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Structural changes in a metallic glass under cyclic indentation
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Abstract

Using molecular dynamics simulation, a CuZr metallic glass was subjected to cyclic indentation to investigate cyclic harden-
ing. Structural changes occurring after each indentation cycle were analyzed by examining the radial changes of the structural
motifs in the vicinity of the indenter surface. The analysis revealed initial local structural modifications that corresponded
to a more relaxed glass state, followed by a slow restoration of the initially destroyed structures. These findings provide new
insights into the microstructural causes of cyclic hardening in metallic glasses.
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1 Introduction

In metallic glasses (MGs), the phenomenon of cyclic hard-
ening is characterized by an enhancement in the material
strength and resistance to deformation when subjected to
repeated loading cycles [1-5]. This effect progressively
develops over multiple cycles until a saturation point is
reached. Both experimental [1, 2] and molecular dynam-
ics simulations [3—5] have demonstrated this phenomenon,
which is applicable across a broad spectrum of MG compo-
sitions and temperatures.

Simulation outcomes propose that the hardening is trig-
gered by confined microplasticity and stiffening in regions of
the originally preferred yielding path, necessitating a higher
applied load to initiate a secondary path [2, 4]. However, the
structural modifications leading to local hardening remain
unclear. Existing tools have been unable to provide clear
indications of any changes induced by cycling [2].

The mechanical properties of MGs are largely governed
by local atomic structures, referred to as short-range order
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motifs [6-8]. These motifs, acting as the closest neighboring
elements of the glass, exhibit a distinct structural hierarchy
dependent on the coordination number of the central atom.
The full-icosahedral (FI) clusters centered on Cu atoms have
been identified as the most relevant motif. During mechani-
cal deformation, significant deformation of these motifs has
been observed [9—11], particularly the FI motifs [10, 12—14].

In this study, we perform simulations of a CuZr MG sub-
jected to cyclic indentation. We examine the radial altera-
tions of the motifs in relation to the indenter surface to iden-
tify any discernible structural changes that could elucidate
the microstructural causes of cyclic hardening. Our analysis
uncovers initial local structural modifications corresponding
to a more relaxed glass state. Subsequent cyclic measure-
ments indicate a partial restoration of the initially destroyed
structures. However, this recovery process saturates after
the fifth cycle.

2 Simulation details

In this research, a CuZr glass with a composition of Cug, 5
Zr;5 5 was used. The glass was produced by melting a crys-
talline mixture at a temperature of 7,, = 2000 K for 500 ps,
then cooled to room temperature (7 = 300 K) at a quench-
ing rate of 0.01 K/ps, and relaxed for 200 ps under periodic
boundary conditions. More information on sample prepara-
tion can be found in Refs. [15, 16]. The simulation was car-
ried out in a cubic box with a length of L = 45 nm, contain-
ing 5 619 712 atoms.
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Before cyclic indentation, the sample was relaxed for an
additional 300 ps under periodic boundary conditions in the
lateral directions and free boundary conditions on the top
surface. During indentation, the temperature of the sample
was kept at 300 K using an NVT ensemble for ten indenta-
tion cycles. A 1-nm layer at the bottom of the samples was
fixed, simulating an immobile bulk MG. The indenter had
a spherical shape with a radius of R = 10 nm and stiffness
constant of K = 10 eV/A[17], interacting repulsively with
the sample and moving in the —z direction at a velocity of
20 m/s.

The first indentation cycle penetrated the sample down
to 7 nm. The force acting on the indenter at this depth was
then used as a control value for the next nine cycles, such
that the indentation depth of the ensuing cycles could not
change, while the maximum normal force was fixed. After
retraction of the indenter, the next cycle was started as soon
as the indenter lost contact with the sample and the normal
force on the indenter vanished.

The open-source visualization tool OVITO [18] was uti-
lized to analyze the plasticity created on the samples by the
indentation procedure.

3 Results
3.1 Virgin sample

Prior to indentation, a sample analysis is conducted to deter-
mine the total number of the most common motifs which are
organized according to their coordination number (CN) in
Fig. 1. The color distinction in the figure signifies whether
the cluster is centered around a Copper (Cu) atom—depicted
in blue—or around a Zirconium (Zr) atom—depicted in
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Fig. 1 Distribution of motifs, classified by their coordination number
CN, in the virgin sample before indentation takes place. The color
differentiates whether the cluster is centered around a Cu (blue) or Zr
(orange) atom
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orange. The figure reveals that motifs with CN = 12 are the
most common. This category includes full icosahedral (FI)
motifs (0,0,12,0), which have been associated with struc-
tural stability [8]. This figure also shows that motifs with
large CN>15 are predominantly Zr-centered, while those
with smaller CNs are primarily Cu-centered. This finding
is in agreement with the larger atomic size of the Zr atom
as compared to the Cu atom and is in agreement with the
previous studies [19, 20].

