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Atomic-scale homogeneous plastic flow beyond
near-theoretical yield stress in a metallic glass
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The onset of yielding and the related atomic-scale plastic flow behavior of bulk metallic
glasses at room temperature have not been fully understood due to the difficulty in per-
forming the atomic-scale plastic deformation experiments needed to gain direct insight into
the underlying fundamental deformation mechanisms. Here we overcome these limitations
by combining a unique sample preparation method with atomic force microscopy-based
indentation, which allows study of the yield stress, onset of yielding, and atomic-scale plastic
flow of a platinum-based bulk metallic glass in volumes containing as little as approximately
1000 atoms. Yield stresses markedly higher than in conventional nanoindentation testing
were observed, surpassing predictions from current models that relate yield stress to tested
volumes; subsequent flow was then established to be homogeneous without exhibiting col-
lective shear localization or loading rate dependence. Overall, variations in glass properties
due to fluctuations of free volume are found to be much smaller than previously suggested.
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ith the advent of an ability to produce amorphous
Wmetallic alloys in bulk quantities, their distinct

mechanical behavior has opened up exciting appli-
cation opportunities!. However, the poor room temperature
plasticity of these so-called bulk metallic glasses (BMGs)
impedes many engineering applications, which is why under-
standing their plastic deformation and flow mechanism has
received much attention?-4. The room temperature plastic flow
of BMG is usually inhomogeneous, which manifests as serrated
stress—strain curves during uniaxial tensile/compressive tests in
macroscopic specimens>— and in conventional nanoindenta-
tion experiments using indenter radii of = 0.2-10 um®%7. Each
serration corresponds to the formation of a single shear band or
the formation and evolution of multiple shear bands, which
represent the processes that are thought to govern the yielding
and plasticity of BMGs at room temperature®?. Owing to the
coordinated deformation of multiple shear bands, the max-
imum shear stress occurring at yield in uniaxial tension/com-
pression tests was found to be ~2.5% of the shear modulus G of
the material (or G/40) based on tests conducted on >30 BMGs
of different compositions, with G representing their respective
shear modulus!?. During conventional nanoindentation, the
formation of the first shear band, detected by the first pop-in
event in the force vs penetration depth curve, is considered as
the onset of plastic deformation of BMGs. When doing so, a
yield shear stress in a range of G/20 to G/10 is observed!l:12,
much higher than under uniaxial tension/compression. This
has been explained by the smaller volumes affected during
nanoindentation experiments compared with uniaxial com-
pression tension experiments of bulk samples, which reduces
the number of shear bands that are able to nucleate!l. Another
argument is that the larger the specimens, the larger the
population of defects is that they contain. With failure being
determined by the weakest link, the smaller the stressed
volume, the lower the probability for the volume to include a
particularly weak link, which ultimately results in higher shear
stresses'3. However, even though there is a difference in the
stressed volume between conventional nanoindentation and
uniaxial tension/compression testing, the plastic deformation of
BMGs is in both situations controlled by shear band dynamics.
The question therefore arises: What happens if the stressed
volume becomes too small for shear bands to form?

Here, we address this issue by investigating plastic flow in
volumes containing as little as 1000 atoms, a number so small
that it impedes all previously considered modes of collective
shearing. We achieve this by using virtually atomically flat
BMG samples, prepared from a Pts;5Cu;4;Nis 3P,y 5 alloyl?
(Pt-BMG) via thermoplastic forming!>!. The onset of yielding
and plastic flow at the atomic scale is then investigated with
atomic force microscopy (AFM)-based nanoindentation pro-
viding the desired localization. We find much higher yield
stresses compared with the values obtained by conventional
nanoindentation testing, after which virtually homogeneous
plastic flow without exhibiting any loading rate dependence
within the parameter range covered is observed. Representing
the smallest-scale mechanical deformation testing to date on
BMG:s, the results provide important insights to understanding
plastic deformation mechanism of BMGs at the atomic scale.
Perhaps even more notably, our results do not reveal any var-
iations in properties on the length scale of observation, which is
distinct from expectations based on previous concepts
describing inhomogeneity in metallic glasses!’-2l. As a con-
sequence, our findings may affect the establishment of
structure-property-processing relationships in metallic glasses,
where proposed toughening and strain hardening mechanisms
typically assume a heterogenous structure?2-23,

Results and discussion

Conventional nanoindentation. By averaging data obtained
from 15 individual indentations using a Berkovich indenter on
Pt-BMG samples prepared following the thermoplastic forming
procedure explained in the Methods section, the elastic modulus
of the BMG Egpyg was determined to be (105 +5) GPa. Mea-
surements were performed at five different loading rates ranging
from 0.5 mNs~! to 15 mNs~!, with three curves being recorded
at each rate. Even though loading curves changed from smooth to
serrated with decreasing speed, the value of Epyg extracted from
the individual curves did not exhibit any noticeably loading rate
dependency (Supplementary Materials Fig. 1). With Poisson’s
ratio v = 0.39%4, the shear modulus of Pt-BMG was then calcu-
lated from G = E/2(1 + v) as G=(37.8 £ 1.8) GPa, which is the
number used throughout this paper. It is, however, worth noting
that this value is higher than the 33.3 GPa measured using
ultrasonic methods with bulk Pt-BMG!4.

In contrast to nanoindentation with a pyramidal Berkovich tip
where plastic flow is expected to occur almost immediately,
nanoindentation with spherical tips is known to be elastic until
the first pop-in event is registered, which then indicates the
occurrence of the first shear band®2> and thus the onset of plastic
deformation. Therefore, 30 separate indents were carried out
using a spherical diamond tip featuring a radius of =320 nm to
study flow, with Fig. 1a showing a typical force F vs penetration
depth h curve. By averaging, the critical depth h, and critical load
F, when yielding occurs were found to be (10.4 + 2) nm and (0.11
+0.02) mN; when h and F are lower than these critical values, the
load-depth response follows the Hertzian elastic prediction
(dashed blue curve)?26.

