Materials Science & Engineering A 974 (2026) 150841

Contents lists available at ScienceDirect

MATERIALS
SCIENCE &
G

Materials Science & Engineering A

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

ELSEVIER

Engineering nanoscale heterogeneities in thin film metallic glasses via
alloying with immiscible elements

Evgeniy Boltynjuk * ' ®, Marco Ezequiel "' ©®, Francesco Bignoli "®, Vahid Tavakkoli *-°,

Ali Ahmadian®, Delphine Chassaing “°®, Michael Eusterholz -°®, Fatih Zighem ",
Damien Faurie ", Philippe Djemiab , Horst Hahn *'®, Yulia Ivanisenko , Matteo Ghidelli”

2 Institute of Nanotechnology, Karlsruhe Institute of Technology, Eggenstein-Leopoldshafen, 76344, Germany

b Laboratoire des Sciences des Procédés et des Matériaux (LSPM), CNRS, Université Sorbonne Paris Nord, Villetaneuse, 93430, France

¢ Department of Materials and Earth Sciences, Technical University of Darmstadt (TUD), Darmstadt, 64287, Germany

4 Karlsruhe Nano Micro Facility (KNMFi), Karlsruhe Institute of Technology, Eggenstein-Leopoldshafen, 76344, Germany

€ Institute of Applied Materials (IAM-WK), Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1, Eggenstein-Leopoldshafen, 76344, Germany
f Department of Materials Science and Engineering, University of Arizona, Tucson, United States

ARTICLE INFO ABSTRACT

Keywords:

Thin film metallic glasses

Ab initio molecular dynamics
Microstructure

Nanoscale heterogeneity

Controlling nanoscale heterogeneity in metallic glasses offers a promising route to tailor their mechanical
behavior. In this work, we investigate (Zr34Cuee)ioo-xFex thin film metallic glasses (TFMGs) across a wide
compositional range (x = 0 — 76 at.%) to reveal how immiscibility between Cu and Fe can lead to heterogeneity,
thereby influencing their structure and mechanical properties. Guided by thermodynamic modeling, we show
that (Zr34Cuee)100-xFex retains an amorphous structure up to 77.5 at.% Fe, enabling systematic investigation of a
wide range of compositions within ZrCu-rich and Fe-rich regions. Ab initio molecular dynamics simulations reveal
that Fe addition in the range of 17-29 at.% maximizes the population of highly stable icosahedral <0,0,12,0>
motifs, thereby increasing hardness (H) from ~7.9 up to ~8.5 GPa, while further Fe increase leads to a reduction
in H as a result of the weakening of atomic bonds. At 76 at.% Fe, atom probe tomography reveals the presence of
Cu-rich amorphous clusters, accompanied by H decrement down to ~7.6 GPa. Moreover, we show that nanoscale
phase separation in the form of Cu-rich clusters controls the deformation mode, affecting the amplitude of strain
rate serrations during nanoindentation, decreasing from ~16 down to ~5 for high Fe content, indicating a
transition from localized to more homogeneous plastic flow. Overall, we demonstrate a simple approach to tailor
local heterogeneities of TFMGs by introducing immiscible elemental constituents, successfully managing to
control the mechanical behavior, which can be beneficial for advanced material applications.

Mechanical properties

1. Introduction

Metallic glasses (MGs) have attracted attention for their unique
combination of high strength and elastic deformation, making them
promising candidates for many structural and functional applications [1,
2]. However, the absence of long-range structural order leads to plastic
deformation localization into narrow (~10 nm) shear bands (SBs) [3,4],
initiating a catastrophic brittle failure. One effective strategy to mitigate
this behavior is the controlled introduction of local structural hetero-
geneities [5,6]. Such heterogeneities may originate from variations in

short- and medium-range order (SRO and MRO), reflected in distinct
Voronoi polyhedra and packing motifs, or from nanoscale or even
microscale chemical segregation [5,6]. These heterogeneities act as in-
ternal barriers that can deflect or arrest SBs, thereby enhancing the
overall plasticity of MGs [7-11]. Moreover, by adjusting their volume
fraction, spatial distribution, and chemical composition, it is possible to
tailor their mechanical properties, including hardness as well as the
strength-ductility balance.

Thin film metallic glasses (TFMGs) are well suited to this purpose,
since they can serve both as model systems for fundamental study [12]
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and as practical coating materials [13]. Specifically, the precise control
over the synthesis parameters along with the extremely high cooling rate
up to 10'2 K/s during the deposition [14] allows a fine tuning of
chemistry and the formation of a glass phase over a wide compositional
range [15,16], while simultaneously dictating the degree of nanoscale
heterogeneity, manifested in local variations of chemical composition or
short-range order.

The control of local heterogeneities in MGs can be carried out
through several routes: (i) tailoring their composition by tuning the
enthalpy of mixing (AHp;,); (ii) rejuvenation of the amorphous structure
via cryogenic thermal cycling [17,18] or various treatments [19-21];
and (iii) the formation of nanostructured MGs, such as amorphous
nanogranular or columnar structures [22,23]. Among these, AH;y is of
particular importance, as its magnitude and sign dictate interatomic
affinities, govern local order, and influence the thermodynamic stability
of the amorphous phase [24]. Specifically, variations in AHp,; among
constituent elements introduce competing thermodynamic driving
forces that may, on the one hand, stabilize short-range order, while on
the other, promote segregation or clustering of chemically incompatible
elements [5]. This can lead to the development of atomic- and
nano-scale heterogeneities through two thermodynamically distinct
pathways: (i) nucleation and growth in the metastable regime, which
requires overcoming an activation barrier and typically results in
droplet-type morphologies, and (ii) spinodal decomposition in the un-
stable regime, where compositional fluctuations are amplified without a
barrier, giving rise to interconnected morphologies [25]. For instance,
nanoscale chemical heterogeneities of ~4-5 nm within the CuggZ-
r37Al;Y19 MG facilitate the nucleation of multiple SBs and slow down
their propagation, leading to more homogeneous plastic flow and
improved plasticity [7]. In Al-Y-Ni MG, the nucleation and growth of
uniformly dispersed fcc-Al particles (3-50 nm, depending on cooling
rate) increases hardness and Young's modulus, while a particle volume
fraction of ~10-20% maximizes fracture strength by impeding shear
deformation [26]. In contrast, spinodal decomposition produces inter-
connected network-like morphologies, as reported for systems such as
Pd-Si-Ag [27], Pd-Si-Au [28], Fe-B [29], Fe-Ni-B [30], and
Zr-Ti-Cu-Ni-Be bulk metallic glasses (BMGs), where it precedes nano-
crystallization [31]. In Pdg;Sij9 BMG, a fine network-like structure with
a characteristic length of 3-6 nm formed by spinodal decomposition
exhibits a large plastic engineering and true strain of 82 and 170%,
respectively, in compression, together with initial strain hardening [32].

