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Direct Observation of Quadrupolar Strain Fields forming a

Shear Band in Metallic Glasses

Sangjun Kang, Di Wang, Arnaud Caron, Christian Minnert, Karsten Durst,
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1. Introduction

For decades, scanning/transmission electron microscopy (S/TEM) techniques

have been employed to analyze shear bands in metallic glasses and
understand their formation in order to improve the mechanical properties of
metallic glasses. However, due to a lack of direct information in reciprocal
space, conventional S/TEM cannot characterize the local strain and atomic
structure of amorphous materials, which are key to describe the deformation
of glasses. For this work, 4-dimensional-STEM (4D-STEM) is applied to map
and directly correlate the local strain and the atomic structure at the
nanometer scale in deformed metallic glasses. Residual strain fields are
observed with quadrupolar symmetry concentrated at dilated Eshelby
inclusions. The strain fields percolate in a vortex-like manner building up the
shear band. This provides a new understanding of the formation of shear

bands in metallic glass.

S. Kang, D. Wang, C. Kiibel, X. Mu

Institute of Nanotechnology (INT)

Karlsruhe Institute of Technology (KIT)

76344 Eggenstein-Leopoldshafen, Germany
E-mail: christian.kuebel @kit.edu; xiaoke.mu@kit.edu
S. Kang, C. Kiibel

Joint Research Laboratory Nanomaterials
Technical University of Darmstadt (TUDa)
64287 Darmstadt, Germany

S. Kang

Advanced Analysis Center

Korea Institute of Science and Technology (KIST)
Seoul 02792, Republic of Korea

D. Wang, C. Kiibel

Karlsruhe Nano Micro Facility (KNMFi)
Karlsruhe Institute of Technology (KIT)

76344 Eggenstein-Leopoldshafen, Germany

A. Caron

Korea University of Technology and Education (Koreatech)
Cheonan 330708, Republic of Korea

C. Minnert, K. Durst

Physical Metallurgy

Department of Materials Science

Technical University of Darmstadt (TUDa)
64287 Darmstadt, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202212086
© 2023 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited and is not used for commercial purposes.

DOI: 10.1002/adma.202212086

Adv. Mater. 2023, 35, 2212086 2212086 (1 of 9)

Metallic glasses are amorphous metallic
alloys. They possess significantly higher
elasticity and yield strength compared to
their crystalline counterparts and have at-
tracted a lot of interest as potential en-
gineering materials.['"2l However, metallic
glasses yield abruptly when high stresses
are applied with the plastic deformation
locally concentrated in narrow nanoscale
regions, giving rise to the formation of
shear bands.> Catastrophic shear band-
ing strongly limits the fracture tough-
ness of metallic glasses and impedes their
widespread application.
Atomic-level simulations, which can
numerically inspect the strain evolution
and local atomic rearrangement in cubes with dimensions of
a few tens of nanometers and over time scales of nanoseconds
at a high deformation rate, have been employed extensively to
study the shear banding process.>™! Experimentally, only a few
electron microscopy and atomic probe tomography investiga-
tions, which provide the spatial resolution necessary for resolv-
ing nanoscale features, have been devoted to directly investigate
the structure and chemistry of individual shear bands.['*-14]
Using scanning transmission electron microscopy (STEM) an-
nular dark field (ADF) imaging, Maaf et al. observed a reduction
in scattering power at the core of shear bands suggesting spa-
tially localized free volume,['% while Résner et al. observed al-
ternating scattering power along shear bands, which have been
associated with local density fluctuations.!'12] Chen et al.">! and
Yan et al.'®! showed nanocrystallization after shear banding of
metallic glasses by high-resolution TEM. The observations pro-
vide detailed views of the shear band morphology. However, con-
ventional S/TEM imaging techniques cannot provide concrete in-
formation on the atomic structure of amorphous materials due to
the lack of direct information in real or reciprocal space. A solu-
tion has been to directly investigate electron diffraction patterns
acquired from a nano volume using a focused electron beam, e.g.,
nano-beam electron diffraction (NBD),!*”"'] and fluctuation elec-
tron microscopy (FEM).[122% These studies reveal local structural
variation from icosahedral to tetragonal atomic packing in metal-
lic glasses and a structural fluctuation of the medium-range or-
der (MRO) within shear bands. The measurements require an
extremely thin specimen (ideally a few tens of atomic layers) to
prevent plural scattering and significant overlap of features in
the projected diffraction patterns. This gives rise to difficulty for
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Figure 1. Schematicillustration of 4D-STEM based strain and PDF mapping. a) The quasi-parallel electron probe is focused on the TEM lamella. Spatially-
resolved diffraction patterns are recorded by a camera during stepwise scanning of the probe over the area of interest. b) Data processing: principal
strains (P1 and P2) are calculated from the elliptic distortion of the diffraction ring. For better visualization, the diffraction pattern is elongated along
the principal direction. The strain tensors are algebraically obtained by projecting the principal strains to the reference coordinate system (x- and y-axis).
For PDF analysis, the local diffraction patterns are azimuthally integrated into intensity profiles I(g). Structure factors, S(g), are obtained by background

subtraction of /(g). The PDFs are obtained by Fourier sine transformation of S(g) as described in.

