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Advanced transmission electron microscopy (TEM) techniques are utilized to investigate the structural
evolution and underlying mechanisms driving relaxation in metallic glasses. We quantify changes in medium-
range order (MRO) using fluctuation electron microscopy (FEM), while electron correlation microscopy (ECM)
combined with in situ heating allows us to directly probe local dynamics with unprecedented spatial resolution.
FEM analysis provides a semi-quantitative estimate of the MRO volume fraction, based on either the peak
height or the peak integral of the variance. This measure was found to increase in structurally relaxed samples
compared to the as-cast condition, observed across both predefined annealed states and during in situ heating.
Complementary in situ analyses uncover a temperature-dependent reduction in atomic mobility. This decrease
in dynamics—which aligns with the phenomenon of irreversible structural relaxation, often termed "aging"—is
examined with high spatial resolution for the first time. The findings on structural modifications and local
relaxation behavior during heating are discussed in detail and compared with results obtained via other
characterization methods and across different material systems, providing a comprehensive understanding of
relaxation processes in metallic glasses.

1. Introduction Fig. 1 provides a straightforward schematic representation of struc-
tural relaxation phenomena as they relate to changes in enthalpy that

Bulk metallic glasses (BMGs) are alloys that predominantly exist occur during differential scanning calorimetry (DSC) experiments [9].

in a thermodynamic non-equilibrium state, characterized by a lack
of long-range order and the presence of short- to medium-range or-
der (SRO and MRO). This non-equilibrium condition is established
during vitrification from the equilibrium liquid state that enable the
possibility of various dynamics processes to relax the glass toward a
more stable state [1]. It is important to distinguish these relaxation
processes occurring within the glassy state from the intrinsic relaxation
dynamics present in the metastable equilibrium state above the glass
transition temperature, known as the supercooled liquid region. The
latter are typically quasi-reversible a-relaxation processes. In contrast,
processes in the glassy state can be induced by thermal treatments
below the glass transition temperature and are called structural relax-
ation or “aging”. Structural relaxation lowers the excess enthalpy of
the material [2-4]. With respect to the potential energy landscape, a
structural relaxation process transfers the glass from a local basin with
a higher excess free enthalpy to a lower one, changing the configura-
tional state [5-7]. This process is highly complex and is often depicted
through multi-dimensional illustrations [5,8].

* Corresponding author.

Structural relaxation also increases the heat capacity (bottom figure
in Fig. 1), resulting in a more stable glass state. For sufficiently long
annealing treatments that avoid crystallization at specific temperatures
below the glass transition temperature, the glass can even attain a
state similar to the metastable equilibrium state of the supercooled
liquid. This effect is confirmed by heat capacity and viscosity measure-
ments [10,11]. The current study focuses on the structural relaxation
processes within the non-equilibrium glass state, namely, on structural
and dynamics modifications during structural relaxation (i.e. during
“aging”).

Structural relaxation induced by thermal treatments, that is, anneal-
ing below the glass transition temperature, is not only accompanied
by a reduction in excess free volume resulting in increased material
density, but also associated with atomic rearrangements leading to
irreversible structural changes [12]. All of this affects the properties
of the glassy material [12-16]. The correlation between structure and
properties is established and accepted in a continuum description based
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Fig. 1. Top: Enthalpy H and volume V as a function of temperature during the
vitrification of a glass from the liquid state. The arrow indicates the enthalpy
change connected with structural relaxation (or “aging”) during isothermal
annealing. Bottom: Heat capacity ¢, during heating of a glass showing the
glass transition as an endothermic signal. The red arrows show the time- and
temperature-dependent effect of structural relaxation by isothermal annealing
on the heat capacity. This sets the system into a more stable state, ultimately
reaching a state corresponding to the supercooled liquid indicated by the
brighter arrow pointing towards the dashed horizontal line resembling the
supercooled liquid state.

on mass density. However, the specifics of the structural changes
and mechanisms involved in such aging processes are not adequately
understood at the particle level, even though numerous studies have
employed X-ray diffraction (XRD) for structural analysis [4], fluctua-
tion electron microscopy (FEM) to investigate the MRO of BMGs [17,
18], and X-ray photon correlation spectroscopy (XPCS) to analyze
dynamics [19,20].

In the present work, different enthalpic/configurational states of
commercial BMG AMZ4 (Zr5q 3Cuyg gAljg 4Nby 5 at.%) are investigated
using advanced methods within the context of transmission electron
microscopy (TEM) to obtain detailed microstructural insights into struc-
tural relaxation processes. To achieve this, we analyze an as-cast sample
in conjunction with a bulk annealed sample (heat treated without
reaching a metastable state) and compare the results with those of a
sample that was annealed in situ during the same investigations. Specif-
ically, fluctuation electron microscopy is used to analyze the structure
of the material in the three states: as-cast, annealed, and during in situ
heating, allowing us to track variations in MRO induced by structural
relaxation. Furthermore, electron correlation microscopy (ECM), which
serves as the TEM equivalent of XPCS [21,22], is employed to examine
the local dynamics in the two states (as-cast and annealed) at room
temperature, as well as the dynamics changes occurring during in
situ heating of the as-cast state. In contrast to XPCS, the use of ECM
provides the first spatially resolved results that are directly correlated
with local analyses of the medium-range order in the same specimens.
This approach enables a comprehensive characterization of the changes
in both structure and dynamics during the structural relaxation of a
metallic glass. In particular, the observed changes in MRO with pro-
gressing structural relaxation are identified and confirmed employing
in situ FEM. Furthermore, the dynamics extracted from the in situ ECM
measurements shows a stable aging behavior of the material.
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2. Materials and methods
2.1. Sample preparation

AMZ4 bulk material (Zrsg 3Cuyg gAljg 4Nb; 5 at.%) was supplied by
Amorphous Metal Solutions GmbH in the form of a cylindrical rod as-
cast, measuring 3 mm in diameter and 6 mm in length. The amorphous
state was verified using XRD (Siemens D5000) and DSC (Mettler Toledo
DSC3), which displayed both the glass transition and crystallization
temperatures (see Fig. 2), consistent with findings reported in the
literature [23]. In addition to examining the as-cast material, we also
investigated an annealed sample state of the glass. Annealing was
performed on a piece of the as-cast rod by heating to a temperature
Of Toneating = 275°C (0.8 T,) at a rate of 20 K/min using the DSC.
The sample was held at this temperature for 4 h, followed by cooling
to room temperature at a rate of 50 K/min.