A statistical analysis for the critical (i.e., yield) shear stresses
occurring at the first pop-in event 7y is then presented in Fig. 1b.
All values for 7, are within the range of 3.51-4.62 GPa, which
corresponds to a band confined by 7y i, = G/11 and 7y ax = G/8
with the averaged value being (4.06+0.32) GPa or =/9. In
contrast, statistical analysis for the yield shear stresses occurring
at the first pop-in event 7, for complementary nanoindentation
experiments performed on Pt-BMG samples with spherical
diamond tips of radii =1.7 um and =7.5 um results in averaged
values of (3.19+0.21) GPa (i.e., =G/12) and (2.44 +0.26) GPa
(=G/16), respectively.

Characterization of samples prepared by thermoplastic forming.
Samples prepared using the thermoplastic imprinting approach
described in the Materials and Methods section!” to reflect mirror
images of the SrTiO; (STO) crystals employed as mold were
characterized by tapping-mode AFM, with an example shown in
Fig. 2. The widths of the terraces formed on the Pt-BMG replicas
were found to be between 50 nm and 400 nm with the height dif-
ferences between two terraces being (0.39 + 0.02) nm, which reflects
one-unit cell on the STO’s (001) surface. In addition, the root-
mean-square (RMS) roughness on individual terraces was quanti-
fied on numerous locations and samples as =0.10 nm or less; the
RMS roughness within the box marked in Fig. 2a, e.g., was found to
be 0.057 nm.

To investigate the influence of structural inhomogeneities, a
phase image of the same area as in Fig. 2a is displayed in Fig. 2b.
If such inhomogeneities were to be significant, they should cause
a contrast in-phase images, which are known to reflect local
variations in viscoelasticity?”. However, even though previous
researchers have reported noticeable phase contrasts*829, we see
only minimal phase fluctuation. As an example, the RMS
variation of the phase values inside the box marked in Fig. 2b
is found to be 1.06° indicating that the effect of structural
inhomogeneities on local indentations should be negligible. We
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Fig. 1 Assessing the mechanical properties of Pt-BMG with conventional nanoindentation. a Typical force vs penetration depth curve measured on Pt-
BMG with a commercial nanoindenter using a 320 nm radius spherical diamond tip. The loading rate was set as 50 uNs—'. The Hertz fitting curve (dashed
blue curve) is obtained with Eq. (1) from the Materials and Methods section. b Cumulative distribution function visualizing the scatter of the yield shear
stress 7, obtained from analyzing 30 distinct nanoindentations on Pt-BMG using the same experimental protocol as in a; note that the pop-in loads
measured were determined only up to one decimal place, which is why the shear stress at first pop-in is the same value for multiple indentation
experiments. Nevertheless, all values found are within a band limited by G/11 and G/8.

b

Fig. 2 Characterization of virtually atomically flat Pt-BMG sample surfaces using tapping-mode atomic force microscopy. a Topography of a Pt-BMG
sample prepared by thermoplastic forming; image size is 2 um x 2 um. The surface, which represents an exact mirror image of the STO surface used as a
mold during the imprinting, features flat terraces separated by steps of 0.39 nm height, and the RMS roughness within the 250 nm x 250 nm box was

computed to be 0.057 nm. b Phase image of the same area as in a. While step edges cause topography-induced variations in phase, its value fluctuates one

minimally on terraces (e.g., by 1.06° RMS inside the box).

speculate that this divergence from the earlier reported results is
due to the fact that our samples are 1-2 orders of magnitude
smoother, thereby reducing the chance of surface imperfections
and/or topographical changes interfering with the data acquisi-
tion. In addition, it is also possible that the thermoplastic forming
process results in a structurally more homogeneous state than
previous preparation methods.

AFM-based  indentation. = AFM-based  nanoindentation
techniques®%3! can produce stressed volumes in BMGs at the
atomic scale without a need to decrease the sample’s dimensions.
AFM-based nanoindentation, which benefits from high force
resolution (~nN), displacement resolution (~sub-angstrom), and
sharp indenting tips (radii of typically a few nm), has previously
been employed to investigate the atomic-scale yield, dislocation
nucleation, and single-glide events in crystalline materials32-34,
but has thus far rarely been applied to study BMGs*. This

underuse originates from the fact that for a meaningful analysis of
indentation tests, the dimensional uncertainty originating from
surface roughness needs to be considerably lower than the
probing volume. In this context, this means that the surface must
effectively be “atomically flat” for artifact-free data interpretation.
Although such “atomically flat” surfaces have been difficult to
achieve with BMGs surfaces in the past, thermoplastically formed
samples such as the one characterized in the previous section are
ideally suited, with data obtained from indentations with depths
larger than =1 nm being unaffected by surface roughness.

Three diamond tips, labeled as #1, #2, and #3, of tip radii
specified by the manufacturer as <10 nm, were used to perform
AFM indentation tests on two distinct thermoplastically formed
Pt-BMG samples (samples #1 and #2). The indentation tests
shown in Fig. 3a was recorded with tip #1 on sample #1, whereas
the data from Fig. 3b, ¢, preformed with tips #2 and #3,
respectively, was acquired in both cases on sample #2. The
respective F-h loading curves can be divided into two segments.
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Fig. 3 AFM-based indentation on Pt-BMG. a Force F vs penetration depth h curves measured with five different maximum loads (180-1180 nN) using a
diamond tip referred to in the text as tip #1. Despite carrying out the indents at different locations on the sample surface, all curves overlap perfectly within
the accuracy of the measurement, indicating both that local changes in mechanical properties are negligible as well as that reproducibility of the
measurement is high. From fitting the part of the curves before the easily visible kink with Eq. (1) (dashed blue curve), a tip radius of ~4.1nm is obtained.
b, ¢ AFM indents carried out following the same protocol as in a, but with different tips and on different locations. All curves exhibit the same overall
behavior as in a, thereby confirming the validity of the approach. From fitting the data again with Eq. (1), the radius for tip #2 of b was determined as R~
4.5nm and the one for tip #3 in ¢ as R~ 6.1 nm. d-f Mean contact pressure P, vs penetration depth h curves. Curves in d-f were derived from the data
shown in a-c using Eq. (2). AFM images acquired before and after performing indentation experiments. g Topography of the pristine Pt-BMG surface on
sample #2. The stepped surface structure imposed onto the BMG sample by the STO single crystal mold is clearly visible!>. h Same location as in g, but
after AFM indentation tests using diamond tip #2 have been carried out. The locations of individual indents are highlighted by dashed circles and labeled
with the peak load reached during the experiment. Although no pile up is visible for a 280 nN peak load, higher peak loads clearly lead to larger pile ups

around the indent.

