al,O;, the experimental and simulated data in-
dicate that the magnitude of the stress is dependent on the
strain rate resulting in a non-Newtonian response: Both yield
stress and flow stress increase when the strain rate is increased
(Figure 3a-b). Simultaneously the ratio between the stress and
strain rate decreases, resulting in decreased viscosity, and the re-
verse is true when the strain rate is decreased, following closely
the behavior reported for a-Al,O, earlier.['?) The strain rate-
dependent behavior of a-Al,O, micropillars under compression
was further studied using a dedicated strain rate jump test (see
Section S7, Supporting Information), which confirmed the vis-
cous, strain rate-sensitive response to the applied load. The ex-
perimental strain rate sensitivity (m) of flow stress (o) was deter-
mined to be 0.018 (Figure 3c). The micropillar strain rate jump
test yielded an instantaneous strain rate sensitivity m = 0.025 +
0.003, confirming the constant strain rate measurements shown
earlier, and an apparent activation volume of 0.05 + 0.007 nm?
from the data shown in supplementary Figure S7.1 via Equa-
tions S7.1 and S7.2, Supporting Information. To compare, the
apparent activation volume of a-Al, O, is an order of magnitude
smaller compared to the typical activation volume observed in
metallic glasses.[**] This suggests a deformation mechanism that
operates over a smaller volume than in some metallic glasses,
which are described to deform by local rearrangement of atoms
within shear transformation zones. The smaller activation vol-
ume is also in line with the atomistic bond-switching mechanism
suggested for a-Al, O, earlier by Frankberg et al.[?]

Regarding the shape of the stress-strain curve, the yielding
occurs at a higher stress level, while the steady-state flow after
yielding occurs typically at a lower stress level (Figure 3a-b).
This “hump” in the stress data originates from the atomic ar-
rangement occurring in the quenched glassy structure and oc-
curs in both the PLD material transiting from gas to solid state
and in simulated cast-quenched material transiting from liquid
to solid state. The quench rate in the PLD technique is esti-
mated to reach up to 10" K s71,**) and our simulated quench rate
for both confined bulk and laterally unconfined wire setups was
3.6 X 10" K s71. These high cooling rates form a structure that
is over-relaxed and exhibits a potential well, which requires ex-
tra energy to allow for the flow of atoms to start, analogous to
the static friction phenomenon at the molecular level.334] To
confirm this hypothesis, we performed an additional simulation
where the quench rate approaches infinity and therefore avoids
the formation of the potential well (see Section S8, Supporting
Information). This resulted in a sharp transition from elastic to
plastic yielding, without the stress hump, and confirmed the hy-
pothesis regarding the origin of the hump. The extra elastic en-
ergy needed to overcome the potential well is released at yielding
and briefly enhances the nucleation of LPSEs (Figure 6e) until
reaching a lower potential energy arrangement of atoms and a
steady state flow with a level true stress and a level overall LPSE
nucleation rate (Figure 6e). The stress hump appears to be specif-
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ically related to the non-localized LPSE nucleation, since if we
experimentally increase the strain rate, the size of the hump de-
creases as the localized SB slip propagation becomes more pre-
dominant in inducing the plastic strain (Figure 3a). In all per-
formed simulations, the propagation of SBs appeared restricted
and therefore the hump is clearly visible in both simulation se-
tups and at all strain rates. Additionally, the micropillar strain rate
jump test allowed the observation of the stress hump multiple
times during a single compression experiment, and it occurred
only after increasing the strain rate, but not when decreasing the
strain rate (Figure S7.1, Supporting Information). This implies
that mechanical activation is equally capable of inducing viscous
relaxation of the a-Al,0, amorphous atom network, and when
shifting from a lower to higher strain rate, a phenomenon similar
to a thermal quench occurs, creating a potential well that needs
to be overcome due to atoms residing in overrelaxed positions.
Therefore, we can also hypothesize that the potential energy for
atom bond switching, i.e., the activation energy for plasticity, is
strain-rate-dependent and increases with the strain rate.