experimentally investigating highly strained samples with shear
bands, in which residual stresses are an important aspect of the
deformed glass, which can relax during the sample thinning pro-
cess with the increased surface-to-volume ratio.

For this work, we used 4D-STEM to simultaneously map the
local strain and the atomic structure via pair distribution function
(PDF) analysis in thick metallic glasses (%200 nm). The measure-
ment suffers limited nonlinear degradation from the plural scat-
tering due to the almost isotropic amorphous structure averaged
at the nanometers scale. Therefore, this approach is fairly robust
against sample thickness. We correlate the residual strain field
and atomic structure at the nanoscale to investigate the shear
band structure and formation mechanisms.

Figure 1a schematically shows the 4D-STEM setup. A quasi-
parallel electron probe is focused to ~5 nm diameter on an elec-
tron transparent sample. 4D-STEM records 2D images of local
diffraction patterns over a 2D grid of each probe position by step-
wise scanning of the probe over the area of interest. Diffraction
patterns of metallic glasses are characterized by a set of diffuse
diffraction rings due to their amorphous atomic arrangement.
The 2D patterns contain azimuthal and radial information. Stress
distorts the atomic structure and introduces an anisotropy result-
ing in an azimuthally elliptic distortion of the diffraction ring.
Poulsen et al.?’l and Gammer et al.l>*l demonstrated the mea-
surement of the local elastic strain of amorphous materials by
quantifying the elliptical deviation present in each diffraction pat-
tern. In this study, we further developed this approach. We obtain
the principal strains from the long and short axes of the ellipse
indicated by q,,,, and q,,,;,,- The strain tensor is obtained by alge-
braic transformation of the principal strains to the loading coor-
dinates. We quantify the deviatoric and volumetric strain from
the principal strains to disentangle the true local distortion of
the material and the local net volume change due to hydrostatic
stresses. Moreover, a PDF analysis is performed as a structural
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[21,22]

descriptor based on the 4D-STEM dataset to analyze the local
atomic structure of metallic glasses following the STEM-PDF
method described by Mu et al..??2] One can, in principle, an-
alyze the PDF at each azimuthal angle of the diffraction patterns
due to the anisotropic distortion in regions with large deviatoric
strain.[2*?] In this work, we average the diffraction pattern az-
imuthally to reach the necessary signal quality for the PDF anal-
ysis. The obtained PDFs provide information on atomic config-
urations in the probed nano volume. We analyze the nearest
atomic distances by fitting a Gaussian peak to the 1st peak of
the PDF (i.e., the radius of the 1st coordination shell). The 4D-
STEM approach, therefore, provides a correlative visualization of
the nanoscale strain field and the atomic structure information.

We used a Fegs,Si)sBysP,Cuyy (at.2%) metallic glass ribbon
as an example in this study, which receives attention owing to
its soft ferromagnetism.2°! The metallic glass was deformed by
scratch testing at ambient conditions using a diamond tip. As a
result, shear offsets occurred on the scratched surface. A TEM
lamella including the shear offsets, as shown in a shadowed rect-
angle in Figure 2a, was lifted out by a focused ion beam (FIB) sys-
tem and thinned to a thickness of %200 nm to balance electron
transparency and prevent strain relaxation due to the increased
surface-to-volume ratio during thinning (Figure S1, Supporting
Information). Figure 2b shows a HAADF-STEM image of a TEM
lamella, where the locations of shear bands are estimated based
on the shear offset at the surface (red dashed lines). We acquired
a4D-STEM map at the area indicated by the black rectangle with
a step size of 5.8 nm, including the shear bands of interest labeled
SB1 and SB2.