As long as h and F are lower than certain critical values h, and F,
dF/dh is comparatively high, meaning that the contact stiffness
between tip and BMG is high. This segment can be fitted using
Hertz’ model (blue dashed line; see Eq. (1) in the Materials and
Methods section), which results in the best matches when using
tip radii of 4.1 nm (tip #1, panel a), 4.5 nm (tip #2, panel b), and
6.1nm (tip #3, panel c), respectively. For the second segment
where h and F exceed hy, and Fy, the load increases linearly with
penetration depth, i.e., dF/dh (and thus the contact stiffness)
takes on a constant, but smaller value, which is indicative of
plastic flow. In addition, if loading proceeds past the critical point
given by h, and F,, residual depths are observed upon unloading,

thereby corroborating the occurrence of plastic deformation in
this regime. Figure 3d-f then show the mean contact pressure P,
as a function of the indentation depth h on Pt-BMG for the
various maximum loads for the three tips.

For a more-detailed insight into the effect of the plastic flow,
images acquired before and after the AFM indentation experi-
ments of Fig. 3b, e are shown in Fig. 3g, h, respectively. In both
images, the virtually atomically flat terraces formed by replicating
the STO substrates’ surface structure can be clearly identified,
whereas the after image reveals in addition the indentation
impressions from the experiments, arranged in two distinct rows.
At 228 nN peak load, no pile up was observed around the location
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of the indent in the post indentation AFM topography scans,
indicating that only elastic deformation may have occurred,
which is in good agreement with the findings in Fig. 3b. Loads
higher than 228 nN, however, produce indentation impressions
(i.e., the formation of a central hole surrounded by pile up),
giving visual proof that indeed plastic has deformation occurred.
Note that to check on reproducibility, we have for each of the data
sets of Fig. 3 carried out two sets of indentation experiments, always
starting from lower maximum forces to higher maximum forces.
The curves for the two runs whose indents are depicted in the top
and bottom rows of Fig. 3g are shown in supplementary Fig. 2,
demonstrating that the experiments are highly reproducible.

Studying plastic deformation with increasingly smaller stressed
volumes. For the analysis of the deformation behavior observed
in Figs. 1 and 3, let us start by recalling the shear transformation
zone (STZ) model proposed by Argon?. Widely used to envision
the origin of plastic deformation in metallic glasses at the atomic
scale, it envisions a collective, non-affine shearing of atoms
groups with zone sizes and strain being inherent to the structure
of the glass. An STZ represents a cooperative rearrangement of a
group of atoms overcoming the energy barrier that prevents local
plastic flow, which is activated by an imposed stress tensor. The
nucleation of STZs is an inelastic process and considered as
representing the most elementary event of plastic flow in BMGs at
the atomic scale’. Provided that the stressed volume is large
enough, potential STZs that initially develop stochastically and
independently from each other gradually become correlated by
first aligning along directions dictated by the externally imposed
stress, then forming a shear band nucleus, and eventually
assembling into a complete shear band whose coordinated
motion rapidly traverses though the specimen, thereby producing
the plastic flow that manifests as pop-ins or serrations as seen in
Fig. la. Even though the size (diameter) of STZs may cover a wide
spectrum starting at individual atoms3®37, average diameters of
1-2nm have been suggested for Pt-BMGs based on rate-jump
nanoindentation experiments?%. By reviewing both experimental
and theoretical results, Zhang and Greer reasoned for the thick-
ness of a shear band to be 10-20 nm38, which means that a band’s
cross-section likely accommodates multiple STZs.

Although this STZ-shear band model is able to explain both the
macroscopic deformation behavior of BMGs as well as the increase
of yield stress that coincides with a reduction of the stressed volume,
we have already pointed out in the introduction that it is not well
understood what happens when the stressed volume becomes too
small for a single shear band to form. To gain insight, experiments
employing tensile3®#2 or compression®>~4> testing have been
performed where the diameters of the specimen (rods for tensile
testing, pillars for compression testing) were reduced to somewhere
in the range of 20-400 nm, leading to volumes experiencing a stress
high enough to induce flow anywhere from =10%*—108 nm>.
Yielding events, and thus plastic flow, were then found to occur
prior to the formation of a complete shear band even though under
idealized circumstances, a volume of =103 nm? would be sufficient
for bands to take shape!3. As possible mechanism, spread-out shear
transformations have been suggested*!, which ultimately lead to
non-localized plastic flow at room temperature. The plastic
deformation occurring under these conditions has then been
described as homogeneous in the sense that “flow carriers are active
everywhere even though they themselves are discrete™4.

