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Abstract: Recent researches have shown that metallic glasses (MGs) can be rejuvenated to a more metastable energy
state by thermal or mechanical approaches, which causes a looser atomic packing. This process can effectively improve
the overall plasticity of MGs. The present work started with the concept of ageing and rejuvenation of MGs, briefly
introducing the probable methods to rejuvenate the MGs, then the advantages and disadvantages of various methods
were summarized, and the effects of deep cryogenic cycling method (a non-destructive method to sample morphology
and feasible to conduct) were investigated in detail. The effects of treating parameters on the degree of rejuvenation and
the effects of rejuvenation on the mechanical and magnetic properties of MGs were also summarized. Finally, some
conclusions in this field are drawn and some important questions that deserve further study are put forward.
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1 Introduction

Metallic glasses (MGs) [1-3] are fabricated by
sufficiently rapid cooling from liquid state to avoid
crystallization and maintain a disordered structure
in solid state [4]. They have attracted research
interests because of their excellent properties, such
as high strength [5], large elastic limit [6] and high
corrosion resistance [7]. Due to the rapid quenching
process, MGs possess a metastable structure, which
indicates that at a certain temperature and time,
MGs will spontaneously relax to a lower or a
more stable energy state, accompanied by a
rearrangement of local atoms and a reduction of
structural inhomogeneities, known as ageing or
relaxation process [8—10]. In practical applications,

ageing is inevitable, altering the internal structure
and deteriorating the properties. Normally, aged
metallic glasses exhibit brittle fracture accompanied
by free volume annihilation [8,11], and thus ageing
limits the widespread application of metallic
glasses.

In recent years, rejuvenation process [12—14],
an opposite process of ageing, could tailor the MGs
to an even higher energy state without forming any
crystalline phase in the microstructure, i.e., tending
to a more metastable state or a more desirable
amorphous structure [8,15]. Figure 1 shows the
schematic of ageing and rejuvenation processes and
their correlation based on potential energy
landscapes (PEL) and 2D schematic of atomic
motion. The rejuvenated metallic glasses exhibit
better properties, such as higher plasticity [17]. Thus,
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Fig. 1 Schematic of rejuvenation process, relaxation process, f relaxation and a relaxation as well as their correlation:

1D schematic of corresponding potential energy landscapes (top panel); 2D schematic of atomic motion (bottom panel)

(The purple and golden balls represent elastic matrix and high mobility atoms, respectively, and the black arrows

indicate possible movements of atoms) [16]

the rejuvenation can further expand the application
of MGs. Meanwhile, the research [18] on the

structural  evolution and  mechanism  of
rejuvenation is also beneficial to a deeper
understanding of the disordered structures

themselves. At present, the main methods to
rejuvenate the MGs are divided into mechanical
method [19,20], thermo-mechanical method [21,22]
and thermal method [23,24].

The mechanical treatment [11,25—27] directly
applies the load to the metallic glass to transit the
structure to a more disordered state driven by the
external work. Elastostatic loading [28] is one of
the commonly-used mechanical methods, which
loads a metallic glass under a stress below the yield
strength for a long period of time. The irreversible
non-affine deformation occurs slowly and the
sample is rejuvenated. LOUZGUINE-LUZGIN
et al [29] developed method of cyclic compression
within the elastic loading and achieved the
structural rejuvenation of ZreCuzsFe2Al o metallic
glass. The overall elastic modulus increases by
~0.8% due to the anelasticity, which also reflected
that the cyclic loading appears to accelerate the
development of anelastic strain. The outstanding
advantage of this treatment is that it can achieve

uniform rejuvenated structures on a macroscopic
scale, but the limitation of this treatment is the long
time scale to achieve rejuvenation. Recently, a
novel treatment method is proposed to achieve a
high degree of structural rejuvenation in a short
time by applying a large stress. It can rejuvenate
Zr-based MGs
two-target plate impact technique as shown in
Fig. 2. This work improves the time scale for
rejuvenation of metallic glass structures by at least
10 orders of magnitude, expanding the applications
of such materials and deepening the knowledge of
ultrafast dynamics of glasses.

However, the degree of rejuvenation during
such treatment is usually low, and thus the server
plastic deformation, such as cold rolling [31],
shot-peening [32,33] and high-pressure torsion
(HPT) [34-36], have been introduced to improve
the rejuvenation degree. MENG et al [37] found
that the rejuvenated region is preferentially
transformed into a shear deformation zone during
high-pressure torsion, as shown in Fig. 3, which
indicates that the a higher rotation number induces
a higher structural relaxation enthalpy. HPT
deformation significantly reduces the extent of
strain localization and the rejuvenated sample tends

in about 365ns based on a
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Fig. 2 Schematic of light-gas gun-driven plate impact experimental configuration [30]
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Fig. 3 Calculated structural relaxation enthalpy as function of rotation number (The inset shows DSC curves of the

sample with N=50, and the red and black lines denote the 1st and 2nd heating curves, respectively) (a); Scanning probe
microscope (SPM) images of indents in as-cast state (b) and HPT deformed samples with N=10 (c), N=50 (d) and

N=50 (e) after annealing at 673 K for 1 h [37]

to possess more homogeneous plastic deformation.
In addition, once the rejuvenated sample was
annealed after HPT, the degree of rejuvenation
decreases and the elastic modulus and hardness also
improve. The structure during high-pressure torsion
varies from the edge to the center of the sample
because of different strains.