3.2 Structural modification after the first
indentation cycle

Upon completion of the initial indentation cycle, we pro-
ceeded to examine the resulting plasticity. In Fig. 2, the von-
Mises shear strain (VMSS) is displayed for a cross section
of the sample. This figure reveals that the most significant
plasticity is primarily concentrated near the indenter. The
observed plasticity is largely composed of shear transforma-
tion zones, which are localized plastic shear events involv-
ing approximately 100 atoms [21]. No shear bands were
localized.

To analyze the plasticity in a more qualitative manner,
the plastic zone beneath the indenter was divided into radial
layers of 5 A each. The radial coordinate r, measures the
distance of these layers to the indenter surface. To measure
averaged quantities within these layers, a method similar to
the one described in Ref. [22] is employed. These measure-
ments were performed at the maximum depth of indenta-
tion, just prior to the removal of the indenter. Furthermore,
all results presented henceforth are determined relative to

VMSS

(0] 1

Fig.2 Cross-sectional snapshot of the sample after the first indenta-
tion with an indenter of radius g — 1 nm to a depth of 7 nm. Atoms
are color-coded according to their VMSS values
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the initial atomic configuration, before the initiation of the
indentation process. For this analysis, the first radial layer
directly below the indenter was ignored, as this is the point
where the most changes occur and it obscures the other
results. The focus is mostly on the radial progress. The sur-
face and pile-up were also ignored, meaning that only atoms
below a depth of 6 A beneath the surface were considered.
Figure 3 displays the radial change of the VMSS and
the percent change with respect to the virgin sample of FI
motifs. The maximum change in FI reached is close to the
indenter, with almost an 8% destruction of FI. This figure
indicates that the FI % change and the VMSS almost reach
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Fig.3 Radial dependence of the VMSS (left axis) and of the per-
cent change of the full-icosahedral (FI) motifs after the first indenta-
tion. The radial coordinate r, measures the distance of these layers to
the indenter surface. The data were taken at the maximum depth of
indentation
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Fig.4 Percentage change of the motifs with coordination number CN
as a function of the radial distance r, to the indenter surface. These
data were taken at the point of maximum indentation depth. Data are

0 values around 100 A, which suggests the extent of the
plastic zone.

In addition to the FI motifs, the radial dependence of the
remaining motifs, differentiated by their CN, was investi-
gated. Figure 4 shows this dependence, further categorized
by whether the motifs are centered around Cu, Fig. 4a, or Zr,
Fig. 4b. The data reveal that Cu-centered motifs with a CN
of 12 exhibit the most significant changes; more than 5% are
destroyed in regions near the indenter surface. A compari-
son with Fig. 3 suggests that these changes predominantly
occur within the FI. Other Cu-centered motifs demonstrate
an increase across the remaining motifs. For Zr-centered
motifs, those with higher coordination numbers (CNs >15)
display a destruction fraction of nearly 1%. The remaining
Zr-centered motifs exhibit an increase in their population.
A closer inspection of the changes in the cluster populations
based on their coordination numbers and elemental centers
reveals the following features.

1. For CN=11, Cu-centered motifs exhibit an increase
of less than 1%, while Zr-centered motifs remain
unchanged.

2. As previously noted, Cu-centered motifs with CN=12
show a decrease exceeding 5%, whereas Zr-centered
motifs display negligible change.

3. For CN = 13 and CN = 14, both Cu- and Zr-centered
motifs show an increase in population. The increase is
more pronounced for Cu-centered motifs, with a rise
of nearly 2% for both CN = 13 and CN = 14. In con-
trast, Zr-centered motifs show a more modest increase
of approximately 0.75% for CN = 13 and 0.3% for
CN = 14.
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given for (a) Cu-centered and (b) Zr-centered motifs after the first
indentation with respect to the virgin sample
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4. For motifs with CN = 15 and 16, there is a decrease
of approximately 1% for Zr-centered motifs. In con-
trast, Cu-centered motifs display an increase of 1% for
CN = 15, while CN = 16 shows virtually no change.

Moreover, Cu-centered motifs with CN = 12 appear to have
a more extensive range effect. They approach zero in the
range between 100-125 A below the indenter’s surface. In
contrast, the rest of the motifs, including all Zr-centered
motifs, seem to reach the zero line earlier, around 75 A
below the surface.

