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Metallic glasses (MGs) have unusual structural characteristics and resulting unique properties, but effectively
modulating their structure is difficult. The recently achieved two-way structural tuning (ordering-disordering)
between distinct states in MGs offers an opportunity to overcome this challenge. However, pressures up to tens of
GPa were required for the process, which limits sample sizes at the micrometer scale and challenges further
comprehensive research. Here, by introducing concurrent shear straining with compressive force using high-
pressure torsion, the pressure to trigger the disordering transition is significantly reduced to a few GPa. This
enables the acquisition of millimeter-sized samples for comprehensive study, including synchrotron x-ray
diffraction and small angle x-ray scatting, nanoindentation, electrical resistivity, and differential scanning
calorimetry. It is evidenced that the two-way tuning of MG can be achieved both structurally and thermody-
namically, which could help deepen our understanding of the mechanism behind the two-way tuning and pro-

mote exploration of distinct MGs.

Metallic glasses (MGs) have garnered extensive attention owing to
their distinctive structural characteristics and resulting superior prop-
erties, which distinguish them from conventional crystalline metals or
network glasses [1-5]. Despite the lack of well-defined structural models
for describing their disordered glass structures, it has been well docu-
mented that MGs actually possess pronounced structural features, such
as short-range order (SRO) of the nearest-neighbor atoms [6],
medium-range order (MRO) on the length scales beyond the nearest
neighbor [7-11], or even a long-range topological order (LRTO)
throughout a bulk sample [12-14]. In principle, the configurational
space for any given MG with multiple components is nearly infinite [15],
which suggests vast possibilities for exploring polyamorphous MGs with
distinct SRO and or MRO, or even LRTO. Various rejuvenation and
relaxation processes are commonly employed aiming at modulating the
structure and properties of MGs [16-19], many interesting variations in
their atomic structures were reported [20-25]. However, more dramatic
structural changes in MGs readily visible by transmission electron mi-
croscopy (TEM) or x-ray diffraction (XRD), namely, effective exploration

in wider configurational space, is desirable but remains challenging [1,
26].

The recently discovered low-ordering state (LOS) and high-ordering
state (HOS) in various MGs including CegsAl;¢Co2s, LagsAl;Coas, and
TigoZraoHf20Cuz0Co29 MGs with significant differences in their structure
factors (S(q)) and reduced pair distribution functions (G(r)) support the
scenario of possibly abundant glass states accessible in the configura-
tional space of MGs [26]. More importantly, a two-way structural tuning
between the LOS and HOS has been achieved by simply combining
temperature and pressure, offering an effective approach to tuning MGs
between distinct states. Specifically, a thermal-driven structural
ordering process occurs below the crystallization temperature of the
as-quenched MG samples with a well-defined exothermic peak in dif-
ferential scanning calorimetry (DSC) curves. Nano-scaled density fluc-
tuation was discovered during this ordering transition by synchrotron
x-ray small angle scattering (SXAS). Obvious structural changes, espe-
cially with enhanced MRO, are also revealed by S(q) and G(r), but
without any signature of the long-range crystalline lattice; therefore, the
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annealed sample is named as HOS, with distinct amorphous structure
and density from LOS. Once the HOS is compressed under hydrostatic
pressure above a critical value (e.g., 22 GPa for the CegsAl;gCozs MG),
the initial LOS seems fully recovered via a reverse disordering transition
of the HOS consistently evidenced by in situ high-pressure SAXS, S(q),
and G(r) data [26].

However, since the pressure required to trigger the disordering
transition is pretty high, diamond anvil cells (DACs) are typically used to
generate such high pressures. This limitation confines the samples to the
micrometer scale, thereby impeding a deeper understanding of its
mechanism and potential practical applications of the two-way tuning
process. E.g., although the atomic structure of HOS likely transformed
back to the initial LOS structure by compression, namely, becoming
structurally identical, it remains unclear whether the resultant sample
(HP-LOS) is also thermodynamically and or mechanically equivalent to
the initial liquid-quenched LOS (LQ-LOS) due to the absence of reliable
thermal and mechanical analysis on those tiny samples.