Alloying with immiscible elements provides a powerful route for
stabilizing metastable amorphous phases and introducing nanoscale
chemical heterogeneity in TFMGs. Previous studies on Nb-Cu [33,34],
Ag-Ni [35], and Cu-Ta [36] amorphous films have shown that appar-
ently uniform structure may contain spinodal-like fluctuations, nano-
scale phase separation, or compositionally modulated amorphous
regions. At the same time, ZrCuTi-Ta TFMGs [37] demonstrate that
incorporation of an immiscible refractory element can enhance hardness
and elastic modulus through changes in local bonding. Thus, immiscible
alloying can tailor TFMGs by modifying the amorphous matrix and
introducing chemical heterogeneities with different length scales, mor-
phologies, and spatial distributions. However, the structural character-
istics of such segregations and their role in controlling mechanical
behavior of TFMGs remain insufficiently understood.

In the Zr-Cu-Fe system, AHp;, of the constituent pairs differs sub-
stantially. The Zr-Cu and Zr-Fe pairs exhibit strongly negative values of
—23 and —22 kJ/mol, respectively [24], whereas the Cu-Fe pair displays
a positive AHy,;, of +12 kJ/mol [24]. The coexistence of these opposing
interactions makes the Zr-Cu-Fe system a particularly attractive subject
of investigation: whereas Zr-Cu and Zr-Fe bonding tendencies stabilize
the amorphous phase, the unfavorable Cu-Fe affinity may promote
phase separation. Several studies have addressed the atomic structure
[38,39], glass-forming ability [40-42], and crystallization behavior of
Zr-Cu-Fe MGs [43,44]. It was shown that minor Fe additions
(2.5-12.5 at.%) to CusgZrso BMG enhance glass-forming ability and
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stabilize the B2-CuZr phase [44]. Structural studies on ZrggCuggFeaq
reveal shortened Zr-Cu and Zr-Fe bonds and a more densely packed
amorphous structure, with Cu and Fe uniformly distributed on the
medium-range scale [38,43]. At higher Fe contents, rapid solidification
induces liquid-liquid phase separation, forming a Fe-rich glassy matrix
homogeneously embedded with nanoscale (2-8 nm) Cu-rich particles
[39]. At intermediate concentrations of Fe (x = 0.45-0.5) in (Cuj.x
Fey)goZryp, solidification induces spinodal decomposition, yielding a
two-phase interconnected structure, where the solute element Zr dis-
solves in both Cu-rich and Fe-rich regions. In contrast, at higher Fe
concentrations (x = 0.6), particle-isolated structures formed by nucle-
ation and growth [39]. Such enthalpy-driven heterogeneities are ex-
pected to govern the nucleation and propagation of SBs, thereby
affecting the mechanical behavior. However, the mechanical properties
of Zr-Cu-Fe MGs remain largely unexplored, and studies on TFMGs are
entirely lacking.

In the present work, Zr-Cu-Fe TFMGs are employed as a model sys-
tem to investigate how compositional variation governs nanoscale het-
erogeneity and its impact on structural and mechanical behavior.
Guided by thermodynamic modeling, which predicts amorphous struc-
ture up to 77.5 at.% Fe, we provide a holistic investigation combining
structural, mechanical, and computational characterization across both
ZrCu-rich and Fe-rich compositions, extending beyond previous studies
[38-44] limited to single compositions or minor Fe concentrations.
Among the main results, we observe an enrichment in the fraction of
densely packed icosahedral configurations at Fe concentration of
17-29 at.%, whereas structural disorder accompanied by increased
fraction of unfavorable motifs occurs when Fe concentration is > 54 at.
%. Atom probe tomography further reveals the formation of nanoscale
amorphous Cu-rich clusters at 76 at.% Fe. The appearance of these
nanoscale chemical heterogeneities correlates with the suppression of
shear localization during nanoindentation, leading to reduced serration
amplitude from 16.2 to 5.4 and a more homogeneous plastic flow. All
these findings demonstrate how controlled nanoscale heterogeneities
can be used to tailor the mechanical behavior of TFMGs, which can be
extended to other MG families. Moreover, these insights are important
for advancing the scalability of findings to bulk MG counterparts and for
guiding the design of nanoengineered TFMGs tailored for various
applications.

2. Materials and methods
2.1. Thermodynamic calculation

The glass-forming compositional range in the Zr-Cu-Fe system was
evaluated based on thermodynamic stability criteria, in which the for-
mation of the amorphous phase is favored when its free energy (AGgp,) is
lower than that of the corresponding crystalline solid solution (4Gs) at a
given temperature [45]. AG4y can be defined as:

AGam =AHgn — TASam (1)

while AGg can be expressed as:

AGg = AHg, — TAS 2
where AHgp, AHg, and ASyy, ASss are the enthalpies and entropies of
mixing for the amorphous phase and solid solution, respectively, and T is
the temperature (298 K).

The AHg, and AH were evaluated using the semi-empirical model
proposed by Van der Kolk et al. [46], which takes pure crystalline ele-
ments as a common reference. AH,;, consists of a chemical contribution
(determined by mixing enthalpies AH{Z”‘ between elements i and j) and a
topological disorder term (under the assumption that the enthalpy of the
amorphous pure metals is equivalent to that of the corresponding liquid
metals T;,AS;;). The chemical contribution is derived from binary mixing
enthalpies: —23, —22, and +12 kJ/mol for Zr-Cu, Fe-Zr, and Cu-Fe pairs
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[24], respectively. The topological disorder term approximates the
enthalpy of amorphous pure metals by that of their corresponding lig-
uids. According to Van der Kolk et al., melting entropy AS,, can be
replaced by a reduced liquid entropic term a = 3.5 J x mol ™} x K?
[471.

2.2. Ab initio molecular dynamics (AIMD) simulations and atomic cluster
analysis

AIMD simulations were employed to model the amorphous structure
with different Fe content. The simulations were conducted using the
Vienna Ab initio Simulation Package (VASP) [48]. Model systems con-
sisting of 256 atoms of (Zr34Cugg)100-xFex (x = 0, 6, 11, 17, 22, 29, 54,
and 76 at.%) were constructed within parallelepiped-shaped simulation
cells under periodic boundary conditions. To obtain a uniformly disor-
dered melt, each alloy was initially melted at 2500 K and equilibrated at
this temperature for at least 11 ps under an isothermal-isobaric (NPT)
ensemble. Subsequently, the systems were continuously quenched to
300K at a cooling rate of 7.33 x 10'° K/s, corresponding to a timestep of
0.3 fs over 1000 steps, and then relaxed at 300 K. The structural prop-
erties were then calculated by performing the statistical averages over
600 molecular-dynamics steps of the quenched structures. The atomic
configurations were analyzed using Voronoi tessellation with the OVITO
software package [49].

