Downloaded via UNIV OF CALIFORNIA LOS ANGELES on July 12, 2021 at 03:44:43 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCB

Bulk Metallic Glasses’ Response to Oscillatory Stress Is Governed by
the Topography of the Energy Landscape

Longwen Tang, Gang Ma, Han Liu, Wei Zhou,* and Mathieu Bauchy*

Cite This: J. Phys. Chem. B 2020, 124, 11294-11298

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: When subjected to cyclic loading, bulk metallic glasses tend
to exhibit fatigue-induced damage. Although fatigue is a key limitation of
metallic glasses, its atomic origin remains elusive. Here, based on molecular
dynamics simulations, we investigate the response of metallic glasses
prepared with varying cooling rates to oscillatory stress. We find that fatigue
manifests itself as an accumulation of residual strain, which results from
some nonaffine displacement of the atoms. Such local reorganizations are
promoted under a high cooling rate. Importantly, we demonstrate that the
fatigue-induced dynamics of the atoms is encoded in the topography of the

static energy landscape, i.e., before any load is applied.

1. INTRODUCTION

Due to their lack of a long-range order, bulk metallic glasses
(BMGs) feature unique physical properties, such as a high
elastic limit and strong resistance to plastic deformations.'™>
However, when subjected to oscillatory loading, BMGs
typically suffer from a poor resistance to fatigue.”® Recent
experiments have suggested that the response of BMGs to
fatigue strongly depends on the chemical composition,” "
temperature,12 loading mode,"? and cooling rate.'#1°

Although this behavior limits the range of application of
BMGs, its origin and mechanism remain partially unclear.'%'¢
The response of BMGs to fatigue can be divided into initiation
and propagation stages.16 Recent results have suggested that
initiation is triggered by the formation of multiple shear
bands.!” Under monotonic loading, the formation of the shear
band arises from the interaction between several critical local
rearran§ement regions,lg’19 which is known as shear transfer

%21 Notably, initiation is greatly facilitated under cyclic
stress as compared to monotonic conditions—the mechanism
of which remains poorly understood.”” In particular, the nature
of the relationship between the glass structure (and stability
thereof) and the propensity for fatigue-induced damage
remains elusive.

Herein, to address this question, we investigate the response
of an archetypical CugZrys BMG to oscillatory stress by
molecular dynamics simulations. We find that, at the atomic
scale, fatigue manifests itself by some local structural
reorganizations. The propensity for such atomic rearrange-
ments depends on the thermal history of the glass and is
promoted under high cooling rates. By adopting the activation-
relaxation technique (ART), we reveal that the dynamic

zones.

© 2020 American Chemical Society

N4 ACS Publications

Applied oscillatory stress

Slow cooling High fatigue resistance

>

Potential Energy Landscape

Rough PEL

Energy barrier
height
| L |

Irreversible
events

Fast cooling

Smooth PEL

Applied oscillatory stress

response of BMGs to cycling loading is encoded in the
topography of their static energy landscape, that is, before any
load is applied.