Therefore, reducing the pressure required for the two-way tuning
process is crucial to addressing the issues. To achieve this goal, in the
present study, a (Lag 7Ceq.3)e5Al19Co25 bulk metallic glass (BMG), with
enhanced glass forming ability by combining the two MG systems
(CepsAlypCogs and LagsAlygCogs) [26] with a proper ratio, was chosen as
a model BMG system. The HOS (Lag7Cep 3)e5Al10Co25 BMG can be
produced by annealing as expected, confirmed by synchrotron XRD and
SAXS measurements. By replacing DACs with a special large-volume
press, high-pressure torsion (HPT) apparatus, severe shear (torsional)
straining can be introduced during the compression of a millimeter-sized
sample [27]. Surprisingly, we find that the HOS bulk sample can
transform back to the initial LOS at much lower pressures (4 to 8 GPa)
with concurrent shear straining via the HPT process. In contrast, no
obvious change occurs with compression alone at identical pressures (no
shear straining). With the bulky sample size, the two-way structural
tuning products could be readily characterized by DSC, nano-
indentation, and electrical resistivity for a detailed comparison between
the initial LQ-LOS, annealed HOS, and high-pressure treated HP-LOS.

The master ingots of the (Lag 7Cep 3)s5Al10C025 alloy were prepared
by arc-melting in a Ti-gettered high-purity Ar atmosphere and then cast
into rods with a diameter of ~5 mm. Thermal properties were examined
using DSC (PerkinElmer DSC 8500) at a heating rate of 20 K/min. The
HOS (Lag 7Cep.3)65Al19Co25 BMG samples were obtained by heating the
as-cast LQ-LOS sample to 473 K at a rate of 20 K/min, followed by
cooling at 50 K/min to room temperature (denoted as Annealed here-
after). The disc-shaped HOS samples, with a diameter of ~5 mm and a
thickness of ~1.1 mm, were subjected to HPT processing at a pressure of
~8 GPa at room temperature plus shear straining with different torsion
revolutions (E.g., 20 and 60 revolutions, denoted as A_8GPa20r and as
A_8GPa60r, respectively). The HPT process was carried out with a speed
of 0.5 rpm to avoid an obvious temperature increase. An additional disc
sample was held at 8 GPa for 40 min without rotation (denoted as
A_8GPa0r) as a control sample for comparison. The samples after HPT
treatment have a thickness of ~600 pm. Since the (Lag 7Cep.3)65A110C025
BMG is much softer than the typical Zr-based or Pd-based BMGs studied
by HPT, significant macroscopic spatial heterogeneity as reported before
[28] is not expected along the radial direction with high torsion revo-
lutions (as evidenced by Supplementary Fig. 1S). However, to keep
experimental results more consistent, all measurements on the
HPT-treated samples were carried out at the similar positions of the
samples (a near-edge part with a square shape of 2 mm x 2 mm. The
square center is 1 mm from the edge and 1.5 mm from the center of the
HPT-treated samples). Nanoindentation tests were performed using an
instrumented nano Indenter (G200, Keysight, USA) equipped with a
standard Berkovich diamond indenter under a displacement-control
mode using a maximum load of 30 mN and a loading rate of 2 mN/s
at room temperature. Sample surfaces were carefully ground and pol-
ished to a mirror finish before each nanoindentation test. A total of 16
indents (a 4 x 4 array with the interval of 50 pm) were measured for
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each sample for averaging. Electrical resistivity measurements were
carried out using a standard four-probe method with a direct current of 5
mA. Synchrotron SAXS measurements were conducted at the beamline
BL40XU, SPring-8, Japan, with an x-ray energy of 15 keV and a beam
size of 50 x 50 pm. High-energy synchrotron XRD experiments were
performed at the beamline BL12SW, Shanghai Synchrotron Radiation
Facility, China, with an x-ray energy of 88.4 keV and a beam size of 0.5
x 0.5 mm.

