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Metallic glasses (MGs) possess the merits of high strength and a large elastic
limit. However, they suffer from little tensile ductility in the inhomogeneous

deformation regime due to strain softening and shear localization. In this
work, we report a substantial increase in tensile plastic strain (¢,) from 2.8% to
10% in a Fe-based metallic glass (MG) via non-affine thermal strain (NTS),
accompanied by a significant intensity enhancement and a considerable
decrease in activation energy (32%) of the S-relaxation. Notably, pronounced
strain hardening is observed during tension. These extraordinary tensile
properties are structurally attributed to the NTS-promoted formation of a
chemical-fluctuation-mediated network structure consisting of inter-

connected Fe-rich medium-range orders (MROs) and surrounding metalloid-
rich clusters, as well as the subsequent temperature and stress-induced unique
evolution of the multiscale structural heterogeneities. Specifically, the stress-
induced unique MRO formation, o-Fe nanocrystallization, and the irreversible
relaxation-induced structural ordering jointly interact with shear banding to
transform strain softening into hardening, leading to excellent ductility. These
findings demonstrate that simultaneous relaxation-assisted and
transformation-mediated deformation stabilizes the inhomogeneous plastic

flow under tension, overcoming the ductility bottleneck of MGs.

Metallic glasses (MGs) feature long-range disordered and short-range
ordered atomic arrangements, which endow them with excellent
physical and mechanical properties'™. Unlike brittle glasses, such as
oxide and ionic glasses, MGs with metallic bonding can accommodate
strain at the atomic level through the cooperative rearrangement of a
group of atoms'. However, due to the absence of crystallographic
defects, such as dislocations, the plastic strain in MGs is localized into
thin shear bands (SBs) of ~10-20 nm in thickness’®. This localization,
intrinsically linked to shear softening, causes limited plastic strain
under compression and catastrophic fracture under uniaxial tension
for MGs in a broad inhomogeneous deformation regime, spanning
from room temperature to -0.95 Ty, as indicated by the strain rate-

temperature deformation map (7 is the glass transition
temperature)”'°. Unlike crystalline alloys, where annealing can opti-
mize mechanical properties, annealing often leads to embrittlement of
MGs due to the free volume annihilation effect of structural
relaxation™", Accordingly, to enhance plasticity of MGs, various stra-
tegies have been developed, primarily aimed at creating more loosely
packed regions (LPRs) and improving structural and chemical
heterogeneities” via composition design'*”, high-pressure torsion'®,
fluxing treatment'”'®, cold rolling'®, and cryogenic thermal cycling
(CTC)***. Although some MGs exhibit considerable compression
plasticity through these strategies, the macroscopic tensile ductility of
most MGs is still limited at room temperature'®?*?, Only a few studies
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reported limited tensile plasticity of 0.2-2% with strain hardening
through strain-induced nanocrystallization, twinning, phase transfor-
mations, and shear band ordering® . Recently, it has been reported
that strain hardening and suppression of shear-banding can be
achieved in a rejuvenated Zr-based bulk MG by relaxation without
structural transformation, leading to a tensile strain of 0.42%°. How-
ever, less attention has been focused on the tensile plasticity in the
high-temperature inhomogeneous regime of MGs, where increased
atomic mobility relaxes the long-range interactions between shear
transformation zones (STZs)”*. A few reports have found that Zr-
based MGs exhibit brittle behavior under uniaxial tension at a high
temperature of -0.82 75>, So far, significant tensile ductility has been
obtained only for MGs with a size of sub-micrometers for in situ tensile
tests in the electron microscope, where homogeneous deformation is
activated®*’. However, the mechanism by which macroscopic MGs
exhibit large ductility and strain hardening under tension has not yet
been reported. The lack of tensile ductility and the instability of mac-
roscopic plastic flow, as critical bottlenecks for MGs, significantly
restrict their industrial applications at both room and high
temperatures.

In this study, we investigate the combined effects of medium-
range order (MRO), structural/chemical heterogeneities, and p-
relaxation on the tensile deformation of a Fe-based MG. This family of
MG was selected for its unique combination of excellent soft magnetic
properties****, super-high strength®, and superior corrosion and wear
resistance®*. Owing to this exceptional combination of properties,
Fe-based MGs are not only commercially applied as soft magnets in
highly efficient electromagnetic devices but are also promising can-
didates for various engineering applications, such as medical implants,
automobiles, and warships®**%. However, the poor ductility of Fe-based
MGs not only hinders their practical applications as structural mate-
rials but also limits their magnetic applications. The Fe-based MGs
need annealing treatment to release internal stress or induce nano-
crystallization for optimizing soft magnetic properties, which can
cause severe embrittlement®. The annealed MGs are thus prone to
fragmentation or detachment during the core lamination process and
service, causing incomplete or damaged magnetic circuits and other
serious outcomes*. The absence of stable plastic flow and the
relaxation-induced embrittlement of Fe-based MGs are longstanding
critical issues that hinder their broader applications.