2.3. Thin films synthesis

(Zr34Cueg)100-xFex TFMGs have been deposited by co-sputtering from
ZrqoCugp (at.%) and pure Fe targets using radio frequency (RF)
magnetron sputtering. The magnetron sputtering system was used with a
fixed distance between the targets and the substrate equal to 100 mm
and the targets tilted at 20°. Background pressure <5.0 x 10~® Pa was
reached before the deposition. Sputtering was performed at room tem-
perature with a substrate rotation velocity of 10 rpm. A constant Ar flow
rate of 40 sccm has been used, resulting in a working pressure of
3 x 107! Pa. The regulation of power applied to targets, ranging from 13
to 123 W, allowed fine control of the film composition. A detailed
description of the power combinations used is provided in the Supple-
mentary Information, Table S1.

Si (100) + 300 nm thick SiO, substrates were used for scanning and
transmission electron microscopy (S/TEM), X-ray diffraction (XRD),
nanoindentation, and Brillouin light scattering (BLS). Kapton® sub-
strates were used for tensile testing, including in situ measurements of
electrical resistance. In all cases, the film thickness was equal to
~800 nm. Microtip coupons from Cameca were coated with ~500 nm
thick films for atom probe tomography (APT) measurements. Film
thickness was determined using a Veeco Dektak 6M profilometer.

2.4. Structural characterization

A scanning electron microscope (SEM) LEO 1530 Carl Zeiss AG,
equipped with an energy dispersive X-ray spectroscopy (EDX) detector
(Oxford Instruments), was used to perform morphological and chemical
composition characterization of samples.

Grazing incidence X-ray diffraction (GI-XRD) and X-ray Reflectivity
(XRR) measurements were carried out with an Empyrean series 3
diffractometer ~(Malvern Panalytical) using Cu-Ka radiation
(A = 0.154 nm) at 40 kV and 40 mA. GI-XRD measurements were per-
formed at grazing angle of 1° in continuous scan mode within the 20
range 20-60° with a step size of 0.02° and time per step of 7 s. XRR
measurements were carried out in continuous scan mode for the range of
0.1-1° with a step size of 0.005° and time per step of 1 s.

Conventional and high-resolution TEM measurements were carried
out using Thermo Fisher Themis-Z at 300 kV with a double aberration
corrector. TEM lamellae were prepared using a FEI Strata 400 Ga
focused ion beam (FIB) following the procedure described elsewhere
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[50].

Microtips have been sharpened prior to APT analyses using a Zeiss
Auriga 60 Dual Beam FIB. APT experiments were performed in a LEAP
4000X HR (Cameca Instruments, Madison, WI, USA) in pulsed voltage
mode with a pulse fraction of 20% and frequency of 100 kHz. The base
temperature of the sample was kept at 40 K, with the detection rate set to
0.005 ions per pulse. Data reconstruction and analysis were done using
the software package AP Suite 6.3.1 (Cameca Instruments). A nearest-
neighbor distance (NND) analysis [51,52] was conducted to further
evaluate potential chemical heterogeneities.

2.5. Mechanical characterization

Tensile tests were performed on TFMGs deposited on flexible Kap-
ton® substrates, with dimensions of 40 x 1.5 x 0.18 mm (length x width
x thickness), using a 300 N Deben tensile machine combined with a
Keyence VHX optical microscope. The tensile speed and the gage length
were, respectively, equal to 8.3 X 1072 mm/s and 25.4 mm, corre-
sponding to an initial strain rate of ~3.3 x 10~*s~1. 200x magnification
was used to visualize a sufficient number of cracks and to determine
their linear density (orthogonal to the loading direction). Further details
can be found elsewhere [53].

Five samples for each state were measured to determine the crack
onset strain (COS) and the evolution of the linear crack density. During
the tensile tests, the electrical resistance was measured using a Keithley
2400 SourceMeter. Specifically, we exploited the methodology of N. Lu,
X. Wang, and J. Vlassak [54], estimating the COS when the change in the
resistance is 15% [55] above the constant volume approximation, as
described:

R L )
AL (1+e) 3)
where R is the electrical resistance of the film stretched to the gage
length L, Ry is the initial resistance before deformation, and ¢ is the
strain.

Brillouin light scattering (BLS) experiments were performed to
extract the elastic constants of TFMGs. Measurements have been carried
out in standard backscattering geometry for opaque materials, with an
incident laser beam (single-mode solid-state laser Torus, Quantel)
wavelength of A;, = 532 nm. TFMGs are considered isotropic with two
independent elastic constants, C;; and Cy4, from which the Young's
modulus (E) can be calculated. More details can be found in Ref. [56].

Nanoindentation tests were performed using a FemtoTools FT-
NMTO04 nanoindenter with an FT-S20'000 Berkovich diamond tip, with
a maximum force range of 20 mN and a resolution of 0.05 pN. The area
function of the tip was calibrated using a standard fused silica reference
sample using the Oliver and Pharr method [57]. Continuous stiffness
measurements (CSM) were performed at 200 Hz and 2 nm amplitude in
displacement control mode at strain rates equal to 0.1, 0.5, and 1 s A
minimum of 10 indentations were performed on each sample. The E and
hardness (H) were extracted at indentation depth ranging from 70 to
90 nm, corresponding to ~10% of the thickness. The strain rate sensi-
tivity (m) was determined as the slope of fitting curves of H at different
strain rates. The activation volume (V) was estimated based on the
model of W. Johnson and K. Samwer [58] using the following equation:

_3V3kT

\%4
mH

“@
where k is the Boltzmann constant and T is the temperature.
Nanoindentation tests in force control mode at constant loading rates
of 0.5 and 5 mN/s were performed to study the serrated flow of TFMGs.
The indentation strain rate was calculated as:
1 dh

Gi=px (5)



E. Boltynjuk et al.

where h is the displacement and t is the time. When ¢; is plotted as a
function of depth, discrete pop-in events manifest as sharp peaks. The
serration analysis was carried out in the penetration-depth range of 100-
300 nm. The prominence of serrated flow can be quantified using the
non-dimensional height, A, of these peaks:

éma.x
_&
A - base (6)
&
where ¢ and eb"“ represent the maximum and baseline strain rates,

respectlvely [59].
3. Results

3.1. Thermodynamic landscape of the Zr-Cu-Fe system: evaluation of
glass-forming range and AIMD analysis

3.1.1. Alloy selection: tailoring mixing enthalpy in (ZrCu);90-xFex TFMGs

To systematically explore how compositional tuning affects the for-
mation of heterogeneities and their impact on mechanical behavior, we
first evaluated the glass-forming range of the Zr-Cu-Fe system. Specif-
ically, glass-forming ability was used as an indicator of the relative
stability of different compositions. By deliberately varying the alloy
chemistry, our aim was to destabilize the amorphous phase in a
controlled manner, thereby promoting the formation of local chemical
fluctuations.

The glass-forming compositional range in the Zr-Cu-Fe system was
evaluated based on thermodynamic stability criteria and shown in
Fig. 1a. The compositional domain aligns well with the glass-forming
range reported in Ref. [40]. According to the Miedema's model
explained above, keeping the fixed ratio of Zr to Cu equal to 1:2, cor-
responding to a base composition Zr34Cues, the amorphous phase is
predicted to be stable up to 77.5 at.% Fe, beyond which crystallization
becomes thermodynamically preferred (Fig. 1a).