Despite these prior studies, multiple issues remain unresolved
owing to experimental deficiencies (see, e.g., ref. 46). (i) Most
previous research has been done on samples produced using
focused ion beam (FIB) techniques, and the deformation of
nanoscale samples has frequently been studied under an electron

beam. FIB milling leads, however, to irradiation damage that may
influence plastic flow owing to stress localization, which may be
particularly noticeable owing to the large surface-to-volume ratio
of these samples. In addition, ion implanting or the creation of
“defects” (such as a locally increased free volume) may change the
mechanical properties of a surface layer of these small samples,
and non-ideal geometries such as production-related deviations
from a perfectly round or rectangular geometry or a tapering may
play a role in the observed plastic flow behavior as well. For
example, taper angles as small as 2° have been shown to lead to
artifacts!3. Similarly, the energetic electron beam used to study
nanoscale deformation may cause local heating affecting plastic
flow behavior, irradiation damage leading to small-scale stress
localization, and electron beam-assisted diffusion. (ii) The large
surface-to-volume ratio of these samples may result in an
enhanced contribution of surface diffusion, thereby assisting
apparent homogeneous deformation, which would not occur if a
similarly sized stressed volume were located within the bulk. (iii)
Finally, even if we assume the volume on an individual STZ to be
as large as a couple of nm3?4, the smallest volume probed in the
previous studies still fits a couple of thousands of STZs, allowing
them to engage in coordinated behavior featuring a certain degree
of stress localization. In contrast, our experiments of Fig. 3 not
only result in stressed volumes that are several orders of
magnitude smaller than the ones probed with conventional
setups, but they also avoid uncertainties due to above’s points
(i-iii), as sample preparation involves no exposure to an ion or
electron beam, there are no geometrical uncertainties, and the
small surface area of the stressed volume ensures that most flow
occurs within the bulk. Its most notable characteristics are
discussed in the following.

Yield shear stress 7, as a function of volume affected by stress.
From the data in Fig. 3d-f, we deduce that the critical contact
pressure at which yielding occurs is somewhere within a 20.2~25.2
GPa band for the three tips used, which means that the maximum
yield stress 7, ranges from 8.9-11.2 GPa or G/4.1-G/3.3. With these
values being markedly higher than the G/11-G/8 band shown in
Fig. 1b, it corroborates the trend pointed out in the introduction,
namely that when either tensile or compressive stress gets localized
in smaller and smaller volumes, higher and higher yield stresses are
found as decreasing the volume reduces both the number of shear
bands that are able to nucleate as well as the number of “defects”
that localize and promote shear band nucleation and growth in the
first place. As we are dealing with glasses, “defects” are usually
equated with larger-than-average free volume, which reduces
coherence while at the same time enabling increased flexibility for
atom rearrangements needed to nucleate STZs and shear bands. As
a consequence, fewer defects in the stressed volume directly result in
higher yield stresses.

A comprehensive review of this effect was presented in 2014 by
Nachum and Greer!!, where they found that when normalizing
the pressure, at which yielding occurs with bulk values, deviations
can be detected for indenter radii below =1 mm that follow a
roughly double logarithmical scaling law independent of the exact
composition of the glass. Figure 4 combines their and our
findings, with all data taken from their paper except the data
points representing Pts; sCuy4 ;Nis 3P, 5 (green hexagons), which
are from the present work. In addition, the magenta dashed line
reproduces the linear fit curve Nachum and Greer calculated,
whereas the purple line represents the linear fit curve we obtain
using just Pt-BMG. Most notably, both our data as well as the
resulting fit match excellently with the trends uncovered by
Nachum and Greer; this applies for both the averaged values from
conventional nanoindentation (=G/9, =G/12, and =G/16 for the
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Fig. 4 Yield shear stress 7, as a function of indenter radius R. Plot of
7, in fractions of the shear modulus G, with G/40 reflecting the
material’s bulk value. The green hexagons mark the results obtained on
Pts7.5Cuq4.7Nis 3P25 5 in this work while all other data points are taken from
Fig. 2 in ref. . Note that the fit given in that reference, reflected by the
dashed magenta line, coincides favorably with the dashed purple line we
find using Pt-BMG data only.

R=320nm, R=1.7 pum and R=7.5 um tips, respectively) as well
as for the G/4.1-G/3.3 (i.e., 7, =~ 8.9-11.2 GPa) values found with
AFM indentation.

For a more-detailed discussion, let us recall the arguments of
the previous section according to which the plastic deformation
of BMGs is accomplished for large enough stressed volumes
through the formation and cooperative shearing of STZs.
Thereby, the idea is that once an applied shear stress is higher
than a certain critical value, an increasing number of STZs will
nucleate at suitable free volume sites without significant atomic
rearrangements in their surrounding glassy matrix*2. When the
high shear stress is constantly applied, STZs that have formed
close to each other are continuously evolving and transforming to
ultimately create a “shear band embryo” comprised by these local
STZs*+47, Finally, once the shear strain with a critical number of
STZs reaches a location- and material-specific yield value in the
incipient zone, the shear band starts to propagate, which is
indicated in conventional nanoindentation by the observation of
the first pop-in event. All data points in Fig. 4 obtained with tips
featuring radii ranged between 102 nm and 10° nm are expected
to follow such a deformation mechanism.

In this work, however, we are not just interested what happens
when the volume exposed to critical stress is so small that a single
shear band cannot be accommodated; the AFM indentation
experiments shown in the results parts feature probing volumes
that are at least two orders of magnitude smaller than required for
shear band formation, being so small that not even a substantial
number of STZs can fit. Thereby, the indenter radius was reduced
to only a couple of nanometers and the yielding occurred when
penetration depth was only at =1.3-14nm. Under these
circumstances, one can estimate (cf. Materials and Methods) a
stressed volume where the stress is at least 50% of the max. shear
stress of =15 nm> when the experimental load reaches a value of
~330nN (first yield for tip #1). This equates to the volume
occupied by only a couple of “conventional” STZs (=3 if we
assume an average STZ volume of ~5-7 nm3 for a Pt-BMG?*) or
as little as 1000 atoms that are critically affected by stress at the
onset of deformation. Given that for such small volumes the shear

band-based deformation mechanism must break down, it is
remarkable to discover that the dependence of the yield shear
stress 7, vs tip radius nevertheless follows the same linear trend as
it does for the larger ones.