TEM samples of the as-cast and annealed material were prepared
using a focused ion beam (FIB) device (ZEISS Crossbeam 340). The
lamellae were cut using Ga* ions with beam energies of 30 kV. The
final polishing was performed with an ion beam of 5 kV and 10 pA. After
being thinned to electron transparency, the lamellae intended for room
temperature experiments were placed on copper grids, while those
designated for heating experiments were transferred to a MEMS E-
chip (Protochips Fusion Select). Detailed steps for this transfer process
with the FIB device used are explained in [24]. The room temperature
samples were plasma cleaned for 90 s prior to TEM measurements.

2.2. TEM measurements

All TEM measurements were performed at 300 kV in a Thermo
Fisher Scientific FEI TITAN Themis G3 60-300 transmission electron
microscope. A Protochips Fusion AX holder was used for the heating
experiments. The basic characterizations of each sample and measure-
ment position included thickness measurements conducted using the
log-ratio method [25], which used the low-loss part of the electron
energy loss spectrum (EELS) obtained with a Quantum 965 Gatan
Imaging Filter. The relative thickness was determined based on the free
mean path A, which measures 78 nm for AMZ4. This calculation was
performed using the script from D. Mitchell in Digital Micrograph™ [26,
271.

2.3. Fluctuation electron microscopy, measurement parameters and data
analysis

Fluctuation electron microscopy (FEM) is an electron diffraction
technique used to investigate MRO in disordered material systems [28—
30]. It is based on a statistical analysis of diffracted intensities in
nanobeam diffraction patterns (NBDP) [31,32]. Such diffraction pat-
terns are recorded in microdiffraction STEM mode by scanning parallel
coherent nanometer-sized probes over a sample region [29,33]. The
advantage of FEM is that it captures information about higher-order
atomic correlations - specifically, pair—pair correlations involving three-
and four-body correlations - and hence describes the structural motifs
and MRO in disordered materials (cluster size and volume fraction) [28,
29,31]. The diffracted intensities I (%, R, 7), obtained from the position
of the 7, show spatial variations that can be quantified by calculating
the normalized variance

(I*(k, R, D)) X
(1&RPY

where (...) denotes the averaging over different sample positions 7
or nanometer-sized volumes, and % is the scattering vector [34,35].
R is the spatial resolution given by the full width at half maximum
(FWHM) of the electron probe. Acquiring NBDP with different probe
sizes R is called variable resolution FEM (VR-FEM) [29,30,33,35,36].

V(k, R) = 8]



O. Vaerst et al.

Journal of Alloys and Compounds 1051 (2026) 186051

T (K)

. 373 473 573 673 773
g 1.0+ —— AMZ4 as-cast 4
< — AMZ4 annealed
2 00
E 473 523 573 623 6?3 7?3
8 -1.0F 011 .
I
D -20f 00 ]
N
c_éj 30k $ endo 4] 1
!Za ZM in 200 ZéO 360 350 460 450
4.0 1 L | | |
100 200 300 400 500

T(°C)

Fig. 2. Heatflow obtained by DSC of as-cast (blue) and annealed (red) AMZ4 during heating at 20 K/min, confirming the glassy state. In the main diagram, the
curve for the annealed sample is shifted by +0.15 for better visibility. The glass transition temperature of as-cast AMZ4 is measured at T, = 401°C, crystallization
starts at 79" = 467°C and the crystallization peak temperature is obtained at 7, = 474°C. The sample that was annealed for 4 hours at 275°C (0.8 T,) shows
the glass transition at T, = 403°C and the onset of crystallization at T = 471°C.

The normalized variance yields information on higher-order struc-
tural correlations, enabling the determination of MRO in amorphous
materials [31].

NBDPs were recorded using a CCD camera (Gatan, US 2000) with
a camera length of 1 m, employing a binning of 4 (512 x 512 pixels)
and an acquisition time of 4 s. The probe current was adjusted to
15 pA. VR-FEM measurements were performed at room temperature
with a total of 10 probe sizes between 0.8 nm and 5.0 nm (FWHM
of Gaussian intensity beam profiles). Series of 100 NBDPs (10 x 10)
were recorded in (50 x 50) nm-sized regions, which had a thickness
of 0.65 t/A (51 nm). During in situ heating, NBDP were obtained at
elevated temperatures using a probe size of 0.91 nm in regions with a
thickness of 0.7 t/4, while all other measurement parameters remained
unchanged. This was done after holding each temperature for 4.5 h,
during which the ECM data was acquired at a different sample position.
The high angle annular dark field signal (HAADF, Fishione Model
3000), measured simultaneously during all FEM measurements, did not
show a count gradient, thereby confirming the uniform thickness of the
measurement areas [37]. Normalized variances were obtained using the
annular mean of variance image approach [38], and the quantitative
evaluation was carried out using two different models. First, according
to the Stratton-Voyles model [34], the maximum of the normalized
variance of the first peak V,,,.(R) (obtained from Gaussian fits) was
plotted against 1/R%. With this, MRO parameters can be determined
and different correlation lengths can be distinguished [39]. Second, the
pair-persistence analysis (PPA) approach by Gibson et al. [40], valid if
one MRO correlation length prevails in the amorphous structure [33,
39], was employed to extract a characteristic correlation length scale
A from the slope m and intercept ¢ of a linear fit to the plot of Q2/V
versus Q2 as in

Q2

_ 2
m—mQ +c, (2)

where Q is 0.61/R and A = L\/?.
2r c

V (k, R) is directly related to the degree of order within the examined
volume, but it is also influenced by factors such as cluster size, strain
within the material, the volume fraction of ordered regions, and the
type of atoms involved in scattering [34,41]. Thus, interpreting V' (k, R)
is inherently challenging and the various factors influencing normalized

variance are thoroughly discussed to account for these complexities.
Moreover, as noted by Bogle et al. [41], either the peak height or the
peak integral of the variance provides a semi-quantitative estimate of
the MRO volume fraction.