To address the ductility bottleneck, we subtly regulated the
structural/chemical heterogeneities and MRO of the Fe,;5CogB;0SizC3P;
soft magnetic MG*® by adjusting the CTC rate and then employed -
relaxation to facilitate activation of numerous STZs. Surprisingly,
unlike conventional structure relaxation (induced by annealing)
embrittlement, here, CTC-rendered relaxation, accompanied by a
reduction in free volume, is found to enhance the ductility of the Fe-
based MG at 0.8 Ty Significantly, unprecedented tensile plasticity of
10% with pronounced strain-hardening capability has been achieved in
the CTC-treated Fe-based MG. We identify a synergy between
relaxation-assisted and transformation-mediated deformation
mechanisms that are responsible for the exceptional ductility and
strain hardening. Furthermore, we demonstrate that this mechanism
operates effectively across different binary and multicomponent MG
families. Our findings are of great importance for expanding the pos-
sibilities of MGs as structural and functional materials.

Results

Rapid CTC treatment with an upper temperature of 463 K (~0.69 Ty)
was adopted to the Fe;5sCogB;oSisCsP; MG to tailor their structural/
chemical heterogeneity prior to mechanical and structural tests. Then,
we focus on the deformation behavior at 0.8 T, where a large number
of frozen STZs may be activated, and the influence of a-relaxation can
be ignored (while maintaining deformation within the inhomogeneous
regime). All the AQ and rapid CTC-treated Fe;sCogB;0SizC3P; alloys

exhibit amorphous structure and are noted as AQ, CTC60, CTC30,
CTC15 (Supplementary Note 1 and Supplementary Fig. 1a, b). Figure 1
and Supplementary Fig. 2 compare the tensile engineering stress-strain
curves of the AQ and CTC-treated samples, all of which exhibit obvious
strain-hardening processes before fracture and differ from the
homogeneous deformation observed around and above 7’. This can
also be indicated from the true stress-strain curves in the inset of Fig. 1a
and strain-hardening rate curves in Fig. 1b. More direct evidence is
demonstrated from the increased hardness with increasing tensile
strain as shown in the inset of Fig. 1b. Besides, at a given treatment
time, the tensile-strained sample shows larger hardness values than the
annealed samples. This implies that the increased hardness with
increasing strain comprises both the relaxation-induced and stress-
induced contributions. Notably, rapid CTC substantially enhances the
tensile plasticity, while maintaining the yield strength at -1120 MPa.
The tensile strain &, is 2.8% for AQ and increases to 5.3, 8.4, and 10% for
CTC60, CTC15, and CTC30, respectively. The ultimate tensile strength
of the CTC30 sample is 1680 MPa. Since the tensile tests were carried
out at 0.87,, the samples yield at a strain of about 1.5%, which is lower
than the usual 2% elastic limit of MGs at room temperature®. Figure 1g
summarizes the tensile strain versus normalized temperature (7/Tg) of
the present alloys and those MGs reported'®**"** (most of which show
£, <2% at a strain rate of 10™* s™) under inhomogeneous deformation
conditions (Supplementary Fig. 3 and Supplementary Table 1) to
highlight the extraordinary ductility of the present alloys. Further-
more, CTC30 demonstrates a substantial decrease in core loss at 50
and 1kHz compared to AQ, while maintaining a high saturation mag-
netic flux density of 1.68 T (Supplementary Fig. 4a—c). As shown in
Supplementary Fig. 4d-g, the AQ sample exhibits wide-curved
domains and narrow fingerprint-like domains, and the
CTC60 sample exhibits more irregular edges on the wide domains,
indicating a more heterogeneous stress distribution. In contrast, the
CTC30 and CTCI15 samples exhibit significantly refined magnetic
domains characterized by smoother domain wall edges and the
absence of fingerprint-like domains, resulting in the optimized soft
magnetic properties. Figure 1c—f shows the surface morphology of the
deformed ribbons. A small number of secondary SBs are generated
along the length of the primary SBs for the AQ sample, corresponding
to its limited tensile plasticity (Fig. 1c). The density of SBs increases,
and the spacing of SBs narrows obviously for the CTC-treated MGs due
to the proliferation of secondary and tertiary SBs. The offset of SBs is
visible (Fig. 1d-f, Supplementary Figs. 5 and 6). For CTC30 with the
highest density of SBs, the interaction of SBs is significantly enhanced,
contributing to the largest tensile strain of 10%. Surprisingly, remark-
able necking is observed in the CTC30 sample with &, of 8%, demon-
strating its large and stable inhomogeneous deformation (Fig. 1h—j).
The proliferation of multiple SBs within the necking zone provides
direct evidence that plastic necking instability is governed by the
propagation and interaction of SBs (Supplementary Fig. 7). The neck-
ing phenomena for 3 fractured CTC30 samples are shown in Supple-
mentary Fig. 8. The asymmetry in necking behavior may be related to
the uniformly sized rectangular specimens (commonly used for micro-
scale metals) with multiscale structural heterogeneity (which leads to
the stochastic initiation of shear banding events). In addition, nano-
voids with a size of ~650 nm (Supplementary Fig. 9) can be observed in
the vicinity of the fracture surface of CTC30, which is associated with
free volume aggregation**** and is responsible for softening after
tensile deformation with &,~8.5%. Notably, these nanovoids were
exclusively observed in the CTC30 sample, while no similar features
were detected in other samples.

