Journal of Alloys and Compounds 1037 (2025) 182099

Contents lists available at ScienceDirect

JOURNAL OF

ALLOYS AND
COMPOUNDS

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom

Research article

Investigating the impact of minor alloying on shear transformation zones and
strain rate sensitivity in Pd-based bulk metallic glasses via nanoindentation,
correlation symmetry analysis and atom probe tomography

S. Khademorezaian?, M.W. da Silva Pinto?, M. Peterlechner *°, H. Rosner ??-*, S.V. Divinski ?,
M. Eusterholz %9, G. Wilde ?

a University of Miinster, Institute of Materials Physics, Wilhelm-Klemm-Str. 10, 48149 Miinster, Germany

b Karlsruhe Institute for Technology (KIT), Laboratory for Electron Microscopy (LEM), Engesserstr. 7, 76131 Karlsruhe, Germany

¢ Karlsruhe Institute of Technology (KIT), Institute for Applied Materials — Materials Science and Engineering (IAM-WK), Engelbert-Arnold-Str.

4, 76131 Karlsruhe, Germany

d Karlsruhe Institute of Technology (KIT), Karlsruhe Nano Micro Facility (KNMF), Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

ARTICLE INFO ABSTRACT
Keywords: Minor additions of Co or Fe significantly affect the plastic behavior of the Pd,Ni,P,, bulk metallic glass
Metallic glass (BMG) (Nollmann et al., 2016). Co enhances plasticity, while Fe addition leads to early catastrophic failure.
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Minor alloying

Structural analyses via variable resolution fluctuation electron microscopy showed that minor alloying
profoundly affect the glassy structures beyond the typically 2 nm range (Hilke et al., 2020). Combining
nano-mechanical measurements, 4D-STEM angular correlation symmetry analysis, and atom probe tomography
(APT), we explore how microalloying impacts structure-property relationships in these BMGs. High-precision
nanoindentation revealed two populations of shear transformation zones (STZs), each with fewer than 100
atoms. The alloy with higher plasticity had smaller STZs, whereas the less ductile alloy showed larger STZs.
All samples exhibited negative strain rate sensitivity, with the Fe-containing alloy showing the highest. 4D-
STEM analysis indicated increased 5-fold symmetry in the Fe-containing alloy, whereas the Co containing
BMG displayed reduced 5-fold symmetry similar to the amount of 4- and 6-fold symmetries. APT mass
spectra showed no oxygen species, ruling out oxidation effects. Clustering analysis of nearest-neighbor atom
distributions indicated no significant Fe-Fe or Co-Co clustering, suggesting uniform dispersion. Overall, these
findings shed light on how microalloying influences the microstructure, strain rate sensitivity, and macroscopic
plasticity in BMGs, advancing our understanding of deformation mechanisms in BMGs.

1. Introduction developed from these approaches suggests that plastic deformation

occurs via rearrangement of local atomic regions, also referred to as
Understanding the response of metallic glasses to externally applied

- ‘ STZ that undergo transformation under applied shear stress. STZs are
mechanical stresses has been one of the fundamental and particularly

challenging aspects of metallic glasses (MG) research. MGs exhibit
many significant advantages, such as high strength, extended elasticity,
and high wear resistance. However, the lack of plasticity at tempera-
tures well below the glass transition, especially under tension, has been
limiting their use [1]. Significant efforts have been made to improve the
plasticity of MGs with minor alloying, emerging as a robust approach
to induce substantial improvements in glass-forming ability, thermal
stability, and mechanical properties of MGs [2-9].

The accepted description of the mechanism behind the plastic de-
formation of MGs is rooted in the original works of Argon [10-12],
Spaepen [13] and Falk and Langer [14]. The model that has been
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understood to be basic units that accommodate shear, thus bearing
similarity to dislocations in crystalline materials. Driven by the idea of
local events of cooperative shearing, Johnson and Samwer introduced
a cooperative shear model (CSM) [15] based on the concept of inher-
ent states and potential energy landscapes [16,17]. The CSM model
predicts the mechanical behavior of BMGs to be closely linked to the
volume of the STZ.

Direct experimental observations of the STZs are hindered by their
transient nature, which makes these entities distinct from dislocations
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in a crystalline material. However, recent advancements in nanoinden-
tation have provided the possibility to indirectly probe the activation
of STZs. The nanoindentation load-displacement curves for MGs of-
ten exhibit a sudden burst of displacement or a load drop in load-
or displacement-controlled modes, respectively, commonly referred to
as pop-in [18-22]. After pioneering studies on pop-in behavior and
serrated deformation in the 1990s [23-26], especially the analysis of
the first pop-in during mechanical loading, which denotes the onset
of plastic deformation in the material, has become the focal point
of numerous studies [27-34]. The progression of macroscopic plastic-
ity under continuously applied compressive or shear stresses occurs
through mesoscopic 2D-like defects that are termed shear bands. It
is worth noting that a similar coalescence of defects has also been
observed during creep experiments [35]. According to recent atomistic
studies [36,37], STZ percolation leads to shear band formation through
a process involving the interconnected growth and organization of STZs
within the material. This process is facilitated by the interaction of two
key units: the STZs themselves and vortex-like structures, which are
characterized by rotational deformation. The dual STZ-vortex mecha-
nism suggests that the vortical structures promote the alignment and
connectivity of STZs. As more STZs percolate, forming a continuous
network, they create a localized shear pathway—a narrow zone of
intense plastic deformation.