Figure 2c shows a map of the volumetric strain (ey,).
Figure 2d visualizes the maximum shear strain (y,,,,). The am-
plitude of the field (brightness) is defined by the strength of
the deviatoric strain. The orientation of the field (colors) fol-
lows the orientation of maximum tensile strain. y,, provides
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Figure 2. Deformed Fegs ,Sig 5Bg 5P4Cug g metallic glass ribbon. a) SEM image showing the area beside a scratch with shear offsets clearly visible. The
shadowed rectangle indicates the location of the prepared TEM lamella. b) STEM-HAADF image of the TEM lamella, where the expected locations of the
shear bands are indicated by red dashed lines according to shear offset at the surface. A 4D-STEM map was acquired at the area indicated by the black
rectangle, where the shear bands of interest are labeled as SB1 and SB2. c) Map of volumetric strain (ey,)). d) Map of maximum shear strain (y,,.¢). The
color corresponds to the orientation, and the brightness corresponds to the amplitude, as indicated by the color wheel. For the strain tensors, the x-axis
is defined to be parallel to SB1 and the y-axis perpendicular to SB1. ) ¢,,, the strain component along the x-axis, f) ¢,,, the shear component, and g)
€y, the strain component along the y-axis. h—j) show the correlation of ey, €, and ¢,,, which are magnified images of the area indicated by the white
rectangles in (c), (f), and (g). The dashed ellipses indicate the quadrupole strain field. The yellow dashed arrows indicate the center of the quadrupoles.

information on local distortions without contributions from hy-
drostatic stress. The strain tensors obtained from the principal
strains (Figure S2, Supporting Information) are shown in Fig-
ure 2e—g, where we defined the x-axis to be parallel to SB1 and
the y-axis perpendicular to SB1 to visualize shear band features.
The color code in €,, and ¢, indicates the strain amplitude: dark-
blue (negative sign) represents compression corresponding to
atoms squeezed closer along the axial direction, whereas bright-
yellow (positive sign) represents tension indicating an increased
distance between atoms. The color code in e, indicates shear-
ing: positive values for clockwise shearing and negative ones for
anticlockwise.

The strain maps, e.g. €,, (Figure 2e), reveal an asymmetric
strain distribution across shear bands with a sharp transition (3
scanning steps) occurring at the shear plane. Considering the
probe and scan step size, this provides an upper estimate of the
projected width of the shear band to be about 15 nm. The asym-
metric feature can be understood by the opposite motion of the
material on each side of the shear band during deformation.
Based on the shear offset, it can be confirmed that the pop-in
side of the shear band is compressed and the opposite side is in
tension. This matches the observations by Scudino et al.l?’} and
Shahabi et al.?®) using X-ray diffraction. However, complemen-
tary to the micrometer resolution of the X-ray based technique,
the nanometer resolution in 4D-STEM reveals new details of the
strain variation around the shear bands. ¢, (Figure 2f) shows
zig-zag arranged shear fields on SB1. ¢, (Figure 2g) alternates
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between tension and compression along SB1. These features can
be understood better by the y, . map (Figure 2d), where the
orientation of the strain field circularly rotates along SB1. This
coincides with alternating fluctuations along SB1 observed for
the volumetric strain ey, (Figure 2c). The enlarged areas indi-
cated by the white rectangles in the e, €, and ¢, are shown in
Figure 2h—j. Eshelby-like inclusions are observed along SB1. The
e, map reveals quadrupolar shear fields produced by the inclu-
sions. Each of the quadrupoles consists of a positive pair (red
dashed ellipse) and a negative pair (white dashed ellipse) perpen-
dicular to each other and oriented ~45° to the shear band plane.
The center of each quadrupole exhibits a volumetric expansion
and strong tensile strain ¢, as indicated by yellow-dashed arrows.
Between the inclusions, compressive €,, and volumetric shrink-
age are observed as indicated by a white-dashed arrow.

Besides SB1, we observed a different type of shear band, such
as SB2, which exhibits negligible Eshelby-like features along the
shear band but a stronger asymmetric strain with a 10 nm sharp
transition across the shear plane, as shown in Figure S3 (Support-
ing Information).