Fig. 1b shows that the value AGg,, - AG;; increases with Fe content.
Positive values of this difference indicate a lower relative thermody-
namic stability of the amorphous phase compared to the competing
crystalline solid-solution state. The observed compositional dependence
therefore suggests that increasing Fe content progressively destabilizes
the amorphous phase and enhances the tendency for chemical segre-
gation or crystallization (Fig. 1b).

This effect was intentionally employed in the present work as a
design parameter to tailor chemical segregation and microstructural
heterogeneity in the Zr-Cu-Fe system. For these reasons, we synthesized
a series of TFMGs with composition (Zr34Cugg)100.xFex, varying the Fe
content from 0 up to 76 at.% (0, 6, 11, 17, 22, 29, 54, and 76 at.%).

Cu

(a)

'am

TAVAVAAVAVA
T I 025
lAVAVAVAVAVAVAVAVAVAVAVAVAV
\VAVAVAVAVAVAVAVAVAVAVAVAVAVAY
AVA}VF Vi

-AG

ss
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3.1.2. Structural modeling using AIMD

AIMD simulations have been employed as a predictive tool to eval-
uate the amorphous phase formation, identify dominant local atomic
motifs, and examine the structural heterogeneity as a function of Fe
content.

The shape of atomic pair correlation functions (G(r)) curves for
(Zr34Cugg)100-xFex TFMGs (Fig. 2a) are in line with those reported for
ZrCu system in earlier papers [60-62]. The peak positions are shifted
towards lower nearest neighbor distance (r) values, and the shape of the
first and second maxima are altered, varying the Fe concentration.
Specifically, low Fe-content TFMGs (up to 22 at.%) exhibit two com-
ponents of the first maximum, corresponding to longer (Zr-Zr) and
shorter (Zr-Cu, Cu-Cu, Cu-Fe, and Fe-Fe) distances within the first co-
ordination shell (Table S2). As the Fe content increases, the proportion
of longer interatomic bonds decreases, leading to lower distances,
indicating atomic densification with Fe enrichment.

For all compositions, the second peak of G(r) exhibits splitting,
which is attributed to distinct cluster connectivity modes between short-
range ordered motifs in MGs, namely vertex-, edge-, and face-sharing,
resulting in a bimodal distribution of second-nearest neighbor dis-
tances [63].

The distributions of the average coordination number (CN), as well
as the CNs of individual species (Cu, Zr, and Fe), are reported in Fig. 2b
and Fig. S1, respectively. At low Fe concentrations, the system exhibits a
clear bimodal CN distribution, with two distinct peaks centered around
CN ~12 and ~16, corresponding to the characteristic local environ-
ments of Cu and Zr atoms [62,64], respectively. As the Fe content in-
creases to ~22-29 at.%, the peak at CN ~16 diminishes into a weaker
shoulder and the overall distribution broadens. Similar trends have been
reported for MGs, where alloying elements disrupt bimodal coordination
distribution and enhance structural heterogeneity, ultimately influ-
encing the glass forming ability [64].

To further elucidate the local topological order, we carried out a
Voronoi tessellation analysis (Fig. 2¢c and d), which is widely employed
to investigate the characteristics of the local order [65]. The Voronoi
polyhedral index is usually expressed as < ng, ng4, ns, ng>, where n;
denotes the number of i-edged faces of the Voronoi polyhedra [49].

Firstly, we observed that the Zr-centered local environment in the
ZrCu system shows no dominant structural motif, and the most common
Zr-centered polyhedra have lower fractions (less than 2% of the total
number of polyhedra) [66,67]. Moreover, their population shows only a
weak dependence on the composition, with only gradual shifts primarily
associated with changes in coordination number; therefore, we focused
the analysis on Cu-centered and Fe-centered polyhedra. Fig. 2¢ shows
the concentration evolution of the five most prevalent Cu-centered
polyhedra present in ZrCu-based MGs, namely <0,0,12,0>, <0,2,8,

(b)
0
/n/n
w” o
(Dm '5 r D/
3 / )
IE E/:I 3 %‘Fv/
o 3 &
g -10 + :/ Iy AHp @
L |:|/ @ _ﬂmwm;\
-15

PR [ I S ST E—— PR |
0 10 20 30 40 50 60 70 80
Fe content (at.%)

Fig. 1. Thermodynamic landscape of the Zr-Cu-Fe system. (a) 2D maps of Gibbs free energy for the Zr-Cu-Fe system. An amorphous structure is expected for
compositions exhibiting a negative difference between AG,,,, and AG;; (region between the two dashed white lines). The thin black line represents the compositions of
Zr-Cu-Fe with a constant 1:2 ratio Zr:Cu. White squares highlight the compositions synthesized in this work. (b) Difference between AG,,, and AG;;, as a function of the
Fe content in (Zr34Cuge)100xFex. The inset shows AH,,;, between Zr, Cu and Fe, with their relative atomic size differences represented by spheres.
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Fig. 2. Structural modeling using ab initio MD simulations. (a) PDF for (Zr34Cuee)100-xFex TFMGs with various Fe content. (b) Distribution of average coordination

numbers. (c, d) Fraction of Cu- and Fe-centered polyhedra.

1>, <0,2,8,2>, <0,1,10,2>, and <0,3,6,4>. The fraction of ideal ico-
sahedra <0,0,12,0> is lower than values reported in prior studies, while
the fractions of the other dominant polyhedra are in good agreement
with the values reported in the literature for Zr34Cuge MG [61,62]. This
reduction is attributed to the pronounced sensitivity of <0,0,12,
0> polyhedra to the quenching rate [62,68]. Specifically, the high
cooling rate employed in the simulation (7.33 x 10'° K/s) hinders the
formation of such perfect icosahedra, compared to classical MD simu-
lations or experimental studies conducted at lower cooling rates. This
trend is further supported by additional simulations performed at a
lower cooling rate of 7.33 x 10'2 K/s (Tables S3 and 4).

As the Fe content increases, the fraction of Cu-centered <0,0,12,0>
polyhedra initially increases, reaching a maximum of 11.5% at 17 at.%
Fe (Fig. 2c). This is followed by a moderate decline in their population
down to 5.1%, with a subsequent increase up to 8.1% observed at higher
Fe concentrations of 54 and 76 at.%. A similar trend is also observed for
the fraction of high-population polyhedra, with an initial increase up to
17-22 at.% Fe, followed by a decrease at higher Fe concentrations.

The structural role of Fe-centered polyhedra progressively increases
with higher Fe concentrations, as shown in Fig. 2d. At low Fe concen-
trations (6-11 at.%), the overall population of Fe-centered clusters re-
mains relatively low and dominated by polyhedra such as <0,2,8,2>,
<0,2,8,1>, and <0,3,6,4>. The prevalence of polyhedra such as
<0,2,8,2>, <0,2,8,1> indicates a relatively disordered local environ-
ment, characteristic of a chemically heterogeneous structure with weak
short-range order. These polyhedra are among the more frequently
observed “disordered” motifs in Fe-based MGs and typically do not
provide dense atomic packing, which may correspond to an atomic
structure with increased free volume [69].

