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Local nanoscale strain mapping of a metallic glass during in situ testing
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The local elastic strains during tensile deformation in a CuZrAlAg metallic glass are obtained by
fitting an elliptic shape function to the characteristic amorphous ring in electron diffraction
patterns. Scanning nanobeam electron diffraction enables strain mapping with a resolution of a few
nanometers. Here, a fast direct electron detector is used to acquire the diffraction patterns at a
sufficient speed to map the local transient strain during continuous tensile loading in situ in the
transmission electron microscope. The elastic strain in tensile direction was found to increase
during loading. After catastrophic fracture, a residual elastic strain that relaxes over time was
observed. Published by AIP Publishing. https://doi.org/10.1063/1.5025686

Local elastic strains can strongly modify the properties
of crystalline materials, for example, mechanical strength,'?
electronic band structure,’ optical properties,* the critical
irradiation dose for crystalline-to-amorphous phase transi-
tions,5 and many others. Therefore, for many experiments, it
is important to accurately measure the local strain distribu-
tion with as high spatial resolution as possible. Scanning/
transmission electron microscopy (S/TEM) is often used to
measure the local strain due to its high accuracy and spatial
resolution.®” In particular, STEM nanobeam electron dif-
fraction (NBED) has emerged as a particularly useful tech-
nique for measuring local strains,'®'? due in large part to
the widespread use of high speed direct electron detec-
tors."*' In the case of amorphous materials, X-ray diffrac-
tion is frequently used to map the strain distributions.'’
Residual strains and stresses have been observed in deformed
metallic glasses (MGs) and are a promising route for enhanc-
ing their ductility.'®!'? Less work has focused on mapping
the local strains in amorphous materials with TEM.
Recently, strain mapping with selected area electron diffrac-
tion was demonstrated,20 with fairly limited resolution. In
this study, we use scanning NBED to measure the local
strain at the nanoscale during an in situ nanomechanical ten-
sile test to fully demonstrate the capability of visualizing the
distribution of elastic strains inside an amorphous material
using electron microscopy.

To demonstrate in sifu strain mapping of amorphous
materials, we deformed a CuZr-based MG in tension.
CuseZrygAlgAgg ingots were prepared by arc melting of
high-purity elements. From the ingots, rods (3 mm in diame-
ter) were cast into Cu-molds by suction-casting (modified
Bihler MAMI1 device). From the MG, electrotransparent
TEM specimens were prepared by electropolishing. To
achieve a tensile specimen with minimal damage, a FIB-
SEM (FEI Strata 235) was used to cut a rectangle from the
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electron transparent region of the sample and transfer it to a
Hysitron Push-to-Pull device using an Omniprobe microma-
nipulator.”' The Push-to-Pull Device transforms the com-
pressive motion of the indenter into a well-defined in situ
tensile test in the TEM. The sample was attached using a Pt-
deposition system and cut into a miniaturized dogbone with
a width of 250 nm, a length of 850nm, and a thickness of
190 nm. Deformation was carried out using a Hysitron PI95
Picoindenter under displacement control.

Figure 1 shows the experimental setup used in this
study. The dog-bone shaped MG specimen is deformed in
situ in the TEM. To image the specimen, a slightly con-
verged electron beam is scanned over the sample and an
annular dark-field (ADF) image is recorded in STEM mode.
In addition, a full NBED pattern is recorded for every probe
position using a fast electron detector. A beamstop is used to
prevent damage to the detector from the unscattered electron
beam. STEM diffraction mapping was carried out using a
FEI Titan operated at 300kV. A Gatan K2 IS direct electron
detector is used that is capable of recording diffraction pat-
terns with a resolution of 1920 x 1792 pixels, at a frame rate
of 400 f/s. The speed of the detector enables recording a
NBED map with a size of 128 x 64 probe positions in ~20 s.
The resulting 4D dataset consisting of thousands of diffrac-
tion patterns contains a vast amount of information. Using
arbitrary virtual apertures, images can be computed from
NBED maps without facing the limitations of a monolithic
STEM detector.”>?* In addition, the radial distribution func-
tion can be computed from each diffraction pattern to map
the local structure.”*

Here, we demonstrate that the dataset can be used to
compute strain maps during deformation even in an amor-
phous material. The diffraction pattern of an amorphous
material is characterized by a diffuse ring pattern. The first
ring can be used to determine the strain, as it induces a small
deviation from an ideal circle.'”* The position of the first
ring as a function of scattering angle, ¢(0), is compared to

Published by AIP Publishing.
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FIG. 1. Experimental geometry used in this study. A dog-bone shaped
metallic glass sample is deformed in sifu in the scanning electron micro-
scope. The sample is placed at the cross-over position of the convergent
electron beam. The convergent electron beam diffracts from the sample,
leading to the characteristic amorphous ring pattern. A best fit ellipse is com-
puted for each diffraction image recorded at each probe position. The elastic
strain induced during loading leads to an elliptic distortion of the amorphous
ring pattern.

the radius of the ideal ring of the unstrained case, go. The
resulting strain, €, a function of 0, can be separated into the
axial, tangential, and shear strains €., €y, and €,,.