Fig. 1a shows the DSC curves of the (Lag 7Ceg 3)e5Al10C025 BMGs at
different glass states. The as-cast sample undergoes an obvious
exothermic relaxation below the glass transition temperature, Tg
~443.5 K. The first sharp exothermic peak, which corresponds to a
structural ordering transition [26], starts at ~455 K and ends at ~498 K,
and the integral area of the exothermic peak is ~14.4 J/g, followed by
crystallization peaks above ~534 K. After annealing the as-cast sample
at ~473 K, it transforms to an HOS glass and the initial first sharp
exothermic peak disappears and T increases significantly to ~451.8 K.
In contrast, the following crystallization peaks remain intact, which is
consistent with the previous observations in similar MG systems, e.g.,
C665A110C025 and La65A110C025 MGs [26] and (La0.5C60.5)65A110C025
MGs [29]. No obvious alteration can be observed in the DSC curve after
compressing the HOS sample at 8 GPa without torsion using the HPT
apparatus. This is consistent with previous study that HOS samples
subjected to high-pressure treatment in DACs typically require pressures
above 22 GPa to trigger the structural disordering transition [26]. In
contrast, when additional torsional straining is involved, i.e., rotating by
20 revolutions at 8 GPa, the first exothermic peak is partially recovered
by a peak area of 8.6 J/g (—6 0% of the initial exothermic peak area) in
the DSC curves. By further increasing the revolution to 60, the
exothermic peak area increases correspondingly to 13.1 J/g, which is
very close to that of the initial LQ-LOS samples (Fig. 1c), achieving a
significant recovery of enthalpy by mechanical treatment of MGs. Such
enormous enthalpy recovery suggests a significant alteration in glassy
structures and property. This result demonstrates that severe shear
straining could dramatically accelerate the disordering transition in this
BMG and could mechanically bring the HOS BMG back to its initial
liquid-quenched glass state. Additional experiments with lower pressure
but identical torsion revolutions confirm both pressure and shear
straining could facilitate the disordering transition (Supplementary Fig.
S2). In the A_8GPa60r sample, the glass transition becomes obvious and
the Ty (~441.5 K) is also almost identical to that of the as-cast LQ-LOS
sample, which confirms the glass nature of the HPT-LOS as a thermo-
dynamic equivalent of the LQ-LOS.

The corresponding reduced pair distribution functions, G(r), of the
samples, are shown in Fig. 1b. Similar to the two-way tuning between
the LOS and HOS structures observed in the CegsAl;gCoss MG [26], the
thermal-induced ordering and HPT-induced disordering is well
demonstrated in G(r). It is worth noting that simply compressing the
HOS sample at 8 GPa is not sufficient to trigger the disordering transi-
tion, which can be seen from its almost intact DSC and G(r) data
compared with those of the annealed HOS sample. However, by intro-
ducing shear straining in addition to the 8 GPa compression, both the
structure and enthalpy are almost fully recovered to the initial LQ-LOS
state (even more rejuvenated according to the larger relaxation exo-
therm below Ty), see the comparison of the as-cast and A_8GPa60r data
in Figs. 1c and 1d. At the nanoscale, the HOS samples usually show
characteristic density fluctuations [26]. The synchrotron SAXS mea-
surements (Fig. 2) also confirm the structural feature of the density
fluctuation in the HOS (Lag7Cep.3)e5Al10C025 BMG. The prominent
hump centered at ~0.04 A~! was observed after annealing and subse-
quently suppressed by HPT treatment, which demonstrate that this
density fluctuation can be effectively removed by HPT with torsion at a
much lower pressure (8 GPa) compared with the pure hydrostatic
pressure up to 22 GPa required in the CegsAl;gCo25 MG using DACs [26].

Due to the relatively low pressure, the samples for HPT processing
can be millimeter- or centimeter-sized in diameter. Therefore, almost all
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Fig. 1. (a) The DSC curves of the as-cast, annealed and HPT treated (Lag 7Cep 3)65Al10C025 BMGs. (b) G(r) of the samples after different processing. Comparison of the

DSC curves (c) and G(r) and S(q) (d) between the as-cast and A-8GPa60r samples.
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Fig. 2. SAXS results of the (Lag7Ceo.3)6s5Al10C025 BMGs with different states.

typical characterization methods can be readily employed for the HPT-
processed BMG samples, which is a major advantage compared with the
micrometer-sized samples obtained by DACs. The mechanical properties
were measured by nanoindentation tests for the (Lag 7Cep.3)5Al10C025
BMG samples with different states. Compared with the LQ-LOS sample,
both the hardness and Young’s modulus increase substantially after
annealing (HOS), and these values remain almost unchanged after
compression at 8 GPa (A_8GPa0r), as shown in Fig. 3a, which confirms
the neglectable effect of compressive pressure of 8 GPa alone. However,
as long as shear straining is introduced with pressure, the hardness and
modulus of the annealed samples are significantly reduced. In addition,
as shown in Supplementary Fig.S3, the A_4GPa20r sample, obviously
rejuvenated but mostly remaining HOS after HPT treatment, exhibits

only minimal changes in properties, implying that the structural tran-
sition between distinct glass states exerts a more significant influence on
the properties modulating compared with the conventional
deformation-induced rejuvenation effect [11]. Therefore, compared
with the initial LQ-LOS sample, the slightly smaller hardness and
Young’s modulus observed in the HPT-HOS sample could be mainly
attributed to their higher energy states achieved (rejuvenated) after HPT
indicated by the larger relaxation exotherm before Ty, as shown in
Fig. 1c.