2. METHOD

2.1. Sample Preparation. To establish our conclusions,
we simulate an archetypal CugZryg BMG by molecular
dynamics. The system simulated herein comprises 8000
atoms, which are initially randomly placed in a cubic box
under periodic boundary conditions. The system is first
equilibrated for 1 ns at 2000 K and zero pressure in the
isothermal—isobaric (NPT) ensemble with a Nosé—Hoover
thermostat,”*** such that the simulated melt loses the memory
of its initial configuration. The obtained liquid is subsequently
cooled to 0 K under zero pressure in the NPT ensemble with
varying cooling rates ranging from 10" to 10" K/s. The
interatomic interaction energy is described by the embedded-
atom method (EAM) potential, which has been shown to offer
a realistic description of the structure and mechanics of Cu—Zr
glasses.25 For statistical averaging purposes, a series of 11
glasses are simulated for each cooling rate. The timestep is
selected as 1 fs for all simulations. All of the simulations are
conducted using the Large-Scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) package.”
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2.2. Oscillatory Stress. As illustrated in the inset of Figure
la, we investigate the fatigue of the simulated Cug,Zr;s BMGs
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Figure 1. (a) Example of a stress—strain curve for a simulated
Cug,Zr;6 bulk metallic glass prepared with a cooling rate of 10'* K/s
under monotonic tensile deformation, which is used to determine the
glass strength (apeak). The inset illustrates the series of tensile stress
cycles that are then imposed to the simulated glasses. (b) Examples of
stress—strain curves upon cycling loading for select cooling rates. The
inset shows the residual tensile strain (¢,) after 10 loading—unloading
cycles as a function of the inherent structure energy of the glass (Ejs).
Each point represents an average of 33 results obtained for the same
cooling rate, while the error bar indicates the standard deviation of
these results.

by subjecting them to a series of strain-controlled uniaxial
tensile deformation cycles. To achieve this, the system is first
deformed along the z-axis by small increments of strain of
0.005%. During the deformation, a zero stress is imposed along
the other directions by adjusting the simulation box size at
each step of the deformation by energy minimization (using
the conjugate gradient algorithm). The stress is then measured
after each step of deformation. This process is repeated until
the tensile normal stress o, reaches 0.96,,,, where o, is the
glass strength, that is, the maximum normal stress before
fracture upon monotonic loading (see Figure 1a). The BMGs
are then subjected to unloading using the same methodology
until the tensile normal stress is fully released (i.e., 6, = 0). The
simulated BMGs are subjected to a total of 10 of such
loading—unloading cycles (see the inset of Figure 1a). We find
that this number of cycles is large enough for the system to
reach the steady state—since subsequent cycles do not result
in any additional residual strain or any further increase in the
potential energy (see the Supporting Information). For each
system, such oscillatory stress simulations are then repeated by
deforming the BMGs along the x- and y-axis for statistical
averaging purposes. It should be noted that the whole
deformation process is conducted under athermal and quasi-
static conditions, which has been shown to capture the main
atomic-scale features of the deformation mechanism of
disordered solids.'***

2.3. Structural Rearrangements. To characterize the
nature of the structural rearrangements occurring within the
atomic structure of the simulated glasses upon oscillatory
stress, we compute the cumulative nonaffine displacement D of
each atom during the whole cycling process. Note that, here,
rather than using the conventional nonaffine square displace-
ment D2, proposed in ref 20, we compute the sum of the
individual nonaffine displacements experienced by the atoms
during each deformation cycle:

D= i y ADi%min
i=1

where D} ;, is the incremental nonaffine square displacement
after each deformation cycle i and n = 10 is the total number of
the cycles. The cutoff value used herein to calculate the local
affine displacement field is chosen as the minimum after the
first peak in the pair distribution function (ie., 3.75 A).

2.4. Energy Landscape. We explore how the response of
the simulated BMGs to oscillatory stress is encoded in their
potential energy landscape (PEL). To this end, we adopt the
activation-relaxation technique nouveau (ARTn) algorithm,
which enables a systematic search of saddle points within the
energy landscape.”””® ARTn has been successfully used to
characterize the PEL of disordered phases.”” ' In detail,
starting from a local minimum position in the PEL, a random
activation displacement is first imposed on a group of atoms
centered around the target particle, wherein the cutoff is herein
chosen to be the same as that used to calculate the nonaffine
displacement, i.e., the extent of the first coordination shell. The
perturbed system is then gradually moved toward the nearest
saddle point by following the direction of the negative energy
curvglture,27 until an energy curvature that is lower than 0.005
eV/A™? is achieved. For each target particle, we conduct 20
random independent saddle point searches, which is sufficient
to ensure the convergence of the energy barrier distribution for
CugyZrys BMGs.”?%

(1)

3. RESULTS AND DISCUSSION

3.1. Effect of the Cooling Rate on Fatigue. We first
explore how the thermodynamic stability of the simulated
BMG (ie, its fictive temperature) affects its response to
fatigue. To this end, we subject the simulated BMG to a series
of stress-controlled cyclic deformations (see Section 2.2).
Figure 1b shows select examples of stress—strain curves upon
cyclic loading for simulated CugZr;s BMGs prepared with
varying cooling rates.