2.4. Electron correlation microscopy, measurement parameters and data
analysis

Electron correlation microscopy (ECM) measures the structural re-
laxation dynamics in metallic glasses by analyzing the intensity changes
of the speckles in tilted dark-field (DF) TEM images over time [21,22].
The approach is based on steady-state measurement conditions [42,43],
which can be confirmed by calculating two-time correlation functions
(TTCF)

(I,1,)

SR = Ty @
where I are the pixel intensities at times ¢, and ¢, and (...) denotes the
average over all pixels in the respective DF image [22,44]. The evalu-
ation of ECM dynamics includes the calculation of an auto-correlation
function

_ @A +0)
Sy
where pixel-wise intensities I at time ¢’ are correlated with the intensi-
ties at a later time I(+'+¢), which can vary depending on the underlying
dynamics [42,45]. This curve g,(¢) can be calculated for every pixel
in the DF images, giving a map of structural dynamics, or it can be
averaged over the size of the image. Thus, g,(r) describes how long a
specific atomic structure in the material, corresponding to the speckles
in the DF images, exists before it changes [22]. To extract quantitative
dynamics parameters, namely the structural decay time 7 and stretching
exponent f, the auto-correlation function is described by a Kohlrausch—

p
Williams-Watts (KWW) function g,(f) = 1 + A - exp [—2 (%) ], as

often done for metallic glasses [13,21,46,47], and with A being an
instrument-dependent scaling parameter.

The DF images recorded here were generated by tilting the inci-
dent beam and choosing the first diffraction ring to form the image
with a 10 pm objective aperture. Time series of DF images 1k X

&) , C)
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1k were recorded on a complementary metal-oxide-semiconductor
(CMOS) camera (Ceta, 4k x 4k) using a binning of 4 at a magnification
of 340k for all measurements. At room temperature, the measurement
protocol described previously [22] was followed, where a time inter-
val of 5 s was chosen between two recorded DF micrographs. This
included an exposure time of 4 s and a pause of 1 s between expo-
sures, allowing for active drift correction (beam shift) by an Protochips
AXON™ system. This drift correction procedure ensures that the sample
remains consistently positioned throughout the measurement process.
In total, 5000 frames (25000 s) were recorded with a dose rate of
1.5 -10° e /(nm? s). During in situ heating, the protocol was adapted
to an exposure time of 1 s followed by a 1 s pause to exclude drift
effects in single frames. To compensate for signal loss due to shorter
dwell time, the dose rate was increased to 4.4 - 10° e~/(nm? s). At this
point, it is worth noting that the electron beam significantly influences
the dynamics observed during ECM, enabling measurements at low
temperatures (e.g. room temperature) compared to the glass transition
temperature of the investigated BMG. However, the dynamics obtained
through ECM is comparable to those of the XPCS measurements when
extrapolated to longer measurement times and a zero electron dose
rate, effectively negating the influence of the electron beam [22].
Hence, results from room temperature measurements cannot be easily
compared to results from in situ experiments due to their difference
in the dose rate used. Each in situ ECM measurement was conducted
on a fresh sample region that had not been previously exposed to the
electron beam. Measurements were taken after a waiting period of
2000 s to allow the system to equilibrate and for drift to stabilize. For
practical reasons, the ECM heating experiments were performed over
several days. Between measurement sessions, the sample was cooled
to room temperature at a rate of —50 K/min to lock in the current
configurational state. This cooling process was performed twice in total
— once after heating to 100°C and again after heating to 200°C. For
a detailed description of the in situ heating measurement protocol, see
Fig. A.9 in the Appendix. All measurement positions had a thickness
of about 0.7 — 0.9 t/4, where thickness effects on ECM parameters ¢
and g are negligible [21]. The evaluation of all recorded time series
included post-measurement drift correction, calculation of TTCFs and
autocorrelation functions g,, logarithmic resampling of g, in time,
and fitting KWW to autocorrelation curves to extract the dynamics
parameters = and f. These steps are described in detail in [22], which
also demonstrates that drift exceeding 5 nm, i.e. speckle movements
in the DF image series, results in measurable changes in the observed
dynamics, characterized by shorter decay times and evident in the TTCF
maps.

3. Results
3.1. Local structure

At room temperature, VR-FEM measurements were performed on
both the as-cast and annealed samples using similar experimental pa-
rameters. The DSC curves of these two sample states are given in
Fig. 2, revealing different enthalpic states as changes in the glass
transition signal during subsequent heating measurements. Normalized
variance profiles are the result of statistical analyses of the recorded
NBDPs, which are presented in Fig. 3(a) for the as-cast sample and
Fig. 3(b) for the annealed sample. Both samples exhibit two peaks
across all probe sizes. The initial peak, occurring at approximately
kpmaw = 427 nm~! (dotted line), corresponds to the first maximum
of the normalized variance V,,,,. For probe sizes larger than 4 nm, a
splitting of the first peak in the normalized variance becomes apparent
in both sample states, which is not resolved in the Gaussian fits to the
first maximum of normalized variance. In the as-cast state, two distinct
peaks appear to develop at approximately 4.176 nm~' and 4.347 nm™!,
while in the annealed sample, the splitting occurs at 4.108 nm~' and
4.278 nm~!. The second maximum of normalized variance, referred
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to as V., is observed around k,,., = 7.24 nm~'. The heights
of the respective peaks, V,,, and V,,,.,, vary with probe size, with
the highest normalized variances obtained at the first peak for probe
sizes of about (1.3—1.5) nm in both samples. The peak height ratio
Vinax.2/Vimax> which provides information on the anisotropy or strain of
amorphous materials [41,48], remains consistent across both sample
states (see Fig. A.10 in the Appendix). It fluctuates around 0.40 + 0.04,
with particularly similar values for probe sizes greater than 4 nm, where
peak splitting in normalized variance profiles was previously indicated.

Focusing on the evolution of the first maximum V,,,,, determined
by Gaussian fits, with varying probe size R, we present the Stratton—
Voyles plot shown in Fig. 3(c). For both sample states, namely, as-cast
(blue, filled symbols) and annealed AMZ4 (red, hollow symbols) - this
graph reveals an increase in normalized variance V as the probe size
R decreases (or equivalently, as 1/R? increases), peaking at approxi-
mately (1.3 + 0.2) nm. This peak position corresponds to the dominant
MRO correlation length. For even smaller probe sizes, the normalized
variance subsequently decreases for both sample states. In general, the
normalized variance for the annealed sample appears to be slightly
higher than that of the cast sample, with an average difference of
approximately 4%.