To examine the details of the strain field at SB1, we plot the
maximum shear strain (y,,,,) as arrow-less vectors overlayed on
the map of e, in Figure 3a. The length of the lines represents
the strength of y,,, and the orientation indicates the maximum
tensile direction. The black dashed rectangular area is magnified
at the top of Figure 3b. We compare it with the quadrupolar fea-
tures from the same area of the shear strain map (middle) and the
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Figure 3. a) Vector field visualization of the maximum shear strain, y ., overlayed on the map of volumetric strain for Fegs ,Sig 5Bg 5P4Cugg. b) (top)
Magpnified region from the black rectangular area in (a) compared to maps of ¢, and the nearest-neighbor distance from the same region. c) Line profiles
of the deviatoric strain, volumetric strain, nearest-neighbor distance, and curl of y ., along the shear band in the region indicated by a red rectangle in
(). The positions of the Eshelby inclusions and their nano core are highlighted by red gradient windows. d) PDFs averaged from typical inclusions and
in-between inclusions marked by white and yellow dashed circles in Figure 3b (bottom) together with a PDF of the matrix taken from an area away from
the quadrupoles. The error bars (standard deviation) are estimated based on the observed variations in 2500 PDFs taken from an undeformed region.
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Figure 4. Deformed Zr,sCusgAlgAgy bulk metallic glass. a) SEM image showing the area beside a scratch with shear offsets and microcracks. The
shadowed rectangle indicates the location of the TEM lamella. b) STEM-HAADF image of the TEM lamella, where the location of shear bands is indicated
by red dashed lines. A 4D-STEM map was acquired at the area indicated by the black rectangle, where the shear bands of interest are labeled as SB1 and
SB2. ¢) Map of volumetric strain (ey,)). d) Map of maximum shear strain (y,,,,). The color corresponds to the orientation of y,,, and the brightness
to the amplitude as indicated by the color wheel. For the strain tensors, the x-axis is defined to be parallel to SB1 and the y-axis perpendicular to SB1.
e) €,,, the strain tensor component along the x-axis, f) ¢,,, the shear component, and g) ¢,,, along the y-axis. h—j) show the correlation between the
strain components and ey,|, which are magnified images of the area indicated by the white rectangles in (c), (), and (g). The dashed ellipses indicate

the quadrupole strain field. The yellow dashed arrows indicate the centers of the quadrupole strain fields.

map of the nearest-neighbor distance obtained from STEM-PDF
(bottom, the full map can be seen in Figure S4a, Supporting In-
formation). It can be seen that the strain concentrates at the core
of inclusions located at the center of the quadrupoles with a larger
nearest-neighbor atomic distance. The strain fields extend from
the core in a circular way toward the adjacent inclusions forming
a vortex-like rotation field in between.

In Figure 3¢, we quantified the maps of the deviatoric, volu-
metric strain, and atomic nearest-neighbor distance as well as
the curvature (curl) of the rotational y, . field by line profiles
along SB1. The maxima of the deviatoric strain, where the ma-
terials suffer the strongest shear transformation, coincide with
the maxima of the volumetric strain and the enlarged nearest-
neighbor atomic distance. The inclusions are separated by re-
gions with a high curl of y, ., weak deviatoric, and volumet-
ric strain, where atoms are arranged with a smaller 1st coor-
dination shell. The stress field concentrated around the inclu-
sion influences the surrounding material and fades only grad-
ually, making it difficult to experimentally define the real size of
the core of the inclusions. Nevertheless, it is worth noting that
the deviatoric strain (Figure 3c, black line), which disentangles
the true material distortion from the volumetric change, exhibits
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remarkably sharp maxima with a size of about 15 nm (~3 scan-
ning steps).

Figure 3d shows PDFs averaged from dashed circular areas
marked in Figure 3D (bottom) for a typical inclusion, in-between
inclusions and the matrix away from the quadrupoles. No signif-
icant differences among the PDFs can be observed, except a sta-
tistically meaningful shift toward a larger distance of the 1st peak
and a reduced height of the peak from the inclusions compared to
the compressed area in-between inclusions and the matrix away
from the shear band. Together with the volumetric strain, this ob-
servation supports the conclusion that the hydrostatic stress sur-
rounding the inclusions increases the average atomic distance
and dilates the material at the inclusions.

To confirm the universality of the phenomenon, we applied
our 4D-STEM approach to a Zr,,Cu,;3Al;Agg (at.%) bulk metal-
lic glass, which possesses mechanical properties distinct from
the Fe-based metallic glass. Figure 4a shows a scratched sur-
face of the metallic glass. A TEM sample including the pile-up
area was prepared from the area indicated by the shadowed rect-
angle. A 4D-STEM map was acquired below the deformed sur-
face in the area indicated by the black rectangle in Figure 4b,
where the shear bands of interest are labeled as SB1 and SB2.
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Figure 4c,d shows maps of e, and y,,,. The strain tensors ob-
tained from the principal strains (Figure S5, Supporting Infor-
mation) are shown in Figure 4e—g, where the x-axis is parallel
to SB1 and the y-axis is perpendicular to SB1. The results show
qualitatively the same phenomena as observed in the Fe-based
metallic glass. Again, two types of shear bands are observed. For
SB1, we see quadrupolar strain fields concentrated at the dilated
inclusions (Figure 4h—j). SB2 exhibits negligible variation along
the shear band but a stronger asymmetric strain variation across
the shear band. The features observed in the Cu-Zr based metal-
lic glasses are weaker compared to the Fe-based sample. This may
be due to the softer nature of the Cu—Zr-based glasses.[?*-31l The
soft Cu—Zr-based glass possesses more intrinsic structural inho-
mogeneity compared to the rigid Fe-based glasses, giving rise to
a higher noise-like background in the maps, which has also been
observed by Gammer et al.?* Furthermore, the stress built up
during deformation relaxes easily in soft glass, leading to weaker
residual features. Nevertheless, the quadrupolar features and the
dilated inclusions can be confirmed (as shown in Figure 4i and
Figure S6, Supporting Information).