It has been found that plastic deformation is closely associated
with the activation of B-relaxation and flow units of MGs****, As
indicated in Fig. 2a, CTC treatment significantly enhances the intensity
of B-relaxation, with a distinct peak for CTC30 and a shallow shoulder
for AQ. The obviousness of S-relaxation can be further quantified by
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Fig. 1| Tensile properties of the MGs before and after the rapid CTC treatment.
a, b The typical engineering tensile stress-strain curves (a) and the strain-hardening
rate versus true strain curves (b) of AQ, CTC60, CTC30 and CTCI15 samples tested at
533 K(0.8 Ty), the inset in a is the corresponding true stress-strain curves, the inset
in b shows the comparison of the microhardness of the CTC30 sample and tensile-
strained CTC30 samples (at 533 K) and the annealed CTC30 (at 533 K) samples. The
error bars represent the standard deviation derived from measurements on three
independently prepared samples. c-f The SEM images of the surfaces after tensile
test for the AQ sample, the CTC60 sample, the CTC30 sample and the

0.3 04 05 06 07 08 09 1.0 1.1 1.2% FersC0gB;Si;C4P, (this work)

CTCl15 sample, respectively. g Summary of the tensile plastic strain verses tem-
perature (see Supplementary Table 1 for details, see side bar for chemical com-
positions). For comparison, the temperature is scaled by T,. The delineation of
homogeneous and inhomogeneous deformation is made with reference to the
established deformation map of MGs®. h The SEM image of the surface for a
CTC30 sample with 8% tensile strain. i, j The enlarged images of the necking regions
indicated by bright blue and orange dotted line, respectively. Source data are
provided as a Source Data file.

the angle ZA defined in ref. 47, which increases from -4° for AQ to ~50°
for CTC30 (inset of Fig. 2a). Furthermore, the activation energy of S-
relaxation (Ep) shows considerable reduction (31%) after CTC treat-
ment from 154 + 5 kJ/mol (-28 RT,) for AQ to 105 + 4 kJ/mol (-19 RTy)
for CTC30 (Supplementary Note 2 and Supplementary Fig. 10). The Eg
values of the AQ and CTC60 samples match the empirical relationship
E=26+2 RT,, similar to other MGs*®. By contrast, the E4 values of
CTC30 and CTC15 are located below this empirical line and much
smaller than those of other MGs with similar T, (Fig. 2b), which is
responsible for the excellent tensile plasticity of CTC30. In addition,
the intensity of f-relaxation was found to correlate with the energy
distribution of flow units in MGs***°, A B-relaxation peak is related to an
abundant and centralized activation of flow units, while an excess wing
or a shallow hump corresponds to a slowly and evenly activated flow
unit in broad area with increasing temperature*®*°. Thus, the linear
heating stress relaxation kinetics were studied to further uncover the
effect of CTC on the activation of flow units and -relaxation. As shown
in Supplementary Fig. 11, the stress decay (Ao) increases slowly to
about 60 MPa in the initial stage (stage I) and then increases rapidly
until it remains constant (stage II). The activation energy spectra p(E),
which represents the total available property change caused by all the
activation processes between E and E+dF”, is determined from the
stress relaxation curve (Supplementary Note 3) and shown in Fig. 2c.
The activation energy of flow units that contribute to relaxation is
around 95 - 135 kJ/mol (Fig. 2c) for all the samples. However, the p(E) of
CTC30 and CTCI5 are about 50% higher than that of AQ, indicating
more flow units activated®. It has been reported that the potential
energy barrier of STZ was almost equivalent to the activation energy of
[S-relaxation, and a larger fraction of activated flow units can promote
cooperative motion of atoms and multiple SB formation*®. The lowest

Eg and highest p(E) values, between 110 and 130 kJ/mol in CTC30,
indicate its easiest activation and the largest fraction of STZs, which
promotes the most abundant formation of multiple SBs under tension.