Overall, following the initial cycle, we observed altera-
tions in the CN that are consistent with a more rejuvenated
sample, as seen at lower temperatures [10]. This rejuvena-
tion is characterized by a marked decrease in CN = 12 and
an increase in CN = 14 for this specific stoichiometry. These
changes are concentrated in the vicinity of the indenter, lead-
ing to substantial modifications in its structural character-
istics. Rejuvenation effects similar to those observed in our
study were also noted in experiments involving cryogenic
cycle treatments [23].

3.3 Cyclic hardening

The focus now shifts to the outcomes of conducting nine
additional indentations following the initial indentation
cycle. Figure 5 presents the indentation force across the ten
indentation cycles. It is clear from this figure that applying
consistent force in subsequent indentations results in negli-
gible variation in the indentation depth, as evidenced by the
indistinguishable nature of the subsequent indentations. The
precise value of the maximum indentation depth achieved in
each indentation cycle is shown in Fig. 6. This figure reveals
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Fig.5 Dependence of the normal force on the indentation depth for
all the ten indentation cycles
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Fig.6 Dependence of the maximum indentation depth (left axis) and
of the plastic work done (right axis) as a function of the indentation
cycle

that not only was the change in maximum indentation depth
confined withina 1 A range, but it also exhibited a decrease
post the fifth indentation, nearing 70 A once again.

Furthermore, Fig. 6 illustrates the work required to per-
form these indentations, which is defined as the area encom-
passed between the loading and unloading curves. The size
of the hysteresis loop serves as a measure of the amount of
plastic work carried out in each cycle [24]. A contraction in
the hysteresis loop size implies a reduction in energy dis-
sipation via irreversible deformation, suggesting a decrease
in plastic deformation of the material [25]. This could be
attributed to a multitude of factors, including modifications
in the microstructural characteristics of the material. Inter-
estingly, a consistent decrease in work with each subsequent
indentation cycle is observed. This trend is also indicative
of hardening with each additional indentation. This means
that the material becomes more resistant to deformation with
each cycle. As a result, a diminished amount of work—or
energy—is demanded to achieve the same indentation depth
in subsequent cycles. This is demonstrated by the shrinking
area between the loading and unloading curves, which signi-
fies the work conducted during indentation.

It is essential to emphasize that the behavior observed
in this study can be influenced by a multitude of factors.
These include the specific composition of the MG, the load-
ing rate, and other conditions associated with experimental
or simulation settings. Despite the potential variability intro-
duced by these factors, a degree of consistency has been
detected across different conditions. For instance, similar
results were observed at a lower temperature (7' = 0.1 K) for
this stoichiometry [5], thereby strengthening these findings.
The findings presented in this study are also consistent with
earlier results found in both simulations [3—5] and experi-
ments [1, 2]. However, despite these results being observed
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across a wide spectrum of conditions, the microstructural
elements that trigger this phenomenon are yet to be deter-
mined. Therefore, in the following section, we conduct an
analysis of the structural changes in the glass, after subse-
quent indentation cycles, with the aim of identifying the
underlying cause of cyclic hardening.

3.4 Structural modification up to the tenth cycle

We now shift our focus to the analysis of structural modifi-
cations following the subsequent indentations. To maintain
simplicity in this analysis, we will only take into account
the alterations observed in cycles 5 and 10 in comparison to
cycle 1, which has been previously addressed in Sect. 3.2.
The radial dependency of the VMSS is shown in Fig. 7.
This figure reveals an increase in the average VMSS from
cycle 1 to cycle 5. However, it shows that the VMSS exhibits
negligible variations between cycles 5 and 10, indicating a
stable state of plasticity. Also, at distances > 60 A below the
indenter surface, the averaged VMSS is around 0.1, which
signifies very low plasticity.

Analogous to the analysis of structural changes conducted
for cycle 1 in Sect. 3.2, we also track the radial changes of
these motifs for cycles 5 and 10 to observe their evolution.

The individual examination of changes between cycles
for different CNs of Cu-centered motifs is depicted in Fig. 8.
As before, the changes are given with respect to the virgin
sample. The following observations can be made from this
figure.

(a) CN = 11: There is no discernible pattern between the
different cycles. It appears that there is no significant
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Fig. 7 Radial dependence of the VMSS for indentation cycles 1, 5
and 10, with data taken at the deepest point of indentation

change, and most of the alterations occur between the
layers, i.e., fluctuations.

(b) CN = 12: There is a recovery of approximately 2%
between cycle 1 and cycle 5 of the previously broken
motifs. No significant changes are observed between
cycle 5 and cycle 10.

(¢) CN = 13: Similar to CN = 11, there is no evident
change between the different cycles.

(d) CN = 14: There is a destruction of less than 1% in the
cluster formed in cycle 1 from cycle 1 to cycle 5. An
additional change of about 0.5% occurs between cycle
5 and cycle 10.