In an attempt to fracture the a-Al,O, micropillars, we per-
formed experiments where the maximum strain was increased
up to 39%-51% (Figure 7a-c). We did not detect fracture or loss
of cohesion in any of the samples either during loading or unload-
ing, despite the large displacement of SB slips during the highest
strain rate tests, and the apparent crack formation at the intersec-
tion between SBs and the pillar top surface shown in Figure 7b-c,
and Figure S1.2, Supporting Information, (for stress-strain data,
see supplementary Section S2, Supporting Information). The re-
sults align with the test performed to lower maximum strain: the
viscous creep remains the controlling mechanism for plasticity at
alower strain rate (Figure 7a, 102 s7!), while the SB propagation
becomes the main driving mechanism for plasticity at the highest
strain rates (Figure 7b-c, 1000 s7!). The highly strained samples
confirm the active role of LPSE nucleation in containing damage
and suppressing fracture, and despite the large slip-like defor-
mation along the dominant SBs, the samples maintain their co-
hesion and load-bearing capacity. The deformed samples appear
smeared, i.e., deformed in a similar manner to highly plastic ma-
terials, such as molding clay or polycrystalline gold. Shear band
propagation alone cannot produce such smeared surfaces, and
therefore the overall plastic strain on the microscale is accommo-
dated via an interplay between the nonlocalized LPSE nucleation
and SB propagation via localized LPSE nucleation up to a 1000 s~
strain rate and beyond, as the simulations suggest. Further, in an
attempt to produce a fracture in the PLD a-Al,O; micropillar, we
produced and tested larger pillars with up to 11 um in diameter,
with a strain rate of 1072 571, to study whether the observed plas-
ticity is a size-effect, i.e., related to the size of the micropillars, and
whether it would be possible for the plasticity to be scaled further
towards bulk. The results show that also these pillars deform up
to 20%—-38% strain without failure (Figure 7d, for additional data
see Section S9, Supporting Information). As introduced earlier,
this behavior is exceptional compared to the available literature
on both crystalline and amorphous ceramics, including semicon-
ductors, and it aligns with the theoretical prediction by Frankberg
et al. that the viscous plasticity mediated by fast LPSE nucleation
can be scaled to flaw-free, bulk oxide glasses. The results also sug-
gest that it is plausible to synthesize such adequately flaw-free
samples on a larger scale to test the hypothesis.
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Figure 7. Plastic deformation without fracture in a-Al,O; micropillars with a high strain and larger pillar diameter. a) R3C3 strained to ~43% at
1072 s71, b) R4C3 strained to 39% at 1000 s~', c) R4C1 strained to 51% at 1000 s~', d) a larger micropillar, with diameter D ~ 11 um, strained to
20% at 1072 s~ and stress-strain data showing the mechanical response of the pillar during loading and unloading. The first sub-image shows the
as-prepared micropillar and the consecutive sub-images show the deformed pillar at a given direction of view (0 or 180°) or the stress-strain behavior.
The arrows indicate the location of shear bands (orange) and crack tips (red). The scale bars are 400 nm and 4 um.
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3. Discussion

We have shown that a-Al, O, plasticity extends to the microscale,
but a profound question still remains: why does a-SiO,, the proto-
typic glass former, remain brittle? Although a-SiO, shows a con-
siderable amount of ductility on the nano and microscale, the
literature indicates that it can be considered mainly as anoma-
lous behavior, e.g., plasticity has been observed in the presence of
an electron beam,3*#¢ the simulated atom structure is artificially
densified before straining to allow plasticity,[*’! or the plasticity in
micropillar compression is caused by the small sample volume
and the compressive stress delays crack propagation, and at the
latest the fracture typically occurs once the load is released.[2231]
No experimental data on a-SiO, micropillars larger than D >
3.1 um tested under ambient conditions have been published to
our knowledge. Excluding these anomalous cases, there are no
indications that the plasticity of pure a-SiO, could even theoreti-
cally extend to the bulk scale. Atomistic simulations show that un-
confined tensile and shear stresses tend to nucleate cracks even
in the pristine quenched a-SiO, structure, eventually leading to
fracture.l?**8] Nevertheless, studying plasticity and fracture in a-
SiO, remains important. To learn how to produce ductile oxide
glasses, we have to understand why the most common glass for-
mer remains brittle at a low temperature.