We observe that, upon cyclic loading, the simulated glasses
exhibit some irreversible deformations, which manifest
themselves by the formation of a nonzero residual normal
strain after unloading (i.e., the glass remains permanently
elongated). Notably, we observe that glasses prepared with
high cooling rates (e.g., 10'* K/s) exhibit significantly higher
permanent deformation than their counterparts prepared with
lower cooling rates (e.g., 10'° K/s). It should be noted that this
behavior is not a spurious effect of the magnitude of the stress
cycles, since the maximum stress remains fixed at 0.96,,.;;—so
that glasses prepared with high cooling rates are actually
subjected to smaller stresses since they exhibit lower tensile
strength. To relate this behavior to the thermodynamic
stability of the simulated BMGs, we then compute their
inherent structure potential energy Ejs. As shown in the inset
of Figure 1, we find that the residual strain after 10 loading—
unloading cycles increases monotonically with Ey. This
confirms that more stable glasses (ie., prepared with lower
cooling rates) are more resistant to fatigue.

3.2. Structural Reorganizations. Next, we investigate the
nature of the microscopic carriers of the residual strain that
accumulates upon oscillatory loading (see Figure 1b). It should
be noted that some of the local rearrangements that are
activated during loading can be recovered during unloading—
which indicates that a fraction of the rearrangements are
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Figure 2. Residual tensile strain as a function of the average
cumulative nonaffine displacement D after 10 loading—unloading
cycles. The line is to guide the eye. The inset shows the average
cumulative nonaffine displacement D as a function of the glass
inherent structure energy Ejs. Each point represents an average of 33
results obtained for the same cooling rate, whereas the error bar
indicates the standard deviation of these results.

strain as a function of the cumulative nonaffine displacement
for varying cooling rates. We observe that the residual strain
increases monotonically with the cumulative nonaffine
displacement. This indicates that the fatigue-induced macro-
scopic irreversible damage manifests itself by some local,
nonaffine atomic reorganizations at the atomic scale.”> As
shown in the inset of Figure 2, the average cumulative
nonaffine displacement D (i.e., as averaged over all the atoms
at fixed cooling rate) increases with Ejg. This confirms that
more stable glasses (i.e., lower Ejg) are less sensitive to fatigue,
at both the macroscopic and atomic scales.

3.3. Fatigue Is Encoded in the Potential Energy
Landscape. Having established the relationship between
fatigue-induced damage and energetical stability, we now
explore whether the sensitivity to fatigue could in some ways
be encoded in the underlying PEL. To this end, we compute
the distribution of energy barriers accessible to each atom by
using the ARTn algorithm (see Section 2.4). Figure 3 shows
the distribution of the computed energy barriers for select
Cug,yZrys BMGs with varying cooling rates. We observe that,
independently of the cooling rate, the energy barriers exhibit
fairly normal distributions. We note that the previously
reported excess of small energy barriers’® disappears when
the glasses are relaxed at zero temperature and zero stress.
Notably, we find that the energy barrier distribution of glasses
obtained with low cooling rates tends to shift toward higher
energy values as compared to those of glasses formed with
higher cooling rates. This indicates that the average height of
the energy barriers (E,, which characterizes the roughness of
the PEL) tends to increase upon decreasing the cooling rate.
That is, as the cooling rate decreases, the formed glass explores
some local states that are deeper within the PEL (i.e., lower
E5) and wherein the local minima are separated from each
other by larger energy barriers. The monotonic relationship
between the depth (i.e., Eg) and the roughness (i.e., E;) of the
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Figure 3. Energy barrier distribution in simulated CugZrys bulk
metallic glasses prepared with select cooling rates. The inset shows the
average value of the energy barrier distributions as a function of the
inherent structure energy Ejs of the glasses.