Variation and upper limit of the yield shear stress. Another
finding worth noting is that in Fig. 3, all loading curves for each
tip overlap despite having been carried out at different locations
on the different samples. This suggests that structural inhomo-
geneities may not play a significant role in plastic deformation at
the atomic scale for samples prepared similar to the ones in this
study, a conclusion that is additionally supported both by the
featureless contrast in the phase image Fig. 2b. Together, these
results suggest that variations in BMG properties are much
smaller than previously anticipated, which implies that the length
scale of heterogeneities is smaller than anticipated as well20:2148,
This is further corroborated by the fact that the yield shear stress 7,
was found to be pretty reproducible within ~+10% (7, = 8.9-11.2
GPa =~ G/4.1-G/3.3) for different tips and different samples. Inter-
estingly, these values are higher than the presumed ‘theoretical
maximum yield shear stress’ Ty, which, following arguments
originally made by Frenkel??, is believed to be =G/510. One expla-
nation for this finding could be that in Frenkel’s formula, the shear
modulus is supposed to accurately reflect the shear of defect-free
volumes containing only a small number of atoms (“Gyeo ). The
value of G=37.8 GPa used throughout the paper, however, is
derived from a much more macroscopic experiment (“Gp,,.”) and is
therefore prone to be affected by the occurrence of “defects” (excess
free volume for glasses) within the probed volume. As a result, G,
< Giheo» and for 7, values obtained during AFM indentation, Gyeo!
7, may still be larger than Frenkel’s estimated lower boundary of =5
even though Gp./7, <5.

Homogeneous plastic flow at the atomic scale. Let us now turn
our attention to the nature of the flow mechanism in place during
AFM nanoindentation. As evident from Fig. 3, no pop-in events
occur in the F-d curves, which suggests that the atomic-scale flow
is homogeneous. As a first step, we checked whether some or all
of the occurrence of homogeneous plastic flow can be attributed
predominantly to the small radius of the AFM tip and resulting
small probing volume as opposed to a combination of small
volume and the glassy structure of the alloy. Towards this end, we
have carried out complementary AFM-based indentation on a
(111)-oriented platinum single crystal, a choice guided by the
need for a model system that features similar atomic species while
being structurally distinct from the disordered Pt-BMG. After
preparation in ultrahigh vacuum by cycles of argon sputtering/
annealing at 1000 °C, the platinum crystal featured atomically flat
terraces with widths of =50-100 nm; RMS roughness on the
terraces was observed to be identical to the one on the Pt-BMGs
within the margin of accuracy of the measurement.

The comparison between F-h loading curves obtained on Pt-
BMG with tip #2 and on the Pt(111) sample using a different
diamond tip (“tip #4”) are shown in Fig. 5. When F and h were
lower than their yield values F, and hy, the respective curve
segments can be fitted with Hertz’ model Eq. (1) for both Pt-BMG
and Pt(111). However, once yielding occurs, highly serrated
fluctuations were observed in loading curves on the crystalline
platinum (“pop-ins”). In agreement with observations on other
crystalline materials3334, this finding indicates inhomogeneous
atomic-scale plastic flow, which is known to be owing to the
homogeneous nucleation of one or several dislocations from a
flaw-free crystalline structure followed by instantaneous slip
events along slip planes and slip lines®*~!. From the related
theory, the length of each pop-in on Pt(111) can be determined as
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Fig. 5 Homogeneous vs inhomogeneous atomic-scale flow. Force vs penetration depth curves a on Pt-BMG using diamond tip #2 and (B) on Pt(111) with
diamond tip #4. From the Hertz fit in b and with assuming Epy11y = 168 GPa and vpyry = 0.38, the radius of tip #4's apex can be extracted as ~4.5 nm,

thereby matching well with the radii obtained for tips #1-3.

integer multiples of the minimum slip distance in z direction (=2
A). Corroborating the picture of glide plane activation even
during atomic-scale plastic flow is the fact that the material pile-
up around the indentation holes on the Pt(111) surfaces was
oriented (Supplementary Fig. 3), likely following specific glide
planes or crystallographic directions. In contrast, the pile-up on
the BMGs appears mostly uniform (cf. Figure 3h).

Next, we tested how the flow depends on the loading rate,
which we have seen to change from smooth at high speeds to
serrated at low speeds during conventional nanoindentation
(Supplementary Fig. 1), indicating inhomogeneous flow in
agreement with the formation of shear bands. But even though
loading rates during AFM indentation are 10-200x slower than
during conventional nanoindentation, which should favor serra-
tion if it were to occur, no serrated plastic flow was observed
(Supplementary Fig. 4). This implies that plastic flow in AFM
indentation is indeed homogeneous and proceeds without
causing the formation of a shear band.

But what exactly is the nature of the observed homogeneous
flow? Recalling above’s arguments, non-localized plastic flow
requires “spread-out shear transformations™! and flow carriers
that “are active everywhere even though they themselves are
discrete™4. Close to the glass transition temperature, BMGs are
known to exhibit homogeneous plastic deformation via viscous
flow32, in which case the flow carriers are identified as individual
atoms and the spread-out shear transformations are “liquid-like”
rearrangements of these atoms. As we are well below the
material’s glass transition temperature of T, = 233 °C>3, groups of
atoms are likely to at least temporarily travel together as they do
in the STZ model (ie., the flow carriers may be larger than
individual atoms), but due to the small activated volume and the
need to fit many such STZs into it, they need to be much smaller
than the average value of 5-7 nm3 suggested for STZs during
macroscopic deformation in ref. 24 A recent molecular dynamics
simulation of a tip with 4 nm radius indenting a CusoZrso glass54
identifies such “small STZs” as only 1-2 atoms thick in directions
parallel to the surface even though they can be more extended
perpendicular to it. Similarly, Guo et al.3® speculate that the
spread-out nature of the flow in such small dimensions is due to
the low probability of finding “pre-damaged fertile sites” that
could lead to shear localization, under which circumstances a re-
distribution of free volume will occur in “dislocation-like” shear
events happening all over the small volume that “seem

homogeneous”, whereas Luo et al.#" consider “modest-range
strain relaxation via atom diffusion”. Finally, Liu et al.>> have
recently examined atomic-scale structural heterogeneity in a
BMG near surfaces and its reorganization during bending using a
synchrotron diffraction technique. Their study finds that the
glass’ heterogeneous short-range atomic arrangements change
during deformation, an observation that may in some cases reflect
the relative movement of atoms in a fashion that could be
interpreted as “small STZ motion” or, in other instances, would
allow the formation of small, but temporally transient STZs. A
sketch illustrating a possible mechanism for atomic-scale
homogeneous plastic flow that is consistent with our findings is
displayed in Fig. 6.