LI et al [38] used CusoZrsy MG models to
perform cyclic loading via simulation, and the
rejuvenation process upon cyclic elastic loading is
confirmed by characterizing tensile deformation
behaviors, as shown inFig. 4. Different tensile
deformation behaviors could be found in three
simulated models (see Fig. 4(a)), which suggests
that cyclic loading within the elastic regime can
effectively modify the mechanical properties.
Furthermore, for the CuZro.cycie sample, a significant
stress drop occurs after reaching the peak stress,
corresponding to a rapid shear localization within a

single dominant shear band, as shown in the
corresponding snapshot for Sample 1 in Fig. 4(b).
Meanwhile, CuZro.cycle Shows a similar stress drop,
but in relatively smaller magnitude. CuZrso-cycle
sample shows almost perfect plastic flow, and no
localized shear band behavior is observed even at
the maximum strain applied (see Sample 4 in
Fig. 4(b)). Overall, a higher cycling loading
numbers lead to a more pronounced rejuvenation.

Large deformations based on mechanical
methods can easily lead to the formation of
nanoscale shear bands in metallic glasses. Although
the shear zone itself has a high degree of
rejuvenation, its highly spatial localization greatly
reduces the overall rejuvenation of the sample, thus
limiting the further application of metallic glasses.
In addition, mechanical process is usually limited
by the loading apparatus, and the change in sample
morphology is irreversible.
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Fig. 4 Stress—strain curves of simulated CuZro.cycle, CuZriocycle and CuZrsocycle Samples (a); Snapshots of spatial

distributions of elastic atoms colored by the von Mises strain corresponded to selected points for 3 models (b) [38]

Compared to mechanical methods, thermal
treatment is non-destructive and avoids the shape
change. Moreover, unlike the applied elastic stress
in mechanical treatment, the treating in thermal
methods is isotropic and homogeneous. Thermal
treatment can be applied to a variety of sample
shapes (such as ribbons, rods or blocks) and can be
repeated as needed. Meanwhile, the residual stress
generated by thermal treatment is well below the
elastic limit and barely induces the deformation. At
present, there are two main thermal treatments:
recovery annealing [14,15,39-41] and deep
cryogenic cycling [13,42]. In the present work, the
existing research on deep cryogenic cycling is
summarized in detail. Firstly, the researchers found
that deep cryogenic treatment, placing the sample in
liquid nitrogen and holding it for a period of time,
could improve the plasticity of the sample without
degrading its hardness. The followed-up study
found that the properties can be even improved by
further cycling process. Deep cryogenic cycling
treatment refers to a cycling between a lower limit
temperature (e.g., liquid nitrogen, 77 K) and a
certain  higher temperature (e.g., ambient
temperature).

As shown in Fig. 5, the main parameter during
deep cryogenic cycling treatment is the temperature
range (maximum and minimum temperature,
T, and T3), holding time at both low and high
temperatures (7, and f»), number of cycles (), etc.
Other factors that affect the rejuvenation process
includes the initial relaxation state and the
composition. We will summarize these parameter
effects on the rejuvenation process, as well as the

one cycle .+ As-cast state

M
L L

Time

Temperature

Fig. 5 Illustration of temperature change during deep
cryogenic cycling process

relations between rejuvenation and properties.

The deep cryogenic cycling method applied in
most researches is simply placing the sample in
liquid nitrogen and holding for a certain time, and
then reheating the sample to ambient temperature.
The temperature cannot be precisely recorded during
cycling and it is hard to carry out automatically.
GUO et al [42] developed an experimental instrument
for deep cryogenic cycling (DCT) treatment. As
shown in Fig. 6, the stage is connected to a liquid
nitrogen flow pipe and it can be cooled down to and
held at 77 K. The sample is fixed in a copper
sample-holder and contacted with a thermocouple
to record the sample temperature. Then, by moving
down the sample-holder to fully contact the
cryogenic stage, the sample will be cooled down to
a very low temperature, together with the stage. The
sample is heated via a sample heater, while a nearby
sample movement motor regulates the heating and
cooling rates of the samples.
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Fig. 6 Schematic of originally developed thermal treating
instrument for deep cryogenic cycling [42]

2 Effects of deep cryogenic cycling
parameters

As shown in Fig. 5, many parameters during
deep cryogenic cycling affect the rejuvenation
behavior, such as cycling number (%), the upper
limit temperature (7;), the lower limit temperature
(T3), the holding time in each temperature (¢, and #),
and the cooling/heating rate.
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2.1 Cycling number