Many approaches, including CTC, are employed to improve the
plasticity of MGs by rejuvenating the structure to a higher energy
state”” . To explore the CTC-induced variation in energy state, DSC
measurements were conducted. As shown in Fig. 2d, all the DSC curves
exhibit a broad exothermic peak centered at approximately 550 K
before crystallization, primarily related to the annihilation of free
volume™. Notably, an endothermic peak appears before the exother-
mic peak for the CTC-treated samples, whose temperature range is
close to the S-relaxation (Fig. 2a, d), indicating their intrinsic correla-
tion. This unusual structural recovery process in 400-535K, recog-
nized as a sub-T peak™ >, was widely observed in Zr-, La- and Fe-based
MGs after annealing below T for several hours or longer*. As shown in
Fig. 2e, the onset temperature of the enthalpy relaxation (the shaded
region) of the CTC-treated samples, corresponding to their endo-
thermic peak in Fig. 2d, starts about 80 K higher than that of AQ. This
indicates that the reversible endothermic peak of the CTC-treated
samples associated with the recovery of the LPRs delays the irrever-
sible structural relaxation®>”. Besides, the MGs after CTC treatment
show decreased relaxation enthalpy (AH,) and increased hardness
(Fig. 2f and Supplementary Fig. 12a), which indicates CTC-induced
relaxation instead of rejuvenation. It is worth pointing out that there is
no noticeable change in the variation of AH, for all the AQ and CTC-
treated samples after placing 9 months at room temperature (Sup-
plementary Fig. 12b). This implies the CTC-induced irreversible chan-
ges of structural heterogeneity.

High-resolution transmission electron microscopy (HRTEM) ana-
lysis was then conducted for AQ, CTC30, and CTC60 to investigate
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Fig. 2 | Dynamic mechanical and thermodynamic analysis of MGs and micro-
scale mechanical heterogeneity of CTC30. a The temperature dependence of the
loss modulus £” (1Hz) for the AQ, CTC60, CTC30 and CTC15 samples, E” is nor-
malized by a corresponding maximum (at 7). ZA is defined as the angle between
the two tangents of the S-relaxation peak. The inset shows the degree of ZA which
characterizes the obviousness of the S-relaxation for AQ, CTC60, CTC30 and
CTCl15samples. b The activation energy of S-relaxation versus 26 RT; of AQ, CTC60,
CTC30 and CTC15 samples compared with other MGs (see Supplementary Table 2
for details). The solid line represents £ =26 RT,, while the upper and lower dashed
lines correspond to Eg=28 RTg and Eg=24 RT,, respectively. ¢ The activation

600 700 AQ CTC60 CTC30 CTC15

Temperature (K)

energy spectra of the AQ, CTC60, CTC30 and CTC15 samples. d-f The DSC curves
(d), the relaxation spectra obtained by subtracting the first and second successive
traces of specific heat C, (see Methods for details) (e), the variation of AH, (f) of
AQ, CTC60, CTC30 and CTC15 samples. The dotted vertical blue lines in (d) and (e)
respectively, mark the peak temperature of the endothermic peak and the onset
temperature of the enthalpy relaxation. The shaded regions’ area represents the
AH,. The error bars in e represent the standard deviation derived from mea-
surements on three independently prepared samples. Source data are provided as a
Source Data file.

their atomic structure differences. The HRTEM images and diffuse halo
rings in the selected area electron diffraction (SAED) patterns indicate
the typical amorphous structure (Fig. 3a, b). Interestingly, some unique
crystal-like MROs can be distinguished from the matrix of AQ and CTC-
treated samples. These MROs exhibit an imperfect crystal-like struc-
ture with a lattice d-spacing of ~0.20 nm corresponding to the (110)
plane of a-Fe phase (Supplementary Fig. 13). The unique MROs with a-
Fe like structure can be observed more clearly from the fast Fourier
transformation (FFT) filtering image in Fig. 3c (transformed from
region c in Fig. 3b) and the spatial auto-correlation images
(Fig. 3d1-d8). FFT filtering with varying passband ranges yields con-
sistent results (Supplementary Fig. 14). The number of these MROs
(-1nm in size) increases significantly for CTC30 compared to AQ, and
larger MROs with 2-3 nm in size are formed in the CTC60 sample
(Supplementary Fig. 15). Autocorrelation analysis quantitatively
reveals a 50% higher MRO area fraction in CTC30 versus AQ (Supple-
mentary Fig. 16). Note that the fraction of MRO clusters with a-Fe like
structure is positively correlated with the tensile plasticity. Moreover,
the MROs are predominantly located in the bright regions of the high-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image (Supplementary Fig. 17). The enhancement of
the structure ordering in CTC30 can be further verified from the more
pronounced splitting in the second peak and appearance of shallow
peaks around 4 and 7A in the radial distribution functions (RDFs)
curves (Fig. 3e). At the nanometer scale, CTC30 exhibits enhanced
structural heterogeneities, as indicated by the larger contrast variation
in its HAADF-STEM images (Supplementary Fig. 18). Furthermore,
interesting periodic concentration fluctuations of Fe and Si with an
average wavelength of -6 nm are observed in CTC30, exhibiting a

strong correlation along both the ribbon and thickness directions
(Supplementary Figs. 19 and 20). This results in a unique network
structure consisting of mutually neighboring Fe-rich clusters (MROs
with a-Fe like structure) and Si-rich clusters (which are harder to
accommodate shear)**”’. The EDS concentration line profiles of Fe, Co,
Si, and P along the diagonal of the HAADF-STEM images further con-
firm that these chemical fluctuations are more significant in CTC30
compared to those in the AQ sample (Fig. 3f, g and Supplementary
Fig. 21). This CTC-enhanced compositional heterogeneity resembles
the temperature-cycling-induced nanoscale heterogeneity of Gd
atoms observed in Gd-Co metallic glass by Hosokawa et al. 5,