At this point, we would like to clarify the terminology of glass
deformation that is applied in the present paper. The first pop-in
has been shown to occur often at rather low strain values [38,39],
commonly associated with the macroscopic elastic regime. As pop-ins
are related to local irreversible structural rearrangements, it is in fact
not an elastic response per se [40]. In the macroscopic plastic regime of
glass deformation (under compression or shear), localization via shear
band formation and shear band activation occurs at temperatures that
are well below the glass transition. Thus, the terms “elastic” and/or
“plastic” response need to be taken with caution when the response
function of metallic glasses to an externally applied mechanical stress is
concerned. In the same context, the terms “plasticity” and “brittleness”
are applied to distinguish macroscopic catastrophic failure at small
strains (“brittleness”) from macroscopic permanent shape change under
an applied mechanical load (compression or shear) without immediate
failure (“ductile”), even though localization of deformation (and associ-
ated shear softening) occurs nevertheless. In this contribution, we shall
use these accepted terms for the sake of clarity of the presentation and
to signify the correlation with the macroscopic response of the material.

To gain a deeper understanding of the structural factors influencing
the mechanical behavior of pristine Pd-based model bulk metallic
glasses (BMGs) and their variants modified through minor alloying,
this study employs nanoindentation, atom probe tomography (APT),
and 4D-STEM. These techniques are integrated to elucidate the rela-
tionship between microstructural features and the observed mechanical
properties.

2. Experimental procedure
2.1. Alloy fabrication and characterization

The BMG master alloy of Pd,,Niy,P,, was synthesized using copper
mold casting in a purified argon atmosphere with dimensions of 10 X
30 x 1 mm? in a cuboid form. The alloy had been fabricated using
Pd plates and Ni,P ingots, all with purities higher than 99.999%. The
components were alloyed and pre-melted two times up to 1100 K, once
with B,Oj; for further purification, as described in [41-43]. The master
ingots of the ternary Pd,yNiy,P,, material were subsequently alloyed
by minor additions of 1 at.% Co or Fe. Co and Fe have been selected
as minor alloying additions due to their similarity with Ni, which
is one of the three base components of the pristine glass. With this
choice, biasing the material through strong local variations of electron
negativity or electron configurations is avoided.
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The X-ray amorphous structure of the samples was verified with a
Siemens D5000 X-ray diffractometer using Cu K, radiation. Measure-
ments of the glass transition temperatures and the crystallization en-
thalpies by differential scanning calorimetry (Mettler DSC 3) confirmed
the absence of detectable crystalline fractions in all samples.

2.2. Nanoindentation measurements

For the nanoindentation tests, samples were polished on both sides
to achieve plane-parallel specimens. The indentation surface was then
further polished to a mirror finish (Struers OP-U, 40 nm particle size).
Instrumented nanoindentation tests were conducted at room temper-
ature using a FT-NMTO04 IN-SITU SEM Nanoindenter (FemtoTools)
equipped with a Berkovich diamond tip. The stiffness of the device
has been calibrated by indentation experiments on a standard fused
silica sample. The readout precision of the nanoindentors’ positions was
better than 50 pm in z direction and the noise with respect to the force
was less than 0.5 nN (5 x 10719 N).

Nanoindentation measurements were conducted in load-controlled
mode at a constant loading rate of 5 pN/s to the maximum load of
1 mN for the detection of the first pop-in event, and in displacement-
controlled CSM mode to evaluate the strain rate sensitivity (SRS) to a
maximum displacement of 200 nm.

The tip approach step was made slowly and with a similar displace-
ment speed as the actual nanoindentation measurements to avoid a load
jump at the first tip contact. The threshold for the contact detection was
set to 2 pm. For the strain rate sensitivity measurements, strain rates
of 0.5, 0.05, and 0.005 s~ were used.

2.3. 4D-STEM investigation

An analysis of angular symmetry correlations in electron diffraction
has been conducted. For this purpose, the local symmetry information
has been extracted from individual nanobeam diffraction patterns of the
micro alloyed samples. These patterns were obtained through 4D-STEM
using a direct electron detector [44]. Electron-transparent transmission
electron microscopy (TEM) samples were prepared by electropolishing
with a BK-electrolyte [45] at 16.5 V and —20 °C, employing a Tenupol
5 electropolishing device manufactured by Struers (Denmark).