The results of the PPA are plotted in Fig. 3(d). Here, only data points
larger than the maximum of the Stratton-Voyles graph are considered.
The data of both samples were fitted with a linear function. For the
as-cast state, a slope of m = 5.64 and an intercept of ¢ = 0.074 were
determined, resulting in a correlation length scale of A,_.,,, = (1.39 =
0.05) nm. The correlation length is very similar to that obtained by the
Stratton-Voyles approach (1.3+0.2) nm. For the annealed sample state,
a correlation length scale of A,,,.4eq = (1.35+0.12) nm results from the
slope m = 5.45 and intercept ¢ = 0.076 of the linear fit. Here, A,,,cqred
is also comparable to the results obtained from the Stratton-Voyles
analysis.

During in situ heating experiments, NBDPs were acquired at both
room temperature and the corresponding elevated temperatures. This
was done on a second as-cast sample suitable for heating with a probe
size of R = 0.91 nm. After each measurement temperature was
reached, it was held for 4.5 h. Experiments with other probe sizes or
VR-FEM measurements were not obtained at elevated temperatures due
to significant drift effects, which hindered additional measurements.
The normalized variance profiles obtained from the statistical analysis
of 100 NBDPs recorded at each of the six measurement temperatures
between room temperature and 275°C are shown in Fig. 4(a). For
all temperatures, these curves show two peaks V. and V,, ,, as
already obtained during room temperature measurements (see Fig. 3).
At the maximum temperature of 275°C, a shoulder is observed in the
normalized variance at approximately 5.3 nm~!. Moreover, the second
peak, V,,,.,, appears broader than at lower temperatures, suggesting
a potential splitting of the normalized variance peak into two distinct
features. Gaussian fits to the first peak of normalized variance at each
temperature are used to compare the obtained V,,,, during in situ heat-
ing. For all temperatures, these values are lower than those measured
with the VR-FEM measurements at room temperature. In particular,
the normalized variance measured here on the thick sample position
of an as-cast state before heating is below 0.13 (Fig. 4(b)), while the
value of the as-cast sample measured during VR-FEM was 0.16 (cf. Fig.
3(c)). This deviation of 23% can be attributed to the thicker sample
position used for FEM measurements at higher temperatures. Never-
theless, all measurements during heating were performed on similarly
thick positions and are therefore comparable with each other. Fig.
4(b) shows the evolution of the maximum normalized variance of the
first peak with increasing temperature. An increase of the normalized
variance from room temperature (25°C) to 150°C can be observed,
with a relative change of the maximum normalized variance of 10%.
At higher temperatures from 150°C up to 275°C, the maximum of the
first peak of the normalized variance does not change significantly.
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Fig. 3. Statistical analyses of NBDPs acquired at room temperature on 0.65 t/4 (51 nm) thick sample positions yielded normalized variance profiles for as-cast
AMZ4 (a) and for an annealed sample state (b). The various probe sizes R used for VR-FEM measurements are given in the insets and the dotted lines indicate the
position of the first maximum of the normalized variance at k,,,, = 4.27 nm~!. An evaluation of the normalized variances using the Stratton-Voyles approach [34]
is shown in (c). The maximum normalized variances obtained from the above profiles are plotted against the probe size for as-cast AMZ4 (blue, filled symbols)
and the annealed sample state (red, hollow symbols). Error bars display the uncertainties from Gaussian fits to the peaks. The estimation of the correlation length
A using the pair-persistence analysis according to Gibson et al. [40] is shown in (d) for the as-cast (blue, filled symbols) and the annealed sample state (red,

hollow symbols).
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Fig. 4. Results from in situ heating FEM analyses on AMZ4 on 0.7 t/4 thick regions. (a) Normalized variance profiles of AMZ4 acquired with a probe size of

0.91 nm at six different temperatures. (b) Maximum normalized variances obtained from Gaussian fits to the peaks of the profiles on the left at around 4.29 nm

Error bars are uncertainties from Gaussian fits.

3.2. Local dynamics measured at ambient temperature

ECM measurements conducted on as-cast and annealed AMZ4 glass
specimens at room temperature reveal stable dynamics that are not
corrupted by drift (cf. [22]), as evidenced by the stable width of
the diagonal in the two-time correlation functions (TTCFs) presented
in Fig. A.11 in the Appendix. These dynamics are quantitatively as-
sessed through Kohlrausch-Williams-Watts (KWW) fits applied to the
auto-correlation functions. In total, five measurement durations were
selected for a series of dark field (DF) images, with the maximum

-1

duration extending to 25000 s, which corresponds to 5000 frames of
DF images each exposed for 5 s.

The structural dynamics parameters, specifically the relaxation time
7 and the stretching exponent g, derived from the KWW fits are
summarized in Fig. 5(a) for the as-cast state and Fig. 5(b) for the an-
nealed state. The values of r (represented by blue squares) for the five
respective measurement durations are comparable for both samples and
exhibit an increase with longer measurement durations in both states.
This behavior aligns with an asymptotic function, and extrapolation to
infinitely long measurement durations yields 7,,,,, 4s_cqsr = (892 £12) s
and 7,5, gnneatea = (905 £ 13) s for the as-cast and annealed states,
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Fig. 5. Structural relaxation time z (blue squares) and stretching exponent g (red crosses) evaluated for different measurement durations on the data acquired
at room temperature on as-cast AMZ4 (a) and on a sample that was annealed as bulk material at 275°C for 4 h before the ECM measurement (b). Asymptotic
extrapolation yields a structural decay time of 7,,,, ;s cqs

a)

= (892 + 12) s for the as-cast state and 7,

asym,annealed —

b)
14k

1.00

1.00

(905 + 13) s for the annealed sample state.

12k

10k

8k

t(s)

6k

4k

2k

0
0 2k 4k 6k Bk 10k 12k 14k ]
4 (s)

2% 4k 6k 8k
t ()

d)

0
0 2k 4k 6k 8k 10k 12k 14k
ti ()

1.02

1.04

12k
10k
— 8k
K
«5 6k
4k
2k
1.06 0

10k 12k 14k 0 2k 4k 6k Bk 10k 12k 14k
4 (s)

1.06

e)
14k
12k
10k
— 8k
@
= 6k

4k

N
0 2k 4k 6k 8k 10k 12k 14k
t,(s)

Fig. 6. Two-time correlation functions (TTCFs) obtained from in situ heating ECM measurements on as-cast AMZ4 at 100°C (a), 150°C (b), 200°C (c), 250°C (d),

and 275°C (e).