2. Discussion

According to Eshelby’s theory, the inclusions can be quantified
as plastic zones at the core of the quadrupoles, where the ma-
terial’s elasticity is changed due to the plastic event.??) In our
observation, the preserved “quadrupole strain fields”, which are
concentrated around the core of the inclusion, influence the sur-
rounding material and fade only gradually, making it difficult to
experimentally define the real size of the core of the inclusions.
Nevertheless, the sharp concentration of the deviatoric strain in-
dicates that plastic deformation occurred at the core of the ob-
served inclusions, enabling us to estimate an upper limit for the
size of the inclusion with a diameter of less than about 15 nm. A
question naturally arises here: what are the inclusions observed
in SB1? The formation of a shear band is believed to be initiated
by the activation of shear transformation zones (STZs).>! Atom-
istic modeling proposed STZs to be Eshelby inclusions, where
atoms suffer plastic displacements,!®’] resulting in significant
atomic dilatation!**3%! and a shear stress field with quadrupo-
lar symmetry.[#93¢] The quadrupolar stress field perturbs the sur-
rounding atoms to a vortex-like motion and percolates the inclu-
sions eventually leading to the formation of a shear band.[3>373]
Yang et al. disentangled the localized dilatation from the shear
strain and rotation in the atomic scale modeling and proposed
that Eshelby inclusions are initialized from the dilatation process
followed by the secondary activation of rotation in neighboring
hard material, which excellently matches to our observation.[*’!
Simulations have suggested two possible scenarios for the mo-
tions of the inclusions: the plastic zones behave in a synchronized
fashion and the emergence of the shear band occurs in a directly
percolated manner,***!l or the structural perturbation, generated
Dby the stress concentration at the leading inclusion, triggers the
activation of neighboring inclusions via rotational shear fields
leading to an autocatalytic propagation of the shear band.[**) Ex-
perimentally, such vortex-like perturbations have been reported
in condensed granular colloids and originated from the inter-
action of STZs through the stress mediated by the rigid sur-
rounding material.[*>*3] In all these works, the observed topol-
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ogy of STZs was analogous to our observations. However, the
STZ event is believed to be a transient phenomenon and our
observations correspond to a static measurement of the residual
stress and structural changes after the plastic deformation. Fur-
thermore, the size of the inclusion cores we observed is about
10 times larger than the size of a STZ usually observed in atomic
modeling.1®3744] Therefore, it is hard to directly relate the ob-
served inclusions to individual STZ events.

The obvious next question is what are the observed struc-
tures if they are not STZs? Such strain fields with quadrupo-
lar symmetry were also observed at ~10 nm voids in a simu-
lated metallic glass by molecular dynamics (MD) simulations!*!
and also at a ®#1 mm void in a lab-prepared metallic glass us-
ing X-ray diffraction under load.[?* According to continuum me-
chanics, the concentration of quadrupolar stresses is a universal
phenomenon across different length scales at Eshelby inclusions
during loading.*?! One potential explanation is that the contin-
uous creation of STZ events followed by their agglomeration
can form such plastic zones. Very recently, Sheng et al. associ-
ated a nanoscale density map from a 4D-STEM experiment with
MD simulation and predicted the formation of such Eshelby-like
strain concentration along the shear front in a metallic glass.[*¢!
The resulting plastically deformed zones concentrate the stress.
The concentrated stress perturbs the surrounding material in a
vortex-like manner and percolates the neighboring inclusions.
This eventually leads to the formation of a shear band.