Prior to loading into the microscope, the samples were plasma
cleaned for 90 s in an Ar + O, mixture to remove organic contaminants.
We utilized a Thermo Fisher Scientific FEI Themis 300 microscope
operating at 300 kV in scanning transmission electron microscopy
(STEM) mode to investigate the samples’ amorphous structures. High-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) combined with energy-dispersive X-ray spectroscopy
(EDS) was employed to analyze the chemical composition.

Nanobeam Diffraction Patterns (NBDPs) were acquired using a par-
allel coherent probe with a diameter of (1.26 + 0.02) nm measured
at FWHM and a semi-convergence angle of 0.6 mrad in microprobe
mode. The probe current was measured at 21 pA, with a camera
length set to 245 mm. Individual NBDP maps were collected using a
Dectris pixelated detector with a resolution of 512 x 512 pixels, and
an exposure time of 100 ms was employed. The diffraction patterns
were recorded at a grid of 300 nm x 300 nm size, the positions spaced
6 nm apart to minimize overlap, resulting in a total of 2500 diffraction
patterns for analysis. The open source PyXem library, which provides
a wide array of 4D-STEM data analysis routines [46-48], was utilized
for data processing and evaluation as described in detail by Huang
et al. [49].

Angular correlations were determined by extracting the so-called
four-point angular auto-correlation function (ACF) from individual
NBDP as follows:

(I I, ¢+ 8)y) = (1K, D))

C(k, 4) = -
(1t 0),,

@




S. Khademorezaian et al.

Here, A represents the correlation angle, and I(k, ¢) denotes the diffrac-
tion intensity corresponding to the scattering vector k£ and azimuthal
angle ¢. Next, the function C(k, 4) was Fourier transformed with respect
to the azimuthal angle ¢, resulting in the angular power spectrum
é(k, n), where n is the corresponding Fourier harmonic. The n-fold
rotational symmetry of a structure, which diffracts at a specific k, can
then be determined from the Fourier amplitude of é(k, n).

For each pixel in the NBDP series, we computed the angular cor-
relations for both four-, five- and six-fold symmetries at the k-values
aligned with the first amorphous ring in the diffraction pattern using
the Python package pyxem [46]. These particular symmetries were
selected because the four- and six-fold rotational symmetries are asso-
ciated with more crystal-like structures found in metallic glasses [50],
while the five-fold rotational symmetries correspond to icosahedral-
like arrangements [51]. The spatial distribution of these rotational
symmetries can subsequently be visualized on a pixel-by-pixel basis
through the symmetry maps, where the chosen symmetry coefficient
is plotted for each acquired NBDP. Further details on this procedure
can be found in the Supplementary Material (see Angular Correlation
Microscopy (ACM) section).

The direct results from PyXem yield symmetry maps that, in this
case, are nearly spatially homogeneous (see Supplementary Material
Fig. S1). In addition, a direct comparison of intensities from the sym-
metry maps may not be reliable because of the residual intensities
contributing to each histogram. To facilitate a more accurate com-
parison between the maps of different symmetry orders, the intensity
histogram can be utilized to estimate the actual intensity distribution.
For this purpose, a Gaussian kernel density estimate is used, defined as:

Z

P

f(x>=NLph '=1K(x;x"), @

where N, is the number of data points, and x represents the linearized
intensity. The kernel, as mentioned above, is a Gaussian function of
2

the form Ku) = \/;2» exp (—%) Here, u is the standardized distance

T
between the estimated point at x and any other data point x;, calculated

as %, where £ is a predetermined bandwidth parameter.

2.4. Atom probe tomography

Specimens for atom probe tomography (APT) analyses were pre-
pared with a conventional lift-out method [52] in an Auriga 60 scan-
ning electron microscope (SEM) equipped with a focused Ga ion beam
(Zeiss AG, Germany). The experiments were performed in a LEAP
4000X HR (Cameca Instruments, Madison, WI, USA) in voltage mode
with 50 kHz pulse frequency, 20 % pulse fraction, 40 K base tem-
perature, and a detection rate of 0.3%. Data reconstruction and anal-
ysis were done using the software package AP Suite 6.3 (Cameca
Instruments).

3. Results

Inspired by the CSM model [15], two distinct nanoindentation
measurements are reported to estimate the size of the STZ: (i) a sta-
tistical method of analyzing the pop-ins and (ii) strain rate jump tests.
However, strain rate jump tests have been shown to have restrictions
when the SRS is negative, which is the case for most BMGs [53-57].

For shallow indentation, the blunting of the tip makes it possible to
approximate the tip as spherical. The tip radius can be estimated from
the calibration of the tip function to be of the order of 25 nm. Therefore,
the elastic response of the material can be predicted according to
isotropic continuum elasticity, using the Herzian law for mechanical
contact [58],
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According to Schuh and Lund [28] the cumulative distribution of
STZ nucleation events or pop-ins as a function of the instantaneous
shear stress, 7, beneath the indenter tip, f(z), can be expressed as:

kTN, AF* v*
f=1—exp[T_V* ~exp(—kT>~exp<kT>], 3

where T is the temperature, N, is the “attempt frequency” of STZ
nucleation events [28], k is Boltzmann’s constant, AF* is the activation
barrier, V* is the activation volume, and 7 is the shear stress rate
(which is kept constant for measurements performed at a constant
loading rate).