_q0—4q(0)
="
= €, c082(0) + €,y cos (0) sin (0) + e, sin*(0).

This equation can be rewritten as

4o
q(0)

In the present work, we have determined the strain by
analyzing the ellipticity of the NBED patterns. Each diffrac-
tion pattern of the CuZr-based MG sample has a characteris-
tic amorphous ring at a scattering angle of go =4.2nm™'. To
determine the ellipticity, we have fitted the ring intensity
I(q., qy) over the reciprocal space coordinates (g, ¢,) using
the following form:

=1+ €,c08?(0) + €, c0s (0)sin (0) + ¢,y sin* (0). (1)

2
(cm - \/Aq,% + Bqxqy + Cqﬁ)
I(q) =Irexp |— e

+lo +11y/qi + 43,

(@)
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where [,, Iy, and I, are the intensities of the ring, constant
background, and linear background, respectively. A, B, and C
are the ellipse coefficients, and s is the standard deviation of
the ring, equivalent to its width. Note that the coordinate sys-
tem (q., g,) is centered on the middle of the diffraction pat-
tern. This position varies by several pixels over the full set of
probe positions and must therefore be included as a fitting
parameter. After an initial fit of all the diffraction patterns
including the center as fitting parameters, we set the center
coordinate to be the best-fit plane over all probe positions.
The shift is caused by an instrumental limitation in the shift-
tilt purity and it might alternatively be corrected for by per-
forming a sample-free scan. After setting the center coordi-
nate, we performed a second fit of all the diffraction patterns.
Once Eq. (2) has been fitted to all probe positions, the
strain can be computed from the results for A, B, and C. A and
C will be very close to a value of 1 and B close to 0. Therefore,
we define A=1+4a and C =1+ c. Converting the ellipse to
polar coordinates (¢, = ¢(0) cos (0), g, = q(0) sin (0)) yields

q(0)*((1+a)cos?(0)+Bcos(0)sin(0) + (1+c)sin?(0)) =q3,

0 _ \/1 +acos?(0) +Bcos(0)sin(0) +csin’(0).

q(0)

This expression can be approximated, by taking into account
that a, B, and ¢ are small

o l acos’ cos sin ¢ sin®
q(9)~1+2( (0) + Bcos (0) sin (0) + (0)).

A comparison of this equation with Eq. (1) allows deducing
the strain

1 1
E(A = 1), ey~:B, €=

5 c-1). O

N =

Exx ~

By determining the ellipticity for each diffraction pattern in
the NBED map, a full two-dimensional strain map is
obtained. When the MG specimen is deformed in situ in the
TEM, the local elastic strain changes, resulting in a change
in the elliptic distortion (see Fig. 1). By obtaining a time
series of NBED maps, time resolved strain maps can be cal-
culated and the change in the local strain during deformation
can be mapped in situ. Note that all real experiments will
contain some elliptic distortion even for non-strained sam-
ples, due to aberrations in the projector lenses of the micro-
scope. Therefore, a reference has to be defined and the
distortions measured in this region are used as reference val-
ues. We have used the measured ellipticity of the MG speci-
men prior to deformation as the reference strain state.

Figure 2 show the results from the three NBED maps
recorded during continuous in situ deformation. The MG speci-
men was loaded at a rate of 0.3 nm/s under displacement con-
trol. Figures 3(a)-3(c) give the ADF-STEM images recorded
during deformation. Figures 3(a) and 3(b) show the specimen
during loading and Fig. 3(c) after catastrophic fracture. The cor-
responding strain maps obtained from the NBED maps are
given in Fig. 2. The initial loading is given in Figs. 2(a)-2(e).
Figure 2(a) shows the mean diffraction pattern computed from
all NBED patterns along with the best fit ellipse. To increase
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the precision for the strain measurement, the camera length was
selected to show only the first ring. In Fig. 2(b), a virtual dark-
field image is shown that was computed by summing the inten-
sity in the first ring for each NBED pattern. The coordinate
system was chosen with the x-axis in tensile direction and the
y-axis normal to it and transferred to the diffraction pattern tak-
ing the image rotations of the microscope into account [see
Figs. 2(a) and 2(b)]. Figures 2(c)-2(e) show the strain maps cal-
culated from the elliptic distortions of the NBED patterns using
Eq. (2). The strain was determined for each of the 8192 individ-
ual NBED patterns. The strain in tensile direction (e,,), the
strain normal to the tensile direction (¢,,), and the shear strain
(€xy) are shown. It is important to note that continuous loading
is carried out during NBED mapping. Therefore, there is a
strain difference within each panel, due to the extended dura-
tion of the scan. The elongation of the specimen increases as
the electron beam scans from top to bottom of the map.
Therefore, the strain in tensile direction ¢, as well as the com-
pressive strain normal to the tensile direction e, increase
slightly from top to bottom of the map during continued load-
ing [see Figs. 2(c) and 2(d)]. The shear strain €., remains close
to zero.