GU et al [43] treated TisoZr20BexNiio (at.%)
via cryogenic thermal cycling in ambient
atmosphere. The as-cast MGs were put in the
boiling water (373 K) for 1 min and then put into
liquid nitrogen (77 K) for 1 min, as shown in
Fig. 7(a). The samples were treated for 15 and 30
cycles. They found that the structural relaxation
enthalpy (AH) improved with a higher cycling
number, as shown in Fig. 7(b). The value of AH
increases from 4.45 J/g (as-cast sample) to 5.79 J/g
(30 cycles), which also induced more free volume
into the glassy matrix. However, for different alloy
systems of metallic glasses, the change of AH after
deep cryogenic cycle treatment is different.

GONG et al [44]investigated the rejuvenation
of high-entropy bulk metallic glass (HE-BMGs) via
cryogenic cycling treatment. TixZroHf0BexoCuzo
(at.%) MGs were put in liquid nitrogen for 10 min,
and then heated to ambient temperature and held for
10 min. The samples were treated for 5, 10, 15,
and 20 cycles. As shown in Fig. 8, the relaxation

Cycling Time (min)

400 450 500 550 600 650 700 750
Temperature (K)

Fig. 7 Illustration of cryogenic thermal cycling process (a); DSC curves of TisoZr0Be2oNijo MG in as-cast, annealed and
cryogenic thermal cycling treated states (The structural relaxation enthalpy, AH, can be determined by integrating the
area of exothermic peaks prior to glass transition event) (b) [43]
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Fig. 8 DSC curves of as-cast and treated Ti33Zr30Cu9Nis sBezs MGs (The inset shows enlarged part in DSC curves) (a);
Dependence of relaxation enthalpy on cycling numbers (b) [44]
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enthalpy (AH) after deep cryogenic cycle treatment
is higher than that of as-cast samples (4.376 J/g),
which attributes to the induced free volume in the
treated samples. However, AH reached the highest
value at 10 cycles (5.964 J/g) and then decreased
slightly when subjected to 20 cycles (5.279 J/g). LV
et al [45] investigated the effects of deep cryogenic
cycle treatment (DCT) on Ti3sZr3oCuoNissBeaas
bulk metallic glass. The specimens were treated for
10, 20, 30, and 40 cycles. The specimens were
firstly dipped into liquid nitrogen for 10 min and
then immersed in a 303 K constant-temperature
water bath for 10 min. The specimen treated with
30 cycles exhibited a more prominent rejuvenation
behavior manifested by a higher relaxation enthalpy
(AH=13.93 J/g). When the cycling numbers were
increased to 40, AH decreased to 10.42 J/g.

For the metallic glasses studied so far, the
relaxation enthalpy after different cycling numbers
is higher than that of the as-cast samples, which
indicates that the samples rejuvenate during
cryogenic cycling. However, the reason of the
downtrend of some alloys treated with higher
cycling numbers needs more in-depth studies.

2.2 Holding time

GUO et al [46] studied Zr—Cu—Al-Ni MGs by
changing the holding time in the cryogenic
temperature. The as-cast sample was held at 100 K
for 7.5 h (the total time of 30 cycles), and then
heated to room-temperature without cycling. The
results clarified that no rejuvenation occurs without
cyclic treatment because of the lack of internal
stress. CHEN et al [47,48] investigated Cu—Zr—
Ag—Al MGs with a relatively high glass forming
ability. The as-cast samples were cooled to 80 K
and kept at this temperature for different time (24,
96, 192, and 240h). They found that the
compressive fracture strength and the micro-
hardness reach the highest value when the holding
time was 192 h, and then it did not show significant
change with cryogenic time. ZHANG et al [49]
researched the rejuvenation behavior of heated
samples subjected to cryogenic treatments (CTs)
with different time intervals: 2 min, 12 h, 24 h,
48 h, and 96 h. The relaxation enthalpy (AH) of
investigated samples is shown in Fig. 9. The liquid
nitrogen quenching process can make the samples
attain a less relaxed state with a higher AH.
However, the subsequent CT has different effects

on the relaxation enthalpy. The samples quenched
from 333-353 K show a far lower relaxation
enthalpy than the as-cast state, while they were
rejuvenated with a longer cryogenic holding time.
In contrast, the samples quenched from 373 or
393 K show the opposite trend. Interestingly, the
samples quenched from various temperature reach
the similar AH when the holding time is about
100 h.

50 T T T T T T
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0 u P 4
__ -50f T —
3 e
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state Cryogenic time, f(h)

Fig. 9 Relative relaxation enthalpy of samples in relaxed

and quenching + CT states obtained by subtracting

enthalpy of as-cast sample [49]

The above study showed different trends of the
samples with different cryogenic holding time, and
these differences are also related to the composition
and initial state of the samples. There are relatively
few studies on the holding time at low temperature
during cycling and it needs more research.