As a sensitive property to structural order in MGs, electrical re-
sistivity was determined on the different (Lag7Ceg 3)65Al10C025 BMG
samples. The electrical resistivity of the as-cast (Lag.7Cep.3)5A110C025
BMG is determined to be ~180 pQ-cm at room temperature, close to the
typical values of La-based MGs in other studies [30,31]. The resistivity
significantly decreases after annealing in HOS. After further compres-
sion at 8 GPa without shear straining of the HOS sample, the resistivity
remains nearly constant. In contrast, pronounced recovery of the re-
sistivity is obtained after compression at 8 GPa with additional shear
straining using HPT, and eventually returns to almost the same value of
the LQ-LOS sample when the torsion revolutions are increased to 60,
aligning well with the variations of the structure and enthalpy.

The pressure-sensitive 4f electrons have been reported to account for
many interesting polyamorphic transitions in MGs under pressure
[32-34]. To address the possible 4f electron effect on the reported shear
straining accelerated structural disordering transition in this work, the
LagsAl;oCoas MG samples without 4f electrons but with reported LOS
and HOS [26,29,35] were further investigated. Fig. 4a shows a similar
recovery of the ordering peak in the DSC curves after HPT treatment on
the HOS LagsAl;gCozs MG samples, which rules out a dramatic 4f elec-
tron effect.
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For crystalline materials, it is well known that plastic deformation
may induce lattice defects such as vacancies, dislocations, grain
boundaries, etc., often accompanied by an increase in hardness and also
could affect the kinetics of phase transitions by changing the mobility of
atoms and or free energy landscape of a material [27,36,37]. Many of
BMGs are brittle at room temperature. Therefore, HPT is an effective
technique to achieve severe plastic deformation for those BMGs by
providing confining compressive force and concurrent torsional strain-
ing. Previous studies have demonstrated that HPT treatment could
induce short-range atomic rearrangement of MGs and structural reju-
venation mainly associated with forming shear bands [38-47], and
sometimes even destabilizes MGs with nano-crystallization [48,49].
However, the effect of shear stress/strain on polyamorphic transitions in
MGs has not been explored before. Although the detailed mechanism
remains unclear, the observations in this work underscore the critical
role of shear straining in atomic structural stability/transition in MGs.
Moreover, the acceleration of the HOS to LOS transition by shear
straining resembles the classical martensitic transitions in crystalline
materials, suggesting a possible displacive nature of the transition.

Previously, it has been demonstrated that two-way tuning could be
realized in various MGs by combining temperature and pressure [26].
However, as one dimensional averaged structural information, the
almost identical S(q) and G(r) could not lead to conclude whether the
initial LQ-LOS glass is really retrieved or not. Fortunately, in this work,
for the first time, the HPT-LOS sample is evidenced to be thermody-
namically similar to the LQ-LOS sample. By employing the potential
energy landscape (PEL) diagram [50], as shown in Fig. 4b, what we

achieved in this work can be more easily illustrated. Shear stress/-
straining may change the energy landscape with enhanced glass dy-
namics [51] and facilitate the HOS to LOS transition. Since HPT-LOS is
intrinsically similar to LQ-LOS in terms of atomic structure and
enthalpy, they should locate in the same energy megabasin, realizing a
shear-straining accelerated two-way tuning of glasses at relatively low
pressures.

In conclusion, through a comprehensive study on MGs with thermal-
assisted formation of HOS, it is revealed that the annealed HOS BMG can
transform into an HPT-LOS by HPT processing at much lower pressures
than previous hydrostatic compression studies once severe shear
straining is involved. The obtained HPT-LOS is confirmed to be not only
structurally but also thermodynamically similar to the LQ-LOS, which
suggests that the mechanical processing route far below Ty could be
equivalent to the traditional route through liquid quenching for glass
formation [52]. These findings offer an effective approach to the
exploration of distinct MG states freely in the configurational space,
overcoming the natural one-way trend of aging. Furthermore, the
unique role of shear straining underscored in this work, along with its
interaction with pressure and temperature in MGs formation [53] and
transformation, warrants further studies utilizing MGs with the HOS to
LOS transitions as model systems.
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