(e) CN = 15: Similar to CN = 14, there is a decrease in
the population of motifs formed during cycle 1. The
decrease is not significant, around 0.5%, and there are
no apparent changes between cycle 5 and cycle 10 out-
side fluctuations.

(f) CN = 16: There is a decrease in the population of
motifs of approximately 0.05% after cycle 5 and an
additional decrease of also approximately 0.05% after
cycle 10. The aforementioned changes occur only in
intermediate layers 25 A< r, <75 A

In a similar manner, we can investigate the variations
between cycles of different CNs, but this time for Zr-cen-
tered motifs, as illustrated in Fig. 9. The following deduc-
tions can be made from this figure.

(a) CN = 11: No discernible change.

(b) CN = 12: No clear variation is observed between the
different cycles apart from fluctuations.

(c) CN = 13: A systematic yet minimal decrease in the
motifs, around 0.1%, appears to transpire after subse-
quent indentations.

(d) CN = 14: No significant change is observed beyond
fluctuations.

(e) CN = 15: An increase in the cluster population of more
than 0.5% seems to occur; however, this is only evident
for the first layers r, < 25 A

(f) CN = 16: A minor increase in the motifs appears to
occur after cycle 5; however, the change is more pro-
nounced in the middle layers r, > 35 A. In the first
layers, the population decreased after cycle 5 but then
increases after cycle 10. In the middle layers, no signifi-
cant changes are observed between cycle 5 and cycle
10.

4 Summary and conclusions
In this study, to further elucidate the phenomenon of cyclic

hardening in metallic glasses, we executed cyclic indenta-
tion on a CuZr MG under room-temperature conditions. We
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Fig.8 Percentage change of the Cu-centered motifs with coordina-
tion number CN as a function of the radial distance r,, to the indenter
surface. These data were taken at the maximum indentation depth for

analyzed the structural alterations occurring in the plastic
zone proximal to the indenter. Specifically, we investigated
the alterations that occurred in Cu-centered motifs and Zr-
centered motifs individually, across radial layers around the
indenter.

Overall, our study revealed that during cyclic indentation,
specific motifs, particularly those centered around Cu with
a CN of 12 and Zr with CNs of 15 and 16, were destroyed in
the first indentation cycle. However, these motifs exhibited
a recovery in subsequent cycles. Conversely, other motifs,
specifically those centered around Cu excluding CNs of 11
and 13, and Zr with CNs of 12, 13, and 14, demonstrated an
increase following the first indentation. These motifs then
exhibited a decrease in subsequent cycles.

The structural transformations ensuing the initial inden-
tation cycle thus culminated in a glass state that was more
rejuvenated compared to its pre-indentation state. This
dynamic phenomenon of motif destruction and restoration
suggests an atomic-level *push-pull’ effect. The destruction
of a motif (or *push’) necessitates energy for its restora-
tion (or ’pull’) to its original state. In contrast, an increase
in a motif (or 'pull’) requires energy for its decrease (or
"push’). This continuous ’push-pull” process during cyclic
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each cycle. Data are given for after the first, fifth and tenth indenta-
tion with respect to the virgin sample

indentation could be the reason for the substantial energy
requirement for further transformations.

This interplay could have profound implications for the
properties and applications of MGs. For example, insights
into how MGs react to repeated mechanical stress at the
atomic level could guide strategies to improve their dura-
bility or resilience. Additional research would be required
to fully comprehend these processes and their implications.

Some evidence was found that the most stable motifs,
the Cu-centered motifs with CN = 12 which include the full
icosahedrals, are destroyed in a slightly wider environment
of the indenter than the other motifs. Even though this result
appears to be at the limit of our statistical reliability, it thus
appears that the destruction of motifs with CN = 12 precedes
the modification of the other motifs.

Overall, the structural changes in the sample reached
saturation after the fifth cycle. This is in agreement with the
stabilization of the plastic work done in the later indentation
cycles determined via the indentation—retraction hysteresis,
as was shown in Fig. 6. Note that the occurrence of thermal
processes, which might lead to structural changes between
the individual cycles, is highly improbable as our indenta-
tions follow each other without delay.
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Fig.9 Asin Fig. 8, but for Zr-centered motifs. Data were taken at the maximum indentation depth for each cycle

Finally, the macroscopic measurements presented in
this manuscript correspond well with the experimental
findings reported in Ref. [5]. This congruence is appar-
ent in the trends seen in changes in indentation depth and
hysteresis over multiple indentation cycles. It is essential
to emphasize this aspect, as experimental techniques do
not allow for the detection of microscopic changes in the
structure that can be observed through simulations. There-
fore, simulations like the one conducted in this study are
indispensable in supplementing experimental research,
especially in the domain of the plastic analysis of metallic
glasses.
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