Shear band nucleation and their slip-like propagation is a
known and important plasticity mechanism in amorphous met-
als (bulk metallic glasses) and amorphous oxides alike.[223941:42]
In a-Al,0, the importance of SBs is also clear based on the
current results: At higher strain rates, an increasing portion of
the measured plastic strain is caused by SB slip, and at the ex-
treme strain rate of 1000 s™!, a majority of the plastic strain
can be attributed to have occurred through the slip-like prop-
agation of a few dominant SBs (e.g., Figure 4h). Plasticity oc-
curring via shear banding has dire consequences in amorphous
metals/nanocrystalline metals: SBs are the typical cause of frac-
ture under tensile loading and limit the amount of plastic strain
that can be reached.®*? During the plastic yielding of bulk
metallic glass micropillars, propagation of SBs occurs typically
by strain bursts, seen as distinct load drops, often leading to ser-
rated stress-strain data.[*>>° Micropillar compression studies on
a-Si0, also show SB-mediated plasticity accompanied by serrated
stress-strain behavior, indicating that the plasticity can be dom-
inated by sudden pulses of plastic strain along the propagating
SBs.[22] To exclude the presence of possible load serrations in
a-Al,0,, we performed supplementary nanoindentation with a
Berkovich tip on 10 um thick a-Al, O, film. No load drops or ser-
rations were observed, even though pyramidal tip indentation in-
creases both the strain localization beneath the tip and the load
applied (see Section S10, Supporting Information). We suggest
that this is due to the up to 25-times higher bond switching
activity at room temperature reported to occur in a-Al,O, com-
pared to a-SiO,,!1?] leading also to the significantly enhanced ac-
tivity of atoms exhibiting twice the average D?,;, (see Section
S11, Supporting Information). This allows for a higher nucle-
ation rate of LPSEs, and since we show that LPSEs ultimately
also mediate the SB propagation, this results in a smoother and
more gradual relaxation of stress without load serrations even
during SB propagation-dominated plastic strain. In other words,
we can state that the stress drops associated with the LPSE are
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much lower than the load noise floor and load resolution of
the nanoindenter in order to be detectable. The order of magni-
tude smaller activation volume of a-Al,O; can also explain why
individual load drops are significantly smaller and do not ap-
pear in the data (see Section S7, Supporting Information). Load
drops in displacement-controlled indentation, or pop-ins in load-
controlled indentation, have been routinely observed in metallic
glasses and correlated with strain localization arising due to shear
transformation zone activity. Serrations in the load-displacement
behavior of metallic glasses typically decrease with increasing
temperature, with mild or no serrations observed close to the
glass transition temperature T, (T/T, > 0.8).°! In fact, metal-
lic glasses have been shown to deform homogeneously at these
high T/T, temperatures even on macro-length scales.l*?! For com-
parison, the glass transition temperature T, for a-AL,0; is ex-
perimentally estimated to be 743 K.>3] It remains to be studied
whether the LPSEs occurring in oxide glasses have a similarity to
the shear transformation zones attributed to mediate plasticity in
bulk metallic glasses,>® and this should be addressed in future
studies combining both material groups.

When brittle ceramics are tested with microcompression, a
pillar typically fails by axial splitting, where the crack nucleates
vertically from the pillar’s top surface.'®°] This is likely due to
tensile hoop stresses leading to tensile strains; this is caused by
the pillar compression geometry as shown by the FEM modeling
(Figure S5.2f, Supporting Information). In the case of a-Al,O,
micropillar compression, we did not detect the axial splitting phe-
nomenon despite the presence of a similar tensile strain com-
ponent. Instead, the propagating SBs intersected with the pillar
surface and combined with the hoop stresses led to crack nu-
cleation. At the highest measured strain rates, the cracks prop-
agated up to a few hundreds of nanometers but again without
fracture (Figure 4h, Figure 7b-c, and Figure S1.2, Supporting In-
formation). As a difference to a-SiO,,[??] the data regarding the
unloading phase also do not indicate any fracture. Visually the
crack nucleation observed in a-Al,O; is similar to the micropil-
lars of single crystalline a-Al, O,, where the crack nucleates in the
location where a dislocation slip intersects with the top surface of
the pillar.[2%]

The FEM modeling allows us to replicate the experimental
stress-strain behavior and qualitatively the shape of the a-Al,O,
pillar after compression (Figure 5). Rationalizing how the se-
lected material “damage” model works, the material loses stift-
ness in the volume where the plastic deformation is first acti-
vated and that forces the plasticity to further concentrate on this
softer volume. Based on experiments and atomistic simulations,
the degree of lost stiffness appears to be related to the strain rate.
At higher strain rates, we enforce a larger loss of stiffness, i.e.,
damage, leading to increasingly localized plasticity by SB propa-
gation. We can deduce that the maximum damage remains lower
at lower strain rates due to the relatively high activity of LPSEs in
a-Al, O;, preventing the localization of plasticity. The successful
matching of the FEM model with the experimental data can also
give us valuable input in developing a theory predicting the plas-
tic behavior of other amorphous oxides.