respectively. The uncertainties indicated are fitting uncertainties. The
stretching exponent f# (illustrated by red crosses) shows a decrease
with longer durations, ultimately stabilizing around 0.70 for the as-
cast state and around 0.74 for the annealed state. Thus, both sample
states demonstrate remarkably similar dynamics at room temperature
with respect to the time scales of structural dynamics (z), local dynamic
mechanisms (), and the evaluation of these parameters as the duration
of measurement increases (z,;,,,)-

3.3. Local dynamics measured in-situ at elevated temperatures

In addition to the ECM measurements at room temperature, the lo-
cal dynamics of an as-cast AMZ4 specimen was investigated in situ at el-
evated temperatures. Data were collected over a duration of 14000 s, be-
ginning 2000 s after each target measurement temperature was reached
and once the thermal drift had stabilized. Fig. 6 displays the TTCFs
recorded during in situ heating experiments. The consistent width of the
TTCF diagonal for measurements conducted at 100°C (a) and 150°C (b)
indicates stable dynamics for the entire measurement period. As the
measurement temperature rises, the width of the diagonals expands,
suggesting a slowdown in dynamics. Furthermore, for the measure-
ments conducted at 200°C (c), 250°C (d), and 275°C (e), the width
of the TTCF diagonals begins to continuously broaden throughout the
measurement duration, with the most pronounced effect observed at
the highest temperature.

Table 1

Structural decay times r and stretching exponents § obtained from 14000 s
long ECM measurements during in situ heating experiments. The room temper-
ature (25°C) results stem from an extract of the as-cast measurement presented
above.

Temperature T' (°C) Structural decay time 7 (s) Stretching exponent f

25 734 0.73
100 485 0.68
150 743 0.70
200 886 0.83
250 1023 0.84
275 1585 0.74

The widening of the TTCF diagonal is indicative of an increase in
the structural decay time 7 as temperature rises, even for the same mea-
surement durations. The actual dynamics parameters are derived from
KWW fits applied to the auto-correlation functions and are compiled for
each image series in Table 1. These parameters are further illustrated
in Fig. 7(a).

This Fig. 7(a) illustrates a modest decrease in the relaxation time
at the beginning of the measurement series, where r (represented by
blue squares) decreases from 734 s at room temperature to 485 s at
100°C. Both values stem from measurement series evaluated after a
duration of 14000 s; however, the room temperature measurement
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Fig. 7. (@) Structural relaxation times r (blue squares) and stretching exponents f (red crosses), as obtained from KWW fits to ECM data recorded on as-cast
AMZ4. Uncertainties are KWW fitting uncertainties. All values above room temperature (25°C) are obtained after 14000 s measurement duration. (b) Normalized
pixel fractions as extracted from spatially resolved r-maps of in situ ECM measurements showing increasing decay times with increasing temperature.

(presented above) was conducted on the as-cast sample for ambient
temperature investigations utilizing a threefold higher electron dose
rate. In contrast, for measurements conducted at temperatures above
100°C, the structural relaxation time r exhibits an increase with in-
creasing temperature. This trend is particularly notable at the highest
temperatures, where 7 increases from 1023 s at 250°C to 1585 s at
275°C. The stretching exponents g (represented by red crosses) remain
consistently around 0.74 within the uncertainty of the KWW fitting for
most measurements. The exception is the measurement at 100°C, where
p decreases to approximately 0.68. Importantly, variations in f values
during the KWW fitting process did not affect the obtained structural
relaxation times 7.

To improve the assessment of the dynamics, we conducted a pixel-
wise analysis within the designated measurement regions. This involves
calculating the pixel-wise g, values and fitting the data to the KWW
model [42]. This approach yields maps depicting spatially resolved
dynamic parameters as shown in Fig. 8. These r-maps highlight regions
with consistent dynamics and demonstrate a uniform increase in decay
time as temperature rises, rather than exhibiting localized changes,
although at the highest temperature certain pixels in the map still
display comparably long relaxation times (dark areas). Additionally,
we can assess the pixel fraction of individual decay times r for each
temperature from these maps, as shown in Fig. 7(b). This graph pro-
vides evidence of a temperature-induced increase in decay time and
indicates that a larger number of pixels exhibit slower dynamics at
elevated temperatures. Furthermore, the pixel fractions demonstrate
single log-normal distributions across all temperature levels.

4. Discussion
4.1. Local structure of pre-set sample states

The room temperature local structure analysis in the Zr-based BMG
AMZ4 was performed on an as-cast and an annealed sample. The
investigation revealed similar trends in the normalized variance, char-
acterized by peaks at V,,, and V,,, ,, without any observable shift
in k space for either sample state. When comparing the peak heights
V,ax from VR-FEM measurements, the Stratton-Voyles analysis demon-
strates that both sample states exhibit an MRO correlation length
of (1.3 = 0.2) nm. An alternative analysis approach known as PPA
corroborated that the characteristic correlation lengths are similar for
the two glass states. Specifically, the correlation length was measured
to be A _cosr = (1.39 + 0.05) nm for the as-cast state and A,,,eqed =
(1.35+0.12) nm for the structurally relaxed state. These results are con-
sistent with those reported by Hilke et al. who observed a comparable
correlation length in an as-cast Zr-based BMG with a slightly different
composition (Zrs, 5Cuy7 oNij4 6Al(Tis (at.-%) - Vitreloy 105) [17]. In
a study by Best et al. a Zr-based BMG with the identical composition,

fabricated via additive manufacturing, was investigated [18]. However,
the PPA approach revealed longer correlation lengths in the range of
(1.6—1.8) nm. We attribute this discrepancy to the additive manufactur-
ing process employed by Best et al. [18], which is known to introduce
variations in density and distinct relaxation states within the sample.
These differences arise from the inherent nature of manufacturing
and may also lead to partial crystallization, thereby influencing the
material’s structure [49]. Furthermore, it is important to note that the
thermal treatment applied to the annealed sample in our study cannot
be directly equated with the various enthalpic states that develop
during the additive manufacturing process used by Best et al. [18].

In addition to the MRO size derived from model analyses, a more
detailed evaluation of the normalized variance curves is possible. The
first maximum of normalized variance, denoted as V,,,,, was observed
at a position of 4.27 nm~! for probe sizes below 4 nm. For larger probe
sizes, indications of peak splitting appear in both the as-cast and an-
nealed state. This splitting of the first peak of normalized variance may
suggest a structural change within the material. Similar phenomena
have been reported in Vitreloy 105 [17] and in ZrCuAl BMG [50,51],
where the first peak splits into two features at approximately 4.5 nm~!
and 3.7 nm™! after deformation. These features have been attributed
to icosahedral-like and crystal-like atomic clusters, respectively. In the
present study, however, the observed splitting is less pronounced and
appears to be only a tentative indication, as it is minor relative to the
effects reported in the literature. Hence, the variation of the normalized
variance with probe size and sample state may indicate a change in
the nature of the MRO, even though the MRO sizes identified by the
Stratton-Voyles and PPA analyses remain similar in both states.