As the Fe content further increases (17-29 at.%, Fig. 2d), the fraction
of Fe-centered polyhedra grows markedly, with <0,0,12,0> icosahedra
becoming dominant. In addition, the fraction of <0,1,10,2> polyhedra
increases in agreement with AIMD simulations carried out in Ref. [70].

The presence of these motifs suggests an enhanced short-range topo-
logical order and potentially increasing the stiffness of the material [70,
71]. With further increase in Fe, the fraction of <0,0,12,0> polyhedra
slightly decreases (Fig. 2d), while the population of <0,1,10,2> poly-
hedra continues to grow, reaching its maximum at 76 at.% Fe. At the Fe
concentrations of 54 and 76 at.%, a slight decrease in the total fraction of
these most prevalent Fe-centered polyhedra is observed.

3.2. Structural characterization

3.2.1. Structural characterization of (ZrCuw)igo-xFex TFMGs

Fig. 3 shows cross-section SEM images of different (Zr34Cuge)100-
xFex, reporting a network of fine corrugation patterns, indicative of their
amorphous nature. Specifically, corrugations are likely associated with
localized regions that accommodate plastic deformation preferentially
during mechanical loading (e.g., fracture). Similar patterns have been
reported in various BMGs and ZrCu TFMGs [72].

Fig. 4a shows the XRD patterns of all compositions, reporting the
presence of a broad diffuse hump, characteristic of an amorphous
structure, while the pure Fe film displays a BCC crystalline structure.
With increasing Fe content, the position of the amorphous hump linearly
shifts towards higher 260 angles, converging to the position of the crys-
talline Fe (110) peak (Fig. 4b). This trend, consistent with AIMD simu-
lations (Fig. 2a), reflects a reduction in the average interatomic spacing,
which can be estimated using the Ehrenfest equation [73]. As the Fe
content increases from 0 to 76 at.%, the spacing decreases from ~2.71
down to 2.54 A, driven by the progressive substitution with Fe atoms,
which have a smaller atomic radius (126 p.m. vs 128 p.m. and 160 p.m.
for Cu and Zr, respectively), as shown in Fig. 4c. Moreover, Fig. 4b il-
lustrates the compositional dependence of the full width at half
maximum (FWHM), which decreases from 7.25 down to 4.57° as the Fe
content increases up to 76 at.%, and further decreases to 0.52° for
crystalline Fe. Fig. 4d shows that with increasing the Fe content, the
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Fig. 3. SEM characterization. Cross-section SEM images displaying the morphology of (Zr34Cuee)100.xFex TFMGs with Fe content from 0 up to 76 at.% (a-h).
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Fig. 4. XRD characterization. (a) XRD diffractograms of different (Zr34Cuge)100-xFex TFMGs. (b) Evolution of the amorphous peak position and FWHM with
increasing Fe concentration. (c) Average interatomic distances estimated using the Ehrenfest equation and AIMD simulations. (d) Mass density compared with the

rule of mixtures.

mass density gradually decreases from 7.82 down to 7.57 g/cm®, in
agreement with AIMD simulations and the rule of mixtures (ROM),
reflecting the substitution of heavier Cu and Zr atoms with lighter Fe
atoms. The deviation from the ROM stems mainly from the fact that it is
calculated based on the density of crystalline Fe.

TEM and high-resolution transmission electron microscopy
(HRTEM) observations were performed to assess the microstructural
homogeneity of representative alloys with 6 and 76 at.% Fe (Fig. 5). The
selected area electron diffraction (SAED) patterns (insets in Fig. 5a—c)
shows broad diffuse rings, confirming a fully amorphous structure
consistent with XRD results (Fig. 4). TEM images and EDX maps
(Fig. 5a-d) had not revealed any nanocrystallization, phase separation,
or chemical segregation, indicating a spatially uniform distribution of
Zr, Cu, and Fe even at high Fe content.

3.2.2. Characterization of nanoscale heterogeneities

To overcome TEM limitations in terms of the lamella thickness and
limited EDX spatial resolution [34] and to obtain atomic-scale insight
into the local chemical environment, we carried out APT experiments,
offering three-dimensional elemental mapping with sub-nanometer
spatial resolution and high chemical sensitivity [74].

Fig. 6a presents a reconstructed volume with 64.5 at.% Cu iso-
compositional surfaces for the Zrs4Cugg TFMG. No apparent elemental
segregation is observed, while the corresponding concentration profiles
confirm a homogeneous distribution of elements (Fig. 6¢). The measured
concentrations of Cu and Zr are in close agreement with those obtained
from EDX analysis. However, due to the limited discernability of the
visual representation given by the point clouds, NND analysis [51,52]
was conducted to further evaluate potential chemical heterogeneities.
Experimental distributions of the 3rd order nearest-neighbor distances
(count) between Cu atoms were compared with those expected from a
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VA§

Fig. 5. Microstructural characterization. TEM and corresponding HAADF STEM images with elemental distribution maps of (Zrz4Cuge)100xFex TFMGs with Fe

content of: (a, b) 6 at.%; (c, d) 76 at.%. Scale bars are 10 nm.

random distribution of solute atoms, based on APT analysis (randomized
count). No significant deviation from the randomized distribution was
found, indicating that Cu atoms are homogeneously distributed
(Fig. 6e). This supports the homogeneous nature of Zr34Cugg in agree-
ment with TEM (Fig. 5a and b) and XRD (Fig. 4) results.

Fig. 6b shows the reconstructed volume obtained from the APT data,
illustrating iso-compositional surfaces of 33 at.% Cu for the
(Zr34Cuggp)24Fe76 TFMG. The reconstruction reveals a chemically ho-
mogeneous matrix containing nanoscale Cu-rich clusters with sized of
several nanometers. Composition profiles (Fig. 6d) extracted from re-
gions containing these clusters confirm their Cu enrichment, accompa-
nied by a depletion of Fe and Zr. The experimental distribution of the 3rd
order NND (Fig. 6f) deviates significantly from those expected for a
random distribution, indicating the presence of Cu atom clustering
within the matrix in agreement with the APT reconstruction (Fig. 6b).

3.3. Mechanical characterization

3.3.1. Evolution of hardness, Young's modulus, and fracture

Fig. 7a reports the crack density evolution during tensile testing of
TFMGs deposited on a flexible substrate. The inset indicates the appa-
rition of the first crack, also referred to as the crack onset. As the Fe
content increases from 0 to 54 at.%, the COS decreases progressively
from ~2.2 down to ~1.6%, while a further increase in Fe content up to
76 at.% leads to its increment up to ~2%. After the onset of cracking, the
deformation is characterized by a rapid accumulation of cracks across all
compositions (Fig. 7a). The crack density increases rapidly with strain
until a saturation regime is reached, beyond which no additional cracks
are formed [75]. The highest crack density was observed for the samples

containing 0 and 29 at.% Fe, whereas the film with the highest Fe
content (76 at.%) shows the lowest crack density. Measurements of
normalized electrical resistance reveal a similar trend of the COS vari-
ation with Fe content, as shown in Fig. 7b.