2.3 Cryogenic temperature range

GUO et al [46] studied Zr—Cu—Al-Ni MGs
treated with 30 cycles at different cryogenic
temperatures (220, 180, and 140 K). On the one
hand, relaxation enthalpy (AH) of three samples,
treated at 220, 180 and 140 K, were 13.4, 14.1,
and 14.4 J/g, respectively. Apparently, with lower
cryogenic temperature, the samples can be
rejuvenated more. On the other hand, glass
transition temperature (7;) and onset crystallization
temperature (7x) are very similar for all samples,
which indicates no great changes in the amorphous
structure with various cryogenic temperatures.
BIAN et al [50] investigated Zres.13Cu15.75 Nijo.12Al10
(at.%) MGs cooled to 77, 108, 123 and 153 K with
a holding time of 1 h. The results of compressive
tests demonstrated that the plasticity increased with
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decreasing cryogenic temperature. When the
cryogenic temperature decreased to 77 K, due to the
gradual cooling contraction, the activation volume
annihilates and some loosely packed regions are
formed, which is in favor of the formation of
flow units. Thus, more shear bands are activated
at temperatures, which causes the
insignificant serrated flow behavior with decreasing
temperature.

The upper limit temperature was also studied.
DI et al [51] treated [(Feo.sCo0o.5)0.75B0.2S10.05]osNb4
(at.%) MGs with cryogenic thermal cycling. The
samples were treated for 15 cycles, in which the
samples were firstly dipped into liquid nitrogen for
1 min, and then immersed in silicone oil at 433,
473, 513, 533, and 563 K (0.52—0.68 of Ty) for
I min. As shown in Fig. 10, the improved AH
suggests that rejuvenation occurs in all samples.
The value of AH gradually increases with the
temperature increasing from 433 to 533 K, and then
decreases sharply when treated at 563 K. For the
sample treated at 563 K, some larger nanocrystals
extending to 2—3 nm were observed in the structure,
so the evolution of Fe»3Bg crystalline phase occurs
after the deep cryogenic treatment, resulting in the
different behaviors for other samples.

LIU et al [52] studied the rejuvenation
behavior of La-based MGs via CTC (cryogenic
treated cycling) treatment. LagNizsAlis (at.%) MGs
were dipped into liquid nitrogen for 1 min, and then
immersed in ice water (273 K, 0.597,) or boiling
water (373K, 0.817;) for another 1 min. All
samples were treated with 15 cycles. Figure 11(a)
shows the results of DSC measurements. The
sample obtained in the boiling water shows a
lower AHr (131.7 J/mol) than the as-cast sample

lower
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(174.0 J/mol), which means that the relaxation
occurs. Meanwhile, the samples treated in ice water
shows a higher AH.. (207.8 J/mol) than the as-cast
state, indicating the rejuvenation behavior. The
shear transformation zone (STZ, Q) is shown in
Fig. 11(b). The same trend with AH. is seen, i.e.,
relaxed sample (92=3.85nm’) < as-cast sample
(£2=4.30 nm?) < rejuvenated sample (2=4.86 nm?).
However, as shown in Fig. 11(c), Ep (activation
energy of S relaxation) shows different trends, i.e.,
relaxed sample (E3=96.61 kJ/mol) > as-cast sample
(Es=89.91 kJ/mol) > rejuvenated sample (Ez=
84.59 kJ/mol). Compared to the as-cast samples, the
rejuvenated samples possess larger STZ volume
and lower Ep, as well as a more heterogeneous
microstructure. In such case, the deep cryogenic
cycling treatment could also relax the samples, the
internal stress generated during cycling would assist
the atoms to hop from one sub-basin to another, and
would also help some densely packed atoms hop
into the gulf and thus transform to a more ordered
structure.

The temperature range and the selection of two
temperature endpoints during the deep cryogenic
cycling treatment are critical. At different
temperatures, the rejuvenated effects change. For
the current study concerned, the rejuvenation
effects are better for those samples treated at lower
deep cryogenic temperatures. However, in some
compositions, the upper limit temperature of room
temperature does not cause a change in their
structure and thermal properties, and thus the
temperature range is extended. The results also
showed that the wider temperature range could also
degrade the rejuvenation behavior, which needs
more in-depth study.
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Fig. 10 Relaxation spectra (a) and variation of AH (b) for AC (as-cast) and CTC (cryogenic treated cycles) treated

[(Feo,5Coo‘5)0‘75B0<2Si0,05]96Nb4 BMG samples [51]
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treated specimens (b); Schematic illustration of relation between £ relaxation and shear transformation zone (c) [52]

2.4 Heating/cooling rates

GUO et al [46] changed the cooling and
heating rates during cycling. The heating and
cooling rates were decreased to ~20 and 25 K/min.
As shown in Fig. 12, the high-resolution TEM
(HRTEM) images reveal that the treated sample
shows a monolithic amorphous phase without nano-
sized clusters or crystals. The value of AH has no
obvious difference from that of the as-cast sample,
which demonstrated that the heating/cooling rates
would not play an important role in the rejuvenation.