Several factors can induce spurious results regarding plasticity,
either directly in the experimental or simulated mechanical data
or in the following analysis of the data. Here we attempt to ad-
dress all the outstanding issues. First, a high strain rate is known
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to produce strong adiabatic heating, especially in high-strength
materials.l®* The adiabatic heating of the micropillar samples at
higher strain rates could act to produce anomalous mechanical
behavior, or for example, trigger the SB propagation. To study the
potential effect of adiabatic heating, we determined the thermal
diffusion distance of a-Al,O, and compared that to the micropil-
lar sample size (see Section S12, Supporting Information). The
results show that even at the highest strain rate of 1000 s~ and
for the largest specimens with the length of ~20 um, the ther-
mal diffusion distance is 1-2 times larger than the sample. This
means that all the performed mechanical tests are at most quasi-
adiabatic, and sample heating did not significantly contribute to
the experimental results if we assume that the plasticity is ho-
mogenously distributed to the sample volume. It is possible that
the localization of plasticity at higher strain rates induces “hot
zones” inside the shear bands, and this could affect the measured
stress-strain behavior or the observed plasticity. However, as all
the samples deformed at the highest strain rate solely underwent
plastic deformation and no fracture was observed, we leave the
detailed study of this topic for the future.

Second, the presence of a strong enough electron beam can
induce artificial plasticity in mechanical experiments.!*¢>%] We
performed dedicated experiments to study the effect that our
SEM electron beam setup has on our micropillar samples during
mechanical loading (see Section S13, Supporting Information).
No significant difference was found in the mechanical behavior
between the a-Al,O; micropillar samples strained with electron
beam On or Off. Therefore, the electron beam is not a source of
plasticity in this study and does not contribute to the conclusions
of this article.

Third, we selected the MD-simulated quenching method, box
size, and strain rates to avoid inducing artificial ductility (see Sec-
tion S14, Supporting Information).33]

Fourth, densification under compressive load is known to be
able to induce plastic strain in a-SiO,.??] To determine the role
of densification in the plasticity of a-Al, O, we measured the per-
manent change in density in a-Al,O; under MD-simulated bulk
compression and compared it to the behavior of a-SiO, under
similar conditions (see Section S4, Supporting Information). The
results show that densification of a-Al,O5 can contribute a max-
imum of ~1.5% to the plastic strain along the axis under com-
pressive stress, which, for example, at a maximum strain of 0.5
(50%) would translate to 0.0075 strain inflicted by densification.
Therefore, densification has a negligible contribution to the plas-
tic strain during the compression of a-Al, O;.

Fifth, small enough nanoscale samples exhibit decreased ther-
modynamic parameters, such as glass transition temperature.*®!
Parameters decreased close to or below room temperature could
explain some features of the observed room temperature plas-
ticity of a-Al,O,. However, the micropillars are large enough to
insignificantly deviate from bulk thermodynamic properties. Re-
cent experiments report a glass transition of 743 K for a-Al, O, [**]
At room temperature, the flow of amorphous (experiments) and
glassy (simulations) alumina occurs significantly below the re-
ported glass transition temperature (I/T, = 0.4), which is not ex-
plained by the current thermodynamic theory for oxide glasses.

Sixth, it is known that reducing the micropillar size can
significantly change the mechanical properties of single crys-
talline metals.[?!! Our additional experiments with larger pillars
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(Figure 7, Figure S9, Supporting Information) confirm that room
temperature plasticity can be transferred to the bulk scale if the
a-Al, O, samples can be manufactured free of processing flaws.