Let us end with a comment on surface vs bulk properties. Since
during AFM-based indentation, only a very small number of
atoms are being affected, one could wonder whether the
mechanism proposed in Fig. 6 is actually a “bulk” mechanism
or whether the occurrence of the atomic-scale homogeneous flow
requires proximity to the surface. Although pile-up is certainly
only going to happen at the surface, the very fact that the flow is
homogeneous and “spread-out” nevertheless indicates that the
main effect is a volume effect rather than a surface effect, as the
proposed “small STZ” mechanism of Fig. 6 does not require the
proximity of any surface. Rather, the only requirement of the
proposed mechanism to occur appears to be the fact that the
overall stressed volume is kept small enough to prevent shear
localization.

The atomic-scale plastic flow of a platinum-based metallic glass
was investigated by indenting the surface with the tip on an AFM.
Thanks to the application of a unique sample preparation
technique that yields virtually atomically flat and structurally
homogeneous surfaces, indents of only a few nanometers could be
reproducibly analyzed. This offers access to the plastic flow
characteristics of sample volumes containing as little as 1000
atoms, providing results that are unaltered by the effects of
surface diffusion, electron beam damage, or excess surface
roughness that have plagued alternate approaches in the past.
Thereby, a yield stress was measured that is not only significantly
higher than the values derived from conventional nanoindenta-
tion, but remarkably close to the predicted maximum. In striking
contrast to both the flow of the Pt-BMG on mesoscopic and
macroscopic scales, which is accommodated by shear bands, and
the flow of single-crystalline platinum, which is at all scales
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Fig. 6 Sketches illustrating a possible mechanism of atomic-scale plastic flow consistent with the experimental findings of this paper. a A diamond tip
with very small radius (some nm) is indenting a sample of bulk metallic glass below the material's yield point. In this case, deformation can be well
described by the Hertz model, and much <1000 atoms are exposed to significant stress levels. b Near the onset of yielding, the volume where atoms are
subjected to a stress sufficient to induce positional changes approaches ~15 nm2, comprising ~1000 atoms. At this stage in the process, the atomic-level
heterogeneity intrinsic to any glass due to its structural disorder allows small STZs consisting out of only few atoms to nucleate via small displacements in
atomic locations. € Once enough STZ have formed, they move without leading to significant degrees of shear localization. Note, in particular, that these
STZs are expected to be transient in its temporal nature, which additionally prevents appreciative degrees of shear localization.

mediated by dislocations and glide planes, the atomic-scale fact that the volume critically affected by the external stress is
deformation of the Pt-BMG is found to be homogeneous even insufficient to support a shear localization sufficient to enable the
though experiments were carried out far below the material's formation of a shear band. Instead, a picture emerged that
glass transition temperature. This behavior is attributed to the includes spread-out flow carriers that are spatially and temporally
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fluid while featuring an average overall size that is substantially
smaller than for the “regular” STZs encountered during
macroscopic deformation, characteristics that ultimately lead to
the observed homogeneous flow. In addition, results indicate that
materials properties such as free volume or yield stress do not
appear to fluctuate on a length scale affected by such indents,
which is of importance when attempting to develop structure-
property-processing relationships for metallic glasses.

Methods

Sample preparation. The composition of the BMG used in this research was
Pts; sCuy47Nis 3P, 5, which is referred to as Pt-BMG throughout the paper. The
alloy was prepared by casting followed by water quenching®® and its amorphous
structure was subsequently confirmed by X-ray diffraction. Thermoplastic forming
with SrTiO; (STO) as a substrate was then used to produce atomically flat Pt-BMG
surfaces that reflected a mirror image of the STO single crystals used as molds; for
details, see ref. 1°. In short, STO crystals with (100) orientation provided by
MTI Corporation (Richmond, CA) were annealed in the air under oxygen flow at
1000 °C for 2 hours, after which they feature atomically flat terraces ~50-400 nm in
width that are separated by one-unit-cell high steps (0.39 nm). Subsequently, (i) the
STO was introduced into a custom-designed press; (i) an as-cast Pt-BMG ingot
was placed on top of it; (iii) both were heated to 270 °C; (iv) the pressure was
ramped up; and (v) once the pressure was released, the thermal mismatch between
the substrate and the sample caused the formed Pt-BMG disc to separate from the
STO. In this context, please note that since the sample is being kept at maximum
pressure for three minutes while being heated to a temperature of 270 °C at which
relaxation times are less than a second®’, we do not expect residual surface stresses
to be present that would substantially influence the results of surface hardness or
indentation measurements carried out after cooling.

Special attention was given to characterize the surface chemistry and potential
oxide formation using x-ray photoelectron spectroscopy. The data obtained suggest
that indeed some oxide formation occurs on the surface, which is identified as
overwhelmingly phosphate (P-O). This causes the immediate surface layer to be
somewhat P-enriched compared with the composition in the bulk, driven by the
exposition of surface atom to air either after the separation of the BMG replica
from the mold or during the imprinting process itself. However, sputtering in
vacuum with Ar gas reveals that after =1 nm of surface material has been removed,
oxides have virtually vanished, and prolonged sputtering confirms that the
elementary distribution subsequently remains stable with depth. As a consequence,
indentations of depths >1 nm are expected to penetrate material that in its
structure and composition is largely identical to the alloy’s bulk.