Fig. 7c shows that the E measured by nanoindentation and BLS of the
(Zr34Cugg)100-xFex TFMGs increases at larger Fe contents. Specifically,
the values of E determined by BLS are in the range from ~101.9 to
~116.3 GPa, while those obtained by nanoindentation oscillate between
~119.2 and ~139.2 GPa in good agreement with E values reported in
the literature for ZrCu MGs [76-78]. The increment in E is attributed to
progressive densification of atomic packing and formation of shorter,
stronger interatomic bonds with increasing Fe content [77,79] in
agreement with the AIMD simulations (Fig. 2a) and with XRD results
(Fig. 4b). Furthermore, this trend is expected as Fe-based MGs exhibit
higher E compared to Cu- and Zr-based MGs [80].

The H of the Zr34Cuge TFMG is ~7.9 GPa (Fig. 7d), which is
consistent with previously reported values for this composition [78,79].
Upon increasing the Fe content, H increases, reaching a maximum of
~8.5 GPa (Fig. 7d) at 29 at.% Fe, beyond which it progressively de-
creases down to ~7.65 GPa at 76 at.% Fe. Values of E and H measured at
strain rates of 0.1, 0.5, and 1 s~! are shown in Fig. S2.

Fig. 7e demonstrates that all studied compositions follow a consis-
tent trend in strain-rate sensitivity (m), showing an increase in H with
increasing strain rate. Moreover, Fig. 7f reveals that m has compositional
dependence, evolving from ~0.033 for the Zrs4Cuge TFMGs, (in good
agreement with values previously reported for ZrCu and ZrCu-based
TFMGs [81-83]) up to a maximum value of ~0.052 at 29 at.% Fe,
after which it decreases down to ~0.029 at 76 at.% Fe.

The trend of activation volume (V) as a function of the Fe content is
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Fig. 6. APT reconstruction and NND analysis. (a, b) 3D reconstructed volume of a tip visualized using iso-compositional surfaces of 64.5 and 33 at.% Cu for Zr34Cueg
and (Zr34Cuge)24Fe7s, respectively. (c) Concentration profiles extracted from the cylinder in Zr34Cuge. (d) Concentration profiles in the form of a proximity histogram
for ten largest clusters (based on the isosurface) in (Zrz4Cugg)24Fezs. (e, ) 3rd order NND distributions of Cu-Cu in Zr3sCugg and (Zrz4Cuge)24Fe7e, respectively.

reported in Fig. 7f. For the Zrs4Cugq TFMGs, V is ~78.4 A3, it decreases
gradually to ~47.3 A% at 29 at.% Fe and subsequently increases up to
~92.3 A% at 76 at.% Fe. The observed increase in activation volume at
higher Fe concentrations may indicate the formation of larger shear
transformation zones (STZs), potentially originating from Fe-induced

structural heterogeneities.

3.3.2. Serrated flow and localized deformation behavior
To further elucidate the effect of Fe addition and the associated

structural heterogeneities on the SBs activity, a detailed analysis of pop-
in events during nanoindentation loading was conducted.

The indentation strain rate was plotted as a function of indentation
depth for each loading rate (Fig. S3). These curves contain serrations,
which are indicative of localized deformation and SBs activity. The
amplitude of each such burst was quantified as a measure of strain

localization (Fig. 8a). Slower loading rate (0.5 mN/s) allows SBs to
nucleate and propagate more extensively, resulting in larger pop-ins,
while higher loading rate (5 mN/s) suppress the development of large
serrations as the imposed deformation rate exceeds the inherent sliding
speed of SBs [1,3].

At low loading rate, the serration amplitude remains nearly constant
up to ~29 at.% Fe and decreases markedly only at higher Fe content,
from ~16.2 down to 5.4 at 76 at.% Fe (Fig. 8b). This indicates that shear
localization is suppressed in the Fe-rich states, where chemical hetero-
geneities may lead to a dissipation of a single dominant SB into
numerous small and spatially distributed shear events (Fig. 8c).
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Fig. 7. Mechanical behavior. (a) Crack density and (b) change in normalized electrical resistance, R/Ry, as a function of strain for (Zr34Cuee)100.xFex TFMGs. The
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4. Discussion
4.1. Evolution of the atomic structure

The investigated TFMGs remain fully amorphous across the entire
composition range (0 - 76 at.%). However, the addition of Fe induces
notable changes in short- and medium-range order. The shift of the first-
neighbor peak in G(r) to lower r with increasing Fe (Fig. 2a) indicates
reduced interatomic spacing and denser atomic packing. XRD confirms
this trend, showing the amorphous hump shifting to higher angles
(Fig. 4a), with a narrower FWHM decreasing from 7.25 to 4.57°,
reflecting increased local order and the interatomic distance approach-
ing that of crystalline Fe. As reported for CuZr-Nb alloys [84], alloying
with small atoms shorten bonds and enhance packing efficiency in MGs.
In a similar way, in the Zr-Cu-Fe system, the substitution of larger Zr/Cu
atoms by smaller Fe atoms also reduces interatomic distances. Ther-
modynamic modeling (Fig. 1b) reveals that the tendency to crystalli-
zation increases with the Fe concentration, indicating reduced
thermodynamic stability of the amorphous phase and a greater tendency
of disordered structure for structural rearrangements. This is also sup-
ported by AH.,;, of the Cu-Fe pair [24], which destabilizes the amor-
phous structure at high Fe content.

To further clarify the structural evolution, coordination number
distributions were analyzed. The analysis shows that Zr34Cuge exhibits a
bimodal CN distribution (with maxima at, respectively, ~12 for Cu-
centered and at ~16 for Zr-centered clusters (Fig. 2b). This behavior
is consistent with previously reported CN distributions for Cu and Zr in
binary ZrCu MGs [62,64]. Fe addition gradually suppresses the peak at
CN ~16, shifting the distribution toward a unimodal shape centered at
CN ~13. This reflects the breakup of large Zr-centered clusters,
increased prevalence of Fe- and Cu-centered motifs, and a structure with
predominantly intermediate coordination numbers, consistent with
trends reported for other MGs [85].