The shear stress of the first pop-in can be associated with the max-

imum shear stress z,,,, beneath the indenter. For a spherical indenter

Tax 1S given as:
1
6EZP 3
Tpnax = 0.31 R . ()]

P is the load at the first pop-in, R is the indenter radius, and E, is the
effective modulus of the indenter tip-sample system [59].

As shown in Fig. 1(a), under identical experimental conditions, z,,,,
is distributed over a range of about 1.5 to 4 GPa. Both minor alloyed
samples show higher values of z,,, than the ternary master alloy.
This indicates a more pronounced intrinsic spatial heterogeneity in the
plastic deformation response of the minor alloyed samples.

Besides this intrinsic heterogeneity it must be mentioned, that in-
dents at different positions and in different samples were made to test
and exclude heterogeneities on the pm or even mm scale. Moreover,
at slow deformation rates the detection of pop-in events works best.
For that reason, only the results of one strain rate are presented and
discussed here.

By using a linear least-square fit to the plot of In [ln(l - f )_]] VS. T,
the activation volume V* can be obtained directly from the slope of the
plot,

1 [aF kT 17
In[in(1 = /) ]_[ﬁ+1n(V*T,)]+<ﬁ>f. )
As suggested by Pan et al. [60], the STZ volume, £, is given by

c *
Q= 5 —5V" ()
6R;Gore(1— =)V

Here R, is the so-called “fold ratio”, R, varies from 1/4 to 72/32 as
7 decreases from 7. to 0 [15]; y is the yield strain; G, is the shear
modulus of the unstressed glass; 7 is the threshold shear resistance at
0 K; ¢ is a correction factor arising from a matrix confinement of STZs
and ¢ ~ 3 [11].

Johnson and Samwer [15] suggested the following semi-empirical
expression for the estimation of z:

Tc T M
G_o =Yco ~7Tc1 Fg ’ )

where ycq = 0.036, yc; = 0.016, M = 0.62 and T, is the glass transition
temperature.

Egs. (5)—(7) are used in the present analysis. After evaluating the
volume Q of the STZ and considering a dense-packed hard-sphere
model with an average sphere radius of r, = (ZZ . Air?)m, the
number of atoms composing the STZ can be estimated, too. Here 4;
and r; are the atomic fractions and the radius of each component i. The
calculated average atomic radii for the three compositions are almost
identical, ry = (0.128 + 0.001) nm.

Using Eq. (3), the fits do not adequately represent the distribution
of STZ nucleation events, particularly at lower and higher z,,,, values
as shown in Fig. 1(a). In Fig. 1(b), the In[-In(1 — f)] vs. 7,,,, depen-
dencies reveal two distinct branches following approximately linear
regressions. The corresponding R? factors for both branches exceed
0.98.
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Fig. 1. (a) The cumulative probability distribution f of the maximum shear strength 7,

the three compositions under investigation. (b) Two linear fits to the In [ln(l -7 )“] vSs.

7,..x dependence demonstrating the existence of two separate contributions with different slopes. To achieve accurate fitting, the lowest and highest 5% of the force measurements
are excluded. This approach addresses the influence of surface roughness and contact initiation at low forces as well as multiple contact events occurring at high forces.

By employing linear approximations, the activation volume, V*,
and the STZ volume values, 2, were estimated for the three alloys
and are listed in Table 1. These results align well with the known
STZ volumes in various MGs, typically ranging between 0.2 nm? and
0.8 nm?® [34,61-64].

It is worth noting that the slope of the linear regression in Fig. 1(b)
changes abruptly. The z,,,, value at this slope change can be considered

as a critical value, z.. Below this threshold, the activation volumes
denoted as V" are significantly larger than the activation volumes
V) at higher 7,,,, values. Initially, it may seem counter-intuitive that
lower 7,,,, values activate larger STZs. One hypothesis is that applied
stresses, alongside the activation of pre-existing STZs, may alter atomic
configurations in a way that smaller STZs are initiated or become

active. Additionally, the possibility of percolation of multiple even
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Table 1
Activation and STZ volumes extracted from the statistical analysis of the first pop-in.

Material Activation volume V* STZ volume Q2 No. of atoms
(nm?) in STZ
1st 2nd 1st 2nd 1st 2nd
Pd 1 NiyPsp 0.0236 0.0099  0.797 0.335 89 38
(Pd4NigPyy)eeCo;  0.0157 0.0066  0.531 0.223 61 25
(PdyyNigPyo)geFe,  0.0252 0.0111 0.853 0.377 97 43

smaller STZs near the threshold stress cannot be ruled out. It can be
inferred that micro alloying raises the threshold value. For instance,
the 7 value is 2.03 GPa for the ternary alloy, increasing to 2.34 GPa
for (PdyNisgP,0)g9Co; and 2.31 GPa for (Pd,NiygP,g)ggFe;.