Conventional nanoindentation testing. Bulk Young’s modulus of atomically flat
Pt-BMG made using the thermoplastic forming method outlined above was
measured using a NanoIndenter G200 (Keysight Technologies, Santa Rosa, CA,
USA) fitted with a Berkovich tip. Using the same instrument and identically pre-
pared samples, additional spherical indentation experiments were performed using
a diamond tip of radius =320 nm to study the elastic—plastic transition using basic
loading-unloading. Finally, complementary testing using spherical diamond tips of
nominal radii =1.7 ym and =7.5 um (Synton MDP LTD, Nidau, Switzerland; tip
radii calibrated using single-crystalline tungsten) was carried out with an MTS
nanoindenter XP (MTS Systems Corporation, Eden Prairie, NM, USA). Owing to
the considerably larger indent depth, Pt-BMG samples thermoplastically formed at
270 °C were first polished using standard metallographic sample preparation
techniques followed by 48 h in a vibratory polisher in non-crystallizing colloidal
silica solution. A method based on a constant strain rate of 0.05 was used to analyze
these samples®s.

AFM imaging and AFM-based indentation testing. Both the characterization of
the surface quality and the atomic-scale indentation testing were performed at
room temperature in air with a Nanoscope Multimode AFM equipped with a
Nanoscope III electronics (Bruker Nano Surfaces, Santa Barbara, CA, USA).
Experiments limited to tapping-mode imaging only (e.g., Fig. 2) used PPP-NCL-50
silicon cantilevers (Nanosensors, Neuchatel, Switzerland), whereas all testing that
included indenting the sample (such as in Figs. 3 and 5) was carried out with
diamond-coated silicon tips purchased from Adama Innovations, Dublin, Ireland.
Adama Innovations specified all tips to be cone-shaped with cone half angles of
15° + 2° and spherical apices with radii lower than 10 nm; in addition, they estimate
Young’s modulus of the diamond tips to be between 850 and 950 GPa. We found
that tip radii were indeed not only lower than this value, but so small that we could
not reliably quantify them with scanning electron microscopy owing to the fact that
the diamond produced poor contrast during imaging at this length scale. The
spring constants of the cantilevers were verified using a tipless calibration cantilever
with a force constant of 12.96 N/m (CLFC-NOBO, Bruker, USA) to be within a
~47-52 N/m range. After nanoindentation, the topography of the indented area
was scanned with the same tip used for indentation while operating the microscope
in tapping mode.

Recovering force-penetration depth curves. In an AFM indentation test, the
relationship between the cantilever deflection d and the piezo extension dis-
placement z can be obtained®!*°. d was calibrated by measuring the cantilever
displacement vs the piezo extension displacement on a sapphire surface (MTI
Corporation, Richmond, CA, USA, a-plane orientation). For cantilevers with
spring constants as used here, the sapphire surface is only negligibly deformed
even when the piezo is maximally extended during a typical approach curve. The
distance the piezo has traveled between when the tip makes contact with the
surface and the point of maximum extension corresponds therefore in good
approximation to the cantilever’s total displacement, resulting in an effective
calibration of the cantilever deflection d. The applied force F can then be cal-
culated from F = kd, where k is the spring constant of cantilever while the
penetration depth & can be recovered using h =z - d. As an example, Supple-
mentary Fig. 5a shows typical d vs z curves on Pt-BMG and sapphire. After the
calibration using the d-z curve obtained on sapphire, the relationship between
applied load and penetration depth (F-h curve) for Pt-BMG is extracted, as
shown in Supplementary Fig. 5b. In this investigation, the atomic-scale plastic
deformation of sample surfaces was analyzed based on the d-z curves recorded
in AFM nanoindentation that were subsequently converted to represent F-h
curves.

Adjusting loading rates. During an AFM indentation, the loading-unloading
period can only be controlled by setting the duration of the total piezo
extension-retraction cycle. However, As each such cycle starts with the tip away
from the surface, the duration of the loading and unloading part of the total
extension-retraction cycle (i.e., the part where the tip is in actual physical contact
with the surface) was always shorter than the duration of an individual complete
piezo extension-retraction cycle. Unless explicitly mentioned, the
extension-retraction duration of piezo was set to 1s in this investigation and the
data acquisition rate 512 points per second; by controlling the ratio of piezo
extension and cantilever deflection displacement, the loading rate was nevertheless
controlled to be within a range of ~1.8-4.6 uNs~L. Interestingly, we find that the
loading rate increases almost linearly with penetration depth until the critical value
hy is reached, after which it stays relatively unchanged at a constant value around
which is fluctuates by 10-20%. In addition, in order to understand the effect of
loading rate on the plastic flow of Pt-BMG, the duration of the complete piezo
extension-retraction cycles were varied separately from 0.5 to 10, resulting in
loading rates ranging from 2.9 uNs~! to 58 uN s~! (Supplementary Fig. 4). In these
experiments, the load was increased until a maximum load of 1670 uN was
reached. To further minimize piezoelectric creep effects during loading rate-
dependent measurements, a piezo drift correction was performed employing a
method proposed by Caron et al.3® specifically for AFM experiments on metallic
glasses.

Stress and pressure calculations during spherical indentation. The
load-penetration depth curves during a spherical indentation experiment can be
analyzed using Hertzian contact theory®, which assumes a frictionless contact
between two elastically isotropic solids. In the case of purely elastic deformation,
the relationship between the load F and the penetration depth h is then be given
byzs

F= gE*Rl/th, 1)

where R is the effective tip radius and E* = ((1 — vnpz)/EnP + (1 — vema?)/Epma) !
the reduced modulus with Ey,, Epmg reflecting the elastic moduli and vy, vema
representing Poisson’s ratio of the tip material and the Pt-BMG, respectively. Egnmg
=105 GPa and vpyg = 0.39 were already given in the main text; for the diamond-
related values, we used for Ey, the average value of the range specified by the
manufacturer of the tips (i.e., Egp, = 900 GPa) when analyzing the AFM indentation
testing data instead of the standard literature value of E,;, = 1141 GPa for bulk
diamond, which was utilized for analyzing the experimental data obtained by
conventional nanoindentation. For v, however, the diamond bulk value of 0.07
was employed for vy, in all cases. The Hertz mean contact pressure Py, at and prior
to a yielding load Fy can be described by

16 FE?\
p, = (ST ®
9n® R?

from which we can deduce the yield shear stress 7, occurring at the first yield event
(o826
using®-