SHANG et al [53] simulated the cryogenic
cycling treatment on CusoZrsy (at.%) metallic
glass. The initial samples were set with different
quenching rates (10°, 10, 10", 10" or 10" K/s),
and the cooling and heating rates were varied
from 5x10' to 10" K/s, respectively. As shown in
Fig. 13, the results show that when the heating and
cooling rates are much higher than those of the

as-cast state, the sample rejuvenates. The initial
potential energies are indicated by the arrows,
the cryogenic holding time equal to 200 ps. When
cooling rate during cycling (O, ) to the initial
cooling rate (QOs) was 25, the samples after
treatment were apparently relaxed; when Qu/QOs>
250, the sample after treatment were rejuvenated.
The greater the difference between the cooling rate
during cycling and that of initial casting is, the
higher the degree of rejuvenation is. However, as
the cycling number increases, the potential energy
of all samples finally tends to be the similar value.

To date, there have been relatively few
experimental studies on the effects of heating and
cooling rates during deep -cryogenic cycling
treatment. Even though it was found that a higher
cooling rate would contribute to a higher degree of
rejuvenation by simulation, the experimental
investigation needs further study.
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Fig. 12 High-resolution TEM images of S1 (lower heating rates) (a) and S2 (lower cooling rates) (b); Specific heat

curves of S1 and S2, as well as their relaxed state (c) [46]
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3 Effects of initial state of treating samples

3.1 Composition of samples

GUO et al [54] reported that deep cryogenic
cycling treatment did not affect the rejuvenation
and plasticization of a Pd—Cu—Ni—P MG. They
attributed such insensitivity upon cryogenic cycling
to the more rigid cage structures and lower
volume of free volume (lower heterogeneity) when
compared to Zr-based MG. Such phenomenon may
also be related with the fragility of the alloy system,
i.e., Zr-based MGs are typically strong while
Pd-based ones are typically fragile. Local atomic
rearrangement can be interpreted by the cage theory,
which suggests that some loosely-packed region is
embedded in the densely packed matrix and the free
volume in the cage is locked by the surrounding
atoms, as shown in Fig. 14(b).

TANG et al [55] proposed a schematic picture
to describe the evolution of atomic packing
structure and mechanical behaviors of FegoP2 MG
during cryogenic-thermal cycling. As shown in
Fig. 15, the microstructure of the as-cast MG
possesses a larger scaled spatial heterogeneity, and
the P-rich core regions coincide with open volume
regions (OVRs). P atoms in the core regions are in a
high energy state and the mobility of them is high.
In contrast, Fe-rich shell regions might be in a low
energy state, and the mobility is relatively low.
During the cycling, the original loosely-packed
cores of P atoms relax to a low-energy state.
Meanwhile, the densely-packed shell of Fe atoms
rejuvenates to a high-energy state. The distinctly
large-sized OVRs in P-rich core regions shrink in
size. Consequently, the relaxation in the sample
could be predominant with cycling.

SOHRABI et al [56] used the raw La with
different purity levels as starting materials to
investigate the effects of deep cryogenic cycling
treatment on the chemical heterogeneity. The
LagoAlsNijs ingots prepared from high purity
(La-HP) and low purity (La-LP) were dipped into
liquid nitrogen (77 K) for 1 min and then quickly
heated to 300 K and held for 1 min, and this cycle
was repeated for intended numbers. As shown in
Fig. 16, when the cycling number is up to 5, AHrof
La-HP almost shows no change, while the increase
of AHy1of La-LP is larger than 80 J/mol. The results
showed that the sample using low purity raw
materials is more easily rejuvenated. The thermal
stability against crystallization is degraded in
La-LP. The control of chemical heterogeneity by
adjusting the sample composition to regulate the
rejuvenation behavior may be a feasible way to
obtain the desired property of MGs.
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Fig. 14 Schematic illustration of different cage structures in Zr55 (a) and Pd42.5 (b) (For Zr55, more free volume is
locked in cages and cage is not so rigid, and thus during cryogenic cycling, cage enlarges to induce free volume and
rejuvenate sample; for Pd42.5, less and rigid cages make the structure difficult to change and no rejuvenation
occurs) [54]

open volume region (OVR)

Relaxation

Ductility

Mechanical
Properties

OVRS for NiNb MG

Key
Structure
OVRS for FeP MG
as-cast state initial thermal cycled further thermal cycled

Fig. 15 Correlation map during thermal cycling and evolution of atomic packing structure and mechanical behaviors
with thermal cycling established for FegoP2o (P-rich core (red) and Fe-rich shell (blue) regions) [55]