Here, a correlation between In[—In(1 — f)] and 7,,,, with the me-
chanical response can be made. The sharper change in slope and the as-
sociated  alterations in activation volume observed for
(Pd4oNigPag)ggFe; at 7., contrast with the more gradual changes seen in
PdyyNiygP,g and (Pd oNiggPag)geCoy. It is suggested that in more ductile
metallic glasses, the activation of smaller STZs is more pronounced,
leading to a more homogeneous progression and smaller stress fields.
Conversely, the more brittle alloys exhibit a larger activation volume,
creating larger stress fields and promoting an almost abrupt activation
of smaller STZs above 7., ultimately resulting in a catastrophic-like
propagation of fewer dominant shear bands.

The approach proposed above differs from other approaches that
assume a certain distribution of activation volumes (STZ volumes)
within a sample. For instance, the initiation of pop-ins has been pro-
posed to exhibit a bimodal distribution [65], indicating the presence
of two distinct families of events with varying activation volumes and
corresponding activation barriers.

Other models, like the 3-parameter Weibull model, have also been
employed to characterize the distribution of 7,,, [22,66,67]. In this
scenario, the concept of stresses necessary for shear bands to form
along different stress trajectories has led to a bimodal distribution of
Tax [67]. The key finding is that this bimodal distribution becomes
more pronounced under high loads and loading rates, likely due to
the influence of a large spherical indenter radius that amplifies the
deformation volume. However, our current investigation focuses on

significantly smaller deformed volumes due to a smaller tip radius,
lower applied forces, and lower loading rates. The continued acti-
vation of new STZ families under these conditions suggests that the
observed effects are not solely driven by the factors emphasized by Nag
et al. [67].

3.1. Strain rate sensitivity

The strain rate sensitivity (SRS) provides valuable information
about the plasticity and the deformation behavior of a given material.
Three methods have been widely used to measure the SRS:

(i) measurements at constant loading rate (CRL) until the tip dis-
placement rate reaches a nearly constant value [68];
(ii) measurements at constant strain rate (CSR) [69] by applying an
exponential load-time function;
(iii) a strain rate jump test in which the strain rate is changed in
immediate steps to measure the resulting hardness change.

The strain rate jump method has three principal drawbacks. First, the
hardness obtained is from a deformed structure. Second, the pile-up
effect would also affect the SRS values as reported by Bhattacharyya
et al. [55] and third, strong serrations at low strains create large
discontinuities of hardness values leading to large uncertainties. For the
CRL method, the strain rate changes continuously during the loading
segment. Therefore, the CSR method has been applied here.
In displacement-controlled self-similar indentation, the strain rate is
defined as ¢ = (1/h)dh/dt and the SRS is determined as :
)
==

®

The results of our investigation are shown in Fig. 2 and Table 2. For
all compositions, negative values of m are obtained. The m value for the
Co minor alloyed system resembles that of the ternary master alloy,
while the strain rate sensitivity for the alloy with minor Fe addition
shows a significant deviation from the value of the pristine BMG.
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Table 2
Values of m and average hardness for the three compositions.

Strain rate sensitivity m Average hardness (GPa)

Pd NPy —0.0074 + 0.0002 6.24 +0.62
(Pd4yNiyoPsg )0 Co, —0.0068 + 0.0001 6.23 +0.55
(Pd4yNiyoPsq)goFe, —0.026 + 0.0001 6.72+0.71

1.0 v v v
= 4-fold symmetry
0.8 « 5-fold symmetry |
4 6-fold symmetry
Bos
: L
2 (Pd4oNiyoP59)99Coy
© 04
0.2
0.04 T
5 10 15 20
Map Intensity
1.0 T T T T T T
= 4-fold symmetry
0.8 = 5-fold symmetry| |

= 6-fold symmetry

[72]
§ (PdyNiggPy)goFe,
O N

0 20 40 60 80 100 120 140
Map Intensity

Fig. 3. Analysis of the amorphous structure through angular symmetry correlation
analyses by utilizing local symmetry information extracted from individual nanobeam
diffraction patterns of the micro alloyed samples. A distinctly higher degree of 5-fold
symmetry is observed in (Pd;NiyPy)goFe; (bottom) whereas the 5-fold symmetry in
(Pd 4y NiyP,0)eCo, (top) tends to align more closely with 4- and 6-fold symmetries. Note
that the peak heights have been normalized to the maximum peak.