To further explore the potential effects of the cooling rate gra-
dient along the thickness of the ribbon on the structural gradient and
its impact on tensile plasticity, we conducted nanoindentation and
atomic force microscopy (AFM) experiments. Nanoindentation tests
reveal a relatively large standard deviation along the thickness direc-
tion in both AQ and CTC-treated samples, confirming macroscopic
heterogeneity (Supplementary Figs. 22 and 23). Though the pro-
nounced data scattering obscures any discernible hardness gradient,
nanoscale AFM modulus mapping of the AQ cross-section reveals a
progressive increase in Young’s modulus with increasing distance from
the roller side (Supplementary Fig. 24). This modulus enhancement
coincides with reduced mechanical heterogeneity, as quantified by the
decreasing full width at half maximum (FWHM) of modulus distribu-
tion curves. However, it is noted that the limited tensile plasticity
(2.8%) of AQ indicates that the intrinsic gradient structures contribute
minimally to the ductility enhancement from CTC treatment.

Next, the response of intrinsic multiscale heterogeneities to stress
is explored to reveal the deformation mechanisms. Firstly, we
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patterns as insets of the AQ (a) and CTC30 samples (b), respectively. The crystal-
like MROs with sizes of about 1nm are identified by the white lines in (a and b). ¢
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correlation of the yellow dashed area labeled d1-d8 in (c), respectively. e The RDF
curves of the AQ and CTC30 samples. The arrows point to the emerging shallow
peaks at ~4 A and -7 A in the RDF of the CTC30 sample, indicating enhanced
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structure ordering. f, g The EDS concentrations line profiles of Fe (f), Si (g) along the
diagonal of the HAADF-STEM images (Supplementary Fig. 18). The standard
deviations (s) of the atomic percentages are quantified as follows: Fe: s =5.8% (AQ),
§=6.6% (CTC30); Si: s =2.8% (AQ), s = 4.6% (CTC30). h, i Contour-line maps of H for
CTC30 (h) and CTC30 with 8% tensile strain (i). j The comparison of the FWHM of
the H distributions for CTC30, tensile-strained CTC30 (at 533 K) and annealed
CTC30 (at 533 K). The error bars represent the standard deviation derived from
measurements on three independently prepared samples. Source data are pro-
vided as a Source Data file.

investigate the variation of spatial heterogeneities with tensile strain
by nanoindentation at an array of 14 x 14 sites. The nanoindentation
hardness (H) values of the tensile-strained samples are significantly
higher than those of the samples annealed at 533 K (Supplementary
Fig. 25), once again verifying the strain-hardening behavior. The typical
two-dimensional (2D) map of H for CTC30 shows the interconnected
local regions of low H and high H (Fig. 3h), which indicates the pre-
sence of hard and soft zones. Similar features are observed for the
deformed CTC30 samples with 4 and 8% tensile strain (Fig. 3i, Sup-
plementary Fig. 26a), whose average H is larger than that of CTC30. In
addition, the comparison of the FWHM variations of the H distribu-
tions for the deformed and annealed CTC30 samples indicates that
stress induces an additional increase in inhomogeneity at the micro-
meter scale (Fig. 3j, Supplementary Fig. 26, and Supplementary
Note 4). The evolution of atomic structures under tensile deformation
and their interaction with SBs for CTC30 is further illustrated below.

HRTEM observation reveals considerable offset of shear steps on
the surfaces of the deformed specimens, which increases (up to 1.1 um)
with increasing tensile strain (Supplementary Fig. 27). For the
deformed sample with strain of 4%, a-Fe nanocrystals (NCs) with 4-
10 nm are observed in the vicinity of the shear banding region (Fig. 4a,
b), and the propagation trace of the SB deflects around a NC. The
thickness of SB is around 12 nm, consistent with previous studies’**,
Figure 4c shows (110) lattice fringes from an a-Fe NC near the SB. The
corresponding inverse FFT image reveals slight lattice distortion
within the NC during SB propagation (Fig. 4d). For the CTC30 MG with
£,=10%, it is observed that a broad SB with an initial thickness of
~50 nm bifurcates into SB1 and SB2 with thicknesses of ~25 and ~18 nm,
respectively (Fig. 4e, j). The morphology of SBs in CTC30 MG is highly
sensitive to tilt angles (a) of the HRTEM specimen (Supplementary
Fig. 28). The propagation of SB2 terminates at a NC with a size of -7 nm
(Fig. 4e) and at different locations of the SB2 edge, some NCs can also
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& =4%