3.2 Initial relaxation state LasAli4Agr34Nilos3Co10s3 MGs.  The  as-cast

XIAO et al [41] studied the effects of pre- sample was annealed at 400 K (~0.97,) for 3 days
annealing before deep cryogenic cycling treatment (fully relaxed sample). The as-cast sample and
on the structure and mechanical properties of  annealed sample were dipped into liquid nitrogen
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Fig. 16 Relaxation enthalpy as function of number of
cycles for both La-HP and La-LP [56]

(77 K) for 2 min and then into alcohol (303 K) for
2 min, and such treatment was repeated for 120
cycles totally. As shown in Fig. 17(a), the value of
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AHy rapidly increased within 20 cycles and
showed no obvious change after 20 cycles for the
as-cast sample. In contrast, the annealed sample has
no obvious changes and no rejuvenation behavior
occurred. The results indicated that the long-time
annealing not only annihilates the excess free
volume, but also improves the local atomic ordering,
thereby causing little changes in properties such as
hardness, and Young’s modulus, as shown in
Figs. 17(b—f).

KANG et al [57] investigated the effects of
different degrees of relaxation on the rejuvenation
behavior during deep cryogenic cycling treatment.
The as-cast ZrssCussAlgAgs (at.%) samples were
pre-annealed at 639K (~0.97,) for different
durations (2—240 h) to produce the samples with
various initial relaxation states. The deep cryogenic
cycles were treated up to 20 cycles, in which one
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Fig. 17 Average values of relaxation enthalpy (a), microhardness (b), shear modulus (c), Young’s modulus (d), bulk
modulus (e) and Poisson’s ratio (f) for as-cast and annealed MGs with different thermal cycles [41]
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cycle was dipped into liquid-nitrogen (77 K)
and then into boiling water (373 K). Figure 18(a)
showed that the value of recovery enthalpy sharply
increased when the pre-annealing time is below
20 h. After that, the growth rate is lower. The
stress—strain curves during compression tests are
shown in Fig. 18(b). The annealed samples exhibit
no plasticity, while the cycling treated samples
show limited plasticity. In addition, the samples
with a longer annealing time or a higher degree of
relaxation show lower plastic strain after cycling
treatment. These results indicate that the pre-
annealing treatment caused the annihilation of free
volume, making structure more homogenous and
thus more difficult to rejuvenate.

Above all, short-time annealed MG sample,
which contains more free volume and possesses a
higher structural heterogeneity, may be in favor of
rejuvenating the samples. KETOV et al [13] found
the same phenomenon in CussZrssAl;Gd, (at.%)
MGs. The fully annealed (relaxed) sample (after
DCT) is more brittle than the as-cast sample, while
the partially annealed samples (after DCT) show a
significant improvement in plasticity, even higher
than the as-cast sample (after DCT). KETOV
et al [13] also prepared rod-shaped samples of
ZrexCuzsFesAlo MGs with three diameters: 1.5, 2.0
and 2.5 mm. Certainly, a smaller sample means a
higher cooling rate and a higher energy state. All
samples were inserted into liquid nitrogen (77 K)
for 1 min, and then into the ethanol (333—334 K)
for 1 min, and this treatment was repeated for 60
cycles. The plastic strain of 1.5 mm in diameter
samples is improved from 4.9% to 7.6% after
cryogenic cycling treatment. Meanwhile, samples
with larger size show limited improvements in
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plasticity. The differences in the degree of
rejuvenation and improvement in mechanical
property between samples with different sizes are
related to the more relaxed state or more
homogenous structure in the larger samples.

A summary of thermal properties of samples
during deep cryogenic cycling treatment is given in
Table 1.

4 Effects of deep cryogenic cycling
treatment on properties

4.1 Mechanical properties

Deep cryogenic treatment often causes local
atomic rearrangement in amorphous alloys, and
the microstructure in different energy states is
different, which results in various mechanical
behaviors [60—63].

GUO et al [58] investigated the mechanical
properties of (ZrssCuzoAlioNis)ioo-+Tax (at.%) (x=1,
3 and 5) (denoted as Tal, Ta3 and Ta5), during
cryogenic cycling treatment. The compressive
stress—strain curves of the as-cast state and
treated samples are shown in Fig. 19(a). All treated
samples showed higher fracture strength and larger
plastic strain compared with the as-cast samples.
Figure 19(b) shows SEM image for the fracture
surface of treated Ta5 samples, which exhibits well
multiplied shear bands. The decrement in hardness
(HD) in nano-indentation usually results from
the more induced free volume. A quantitative
calculation of the relationship between hardness
and free volume is [64]
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Fig. 18 Experimental data for cycling treated ZrssCussAlsAgs MGs with different pre-annealing durations: (a) Enthalpy

of recovery and enthalpy of crystallization; (b) Representative stress—strain curves for samples with different pre-

annealing time and cryogenic cycling treatment [57]
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Table 1 Summary of thermal properties of samples during deep cryogenic cycling treatment