3.2. Angular correlation microscopy

One effective method for assessing local glass structure and rota-
tional symmetry in amorphous materials is through electron nanod-
iffraction. This technique utilizes a parallel nano-sized electron beam to
probe a small volume of atoms within the sample. The structural infor-
mation is captured in the diffraction pattern, with local arrangements
producing Bragg-like coherent speckles. For the purpose of analyzing
dominant local symmetries, angular correlations were computed by
extracting the angular correlation function from individual NBDP, as
described in the experimental section. Further details are provided in
the Supplementary Material. The main results are illustrated in Fig.
3, emphasizing the distinctions between the two micro alloyed alloys.
Specifically, the Fe containing alloy demonstrates an enhanced 5-fold
symmetry relative to 4- and 6-fold symmetries, whereas the more
deformable Co containing BMG [7,70] displays the fraction of 5-fold
symmetry more aligned with the fractions of 4- and 6-fold symmetries.
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3.3. Atom probe tomography

First of all, the APT profiles displayed in the Supplementary Material
(see Fig. S7) confirm the chemically homogeneous states of all alloys
and their precise alignment with the nominal compositions.

Furthermore, for all alloys, no signs related to oxygen containing
species exist in the APT mass spectra. Our clustering analysis, utilizing
nearest-neighbor distributions compared with a randomized system,
eliminates the possibility of any cluster formation, particularly those
related to Fe-Fe or Co—Co clusters, as illustrated in Fig. 4. The Pearson
contingency coefficient [71] is for both, Fe in (Pd yNiyoP,g)geFe; and
Co in (PdyyNiygPy9)g9Co;, below 0.01, underscoring the case for a
homogeneous distribution.

4. Discussion

It is worth noting that these three alloys have been extensively
characterized in prior studies concerning their plastic response — via
compression and 3-point bending tests — as well as their calorimetric
behavior using differential scanning calorimetry (DSC), mechanical
properties such as Poisson’s ratio, and medium-range order (MRO)
using fluctuation electron microscopy [7,70].

The relaxation spectrum of glassy solids, particularly the presence
of a rapid secondary relaxation process occurring at temperatures
well below the glass transition temperature (T,), has been closely
linked to their deformation behavior [72,73]. This secondary relax-
ation, characterized by a low activation energy (0.3-0.6 eV), provides
valuable information on the atomistic mechanisms that differentiate
brittle failure from plastic flow in various temperature regimes [74,75].

Thermal relaxation near the glass transition temperature which is
referred to as a relaxation usually leads to embrittlement [76-78]. To
better understand how thermal relaxation and composition influence
room-temperature plasticity in metallic glasses, a model based on the
relationship between T, and a critical fictive temperature (Tf) has
been proposed [79]. As defined by Tool and Eichlin [80] the fictive
temperature quantifies the relaxation state of a glass and, within free
volume models, reflects the relative amount of free volume retained in
the structure.

Furthermore, it has been demonstrated that multiple shear band-
ing events — leading to enhanced plasticity — can be triggered by
elastic pre-loading [81-84] or cryogenic cycling [84,85], which can
also induce an unusual brittle-to-ductile transition in the material’s
malleability. These phenomena likely originate from spatial hetero-
geneities [75,83,86] introduced by thermal, elastic, or plastic stimuli,
which significantly alter or lower the energy barriers for shear transfor-
mation zone (STZ) activation, thereby increasing the frequency of STZ
events during deformation.

The calorimetric characterization by DSC [7] has been conducted
in conjunction with the fictive temperature concept to assess the influ-
ence of minor alloying elements. Interestingly, despite their markedly
different mechanical behaviors, the absolute fictive temperatures of the
as-quenched states for the ternary and Fe-containing alloys were very
similar. This suggests that the total amount of frozen-in free volume
during vitrification may be less critical to the mechanical properties
of bulk metallic glasses than its local distribution within the atomic
structure.

Additionally, our prior study [7] revealed that the Poisson’s ra-
tios for all three alloys were consistently around 0.4, indicating no
direct correlation between the mechanical behavior and the measured
Poisson’s ratio in these materials.

Employing the higher nearest-neighbor distributions for the APT
analysis, Section 3.3, enhances our understanding of the clustering
phenomena present within the system [87]. Critically, the present
discussion avoids biases arising from structural cluster formation of Co
or Fe as a result of micro alloying. This allows the mechanical and
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(b) Co—Co in (Pd,;NiyP,,)eoCo;, which are compared with randomized nearest neighbor
distributions (red curves).

microstructural analysis to focus exclusively on intrinsic mechanisms,
such as STZ and MRO.