The observation of two different types of shear bands may re-
sult from a hypothesis: SB1 has suffered limited shear displace-
ment preserving the Eshelby-like features compared to the more
mature SB2. It is worth noting that SB2 exhibits weak but de-
tectable fluctuations along the shear band with a similar length
as in SB1 as shown by the red line profile in Figure S3b (Sup-
porting Information). This hints that SB1 and SB2 have certain
similarities and could be originated from the same mechanism.
Such a hypothesis has also been suggested in atomic level sim-
ulations, where quadrupolar stress features, formed during the
initiation of a shear band (SB1-like), are later on smeared out
during the shear displacement, giving rise to a more homoge-
neous linear band structure (SB2-like).I>*] However, we noticed
that there are large strain variations, e.g. deviatoric strain up to
0.5% and volumetric strain up to 1%, observed at a projected
core of inclusion with a diameter of a few tens of nanometers.
Considering that we are looking at a projection averaging across
the sample thickness, the observed large strain could hardly be
physically reasonable for a 200-250 nm thick sample if the inclu-
sion core is a pointlike 0D structure. This could lead to specu-
lation that the inclusion is a tubular structure extending in and
out of the imaging page. In this case, the shear band can appear
differently when they have large misorientation between each
other in the sample. Given the limitation of postmortem char-
acterization and 2D projection of the strain field in the 3D vol-
ume, our experiment cannot conclusively explain why SB2 is dif-
ferent from SB1. Nevertheless, the observation of the two types
of shear bands in identical samples nicely explains the distinct
differences among STEM observations of shear bands, e.g. R6s-
ner et al. observed shear bands showing alternating STEM-ADF
contrast,['"1?l whereas Maaf et al. showed shear bands simply ex-
hibiting a reduced intensity!'"! as well as the previous observation
of an asymmetric variation of the interatomic distances across
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shear bands.*”] The results also confirm the hypothesis of Es-
helby quadrupole alignment along shear bands by Hieronymus-
Schmidt et al.[*®]

In summary, the correlative strain field and atomic PDF map-
ping demonstrate a new approach to obtain crucial information
for studying deformation mechanisms in metallic glasses. It pro-
vides for the first time an experimental visualization of the Es-
helby inclusions surrounded by quadrupolar strain fields aligned
on a shear band in deformed metallic glasses. Examination of the
two distinct metallic glasses suggests the universality of our ob-
servation. The results provide direct experimental evidence for
a concrete scenario for the initiation of a shear band: the di-
latated Eshelby inclusions are the result of local plastic atomic
displacements in the glassy matrix, which concentrate a stress
field with quadrupolar symmetry. The quadrupolar stress field
perturbs the surrounding material in a vortex-like manner and
percolates neighboring inclusions. This eventually leads to the
formation of a shear band. Our new method is expected to initiate
broad research possibilities for solving questions in amorphous
matters.

3. Experimental Section

Fegs »SigsBgsP4Cugg (at.%) and Zr,sCusgAlgAgy (at.%) master alloy
ingots were prepared by arc melting in a Ti-gettered argon atmosphere.
The Fegs ,Sig5Bg sP4Cug g (at.%) ribbons, width ~ 25 mm and thickness
~ 20 um, were prepared from the melt by rapid solidification onto rotat-
ing Cu wheels. The Zr,sCusgAlgAgg bulk metallic glass (1 cm x T cm X
1 mm plate) was fabricated by suction-casting into a water-cooled copper
mold. The amorphous nature of samples was confirmed by X-ray diffrac-
tion (XRD), electron diffraction as well as differential scanning calorimetry
(DSC).

Scratch tests were performed with a scratch length [, = 1 mm with
normal loads F, = 10 N for the Fe-based metallic glass ribbon and
F, = 15 N for the Cu—Zr-based bulk metallic glass with a sliding velocity
versus = 0.1 mm s~ under ambient conditions using a diamond tip with a
radius of 210 um. For the STEM analysis, electron transparent TEM lamel-
lae were prepared by focused ion beam (FIB), FEI Strata 400S, lifting out
a specimen from the vicinity of the scratches. Thinning was performed in
the FIB at an acceleration voltage of 30 kV with gradually decreasing beam
currents from 2 nA to 8 pA to reduce the ion beam damage. A lamella
thickness of ~200 nm was obtained to balance electron transparency
and prevent strain relaxation due to an enlarged surface-to-volume ratio
(Figure S7, Supporting Information).