Composition/at.% Sample morphology Cycling number Relaxation enthalpy Ref.
(ZrssCuzoAloNis)osTa; Rod 0 13.67/g [58]
30 15.7 J/g
(ZrssCuzoAloNis)orTas Rod 0 92 1Ve [58]
30 10.8 J/g
(ZrssCuzoAloNis)osTas Rod 0 10.8 Vg [58]
30 12.8 J/g
ZrssCuzoAl;oNis Rod 0 12.7 g [42]
30 14.6 J/g
Pd25sCusoNizsP Rod 0 0468 Ilg [54]
30 9.462 J/g
0 4.376 J/g
5 5.802 J/g
TisoZr20Hf20Be20Cusg Rod 10 5.964 J/g [44]
15 5.237 /g
20 5.279 J/g
0 9.41J/g
TissZrsoCusNis sBea.s Rod 10 10.86 J/g [45]
20 13.43 J/g
30 13.92 J/g
0 7.54 J/g
TisZrsBewAls Rod 80 719 Vg [59]
200 6.23 J/g
400 6.18 J/g
LagoNizsAls Plate 0 17.477g [52]
15 13.2 J/g
0 326 J/mol
. Rod [56]
LagoNizsAl;s 5 404 J/mol
(High purity raw material 99.5%) Ribbon 0 839 J/mol [56]
5 846 J/mol
0 358 J/mol
. Rod [56]
LagoNizsAl;s 5 366 J/mol
(Low purity raw material 98.9%) . 0 820 J/mol
Ribbon [56]
5 963 J/mol

where 4 and B are constants; 7 is temperature; y is
the shear strain rate; AG is the activation barrier
energy for defect migration; kg is the Boltzmann
constant; vr is the average free volume per atom;
y is the correction term for the free volume
overlap; v is the critical value of free volume for
atomic diffusion.

The reduced free volume (x) [65,66] is
calculated as [67]

x=vy Iy =2(p,—p)lp ()

where p is the density of the sample, and p. is the
density of a sufficiently crystallized counterpart.
It was also demonstrated that shear band [68]
formation and free volume generation are correlated.
Numerous shear bands nuclei are formed in the
soft regions with more free volume. Above all,
MGs possessing a more heterogeneous structure
and more free volume show better mechanical
properties after treatment. The detailed data of the
mechanical properties are listed in Table 2. It can
be seen that the mechanical properties of Zr-based


https://www.sciencedirect.com/topics/materials-science/strain-rate

2892 Ming-zi WANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 28792897

2500

Strain rate: 5x 10™ s™

——Tatl-as
~———Ta1-DCT30
——Ta3-as
Ta3-DCT30
——Tab-as
——Ta5-DCT30

~~
Compressive stress (MPa) 2’,

5%

Compressive strain (%)

48 8
. . ®  HD of as-cast sample
(C) 100 - | pading/unloading rate: 10 mN/s (d)” B Fitting line . 2?
A AHD * 17 &
80 Ta5-as ] 46 eeeeenn Fitting line et (4
[R— - cri| IR it s Ao o
P -6
s —— Ta5-DCT30 & ast s 4 %
g of g - $-HD = 0.04Ta + 4.416 H
= I 44p A 15 &
g A I et g
40 - @B D B B RS e b
= 5 ey 44 8
§ azl 5 i nn e g
200 A AHD = 0.452Ta + 2.675 |s 3
41 F A I
o
0 1 1 1 1 1 1 1 L 40 1 1 1 1 1 2 §
0 100 200 300 400 500 600 700 800 900 1000 1 0 1 2 3 4 5 6
Depth (nm) Ta content (%)
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Table 2 Summary of mechanical data during cryogenic cycling treatment

. . Nano-indentation Compression testing
Composition/at.% Cycling number

Nimax/NM H/GPa E/GPa  o/MPa o,/MPa &/% &/%

(ZtssCusoALioNis)ooTar 0 921 4.461 116 2080 1660 5.8 4.4
30 936 4.321 106 2132 1440 139 125

. 0 914 4.529 117 2072 1638 7 56
(ZrssCosoAloNishrTas 30 938 4349 106 2133 1520 147 13.1

(ZtssCusoALioNis)osTas 0 904 4.632 119 2122 1620 105 9
30 927 4.402 108 2161 1568 162 144

. 0 925 4.422 115 2070 1876 6.6 4

Zrs5CuzoAlioNis

30 937 4.303 106 2165 1706  12.7 11

Pdss sCsoNin P 0 940 4.281 100 1842 1262 4.6 33
30 944 4.427 105 1844 1281 4.1 2.6
0 190.2 7.99 123 1990 2027 - 0.62

192.1 7.85 121 1818 2007 - 21
TixZr20Hf20Be20Cuzo 10 193.2 7.75 128 1807 2076 - 3.1
15 196.9 7.66 128 1820 2081 - 3.64
20 200.7 7.38 125 1831 2114 - 538