4, Conclusions

Results from the a-Al,O; micropillar compression experiments
and simulations reveal exceptional microscale plasticity and clar-
ify the design principles for damage-tolerant oxide glass mate-
rials. The experiments and simulations show that microscale a-
Al, O, samples can plastically deform without fracture at up to
50% strain. At the slowest strain rates (10~ s71), the nucleation of
localized plastic strain events produces a predominantly homoge-
nous plasticity that can fully accommodate the plastic strain. The
nucleation rate of LPSEs was found to remain relatively constant
at a constant temperature. To accommodate the required plastic
strain at higher strain rates, the momentarily available LPSEs ac-
cumulate in Shear Bands (SBs), and their slip-like propagation
takes over to account for an increasing portion of the measured
plastic strain. At the highest strain rate (10° s~!), most of the plas-
tic strain is mediated by a few dominant shear bands. Regardless,
even at the highest experimental strain rate, the nucleation rate of
LPSEs in a-Al, O, is fast enough to avoid fracture. The microscale
behavior of a-Al, O, indicates that increasing the LPSE nucleation
rate is a key property to obtain more damage-resistant oxide glass
materials. Based on the current results and the earlier literature
on a-Al,O; and a-SiO,, the LPSE nucleation rate is a material-
specific property dictated by the atomic structure and can likely
be found to be better or worse in other pure diatomic oxides. The
results can be directly applied to design ultra-high strength and
damage-tolerant micromechanical structures using a-Al,0;. In
addition, if bulk amorphous oxides can be manufactured free of
processing flaws, including required improvements in the manu-
facturing techniques, they show high potential to be used as light,
high-strength, and damage-tolerant engineering materials.

5. Experimental Section

Film Deposition: ~ All samples were processed by nanosecond UV laser
(248 nm, Coherent Gmbh. Germany) ablation of a polycrystalline Al,O;
target (Testbourne 99.99% purity) in a custom-made vacuum chamber (I-
PLD300, Kenosistec s.r.l, Italy). The conditions used were: a laser repeti-
tion rate of 50 Hz; laser fluence of 3.5 | cm~2; background O, gas pressure
of 0.15 Pa; target-substrate distance of 50 mm. The a-Al,O; films were
deposited on 30 mm x 50 mm silicon wafer substrates at room temper-
ature with thicknesses up to 50 um. The density of the PLD a-Al,O; was
estimated to be 3.47 + 0.02 g cm=3.1"] The films were measured to be
amorphous using grazing incidence angle XRD and full amorphicity was
further confirmed using a TEM cross-section of a deformed micropillar
(see Figure S1.1, Supporting Information). For detailed characterization
of microstructure and chemical composition of PLD a-Al, O3 samples, see
Section S1, Supporting Information.

In Situ Micropillar Compression:  Focused ion beam milling with a gal-
lium source (Zeiss Crossbeam 540) was used to produce the micropillar
samples from the 10 um films deposited on a silicon wafer by PLD. Mi-
cropillar compression testing of PLD a-Al,O; was performed in situ inside
a Leo Zeiss SEM equipped with in situ SEM nanoindenter (Alemnis AG).
All tests were carried out at room temperature. The temperature equilib-
rium between the instrument and sample was maintained by keeping the
sample inside the system for an optimum duration of 2 h before testing.
The average diameter (D) and height (h) of the pillars were measured to
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be ~2.25 um and 4.5-5.0 um respectively, resulting in an aspect ratio (h/d)
of < 3 to avoid buckling of the specimen during experiments. As the pil-
lars had an approximate taper angle of 2-3°, the pillar diameter required
to determine the engineering stress was measured as the average diam-
eter between the top and bottom diameters, and the average diameter of
2.25 pm was used to determine the engineering stress. Experiments were
performed at different strain rates, varying from 1073 s 1 t0 103 s~7, and
individual pillars were tested only once. A diamond flat punch indenter tip
(Synton MDP) of a diameter of 5 um was used to compress the pillars.
All tests were conducted in displacement-controlled mode to maintain a
constant strain rate throughout each experiment. The tested pillars were
imaged before and after the tests with FE-SEM (Zeiss Crossbeam 540) at
an acceleration voltage of 1kV. In addition, larger micropillars were tested
with a diameter in the range of 611 um and height in the range of 15—
20 um, using a strain rate of 1072 s~! and a diamond flat punch with a
diameter of 25 um. For these experiments, the micropillars were milled in
a ~50 pum thick PLD a-Al,O; film.