The present work traces the initial deformation behavior of three
different Pd-based BMGs by nanoindentation with high sensitivity and
relates it to the structural information gained by electron diffraction.
Via the statistical analysis of the first pop-ins during mechanical load-
ing [61], our findings provide strong indications for the activation of
two distinct STZ types, each consisting of fewer than 100 atoms [34].
For both STZ types, (Pd;oNiygPyg)9oFe; exhibits the largest size while
(Pd4oNigPs0)ggCo; reveals the smallest. In particular, the plasticity of
(Pd4oNiynP,g)g9Co; has been reported to be significantly higher than
that of (PdyNiyPy)goFe; [7,70]. For all three alloys, the activation
volume and the STZ size at stresses below a certain critic value 7.
are substantially higher than for higher loading stresses. The size of
the corresponding STZ is approximately twice as large as the size of
the second fraction. It is apparent that the addition of Co and Fe
has had opposite effects on the STZ size, see Table 1. The stress-
induced appearance of an additional STZ family indicates an intrinsic
heterogeneity of BMGs, which is significantly affected by microalloying.
Note that an increase in STZ volume as deduced from nanoindentation
correlates with an earlier failure in macroscopic compression or three-
point bending tests. of the BMGs [7], probably due to increased stresses
required for shear band generation.

The negative strain rate sensitivity of MGs is related to their defor-
mation mechanism. At low strain rates, there may be sufficient time
for a diffusive relaxation of the atomic structure to occur following
an STZ operation. Following this idea, at the higher strain rates, there
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might not be adequate time for this relaxation to take place. As a result,
the magnitude of mesoscopic flow events during plastic deformation
increases, and, as a result, fewer shear bands are formed. Since each
pop-in represents a shear event, it is essential to examine the pop-in
behavior of the alloys at the specified strain rates as it serves as the
primary indicator of shear band formation. In previous studies [28,
32,55], the average pop-in displacement has been used to evaluate
the rate dependence of the serrations in the loading curve. How-
ever, our observation indicates that although the frequency or number
of pop-ins decreases with increasing rate (either in displacement- or
load-controlled mode), the depths of the pop-ins are not significantly
affected by the rate (see Fig. S8). Therefore, a statistical analysis of
the number of pop-in events represents the material’s response more
accurately.

In Fig. 5, a statistical distribution of the pop-in events vs. the
corresponding displacements is shown. To determine the pop-ins quan-
titatively, a power law function has been fitted to the p — h curve and
the pop-ins have been detected based on the resolution (+0.1) nm of
the device. For each composition, 300 indentation curves with strain
rates of 0.005, 0.05, and 0.5 um-s~! have been evaluated (see Fig. S8),
respectively. Fig. 5(a) shows a comparison of the distribution of pop-ins
at the lowest strain rate for the three alloys. Among the three composi-
tions, (PdyyNigP,g)ggCo; exhibits the highest total number of pop-ins,
while (Pd4yNiyyP,)goFe; displays significantly lower values. The pop-
in distributions at three different strain rates for each composition are
shown in Fig. 5(b)-(d). The figure clearly demonstrates a decrease in
the number of pop-ins as the strain rate increases for all compositions.
In particular, (Pd oNig)Pyy)9oCo; and Pdy)NiyyP,, exhibit similar trends,
while (Pd;yNiygPyg)9gFe; shows a more pronounced decrease in the
number of pop-ins.

This observation aligns with the negative strain rate sensitivity and
indicates that (Pd;yNigyPyy)goFe;, is in fact more influenced by the
strain rate, although it should be noted that most pop-ins exhibit small
displacements at any applied strain rate.

A smaller STZ size leads to easier activation (a lower activation
barrier) of STZ, consequently resulting in conditions that favor the
formation of a larger number of shear bands per unit strain, thus
explaining the larger number of pop-ins for (Pd;yNisyP;)g9Co;and its
increased macroscopic deformability. The present results support this
interpretation; see Table 1 and Fig. 5.

The distinct mechanical responses of the three alloys imply a po-
tential correlation between the mechanical properties and the local
atomic structure, offering insights into the structure-property corre-
lations of metallic glasses. In metallic glasses, approximate rotational
symmetry has been recognized as a significant characteristic of the
local structure [88]. Many metallic glasses exhibit a structure that
features some degree of icosahedral local ordering, which is defined by
a distinct five-fold rotational symmetry [51]. While five-fold symmetry
conflicts with crystalline translational symmetry [50], it is compatible
with quasicrystals. This duality could either promote glass formation
by inhibiting crystal nucleation or hinder it by favoring quasicrystal
nucleation. Furthermore, the compact arrangements associated with
the five-fold symmetry implies an intrinsically more brittle glass state
rather than a ductile one.