Voronoi analysis provides deeper insight into the local motifs un-
derlying structural changes. The Cu-centered <0,0,12,0> icosahedron is
the dominant structural motif stabilizing ZrCu MGs [86] and Fe addi-
tions (<17 at.%) nearly double their population (Fig. 2c). Upon that, the
number of Fe-centered icosahedra increases as well (Fig. 2d). This agrees
with literature showing that small ternary additions enhance icosahe-
dral ordering by promoting energetically favorable 12-fold packing
[85]. In our work, this tendency is observed at low Fe concentrations of
17-29 at.%, where substantial fraction of Fe atoms adopts <0,0,12,
0> motif. However, beyond ~29 at.% the fraction of <0,0,12,0> ico-
sahedra decreases which are replaced by distorted motifs such as <0,1,
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10,2>, whose fraction surpasses that of ideal icosahedra. At high Fe
content, chemical and size mismatches may hinder ideal 12-fold pack-
ing, forcing the structure to adopt a broader range of polyhedra to pack
efficiently, aligning with observations for Fe-based MGs, in which
Fe-rich compositions are dominated by distorted rather than perfect
icosahedra. For instance, in FeSiBP BMGs, <0,1,10,2> clusters prevail,
while the fraction of <0,0,12,0> motifs is low [87], while increasing Fe,
the motif distribution broadens, the fraction of dominant polyhedra
decreases, and the fraction of less favored types increases, indicating
enhanced structural heterogeneity and packing hindrance [68]. The
initial increase and subsequent decrease of icosahedral order suggest
that additions of Fe below 29 at.% may enhance topological ordering
and glass stability of the Zr-Cu system in agreement with Ref. [44],
whereas higher Fe contents reduce icosahedral order and indicate the
onset of structural instability.

Finally, APT reveals nanoscale segregation at 76 at.% Fe: Cu-rich
clusters with a diameter up to several nanometers form within the Fe-
rich matrix, unlike the homogenous elemental distribution in
Zr34Cuge. The formation of nanoclusters reflects the increased instability
of the amorphous structure at high Fe content, where the driving force
for structural rearrangement becomes significant. At 76 at.% Fe, the Zr-
Cu-Fe system approaches the predicted limit of glass formation (Fig. 1b),
and nanoscale heterogeneity represents an early stage of destabilization.

These observations are consistent with the behavior of some TFMGs
alloyed with immiscible elements, where amorphous structure
confirmed by XRD does not necessarily imply chemical homogeneity.
For Cu-Nb [34] and Ag-Ni [35], XRD and TEM suggested amorphous
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structures, whereas APT or atomic-level structural analysis based on
extended x-ray absorption fine structures revealed nanoscale phase
separation or spinodal-like chemical heterogeneity on an extremely fine
scale, respectively. Annealed Cu-Ta TFMGs similarly show spinodal
decomposition into Cu-rich and Ta-rich regions [36]. In contrast,
ZrCuTi-Ta TFMGs can retain a supersaturated amorphous structure up to
~75 at.% Ta. Thus, alloying with immiscible element can produce in
TFMGs may result in different metastable states, ranging from super-
saturated amorphous solid solutions to structures with nanoscale
chemical separation. In the present Zr-Cu-Fe TFMGs, formation of
Cu-rich clusters corresponds to the latter case and indicate chemical
destabilization of the amorphous phase rather than crystallization.
Despite the immiscibility between Cu and Fe [88], the
(Zr34Cueg)100-xFex TFMGs remain amorphous across a broad composi-
tional window, extending up to 76 at.% Fe. This behavior is unexpected
compared to melt-spun ribbons, showing a much narrower
glass-forming range [40]. Such improved glass-forming ability of TFMGs
can be explained by extremely high cooling rates up to 10'2 K/s during
magnetron sputtering [14], significantly exceeding those reported for
melt spinning, where typical rates are ~10° - 10° K/s [89]. Under such
conditions, elemental redistribution and nucleation of crystalline phases
become suppressed. In addition, the presence of Zr likely favors homo-
geneity when present in sufficient amounts, due to its negative AH,;,
with Cu and Fe [71]. However, at 76 at.% Fe, Zr concentration seems to
be insufficient to suppress Cu-Fe repulsion, and thermodynamic calcu-
lations show a minimal free-energy difference between the glassy and
crystalline states (Fig. 1b). At this concentration of Fe, instability does
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not occur via crystallization but instead through nanoscale phase sepa-
ration and formation of Cu-rich clusters. This pathway is consistent with
decomposition and segregation reported for rapidly quenched Zr-Cu-Fe
ribbons [39].

4.2. Mechanical behavior and deformation mechanisms

The above-mentioned structural features determine the macroscopic
mechanical behavior of (Zr34Cugg)100-xFex TFMGs. The E of TFMGs in-
creases with the Fe content. PDF and XRD analyses indicate that Fe
addition, via substitution of larger Zr and Cu by smaller Fe atoms, leads
to a denser atomic packing (Figs. 2a and 4a), while partial PDF analysis
shows that the Zr-Zr and Cu-Cu bond lengths remain essentially un-
changed upon Fe addition (Table S2), indicating that the stiffness of
these bonds is retained. Therefore, the increase of E with Fe content
primarily originates from the growing fraction of Fe-Fe bonds, whose
stiffness is significantly higher [90] than that of Zr-Zr and Cu-Cu bonds
[80,91].

This behavior differs from that sputtered ZrCuTi-Ta TFMGs, where
immiscible Ta was incorporated into the amorphous matrix up to
~75 at.% without detectable crystalline precipitation. In that system, E
remained nearly unchanged up to ~50 at.% Ta and increased only at
higher Ta contents, which was attributed to the growing contribution of
strong Ta-Ta bonds rather than to pronounced topological changes [37].
This indicates that the elastic response of TFMGs alloyed with immis-
cible element is governed by local bonding, but the composition range
over which this effect emerges is system-dependent.

In contrast to the evolution of E, the H shows a non-monotonic
dependence on Fe content, increasing from ~7.9 GPa for Zr34Cugeg
TFMG to a maximum of ~8.5 GPa at ~29 at.% Fe, followed by a
decrease down to ~7.7 GPa at 76 at.% Fe (Fig. 7d). The H peak value
correlates with the maximum fraction of shear-resistant icosahedral
<0,0,12,0> motifs (Fig. 2c and d), which strengthen the glass atomic
structure [68]. Beyond 29 at.% Fe, the fraction of such icosahedra de-
creases, accompanied by nanoscale chemical segregation and formation
of Cu-rich clusters (Fig. 6b), leading to a decrease of H and facilitating
plastic flow.

On the other hand, the reduction in H observed at 76 at.%, can be
attributed to the formation of chemical heterogeneities in the form of
Cu-rich clusters. Stress concentrations arising at the matrix/cluster in-
terfaces are expected to promote the activation of a critical number of
STZs at lower applied stresses, thereby causing an earlier onset of plastic
flow. Thus, in contrast to the ZrCuTi-Ta system, where no direct evi-
dence of phase separation was observed [37], Cu-Zr-Fe system show that
alloying with immiscible element can either stiffen the amorphous
matrix through strong solute-solute bonding or reduce hardness once
nanoscale chemical segregation becomes sufficiently developed.