After fracture

After fracture

Fig. 4 | Evolutions of SBs and NCs for CTC30 during tension. a The cross-
sectional HRTEM image of the SB in CTC30 with &, of 4%. The shear propagation
traces are indicated by white arrows. The inset shows the cross-sectional HAADF-
STEM image of the SB and the corresponding shear offset in (a). b The corre-
sponding SAED pattern of (a). ¢ The magnified HRTEM image of yellow square
region in (a). d Inversed FFT image of (c). e The micrographs of the SBs in CTC30
with g, of 10%. The tilt angles a of HRTEM micrographs is 10°. f The magnified

d(110) ¢z,

B Sl

Net intensity (Counts)

20 30 40 50 60 70 80
Position (nm)

HRTEM image of the larger yellow square region in (e). Inset shows the corre-
sponding SAED pattern. g The magnified HRTEM image of the smaller yellow
square region in (e). h Inversed FFT image of (g). i HAADF-STEM micrograph and
the EDS mappings of shear band in CTC30 with tensile strain of 10%. j The elemental
net intensity profiles along the dashed line which crosses the SB1 and SB2 in Sup-
plementary Fig. 28a. Source data are provided as a Source Data file.

be observed. As indicated in Fig. 4e, f and Supplementary Fig. 29,
crystallization occurs mainly at localized positions around the shear
banding region. The inverse FFT image of Fig. 4g shows that intense
lattice distortion and many dislocations exist in the a-Fe NCs, indi-
cating the strong interaction between a-Fe NCs and SBs (Fig. 4h).
Notably, at the bifurcation of the broad SB, many NCs with sizes of
2 ~7nm are observed inside the SBs (Supplementary Fig. 28c). This is
different from the CTC30 sample with &, of 4%, in which the NCs are
mainly observed around the edge of SB. Furthermore, for tensile-
strained CTC30, the distribution of elements changes significantly due
to the propagation of SB in the amorphous matrix (Fig. 4i, j, Supple-
mentary Fig. 30). Fe and Co concentrations decrease in the shear
banding region, which is related to the dilatation effect of SBs**°.
Interestingly, Si and P tend to aggregate into the SBs, which may be due
to smaller-size atoms being more likely to occupy the free volume
within the SBs®.

Discussion

The above results indicate the critical importance of the variations of
MRO and structural/chemical heterogeneity caused by CTC and
tensile deformation to the excellent ductility of CTC30, which will be
further discussed. MGs have a wide spectrum of atomic packing
heterogeneities with diverse MROs and short-range orders. Com-
pared with other MG families, the Fe-based MGs process abundant

directional bonds and some unique MROs, such as metalloid-
centered triangular prisms®® and MRO with a-Fe like structure
(Fig. 3b, Supplementary Fig. 13). After CTC treatment, the significant
increase in the number of MROs and chemical fluctuations in CTC30
arise from the local strain produced by heterogeneous thermal
expansion/contraction upon temperature changes®. The increased
hardness in CTC30 implies that these unique MROs are embedded in
a relaxed matrix (with large quantities of denser anti-free volume
regions)’. Note that the Fe-Fe(Co) metallic bonds are found to be
weaker than the covalent metal-metalloid bonds and more easily
accommodate shear®*”. Thus, the localized shear events and string-
like motion for S-relaxation primarily take place in these MROs with
a-Fe like structures due to their rich relatively soft metal-metal pairs.
This can explicate the observation that the largely increased number
of MROs significantly facilitate collective local arrangements of
atoms and proliferate the activation of S-relaxation/STZ in CTC30 (as
evidenced by the largely enhanced S-relaxation peak with lowest Fg
and highest P(E)). Under subsequent tensile deformation, the shear-
induced transformation from MRO into a-Fe NC can be explicated
within the framework of the potential energy landscape (PEL). Shear
stress can flatten out the less stable inherent states in PEL and lead to
a significant local softening of shear modulus®***, which facilitates
flow and special structural rearrangements causing density fluctua-
tion, elemental redistribution, and crystallization®”. For CTC30, as
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long-range atomic diffusion is negligible at the investigated tem-
perature, the precipitation of a-Fe NCs is kinetically favored due to
their structural affinity with MROs. This is similar to the formation of
B2 CuZr NCs under deformation in a Cu-based MG?*. Further, an in-
depth check of the interactions between SBs and NCs reveals that
slight lattice distortion has occurred in the a-Fe NC close to the SB in
the CTC30 with &, of 4%. The lattice spacing of a-Fe NCs inside the SB
is larger than that outside the SB (Supplementary Fig. 31). These
results imply that plastic slip occurs first®, followed by the formation
of NCs in the early stage of SB propagation.