The Stratton-Voyles analysis further indicates an increase in the
variance signal for the annealed sample relative to the as-cast ma-
terial. To gain deeper insights into the microstructural state of the
amorphous samples, the peak height ratio of the second to the first
peak, V,,2/Vpax> Was examined and compared with that of the as-
cast counterparts with similar composition [41] (see Fig. A.10 in the
Appendix). This approach suggests that strain enhances damping at
higher k values. The observed peak height ratios are comparable be-
tween the two samples across the investigated probe sizes, particularly
for the probe sizes above 4 nm, where indications of peak splitting
in the normalized variance profiles may occur. This implies that the
annealing procedure does not significantly induce or relieve strain nor
alter the MRO size, a conclusion consistent across both sample states.
However, using the peak height of the variance as a semi-quantitative
measure of the MRO volume fraction, the slight increase in V,,,, ob-
served in the annealed sample can be attributed to an actual increase
in the MRO volume fraction. This enhancement in the MRO volume
fraction with annealing agrees well with findings from other studies
on different BMG systems [52,53], supporting the notion that the ma-
terial undergoes structural relaxation involving measurable structural
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Fig. 8. Maps of spatially resolved r values as obtained from pixel-wise calculation of auto-correlation functions g, and KWW fitting for the in situ heating ECM
measurements performed at 100°C (a), 150°C (b), 200°C (c), 250°C (d), and 275°C (e). The color change in these maps shows an increase in z with increasing
temperature, i.e. a slowing down of dynamics, which is not spatially confined but uniformly distributed over the entire measurement area.

changes in the MRO volume fraction. Interestingly, the MRO correla-
tion lengths determined for both sample states are essentially equal,
indicating that the nature of MRO remains unaffected by structural
relaxation. This contrasts with observations in pre-annealed Pd-based
BMG (e.g. Pd4oNiygPy (at.-%)), where both the MRO correlation length
and volume fraction change by pre-annealing, i.e. in structurally re-
laxed samples [48,52]. The differing effects of structural relaxation
on the MRO may be related to the fragility of the materials. PANiP
is a more fragile glass than AMZ4, and by definition, higher fragile
corresponds to more pronounced thermally induced variation in the
MRO structure [54]. Consequently, it appears that the AMZ4 BMG
retains its MRO characteristics during relaxation, a behavior likely
linked to its lower fragility compared to PANiP.

4.2. Structural changes during in situ heating

The in situ NBDPs acquired during heating of an as-cast TEM sample
employed a probe size of R = 0.91 nm, with measurement locations
selected to correspond to a sample thickness of 0.7 t/1. Compared to
measurements on as-cast and pre-annealed sample states performed at
room temperature (Fig. 3), the normalized variances observed during
heating were reduced (Fig. 4), primarily due to differences in sample
thickness. Nevertheless, the measurement parameters remained consis-
tent throughout the heating experiment, ensuring the comparability of
the results.

During in situ heating, a total relative increase of 10% was observed
in the normalized variance as the temperature rose. An increase in MRO
suggests that the spatial arrangement of atoms or clusters becomes
more correlated with rising temperatures. This is evidenced by the
increase in V,,,, shown in Fig. 4(b), which reflects an expansion in the
MRO volume fraction. The most significant changes occurred at lower
temperatures, with notable variations as the temperature increased
from room temperature up to 150°C. Beyond this point, from 150°C
to 275°C, the height of the normalized variance at the first peak
remained essentially unchanged, indicating no substantial structural
alterations and thus may be attributed to the completion of structural
transformations. The increase in MRO up to approximately 150°C
can be attributed to the fact that the pristine amorphous structure
is relatively less ordered in terms of MRO. The growth of MRO is
a thermally activated process that approaches saturation near 150°C.
This behavior appears to be linked to the onset of faster dynamics
observed around 100°C, as indicated by the ECM experiments in Fig.

7(a). However, fully elucidating the relationship between structural
evolution and dynamic behavior is complex; therefore, we refrain from
making definitive claims about their interconnection.

It is worth noting that the shape of the normalized variance curves
evolves with increasing temperature, especially at the highest temper-
ature investigated, 275°C. At this temperature, a pronounced feature
emerges at approximately 5.3 nm~!, exhibiting a higher normalized
variance compared to lower temperatures. This could suggest potential
structural modifications, such as the formation of new phases or the
splitting of an existing peak. While this may point toward the formation
of crystal-like atomic clusters, a phenomenon observed in other Zr-
based BMGs [17,50,51], alternative explanations—such as the onset
of quasi-crystalline structures or partial crystallization—could also be
possible. However, the absence of definitive crystalline signatures in
the selected area diffraction mapping at elevated temperatures does not
fully support the presence of crystalline phases. This limitation suggests
that if structural changes are occurring, they may not involve long-
range ordering typical of crystalline materials. The slight broadening
observed in the second peak of the normalized variance could indicate
the presence of such structural modifications, but the exact nature of
these changes remains unclear without further evidence.

The absence of VR-FEM measurements precludes performing
Stratton-Voyles analysis and PPA, limiting insights into the MRO
correlation length during in situ heating. Consequently, other local
structural changes at different length scales — beyond the scope of this
study — may have transpired during in situ heating. Conducting further
experiments focused on these scales could yield a more comprehen-
sive understanding of the local structure evolution and the potential
formation of quasi-crystalline phases during in situ heating.

Despite this, the current data enable a meaningful discussion of
the observed variations in the normalized variance as a function of
increasing FEM measurement temperature. This is significant because
the normalized variance is related to the temperature dependence of
the relative volume fraction of MRO, with a length scale determined by
the probe size. If we assume that the observed trend is representative
across the entire spectrum of MRO correlation lengths, then these data
could potentially be used to establish correlations with macroscopically
averaging quantities — such as fragility — similar to what is suggested
by VR-FEM results at room temperature.