Figures 2(f)-2(j) show the strain maps computed from
the second scan during continued loading of the specimen.
The mean diffraction pattern shows no obvious differences
to the initial state. However, under closer inspection, a small
change in elliptic distortion becomes apparent. The compari-
son of the mean ellipse before and during loading is shown
in Fig. 2(f) in blue and red, respectively. The virtual dark-
field in Fig. 2(g) shows a slight elongation of the tensile bar.
The corresponding strain maps are shown in Figs. 2(h)-2(j).
Again, it should be noted that NBED mapping is carried
out during continuous loading, i.e. the top of the map

Ring Amplitude

Mean CBED

—
100 nm

-1.5%
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corresponds to less deformation than the bottom of the map.
Therefore, an increase in the tensile strain (e,,) from top to
bottom of the map can be observed within the tensile bar.
Similarly, €,, shows an increase in compressive strain. The
shear strain €,, on the other hand remains zero. Only a small
amount of shear strain at the shoulders of the tensile bar can
be observed [see Fig. 2(j)], demonstrating the well-defined
tensile loading conditions. At the end of the second frame,
the MG sample fractures abruptly. It should be pointed out
that due to the continuous loading, the strain during fracture
is higher than the strain values shown in Figs. 2(h)-2(j). The
results from the third frame, acquired after fracture, are
shown in Figs. 2(k)-2(0). The MG tensile bar fractures along
a single sharp fracture plane. The thinner areas caused by the
inclined fracture plane result in a contrast change in the vir-
tual dark-field [see Fig. 2(1)] and the ADF-STEM image [see
Fig. 3(c)]. The sudden release of the external load after frac-
ture induces a significant change in the elliptic distortion as
shown in the mean NBED pattern [see Fig. 2(k)]. The strain
maps calculated from the elliptic distortions of all NBED
patterns is given in Figs. 2(m)-2(0). Both €., and ¢,, are sig-
nificantly reduced due to the release of the external strain;
however, residual elastic strain remains.

Figure 3(d) shows the time evolution of the local elastic
strain. The specimen is scanned row by row during NBED
strain mapping. Therefore, the strain maps can be converted
into time resolved strain values, by plotting each strain value
in the map against the time when the NBED pattern was
recorded. For a better statistics, the mean value across the
tensile bar is computed yielding one value for each row of
the scan. In addition, the standard deviation is computed [see
Fig. 3(e)]. It has to be pointed out that in this analysis, the
time resolved strain values stem from different regions from

-1.0% -0.5% 0.0% 0.5% 1.0% 1.5%

FIG. 2. Results from the nanodiffraction maps obtained during in situ deformation. The average diffraction pattern and a virtual dark-field image are shown
along with the color-coded strain maps. Three time resolved maps are shown. The sample is deformed under continuous loading (a)—(e) and (f)—(j) before

showing catastrophic fracture (k)—(0).
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FIG. 3. Time evolution of the strain in tensile direction. The mean value
across the tensile bar is computed yielding one value for each row in the
scan. (a)—(c) The rows used for the analysis are indicated in the three scans.
(d) During continued loading, the strain increases and decreases after frac-
ture. The dashed line serves as guide to the eye. (e) In addition, the standard
deviation is computed indicating significant strain inhomogeneities.

the tensile bar. Therefore, an assumption is made about uni-
form deformation across the entire sample, which can be
assumed for MG specimens during elastic deformation.