local PEL explored by the system upon varying cooling rates is
presented in the inset of Figure 3. We note that, upon
decreasing the cooling rate, the increase in the height of the
energy barriers is notably faster than the decrease in the
inherent structure energy of the glass.

We now discuss how the topography of the PEL governs the
propensity for BMGs to exhibit microscopic irreversible
deformations upon oscillatory stress. Figure 4b shows the
cumulative nonaffine displacement D of the atoms within the
glass as a function of the average height of the energy barriers
that are accessible to them (E,.). For statistical average
purposes, each of the data points shown in Figure 4b
corresponds to the values of D and E,, that are averaged
over 5% of all of the particles, as sorted in terms of increasing
D values. Surprisingly, we observe that the relationship
between atomic rearrangements and energy landscape is
governed by a clear power-law relationship: D o« AE;% (a
being a power-law exponent), wherein the atomic cumulative
nonaffine displacement D decreases upon increasing the
average local energy barrier E, .. The power-law relationship
may stem from the fractal geometry of the PEL in disordered
materials.”*** These results demonstrate that the atoms that
have locally access to low-energy barriers are more likely to
undergo some structural reorganizations upon cyclic loading
than those that only have access to large energy barriers. It is
remarkable that the fatigue-induced dynamics of the atoms is
intrinsically encoded in the static topography of the energy
landscape, that is, before any load is applied.

The close relationship between atom dynamics and local
energy landscape is further illustrated in Figure 4a, which
compares the spatial distribution of D and E_,.. We observe
that the atomic cumulative nonaffine displacement exhibits a
notable spatial heterogeneity, at both low and high cooling
rates. This is a manifestation of the dynamical heterogeneity
that is typically observed in disordered phases.’® Importantly,
we find that the spatial distributions of D and E,. closely
mirror each other, wherein regions that are characterized by
large atomic displacements are associated with low-energy
barriers (i.e, smooth energy landscape) and vice versa. This
highlights the fact that, even after having been subjected to
several stress cycles, the deformed glasses closely retain the
memory of their initial, static energy landscape.

4. CONCLUSIONS

Altogether, our results establish the following atomic picture
for the response of Cug,Zr;s BMGs to fatigue. Upon loading
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Figure 4. (a) Spatial distributions of the cumulative nonaffine displacement (D) of the atoms and of the average height of the energy barriers that
are accessible to them (E,,.) for two select cooling rates. (b) Computed values of D as a function of E,,.. The lines are some power-law fits.

and unloading, the atoms periodically gain and lose some
elastic strain energy, which effectively deforms the local PEL.”’
In unstable BMGs formed with high cooling rates, this elastic
energy becomes large enough for atoms to overcome local
energy barriers and undergo reorganizations. This arises from
the fact that such unstable glasses exhibit a smooth energy
landscape, with low energy barriers. Some of these nonaffine
reorganizations are irreversible, i.e., they are not reversed upon
unloading.38 In turn, these atomic-scale reorganizations result
in permanent macroscopic deformations (i.e., a residual
strain). In contrast, due to the rough nature of their energy
landscape (i.e, with large energy barriers), stable BMGs
formed with low cooling rates are less prone to nonaffine
atomic reorganizations and, hence, less sensitive to fatigue at
the macroscopic scale. This mechanism highlights a close
correlation between the long-term dynamics of the atoms
under cyclic stress and the initial topography of their local
energy landscape. This picture echoes recent experiments,
indicating that glass annealing can notably enhance BMGs’
resistance to fatigue.'*
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