Recent observations suggest that coordinated transformations in
the centro-symmetry of local cluster arrangements serve as significant
indicators of plastic events [89]. These transformations produce mea-
surable structural parameters derived from the diffraction patterns of
glass [90]. Furthermore, the concept of “soft spots” has emerged as an
insightful framework for examining the initiation of irreversible rear-
rangements and plasticity. This framework improves our understanding
of newly identified, precisely defined topological defects, particularly
vortex-like and antivortex-like defects within the three-dimensional
non-affine displacement field [91-95]. These defects seem pivotal in
governing the microscopic mechanical behavior and yielding properties
of a model three-dimensional glass during shear deformation. Thus,
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the highest number of smaller pop-ins which may be an indicator for multiple shear band formation and thus enhanced plasticity.

we may hypothesize that the load transfer within the glass is influ-
enced by the spatial arrangement of soft spots, where the level of
centro-symmetry of four- and six-fold clusters plays a crucial role in
determining plasticity, as suggested by the present symmetry analysis
indicated in Fig. 3. The detection of varying amounts and types of
symmetry within the same glass highlights the complex relationship
between structural motifs and regions that are more readily activated
under an applied shear stress, specifically with respect to shear trans-
formation zones (STZs). Although our current understanding of this
relationship is still developing and requires targeted, comprehensive
studies that integrate experimental analyses and atomistic simulations,
the framework of (metallic) glasses consisting of a rigid backbone
interspersed with regions exhibiting faster dynamics (i.e. “soft spots”)
provides a valuable perspective for interpretation [96].

The statistical analysis of the pop-in events in Fig. 5 provides a
correlation between the number of pop-ins and the plasticity of the
material. It is also in line with the observation of a negative strain
rate sensitivity for the three compositions. The strain rate of MGs is
proportional to the plastic flow that is localized in shear bands. At
higher strain rates, reduced diffusive relaxation results in the activation
of fewer shear bands. The decrease in the number of pop-ins in the
case of (PdyNiyP,)eFe;, which exhibits a higher negative strain rate
sensitivity, reflects this phenomenon. While the direct relationship
between the cluster symmetry and the STZ remains to be uncovered,
the present data suggest that increased fractions of clusters with centro-
symmetry may increase the likelihood of multiple shear band formation
and thus enhanced plasticity under compression or shear.

With the results of the present analysis, a hypothesis about more
detailed structure—property correlations in metallic glasses might also
be ventured. For the pristine and the minor alloyed compositions, the
MRO has been analyzed by variable resolution fluctuation electron
microscopy (VR-FEM) [70]. Distinct differences for the three glassy
systems have been observed, that relate the enhanced macroscopic
plasticity of the Co-containing glass to a more heterogeneous atomic
structure, i.e. a more heterogeneous MRO structure that is character-
ized by a higher number of dominant motifs. This finding is in line
with reports on related as well as different metallic glasses [97-99] and
also relates to correlations between MRO and excess free volume in a
BMG [100].

5. Conclusions

A pristine PdygNiuoPyq glass and its two variants that were micro
alloyed with Co or Fe, respectively, have been synthesized and analyzed
with respect to their atomic structure, their pop-in behavior during
nanindentation and their strain rate sensitivity. APT analysis substanti-
ates that any clustering of Co or Fe atoms or the formation of Co-Co or
Fe—Fe pairs can be ruled out. APT and TEM-based analyses confirm a
homogeneous distribution of the elements for all three different alloys.
Previous measurements on the identical materials have shown that
minor alloying with Co increases the macroscopic plasticity under com-
pression or shear while a minor Fe addition leads to early catastrophic
failure. Structural analyses of the same BMGs by VR-FEM showed that
higher macroscopic plasticity correlated with a more heterogeneous
distribution of local motifs that constitute the respective MRO.
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The analysis of the initial pop-in events in the nanoindentation
curve has identified two groups of STZs. Notably, the alloy with higher
macroscopic plasticity exhibited smaller STZ sizes, whereas the alloy
with lower plasticity displayed larger STZ sizes for both groups of STZs.
This finding provides valuable insights into the varying plasticity of
the alloys, as smaller STZs are more easily activated, thus concep-
tually leading to the formation of multiple shear bands and thus to
an increased plastic deformability in shear or compression before the
occurrence of catastrophic failure in a BMG. Furthermore, investiga-
tion of strain rate sensitivity and statistical data on pop-in behavior
indicates that the (Pd;oNiyPyy)goFe;, alloy has the lowest occurrence
of pop-ins compared to the other two alloys. Although all three alloys
exhibit negative strain rate sensitivity, the (PdNigP,g)goFe; alloy
demonstrates a higher negative value of the strain rate sensitivity.

Additionally, after conducting microstructure analyses, it has been
observed that the Co containing alloy, which possesses larger plasticity,
displays the highest fraction of centro-symmetric clusters, suggesting
the formation of numerous and smaller STZs, ultimately enhancing the
plasticity of the material.

Together with the earlier results on the MRO of the three glassy
alloys [70], the current results indicate a correlation between the
presence and abundance of different local motifs, the prevalence of
zones that are activated at low stresses to become STZs and an en-
hanced macroscopic plasticity. While the correlation between these
features does not verify a direct interdependence, the present results
may suggest a true structure—property relation in metallic glasses that
is based on the distribution of structurally distinct local motifs that may
be altered, e.g. by minor alloying. This hypothesis might trigger future
work, both experimentally and by atomistic simulations, concerning
MRO engineering for obtaining MGs with enhanced performance.
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