This analysis is carried out for all three scans. Only the
gauge section is used in the analysis. The regions used are
indicated with lines in Figs. 3(a)-3(c). The green data points
in Fig. 3(d) show the values for €,, obtained from the first
scan. Initially, prior to loading, they scatter around zero. Upon
continuous loading, €, increases. During continued loading,
the strain values further increase [red dots in Fig. 3(d)]. The
dashed line serves as a guide to the eye. It should be pointed
out that the current data does not represent a stress strain
curve. Still, the deviation from the linear elastic regime before
fracture is an indication for plastic deformation that is
expected to occur in miniaturized MG specimens.”® After
fracture, €, drops significantly to around 0.5% but does not
fully recover [blue dots in Fig. 3(d)]. The time evolution of €,
indicates that the residual strain relaxes with time. The stan-
dard deviation of the local elastic strain, st.dev..,,, is plotted
as a function of time in Fig. 3(e). The results demonstrate that
the standard deviation increases upon tensile loading.
Significant strain inhomogeneities in e, that increase with
loading can be seen in Fig. 3. The increase indicates that in
addition to the standard deviation stemming from the accuracy

Appl. Phys. Lett. 112, 171905 (2018)

of the method, there are structural strain inhomogeneities that
become more pronounced with loading.

The increase in structural strain inhomogeneities happens
during elastic loading, indicating that nanoscale heterogeneities
in the specimen have differing responses to stress.”” From the
quantitative values of €,, and ¢,,, we can directly determine the
Poisson’s ratio v = — =2, yielding a value of around 0.33 for

the present expen'mentg.uThis value is in accordance with the
values measured for bulk CuZr-based MGs (around 0.36).28
Similar measurements of the Poisson’s ratio were carried out
from the elastic strains measured during in sifu deformation of
amorphous TiAl v = 0.23.° The Poisson’s ratio is an important
parameter as it is linked to the ductility of the MG and can
deviate based on composition and structure of the materials.”’
The method presented here allows for the direct local measure-
ment of v in the specimen during deformation. Deformation
experiments of small scale MG samples have shown a larger
elastic strain limit and a residual plastic strain in the specimen
after deformation.”®* In specimens of similar size, the residual
plastic strain measured from the gauge length is around 0.8%.%
Here, we use the elliptic distortion to measure €., locally and
observe significant residual elastic strain after fracture
(€4¢~ 0.4%). The residual elastic strain relaxes with time in the
unloaded sample indicating that local rearrangements after
deformation result in a decrease in elastic strain. In elastostati-
cally loaded specimens, residual strains were observed after
unloading.®® Similarly, plastic deformation can induce residual
strains.®'** Frequently, these strain distributions are inhomoge-
neous, yielding MG “‘composites” with soft and hard areas that
show an increased ductility.'®'”

Different approaches have been proposed for measuring
the ellipticity in electron diffraction patterns of nanocrystal-
line and amorphous materials.’** Integration of sectors offers
high speed and good precision, but works best for data with a
high signal to noise ratio. On the other hand, direct fitting of a
ring to the first diffuse ring shows a high precision and works
for a lower signal to noise ratio. Typically, the starting values
are very close to the resulting best fit mean ellipse, due to the
small changes in ellipticity and mean intensity throughout the
diffraction patterns, allowing to reduce the time needed for
the fit. The precision for the strain determined from electron
diffraction patterns can reach 0.01% for selected area electron
diffraction patterns.z() The present data give a strain precision
of around 0.1%. This value can be improved by boosting the
signal-to-noise ratio through the use of an energy filter or an
increase in the sample volume. X-ray diffraction is routinely
used to map the strain in MG specimens; however, the resolu-
tion is limited due to the large volume sampled for each dif-
fraction pattern. In the case of electron diffraction, the strong
interaction of electrons with matter allows to map strain at the
nanoscale, thus opening up an experimentally unexplored
length-scale. Quantitative data for the transient elastic strain
field during deformation in MGs on the nanoscale enable
direct comparison with shear strains observed in MD simula-
tions. The resolution and sensitivity of in situ NBED mapping
has the potential to experimentally reveal local deformation
events>* and directly link them to the local structure. This is
of great importance, as the lack of long-range order in MGs
hindered direct imaging of fundamental deformation mecha-
nisms so far.
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In conclusion, we have determined the local atomic-
level elastic strains in a MG specimen by fitting an ellipse to
the first diffuse ring in the electron diffraction pattern. By
using a fast electron detector, the presented method can be
combined with in situ TEM deformation to determine the
local transient nanoscale strain. We applied the method to a
CuZrAlAg MG specimen deformed in tension. Time
resolved strain maps with a spatial resolution of 7 nm were
recorded during continuous loading, without pausing the
experiment. The results show an increase in the elastic strain
during loading. A residual elastic strain is observed after
fracture that relaxes over time. The present experiment dem-
onstrates the feasibility of nanoscale in situ strain mapping
in MG specimens. The demonstrated setup allows to record
time-resolved strain maps with a spatial resolution down to
1 nm by combining NBD mapping with a fast electron detec-
tor. The experimental measurement of local quantitative
strain enables greater insight into the deformation processes
in MGs on the nanoscale and the potential for direct compar-
ison with atomistic simulations on similar size scales.
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