Furthermore, this overall increase in the normalized variance during
in situ heating was already suggested by room temperature VR-FEM
results obtained on both as-cast and a pre-annealed samples. However,
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the relative variance increase was lower (4%) for the room temperature
measurements on a sample that had undergone thermal annealing
as a bulk before TEM lamellae preparation. The discrepancy may be
attributed to thin foil effects [55]. Despite these differences, both
measurement sets — those on pre-conditioned samples and those during
heating — demonstrate a consistent trend of increasing normalized
variance with ongoing structural relaxation. To our knowledge, this
is the first report confirming the rise in normalized variance with
annealing in a BMG sample through in situ electron microscopy.

4.3. Dynamics of pre-conditioned samples

At room temperature, ECM measurements reveal similar stable dy-
namics for both investigated glassy states of AMZ4 — whether in the
as-cast or annealed condition. This consistency is observed across all
five measurement durations, including the decay times z, the extrapo-
lated decay times z,,,,, and the stretching exponents §. These findings
indicate that the two configurational states are indistinguishable by
room temperature ECM measurements, contrasting with the results
from XPCS reported by Liittich et al. who observed an increase in
upon pre-annealing [7]. As previously discussed [22], this discrepancy
may be attributed to the significant influence of the electron beam
on the material during ECM measurements, which accelerates the
observed dynamics. It has been demonstrated that only by considering
asymptotic measurement times and extrapolation to zero electron beam
influence do ECM results align with those obtained via XPCS [22].
Interestingly, ECM measurements show equal asymptotic relaxation
times for both the as-cast and pre-annealed samples, suggesting that
both states are equally susceptible to the “forced” dynamics induced
by the electron beam. This can be linked to local structural differ-
ences observed in the as-cast material versus the pre-annealed state —
specifically, identical MRO correlation length scales and differing MRO
volume fractions, as supported by FEM results at elevated temperatures.
Thus, the observation of comparable electron beam-induced suscepti-
bilities at room temperature implies that the nature of MRO - that is,
its correlation length — rather than the volume fraction, predominately
influences the local dynamics driven by the electron beam. Based on
this, it can be further speculated that the intrinsic relaxation process,
which are unaffected by external perturbations such as an electron
beam at fixed temperature, are governed more by the type and MRO
correlation length rather than its volume fraction.

4.4. Structural relaxation dynamics during in situ heating

In addition to conducting measurements at room temperature, we
carried out in situ heating experiments on an as-cast sample utilizing
a shorter frame acquisition time along with a higher electron dose
rate to achieve an optimal signal-to-noise ratio. The modifications in
measurement parameters during the transition from room temperature
to in situ experiments at elevated temperatures account for the observed
decrease in decay time 7 from room temperature to 100°C, as shown
in Table 1. Given that the measurement temperature is relatively low
compared to the glass transition temperature, it is unlikely that a
change in atomic mobility influences the results significantly. Instead,
the electron dose rate, which was three times higher during the 100°C
measurements than at room temperature, accelerates the dynamics
more strongly, resulting in a decrease in r at 100°C [22]. Despite
the effects of the electron beam when its parameters are changed,
the same electron beam parameters were used for all in situ ECM
measurements. Thus, the influence of the electron beam can be assumed
to be constant at each elevated measurement temperature and therefore
changes in dynamics with increasing temperature should be intrinsic to
the material and not due to the electron beam.

This consistent width of the TTCF at both 100°C and 150°C in-
dicates that steady-state measurement conditions were successfully
maintained [20,22]. Furthermore, the observed broadening of the TTCF
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width over longer measurement durations and with increasing tem-
peratures — from 200°C to 250°C and 275°C - suggests a slowdown
in dynamics indicative of ongoing structural relaxation or “aging” of
the sample. This interpretation is supported by findings from XPCS
data [20,56-58]. While these observations could also imply the on-
set of fluctuations leading to crystallization [59], diffraction patterns
obtained after high-temperature measurements showed no evidence of
crystallization, allowing us to exclude this possibility at lower temper-
atures. At 275°C, no changes were observed in the averaged selected
area diffraction patterns; however, nanobeam diffraction pattern analy-
sis reveals local structural modifications. Therefore, the increase in the
decay time z with rising measurement temperature primarily results
from structural relaxation. However, the pronounced increase in r at
the highest temperature may also involve an additional effect, such as
structural transition — potentially partial crystallization — as discussed in
Section 4.2. While this effect cannot be precisely quantified, it appears
to be reflected in the spatially resolved r-maps, where pixels occur
exhibiting comparatively long decay times are observed (see below).

Thus, the increasing structural decay times r observed through
in situ heating ECM measurements highlight the structural relaxation
processes in the material during annealing and may involve effects
such as structural transitions at higher temperatures. The decreasing
dynamics trends with increasing temperature and time suggest on-
going structural relaxation during heating and potentially structural
transitions at higher temperatures. During relaxation at elevated tem-
peratures, local dynamics characterized by the relaxation times z can
exhibit significant, transient variations on the nanometer scale. As the
relaxation speed or temperature increases, these spatial fluctuations
become more pronounced, as shown in Fig. 8. However, in fully re-
laxed materials, such variations tend to diminish. At sufficiently high
temperatures—above the glass transition and approaching the under-
cooled melt—these heterogeneities are expected to vanish entirely.
Furthermore, the influence of drift on the results can be confidently
excluded, as the data were corrected for drift both during and after
acquisition. The maps do not show any indications of drift, such as
abrupt changes in the width of the diagonal in the TTCF maps (Fig.
6). Had there been a drift of approximately 5 nm or more, it would
have led to shorter decay times [22]. However, such a drift would
not account for the observed relative increase in decay times with
higher measurement temperature and longer durations. These findings
are consistent with previous studies by Liittich et al. who observed
an increase in decay times for metallic glasses pre-annealed below
the glass transition temperature (Tg) using XPCS [7]. Additionally,
the results align with thermal and mechanical experiments that report
reduced atomic mobility associated with structural relaxation [60].

Previous ECM studies predominantly focused on temperatures
where the material existed in a supercooled liquid state, often utilizing
short frame acquisition times of less than 1 s - times that were further
reduced at higher temperatures [21,45,59,61]. In these conditions, a
decrease in decay times r with increasing temperature was consistently
observed, reflecting enhanced local relaxation dynamics characteristic
of supercooled liquids. In this study, we adhered to a consistent frame
time of 1 s across all temperature measurements to ensure an adequate
signal-to-noise ratio. Due to the onset of crystallization within the TEM
sample, we were unable to acquire data in the supercooled liquid state
above T, = 401°C. As a result, the temperature and temporal ranges
explored do not encompass the supercooled liquid region’s intrinsic
relaxation dynamics. Instead, our observations pertain to the local
atomic rearrangements occurring during aging processes during in situ
measurements.