The MRO cluster formation (Supplementary Figs. 32 and 33), the
precipitation of a-Fe NCs, and their growth and lattice distortion and
dislocation have a strong impact on the ductility of CTC30. Auto-
correlation analysis reveals that CTC30 initially possesses 50% higher
MRO area fraction than AQ. Notably, this fraction further increases
during tensile deformation (by 40% at £, =4% and 100% at &, =10%,
Supplementary Fig. 32), indicating the formation of a substantial
number of stress-induced MROs. Firstly, the Fe-rich MRO clusters
and metalloid-rich clusters act as the source and sink of STZs,
respectively, that is, STZs are initiated in the MRO clusters and sub-
sequently hindered by the surrounding metalloid-rich clusters. This
unique network structure facilitates the generation of multiple
embryonic SBs and prevents the development of a single SB. The
formation and evolution of «-Fe NCs together with their dislocations
alleviate stress concentration during shear banding in MGs and
suppress the formation of new SBs in the amorphous matrix. Sec-
ondly, these local features (including their interfaces) increase spa-
tial heterogeneities at different length scales from nanometers to
micrometers, which effectively impede further expansion of SBs and
deflect/bifurcate the SBs’ propagation, promoting the SB’s multi-
plication. Finally, the mechanism of strain-hardening is related to the
competition among free volume generation, structural ordering
(related to free volume annihilation), and structural transformation.
Unlike at room temperature, where shear-induced disordering
dominates over structural relaxation, typically leading to strain
softening®>®, structural relaxation at 0.8 T, accompanied by free
volume annihilation and structural ordering, can facilitate strain-
hardening behavior. This mechanism is similar to that reported in a
highly rejuvenated MG, where deformation-induced structural
relaxation, accompanied by the annihilation of free volume, leads to
strain hardening®. Furthermore, the strong interactions between a-
Fe NCs and the SBs promote lattice distortion and dislocation-
mediated deformation of the NCs, counteracting the softening
caused by shear-band expansion, which plays a crucial role in strain
hardening. Accordingly, we propose that relaxation-assisted order-
ing and deformation-induced a-Fe nanocrystallization collectively
act as synergistic deformation mechanisms, stabilizing plastic flow
through strain hardening. This synergistic mechanism shows
remarkable universality across diverse MG systems. We validated it
by employing the CTC-driven MRO engineering strategy with
relaxation assistance on representative Cu-, Er-, and Fe-based MG
systems, including both metal-metal and metal-metalloid systems
(Supplementary Figs. 34 and 35). These studies consistently reveal
enhancements in tensile plasticity by 90-200%, accompanied by
pronounced strain hardening. The mechanical property enhance-
ments correlate with reduced AH,¢ and intensified S-relaxation uni-
versally observed in all systems. For example, the Ers;Al,90Cu;o MG
exhibits plasticity enhancement from 2.0 to 4.2% after the rapid CTC
treatment. These results demonstrate that this strategy/mechanism
is broadly applicable to a wide range of MGs, regardless of their
compositional complexity or bonding characteristics.

In summary, more than 60 years after the discovery of MG, we
have achieved unprecedented tensile properties with strain hard-
ening in the inhomogeneous deformation regime of the macroscopic

MGs. The considerable enhancement of ductility by CTC treatment is
attributed to the NTS-promoted formation of a unique network
structure comprising interconnected Fe-rich MRO clusters and sur-
rounding metalloid-rich clusters, which possess distinct abilities to
accommodate shear. Unlike the general plasticity-improvement
mechanism based on enhancing the LPRs via rejuvenation strate-
gies to facilitate the activation of STZ, distinct plasticity enhance-
ment and strain-hardening mechanisms in a CTC-relaxed MG are
unveiled. The multiple deformation mechanisms embody (1) g-
relaxation assisted easy initiation of massive STZs from the NTS/
deformation-enhanced MRO clusters with a-Fe like structure, (2)
irreversible structural relaxation-induced free volume annihilation
and suppression of rapid shear banding, (3) slowing and bifurcating
mechanism of SBs from the abundant structural/chemical hetero-
geneities (including the interfaces) at nanometer-to-micrometer
scales, (4) shear-driven nanocrystallization and lattice distortion
and dislocation formation. The above mechanisms work synergisti-
cally to counterbalance strain softening and spread out the dis-
tribution of plastic flow, leading to considerable tensile strain and
overcoming the ductility bottleneck of MGs. Our work has shown
that these mechanisms can be effectively applied across various MG
systems to enhance ductility. By strategically engineering MRO,
relaxation processes, and polymorphic transformations, we can sig-
nificantly expand the practical applications of MGs in engineering
and functional fields.