The reduction in COS from ~2.2 to ~1.6% with increasing Fe con-
tent up to 54 at.% reflects earlier fracture of stronger and more densely
packed glasses. AIMD simulations and experimental characterization
(Figs. 2, 4, and 7) reveal that compositions contain a higher fraction of
icosahedral motifs, exhibit increased strength, and possess denser
atomic packing. Similar relationships between composition-dependent
local atomic order, dense packing, hardness, and fracture resistance
have been reported for ZrCu TFMGs [76]. Such locally ordered config-
urations can increase the resistance to shear transformations, but at the
same time suppress local atomic rearrangements required for distributed
plastic flow. As a result, deformation becomes more prone to localiza-
tion, leading to earlier crack formation and a lower COS. This is
consistent with the macroscopic response of MGs, in which mechanical
instability is governed by the activation and interaction of STZs with
different local shear moduli and threshold stresses, as well as by
synthesis-related defects [92]. Thus, the decrease in COS up to 54 at.%
Fe can be attributed to the increasing brittleness of a stronger and more
structurally ordered glass [58].

In contrast, the partial recovery of COS to ~2.0% at 76 at.% Fe
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suggests a change in the balance between atomic-scale ordering and
nanoscale chemical heterogeneity. At this composition, the reduced
fraction of icosahedral motifs may facilitate local atomic rearrange-
ments and promote STZ activation. Meanwhile Cu-rich nanoclusters
introduce nanoscale chemical heterogeneity into the amorphous matrix.
Such heterogeneities can redistribute local stresses, promote more
spatially distributed shear activity, and hinder rapid crack coalescence
[7,93]. This interpretation is supported by the lower final crack density
observed for the 76 at.% Fe film (Fig. 7), indicating a transition from
highly localized fracture toward a more distributed accumulation of
deformation.

Nanoindentation revealed a clear transition in SBs dynamics with Fe
content increasing. Serration amplitude gradually decreases from ~16
down to ~12 in the Fe concentration range 0-52 at.% and then drops to
~5 in TFMG with 76 at.% Fe (Fig. 8a). Indentation curves appear
smoother in the latter sample, indicating more homogeneous flow.
Increasing the Fe content leads to reduced average interatomic spacing,
suggesting lower free volume in (Zr34Cueg)100xFex TFMGs. Neverthe-
less, the variation in the magnitude of serrations observed within the
compositional range of 0 to 54 at.% Fe is minimal (Fig. 8b), indicating
that changes in chemical composition or free volume cannot explain the
trend to more uniform deformation at high Fe concentration. Instead,
the activation volume V reaches a minimum (~47 A%) at 29 at.% Fe,
implying that plastic deformation is governed by relatively small flow
units. For Fe concentrations exceeding ~29 at.%, an increase in the
activation volume is observed, indicating bigger shear events. This
behavior reflects a transition from localized shear transformations to-
ward more collective and spatially extended rearrangements, consistent
with a more distributed deformation mode resulting in smoother
deformation curves (Fig. 8).

Based on the presented results, the deformation behavior of
(Zr34Cueg)100xFex TFMGs can be described in terms of nanoscale
structural and chemical heterogeneities. Compositional tuning driven by
the immiscibility between Cu and Fe enables control over the local
heterogeneity, ranging from enhanced SRO at intermediate Fe concen-
tration to nanoscale phase separation in the form of Cu-rich clusters at
high Fe content. By locally modifying stiffness, packing efficiency, and
distribution of elements, these heterogeneities define the observed
transition in deformation behavior, from localized shear-band activity to
more spatially distributed plastic flow [7]. Accordingly, Fig. 9 sche-
matically illustrates possible deformation scenarios by analogy with
MGs containing nano-precipitates of crystalline phase [94]. SBs may
pass through a cluster if its stiffness is similar to the matrix, wrap around
or bypass stiffer ones, or be arrested by sufficiently large or rigid clus-
ters, with potential to initiate new SBs nearby. For the state containing
76 at.% Fe, the Cu-rich clusters may therefore act as local obstacles or
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Fig. 9. Schematic of possible SB interactions with local heterogeneities. In
(Zr34Cugg)24Fe76 TFMG, Cu-rich clusters induce various SB interaction sce-
narios: branching, blocking, wrapping around, and passing.
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deflection sites that disrupt uninterrupted SBs propagation and promote
SBs branching or multiplication. Together with the reduced fraction of
icosahedral motifs, which may facilitate local atomic rearrangements,
this cluster-induced heterogeneity can redistribute deformation over a
larger volume and delay rapid crack coalescence. Although such in-
teractions cannot be directly resolved in the present experiments, this
interpretation is consistent with the lower final crack density and the
recovery of COS to ~2.0% observed for the state containing 76 at.% Fe.
These results indicate that the presence and characteristics of nanoscale
heterogeneities provides a parameter for tailoring the mechanical
behavior, making controlled alloying with immiscible elements a
promising nanoengineering pathway for TFMGs.

5. Conclusions

Our work demonstrates that alloying Zr34Cugs TFMG with Fe over a
compositional range of 0-76 at.% induces significant modifications in
both atomic structure and mechanical behavior. Specifically, we show:

e (Zr34Cuge)100-xFex retains amorphous structures across the wide
compositional range investigated, extending up to 76 at.% Fe in
agreement with thermodynamic modeling.

Increasing Fe content results in a densification of the local atomic

structure, demonstrated by a reduction in interatomic distances, and

drives a transformation from predominantly 12-fold coordinated Cu-
centered and 16-fold coordinated Zr-centered environments toward

a more complex and statistically uniform coordination distribution.

Moreover, ab initio simulations combined with Voronoi analysis

reveal a non-monotonic evolution of topological motifs: at interme-

diate Fe concentrations, there is a pronounced increase in densely
packed icosahedral configurations, whereas at Fe contents above

54 at.%, the structure becomes increasingly disordered, with the

emergence of low-population polyhedra. We demonstrate the for-

mation of nanoscale Cu-rich clusters in the 76 at.% Fe composition,
embedded within a chemically homogeneous amorphous matrix.

e With increasing Fe content, the deformation behavior of
(Zr34Cugg)100-xFex TFMGs evolves from localized deformation to-
ward a more spatially distributed flow. At low to intermediate Fe
concentrations, the increasing fraction of shear-resistant favorable
motifs enhances stiffness and hardness but promotes shear localiza-
tion, as reflected by pronounced serrations, reduced COS, and small
activation volumes. In contrast, at high Fe content, the fraction of
dominant polyhedra decreases and the emergence of nanoscale
chemical heterogeneities in the form of Cu-rich clusters are accom-
panied by reduced hardness, increased COS, suppressed serration
amplitude, and enlarged activation volumes, indicating a transition
toward more uniform deformation mode.

Overall, our study shows that nanoscale structural heterogeneities
represent an effective design parameter for tailoring local atomic envi-
ronments and thereby tuning the mechanical properties of TFMGs.
Through controlled alloying with an immiscible element, one can pro-
mote more uniform deformation behavior, providing a general basis for
designing TFMGs with improved mechanical properties.
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