0 - 7.56 112.2 2018 1870 - 14

10 - 7.46 110.5 - - - -

Ti33Zr30CuoNis sBex s 20 - 7.38 109.7 - - - -
30 - 7.3 109.5 2042 1819 - 78

40 - 7.54 110.9 - - - -

hmax: Maximum depth; H: Hardness; E: Elastic modulus; of: Fracture stress; oy: Yielding stress; er: Fracture strain; &p: Plastic strain
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MGs [23,69,70] and La-based MGs [56] are widely
studied, including the composition, cycling number
and temperature range. The improvement of
mechanical properties of Ti-based MGs [71]
is widely studied in terms of cycle number. Due
to the “denser” structure of Pd-based MGs, the
mechanical properties show insignificant change.
DING et al [72] investigated the stress boundary
mechanism between structural rejuvenation and
ageing via a theoretical constitutive model
systematically, based on a framework of shear
transformation and free volume. Beyond the stress
threshold, the generation of free volume induced by
explosive shear transformations overwhelms its
annihilation, leading to the structural rejuvenation.

4.2 Magnetic properties

RI et al [73] investigated the changes on soft
magnetic properties of Fe-based MGs after the
cryogenic cycling treatment. FezSioBiz (at.%)
ribbons were pre-annealed at 390 °C for 2 h under
Ar atmosphere, then cycled from 300 to 77 K and
the holding time of cycling is 1 min. Figure 20
shows the changes of magnetic induction B, and
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coercivity H. during cryogenic cycling. Bm and H.
showed complicated behavior with more cycling
numbers. The magnetic anisotropy fluctuated as a
consequence of the local structural changes,
including the change in topological short-range
order or the number of nearest neighbors.

RI et al [74] also investigated the changes of
soft magnetic properties of Fe-based MGs by
acyclic liquid nitrogen (LN) treatment. They used
the same composition ribbons that were pre-
annealed below the Curie temperature (663 K) for
1 h, and then treated at a cryogenic temperature for
60 d. As shown in Figs. 21(a, b), with a longer
treating time, the Curie temperature (7c) firstly
moved to a lower value, subsequently rose to a
higher value, and the values had no obvious change
after 30 d. Meanwhile, the value of B, and H.
showed an overall increasing and decreasing trend,
respectively. The acyclic liquid nitrogen (LN)
treatment induced structural changes and improved
magnetic permeability in the rejuvenated samples.
Above all, the cycling numbers and the holding time
in liquid nitrogen affect the magnetic properties of
the rejuvenated Fe-based amorphous alloy.
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Fig. 20 Magnetic inductions (a) and magnetic coercivities (b) changing with cycling number during cryogenic cycling
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4.3 Corrosion resistance

GU et al [43] investigated the electrochemical
behavior of TisoZroBexNijp metallic glasses. The
samples were cycled by inserting into water (373 K)
for 1 min, and then inserting into liquid nitrogen
for 1 min with 15 or 30 cycles. The structural
relaxation enthalpy of the as-cast, annealed, and
rejuvenated samples (15 and 30 cycles) were 4.45,
0.87, 4.99 and 5.79 J/g, respectively. Corrosion
behavior of the samples were evaluated in 3.5 wt.%
NaCl solution, and the rejuvenated samples
performed contrary effects on corrosion resistance
as compared with annealed samples. The cryogenic
thermal cycling treatment helped to introduce more
free volume into the as-cast sample, and the change
of free volume deteriorated the stability of surface
passive film.

5 Conclusions and remarks

The deep cryogenic cycling treatment could
tailor Ti-based, Zr-based and La-based metallic
glasses to a relatively higher energy state to
modulate their internal structure and properties,
especially the higher plastic deformability without
changing the morphology of the samples. For
metallic glasses with relatively high glass-forming
ability, simple deep cryogenic cycling treatments
can improve the structural inhomogeneity and
thus achieve rejuvenation. At present, the related
research is mainly focused on the process of how to
obtain rejuvenated samples, while the influences of
the initial intrinsic structural characteristics, as well
as the interconnection of the property—rejuvenation—
structure, have not been studied intensively and
systematically.

From the view of properties, for metallic
glasses, the low-temperature physical properties,
such as the low-temperature specific heat, have
received extensive attentions. Specific heat is one
important macroscopic physical property and can
contribute to the understanding of phase transitions.
Meanwhile, the low-temperature bosonic peak and
p-relaxation behavior are two important intrinsic
kinetic behaviors in metallic glasses. Deep
cryogenic cycling can change the content of
free volume, which plays an important role in
mechanical properties and atomic dynamics. Thus,
it is important to clarify the effects of more induced
free volume via thermal cycling on controlling the

behavior of boson peaks and f-relaxation, as well as
that on the atomic dynamics and structure.

From the view of structure, deep cryogenic
cycling treatment causes the elevation of energy
state, and the different energy states should
exhibit different short-range ordered structures.
However, there are few studies on the structural
characterization.
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