Methods

Materials preparation and rapid CTC treatment process

Alloy ingots with nominal atomic composition of Fe;sCogB;oSi3CsP;
were prepared by induction melting the mixtures of Fe (99.99 wt.%),
Co0 (99.99 wt.%), Si (99.999 wt.%), B (99.99 wt.%), and pre-alloys of Fe-P
(26.4wt.% P) and Fe-C (5wt.% C) under an argon atmosphere. MG
ribbons with width of 450 + 4 um and thickness of 16 + 1 um were pre-
pared by melt spinning method. Rapid CTC treatment was applied to
the ribbons for 30 min using an upper temperature of 463K (-~ 0.8 Ty).
In each cycle, the ribbons were first heated by silicone oil bath for t;
(t;=60, 30, and 15s), then immediately inserted into liquid nitrogen
for t;. Supplementary Fig. 1a shows the schematic diagram of the rapid
CTC treatment. The samples after rapid CTC treatment were denoted
as CTC60, CTC30, CTCI5.

Microstructural characterization

The morphologies of the surface and cross-section of MGs after tensile
tests were observed by scanning electron microscopy (SEM, Navo
Nano SEM450). The elemental distributions on micron-scale were
analyzed by energy-dispersive X-ray spectroscopy (EDS) in SEM. TEM
(Talos F200X) equipped with a SuperXG2 EDS detector was used to
analyze the microstructural and compositional changes of the samples
before and after CTC treatment. For MRO analysis, FFT filtering was
applied using a passband of 4.1~ 5.8 nm™. The microstructure of the
CTC30 sample along the thickness direction was analyzed by a double
spherical aberration corrected TEM (FEI Themis Z at 200 kV). The TEM
samples of AQ and CTC30 were prepared by ion beam milling, while
the TEM samples of the CTC30 near the tensile fracture and along the
thickness direction were fabricated using a scanning electron micro-
scope equipped with a Ga-focused ion beam (FIB, 30 kV, Thermo Sci-
entific Scios 2) and an Omniprobe manipulator. Initially, the pieces
were pre-cut from the bulk samples by using current of 7 nA. Subse-
quently, a series of ion beam currents from 0.5, 0.3, 0.1nA to 10 pA
were applied sequentially to further mill the piece into electron-
transparent slices with thickness of 70 nm. The phase structure of MG
ribbons was analyzed using an X-ray diffractometer (XRD, Rigaku
Ultima IV) equipped with Cu Ka radiation, the accelerating voltage was
40 kV with a current of 40 mA.
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Thermal properties

The thermal behaviors of the MGs were investigated by differ-
ential scanning calorimetry (DSC, Netzsch 404 F3) at a heating
rate of 20 K/min. As for the measurement of AH,.;, samples were
heated at 20 K/min from room temperature to 780K, followed by
a 2 min hold, then cooled to room temperature at 20 K/min. The
second heating cycle of the samples was conducted using the
same procedure as the first. The AH, is calculated from the area
between the first and second heating curves. Since the T signal is
not observed in the DSC curves, the overall heat of relaxation
before T, was considered as AH,.;. To ensure the repeatability of
the results, five samples were tested for each condition.

Mechanical properties

The relaxation dynamics were studied using dynamical mechanical
analyzer (DMA, Netzsch 242 E). The relaxation behaviors of MGs were
tested in tension modes with a constant heating rate of 2 K/min at
driving frequencies of 1, 2, 5, and 10 Hz. The linear heating stress
relaxations of the MGs were measured by the DMA with a constant
tension strain of 0.2% and a heating of 3 K/min. Before the stress
relaxation experiments, a 3 min delay was applied to allow the samples
to equilibrate at the test temperatures. The uniaxial tensile tests were
conducted at selected temperatures using a TA Q850 DMA at a strain
rate of 10™* s™! (Supplementary Fig. 1c,d). The precise dimensions of
the tested specimens were 450 + 4 um in width, 16 + 1 um in thickness
and 10 mm in gauge length. At least three samples for each condition
were tested for data repeatability.

For hardness measurement, the microhardness was evaluated
using microhardness tester (FM-700, Future-Tech). Nanoindentation
tests were conducted using a Hysitron Tl 980 Tribolndenter with a
standard Berkovich diamond indenter. The tests applied a maximum
load of 10 mN in a cycle of 0.1s loading, 0.1s holding, and 0.1s
unloading. For each MG sample, 14 x 14 points were measured for the
distribution analysis of the nanoindentation hardness.

The Young's modulus of the AQ sample cross-section was mea-
sured by AFM operating in PeakForce Quantitative Nanomechanical
Mapping (PFQNM) mode using a RTESPA-525 probe. Measurements
were performed with a scan size of 500 x 500 nm?, peak force of 800
nN, pixel resolution of 128 x 128, and scan rate of 0.6 Hz.

Data availability

All data supporting the findings in this study are available within the
main text and the Supplementary Information/Source Data file. Source
data are provided with this paper.
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