4D-STEM measurements were conducted using a Themis Z double-
corrected TEM (Thermofisher Scientific) operated at 300 kV in microprobe
STEM mode with spot size 6 and a semi-convergence angle of 0.26 mrad
giving rise to a diffraction-limited probe size of x5 nm. 4D-STEM recorded
local 2D diffraction patterns over a 2D array of probe positions by step-
wise scanning of the probe. The method was called 4D-STEM referring to
its typical 4D dataset (2D diffraction pattern on a 2D array of the sam-
ple). A OneView camera (Gatan Inc.) was used with a camera length of
1.15 m to record the diffraction patterns. This camera length was chosen
to capture the first diffuse diffraction ring with a sufficient diameter on
the camera to enhance the sensitivity for measuring distortions. The 2nd
diffuse diffraction ring was also included. This preserved the capability for
PDF analysis. 4D-STEM maps were acquired with a step size of 5.8 nm
and a frame size of 900 x 500 pixels for the Fegs ,Sig 5Bg 5P4Cuq g metallic
glass ribbon and a step size of 9.7 nm and a frame size of 350 X 270 pixels
for the Zr,Cu;gAlgAgg bulk metallic glass with an exposure time of 3.3 ms
per frame (frame rate of ~300 fs™").

The diffraction pattern of a typical amorphous material showed a dif-
fuse ring pattern (Figure 1a). As described in previous works, 2324271 the
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local stress in the metallic glass induced a structural anisotropy, which re-
sulted in an elliptic distortion of the diffraction ring leading to a deviation
from the ideal circle as illustrated in Figure 1b (the diffraction pattern was
artificially elongated for easy presentation). Therefore, the strain could be
mapped by determining the ellipticity of the diffraction ring in each local
diffraction pattern of the 4D-STEM dataset. Different from high-resolution
(HR)TEM-based strain mapping methods such as geometric phase anal-
ysis (GPA), which analyzed real space atomic lattice displacements,[*°]
the strain measurement used here analyzed the diffraction ring in the
4D-STEM data. It thus enabled the capability to measure strain for amor-
phous materials and a large field of view (up to micrometers).

An algebraic method was adopted using singular value decomposition
(SVD) proposed by Fitzgibbon et al.l*] to fit an ellipse to the diffraction
ring. This provided an unbiased fitting method with high precision and
orders of magnitude reduced demand for computational power compared
to non-linear or iterative fitting methods. The diffraction patterns were first
binarized by applying a threshold: Intensity = 1 when 0.951,,, < 1(q.qy)
< I max and Intensity = 0 everywhere else, where | .., is maximum intensity
in the diffraction pattern and g, and g, are the coordinates of the pixels in
reciprocal space. An ellipse in the reciprocal space can be represented by
an implicit second-order polynomial equation:

F(C,Q):C-Q:aqf+quqy+cq§+dqx+eqv+f ©)

where C=[abcdef]land Q =[q? 9%y qf, s 9y 1]T . F(C, Q) is the mis-
match distance of a data point (q,, g,) to the ellipse F(C, Q) = 0. Thus, the
best fit of an ellipse to the diffraction ring is equivalent to finding C to mini-

N
mize the sum of squared mismatch distances D(C) = min ¥ F(C, Q))?,
i=1

i=
where N is the total number of selected pixels by the thresholding and i
is the pixel sequence number. This least square problem can be solved by
singular value decomposition (SVD) considering a rank-deficient general-
ized eigenvalue system, as QQ' C" = APC", where P is a constrain matrix
to avoid trivial solutions, e.g., C =0, as defined by

00-2000
010000
200000

P=1000000 @
000000
000000

Solving the eigenproblem produces six eigenvalues and eigenvec-
tors. The eigenvector associated with the smallest eigenvalue was the C
component minimizing the sum of squared mismatch distances, which
was equivalent to the linear least square fitting method. Note that the
center position of the diffraction patterns could shift when scanning
a large field of view due to the distortion of the beam-focusing lens.
The fitting algorithm simultaneously tracked the centers of the indi-
vidual diffraction patterns for accurate fitting. From the fitted ellipse,

90— Gmax COS(Q)
% <sin(6’)> and

), where g is the radius of the Tst ring for

the principal strains were determined as P, =

5 _ 0 amy (€OS(0+90°)

2 @ sin(0 + 90°)
the unstrained case (averaged from an area far away from the deformed
region), gmax, and g, are the length of the maximum and minimum el-
liptical axis of the st ring. 6 is the corresponding azimuthal angle of g,,,,,
to the x-axis. The deviatoric strain was calculated as g4, = M.
The volumetric strain was calculated as €, = w. Strain tensors
were calculated by setting the coordinate system with the x-axis parallel

to the shear band of interest and the y-axis perpendicular to the shear
Ex € Pl 0 cos(f) —sin(0) .

bandas [ * ™) =R Ll — )R, whereR = ( . (0) —sin(0) is
Epx Eypy 0 |P,] sin(@) cos(d)

a rotation matrix. €,, and €, represented the strain along the x-axis and

y-axis. A positive value meant tensile strain indicating the atoms were
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pulled away from each other and a negative value indicated compres-

sive strain corresponding to atoms squeezed closer along the axial di-

rection. €,, represented the shear component of the strain tensor. A

positive value indicated the clockwise and a negative value for an-

ticlockwise shearing. The maximum shear strain was determined as
_ IPil = 1P| (cos(0)