T, =0.445P,,, 3)

When using this approach, one should note four important points:

(i) The radius of the tips was estimated by plotting force and penetration depth
data as F vs h3/2, which according to Eq. (1) results in a straight line whose
slope provides an estimate of the tip radius if we introduce E* as defined in
the previous paragraph®l. As at very low indentation depths (<0.2 nm) as
well as when getting close to the material’s yield force the data are not very
reliable, only data from 25% yield force values to 80 % yield force values was
used to estimate the radius.
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(ii) As pointed out above, Eq. (2) is only correct until yielding occurs. After that,
the contact area between tip and sample will inevitably be larger as predicted
by the Hertz model, both owing to a sink-in effect into the sample as well as
owing to the occurrence of pile up around the indent (cf. Figure 3h). As a
consequence, values obtained for Py, past yielding using Eq. (2) will reflect
an upper boundary for the actual value. At the same time, it is unlikely that
yield pressure will drop during the deformation process; in contrast, some
degree of shear strengthening is expected®2. Therefore, P,, at yield should
represent a lower boundary for the actual mean pressure past yielding.

On top of the arguments given in point (ii), additional uncertainties arise
once the tip has penetrated the surface to a point where the contact
geometry transitions from a sphere to a cone, assuming that the tip shape is
indeed sphero-conical as specified by the manufacturer. Using simple
geometry, we find that this is the case when k. > R(1 — sin6)), where 8 is the
cone ¥ angle and h, the contact depth, i.e., the depth where the sphere and
the indented surface are actually in intimate contact. For a spherical
indentation experiment carried out in the elastic regime, Hertzian theory
reveals that h. is half the total indentation depth h26 while in the
elastic—plastic regime, it can be calculated using the Oliver-Pharr model

he =h— (¢F/9), @)

(iii)

where h is the total measured penetration depth, ¢ is an indenter geometry-based
constant that is 0.75 for a sphere, and S is the elastic contact stiffness®3. As S is
unknown in the AFM indentation experiments performed, it is, however, not
possible to calculate the contact depth accurately during an indentation experiment
accurately after yielding occurs. For a rough approximation, we work with the
assumption that the contact depth h, is even past yield still half of the penetration
depth h. When doing so, we find that at the maximum penetration depths h
achieved during the experiments described in the main text, the tip-sample contact
is either well described with a sphere-flat model or it is sufficiently close to the
sphere-conical transition depth that it can be justified to still use the sphere-

flat model.

Finally, it should be pointed out that even though we are using Hertz model-
based Eq. (2) for our data analysis, we appreciate that further uncertainties arise
from the fact that Hertz’s model is only a good solution in the regime where the
contact radius  is small compared with tip radius R, which may not be the case for
some of the deeper indents carried out.

Stressed volume estimation during spherical indentation. Assuming that the tip
is spherical and rotationally symmetric, the contact radius at yield can be calculated
as a = v/3FR/4E" 2628 Even though the stress field underneath the indenter is
complex, the volume that is critically affected by the stress field can be estimated
analytically using approximations, such as that the stress field extends up to a depth
2a underneath the indenter and that the maximum shear stress occurs approxi-
mately at a depth of =0.5a. If we consider the stressed volume Vs, = 0.5ma’ where
the shear stress is at least 50% of the maximum shear stress2%28, the number of
atoms in that volume N, can be estimated by using the equation Nso = VsopN4/A,
where A is the atomic mass (=131 g/mol), Ny Avogadro’s number, and p the
density, which we measured as 15.1 g/cm? using helium pycnometry. With these
assumptions, the contact radius for tip #1 at yield (F, = 329 nN) becomes a = 2.1
nm, hence Vs = 14.6 nm?, with which the number of atoms in the stressed volume
at yield experiencing at least 50% of the maximum shear stress is ~1000.

Data availability
The data that support the results within this paper and other findings of this study are
available from J.Y. on reasonable request.
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Supplementary Fig. 1: Force vs. penetration depth curves on Pt-BMG measured by a
conventional commercial nanoindenter (G200, Keysight, USA) using a Berkovich indenter under
five different loading rates (0.5-15 mNs™). Three curves were completed for each loading rate to
check reproducibility; of these three curves, only one exemplary curve is shown in the figure. Curves
acquired with different loading rates are horizontally offset for better visibility. Based on the total of
15 curves obtained following this procedure, the elastic modulus of Pt-BMG, Esmc, was calculated to
be =(105 + 5) GPa for all the loading rates, as the curves’ overall shape did not exhibit any loading rate
dependency. Note, however, that details of the plastic flow depend on the loading rate: With decreasing
loading rate, the loading curves reveal a more and more pronounced serrated flow behavior (most
obviously seen in the top part of the green curve acquired with 0.5 mNs™).
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Supplementary Fig. 2: Comparison of the indent experiments shown in the two rows of Fig. 3h
of the main text, carried out with tip #2 on sample #2. The label “Row 1” refers to the top row in
Fig. 3h and “Row 2” to the bottom row. As can be seen, the individual indentation experiments
reproduce very well despite slightly different maximum loads.
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Supplementary Fig. 3: AFM indentation on Pt(111). a Atomic force microscopy images of the
Pt(111) surface after AFM indentation testing under various loads. b Zoom of the indentation
impressions for maximum loads from 920 nN to 1550 nN, with the arrows indicating the direction of
the plastic flow.
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Supplementary Fig. 4: Force vs. penetration depth (F-h) curves measured on Pt-BMG at various
loading rates. Curves reproduce almost perfectly despite a 20x change in indentation speed.
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Supplementary Fig. 5: Recovering force-penetration depth curves in AFM indentation
experiments. a Typical cantilever deflection vs. piezo displacement curves observed in AFM
indentation on Pt-BMG (black curve) and sapphire (red curve), respectively. b Using the sapphire
curve for calibration, a force vs. penetration depth curve (F-4 curve) can be extracted from the Pt-
BMG data by subtracting the deflection of the cantilever.
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