Regarding the stretching exponents f, a consistent value of 0.74
was obtained during the in situ measurement at 275°C and for the
pre-annealed sample state at the same temperature under ambient
conditions. Other g values measured at elevated temperatures do not
significantly deviate from this result. However, the g value measured at
100°C is significantly lower than 0.74. This reduction may be due to a
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fraction of fast and heterogeneous relaxation at this lower temperature,
which differ from those at higher in situ measurement temperatures.
Since the measurement duration of 14000 s approaches the asymptotic
regime more closely for these faster dynamics, the observed g value
reflects this transient behavior. As the measurement duration increases,
p tends to stabilize, aligning with the asymptotic values observed at
room temperature measurements in both sample states. Furthermore,
variations in g during the KWW fits did not influence the derived
structural relaxation times z, indicating that the fundamental relax-
ation mechanism remained unchanged during the ECM measurements.
Hence, the stretching exponents serves as an effective parameter for
characterizing the nature of the relaxation dynamics (e.g., stretched
vs. compressed). However, due to the non-uniqueness of solutions
within the fitting procedure, specific # values within the same order
of magnitude should not be overinterpreted.

In contrast to XPCS measurements of the annealed sample states,
the ECM results presented here not only confirm the increase in 7
with rising temperature and ongoing in situ aging but also reveal
consistent aging dynamics. This stability is evidenced by the KWW
parameter f§, which remained constant within the fitting uncertainty
across the investigated temperatures, and by spatially resolved r-maps
showing no localized anomalies. No indications of “cluster”-like atomic
movements during structural relaxation were observed; instead, regions
exhibit uniform dynamics characterized by a coherent increase in
with temperature. Furthermore, the pixel-wise evaluation of = at each
temperature reveals that the distribution of decay times follows a
logarithmic normal distributions that shifts toward longer times as
temperature increases. The preservation of the distribution’s shape
across temperatures further corroborates the stability of the underlying
relaxation dynamics. At the highest temperature investigated, 275°C,
the increase in r was more pronounced than at lower temperatures.
The z-map at this temperature displayed pixels with significantly longer
decay times, indicating notable changes in local dynamics. While the
size of the domains exhibiting relaxation times exceeding 27,, remained
unchanged during heating, the observed local structural transition —
potentially signifying the onset of crystallization — is reflected in an
increased intensity of pixels associated with slow decay times. This
suggests that structural relaxation persists at this elevated tempera-
ture. Additionally, the data imply that further transitions affecting
local structure and dynamics may occur at 275°C, highlighting the
complexity of the processes active at this temperature.

On a last note, it should be mentioned that the observed subtle
changes in local structure and the pronounced alterations in dynamics
both likely stem from ongoing structural relaxation within the material.
However, whether these phenomena are directly linked through a
specific physical mechanism remains unproven. At the highest mea-
surement temperature of 275°C, a connection appears plausible, as the
dynamics slow more markedly than at lower temperatures, accompa-
nied by notable shifts in the normalized variance pattern. However,
the observed structural decay time at this temperature may also be
longer, since the material could already have reached a more stable
configuration during earlier isothermal holds. This increased stability
is not captured in the variance signal associated with the MRO volume
fraction.

5. Conclusion

Fluctuation electron microscopy measurements conducted under
ambient conditions for specific sample states demonstrate consistent
medium-range order (MRO) correlation lengths in both as-cast and
annealed AMZ4 bulk metallic glass (BMG), as assessed by two different
models [34,40]. These glassy states show variations in the variance
peak height, which indicate an increasing MRO volume fraction as
structural relaxation progresses/occurs during annealing. This is the
first observation of a change in the normalized variance associated
with structural relaxation during in situ heating within an electron
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microscope, thereby confirming and reinforcing the findings from pre-
vious room-temperature experiments conducted on well-defined sample
states.

Room temperature electron correlation microscopy (ECM) reveals
similar dynamics across different configurational states of the investi-
gated BMG, established by annealing below the glass transition tem-
perature, largely due to the significant influence of the electron beam.
However, as the temperature was increased for in situ measurements,
the dynamics of the investigated Zr-based BMG sample exhibited no-
ticeable changes. Within the accessible time and temperature ranges,
slower dynamics associated with ongoing structural relaxation were
recorded as temperatures rose, substantiating findings from X-ray pho-
ton correlation spectroscopy (XPCS) conducted on pre-annealed sam-
ples. With ECM providing enhanced spatial resolution compared to
XPCS, the observed aging process was uniform, affecting the sample
consistently throughout the spatial measurement area. At the high-
est investigated measurement temperature, a more pronounced slow-
down in dynamics was observed, potentially related to changes in
the normalized variance. These changes may stem from local struc-
tural modifications associated with the early stages of quasi-crystal
formation.

Integrating these findings in AMZ4 indicates that the structural
changes that occur during heating are inherently related to the struc-
tural relaxation process, which ultimately guides the material to a more
stable state characterized by slower intrinsic dynamics and increased
MRO volume fraction. Based on the present measurements—limited to
a single alloy composition—it appears plausible that changes during
structural relaxation are associated primarily with variations in the
MRO volume fraction, rather than in its type or correlation length. If
this interpretation is correct, it would suggest that the type of MRO may
be largely determined by the chemical composition, and thus related
to the fragility of the system, rather than being substantially altered
by structural relaxation itself. However, this should be regarded as a
working hypothesis pending confirmation across a broader range of
compositions.
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Appendix. Supplementary material

275°C

Temperature

Time

Fig. A.9. Protocol of the TEM in situ heating experiments performed on an as-
cast AMZ4 sample showing the temperature setting over time. ECM data was
acquired during isothermal holds at 100°C, 150°C, 200°C, 250°C, and 275°C.
in situ heating NBDPs for FEM analysis were obtained during isothermal holds
after ECM measurements. Heating was done at 20 K/min, cooling at 50 K/min.
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Fig. A.10. Peak height ratios of the normalized variances V,,,, ,/V,... obtained
from the normalized variance profiles shown in Fig. 3 (a, b) are plotted against
the probe size R. This ratio is a measure for strain or anisotropy [48] and
reveals here no significant differences between the two sample states (as cast
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