Ymax = 5% <sin(9)>' The amplitude was defined as deviatoric

strain and the orientation indicates the maximum tensile direction. The
curl of the maximum shear strain was calculated using the Matlab build-
in function “curl (¥ ma)”- Although multiple scattering occurred in the thick
sample, which reduced the intensity of the diffraction rings and reduced
the signal-to-noise level, the intensity of the st ring was sufficient for the
fitting algorithm. Multiple scattering was an azimuthally isotropic process
in amorphous materials within the sampling volume of the experiment.
Therefore, it did not create an artificial anisotropy of the diffraction ring.
For clarification, the effect of thickness on the radius of the diffraction
ring (taken from an unstrained area) was checked as shown in Figure S8
(Supporting Information). It showed that changes in thickness from 70 to
200 nm lead to variations of less than 0.02% of the peak position, which
was more than 20 times smaller than the volumetric strain variation at the
SBs (~0.4%). All this guaranteed confidence in the measurement for thick
samples. The accuracy of the strain measurements was further examined
by mapping the squared mismatch distances (fitting error) for fitting ev-
ery diffraction pattern and compared with the map of the 1st ring radius
in Figure S9 (Supporting Information). Random noise was only observed
in the error map with a standard deviation of 0.000607 A~ (Figure S9a,
Supporting Information). For comparison, the map of the 1st ring radius
showed clear shear band features (Figure S9b, Supporting Information),
e.g., an asymmetric distribution across the shear bands and alternating
fluctuations along the shear band. In addition, the standard deviation of
volumetric strain was calculated using the data acquired far away from the
shear bands (less strained) to be 0.08%. Gammer et al reported that this
estimation was also affected by the local structural variations, which intrin-
sically existed in the metallic glasses. Therefore, this standard deviation
was an upper limit for the uncertainty of the strain measurement.[?4] Nev-
ertheless, the small standard deviation was well below the typical shear
band features (>0.2-0.5%) in the experimental observation.

For STEM-PDF analysis, the processes followed were described in
Ref. [21,22]. The diffraction patterns were integrated azimuthally to obtain
radius profiles I(g), where g = 26/ 4, 0 is half of the scattering angle, and
A is the incident wavelength. The azimuthal integration helped to obtain
a high signal-to-noise ratio at large scattering angles. The structure fac-
tor (Figure 1b, bottom left) was calculated by subtracting and normalizing
lta) = N<f(a)*>

N(f (@)%) '
where N is the number of atoms within the volume sampled by the elec-
tron probe, f(q) is the parameterized electron scattering factors for a
single atom, calculated based on Ref. [51], (f(q)) = X Cifi(q) denotes

with single atomic scattering factors according to S (q) =

1
an elemental average of the atomic scattering factor fi(gq) over all ele-
ments, C; presents in the atomic percentage of the i element. The PDFs
(Figure 1b, bottom right) were obtained by a Fourier sine transformation

Imax
of the structure factors according to PDF(r) = [ S(q) sin(2zqr)dq . The
0

only adjustable parameter in the PDF calculation was N, which was deter-
mined for each PDF in the map by minimizing S(q) to approach zero at
large g. This reduced effects caused by variations in thickness X atomic
density in the samples. A smooth 4th-order polynomial function was sub-
tracted from the structure factor to reduce the effect caused by multiple
scattering and contributions from inelastic scattering.[2'] A relatively large
camera length (resulting in a limited k range) was used to capture the first
diffraction ring with a sufficient diameter on the camera to enhance the
sensitivity for measuring the distortions. The limited k range could cause a
broadening of PDF peaks due to the truncation of high-frequency informa-
tion in the reciprocal space. However, it did not alter peak positions (see
Figure S10, Supporting Information).[52] The atomic nearest-neighbor dis-
tances were analyzed by fitting a Gaussian function to the 1st PDF peak. A
slight gradual background change over micrometers could be observed in
the nearest-neighbor map following the changes in the sample thickness
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map (Figure S4b, Supporting Information). This was because of the strong
multiple scattering broadening peaks in S(g), which slightly shifted the
peak position in the PDF toward shorter distances with increasing thick-
ness. However, the gradual background changes did not affect the obser-
vation of the nanometer scale local deformation features near the shear
bands (Figure S4c, Supporting Information).

Supporting Information

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