Atomistic Simulations: Large-scale molecular dynamics simulations
with the LAMMPS software package were used to reveal atomic-scale
phenomena active in a-Al,O3; micropillar compression using the Mat-
sui potential.l’”] Amorphous alumina was prepared using a melting-
quenching process as mentioned by Gutiérrez et al.[®] The bulk PBC setup
(1) initial structure before straining was a rectangular cuboid with a size
of ca. 11 x 11 x 90 nm? including 963 300 atoms, and the correspond-
ing structure was strained along the longest edge. The laterally uncon-
fined setup (2) initial structure before straining is a cylinder with a size
of 24 nm in diameter and 50 nm in height including 2 082 480 atoms,
and the structure was strained along the longest edge. Briefly, the system
was first heated to 5000 K in an NVT ensemble for 45 ps at a density of
2.75 g cm™3 to erase the memory of the initial structure. Afterward, the
structure was cooled down to 3000 K in 10 ps and equilibrated in the
NVT ensemble at that temperature for 45 ps. The density was changed
to 3.175 g cm™3 during equilibrium. Then, the system was cooled down
to 300 K over 650 ps and 1 atmosphere. Finally, the system was relaxed
for another 35 ps at 300 K. Periodic boundary conditions were applied to
all dimensions for the bulk PBC structure, while in the laterally unconfined
wire simulation, PBC was applied only along the z-axis. The compression
simulations were performed by applying uniaxial compressive force on the
structures prepared up to a maximum of 50%. Strain rates of 5.00 x107
s1,5.00x 108 s~1, and 5.00 x 10° s~ were used in bulk PBC simulations,
and a strain rate of 5.00 x 10 s~! was used for the laterally unconfined
nanopillar simulation. True stress was calculated using the momentary
value of the cross-sectional area measured at each strain step, and engi-
neering stress was calculated using only the initial cross-sectional area,
which for the nanopillar simulation was approximated as a circle with a
radius of 12 nm. Temperature was controlled with a thermostat (300K,
Nosé-Hoover method), and in the bulk PBC simulation, the NPT ensemble
was applied in directions orthogonal to the compression using a barostat
(1 atm, Nosé-Hoover method), leading to a plane stress-type of loading.
The simulation box was deformed every timestep (1 fs) without remap-
ping the atomic positions. Non-affine deformation D?;,, is the minimum
value of the local atomic displacement and describes the local deviation
from affine deformation compared to a reference configuration.[38] Mo-
mentary D? ., was calculated to characterize the nucleation of local plas-
tic strain events (LPSEs) in amorphous alumina and a 1% interval of strain
was used between the reference configuration and the configuration to be
analyzed. The cut-off distance for the D?;,, calculation in alumina was 4.6
A.

Finite Element Simulations: In the framework of the continuum de-
scription of condensed matter, the commercial finite element analysis soft-
ware Abaqus was utilized to model micropillar compression. Simulations
were performed using a Static, General nonlinear geometry analysis step
with automatic incrementation and a full Newton solution technique. The
3D simulation setup was developed as follows: The amorphous aluminum
oxide (a-Al,03) micropillar is attached to the a-Al,0; substrate; the a-
Al,O; substrate resides on the silicon wafer; and the diamond punch is
placed on top of the micropillar. A surface-to-surface mechanical contact
was defined between the interacting surfaces of the diamond punch and
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the a-Al,O; micropillar. The model was meshed by 8-node linear brick
finite elements with full integration (C3D8 element type). The diamond
punch and silicon wafer were modeled as isotropic elastic materials. The a-
Al,O3; micropillar and substrate were modeled as isotropic elastic-plastic
material with damage capabilities based on a damage model.[4041] The
loading-unloading of the sample was simulated in two steps: During the
first step, the diamond punch is moved toward the micropillar by applied
displacement, and, during the second step, the diamond punch is moved
back to its original position. For a more detailed description, see Section
S5, Supporting Information.

Statistical Analysis: In data presented as “value + error”, the “value” is
the mean calculated over the whole population, and “error” is estimated
using the standard deviation method. Number of samples (n) used to
draw each data plot in the figure is presented in the figure captions. log-log
linear fitting was used to determine the slope for strain rate sensitivity m.
Smoothing shown in Figure 3 and Figure 6 was done using an adjacent
average method with 20 points of the window. Standard spreadsheet and
Origin software were used to perform statistical analyses.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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