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Abstract: The control of atomic-scale structure of metallic glasses (MGs) to improve their physical, chemical, and mechanical 

properties is an essential issue. Over past decades, large efforts have been devoted into the development of effective MG control 

approaches, such as the cryogenic treatment (CT) technique. This research reviewed the effects of cryogenic treatment on the 

properties and their dependence on the initial structural energy state of MGs. Then, it focused on the atomic-scale structure evolution 

in MGs during CT, which is of fundamental importance to understand CT effects.
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Because of the lack of long-range periodic structure, 
metallic glasses (MGs) usually exhibit excellent mechanical, 
physical, and chemical properties[1–3]. However, their structural 
application is severely impeded by the limited tensile 
plasticity at room temperature. Nevertheless, the homogenous-
like plastic deformation may occur in compression via 
multiple shear banding for the glassy alloys[4–5]. Therefore, the 
control of atomic structure of MGs attracts much attention, 
which is beneficial to simultaneously initiate and/or multiply 
shear bands to distribute plasticity in the amorphous structure, 
even in tension[6–7]. Various effective methods have been 
developed, such as cold rolling[8–12], high pressure torsion[13–15], 
elastostatic loading[16–21], thermal recovery treatment[22], high 
pressure thermal treatment[23–24], and microalloying[23–26].

In recent years, cryogenic treatment (CT) technique attracts 
much attention for MGs, because CT can effectively control 
the structural energy state of MGs and MG matrix com-
posites[21,27–40]. As a result, CT technique is an effective method 
to control the mechanical[21,27–31,33–36,38,40], physical[41–43], and 
chemical[44] properties of MGs. Experiment and simulation 
results suggest that the effects of CT are closely related to 
structural heterogeneity[45–51], which is an intrinsic character-
istic for the glassy materials and the key factor to improve the 
mechanical performance with appropriate tensile plasticity[29]. 

According to Ref.[47,52], the structural change caused by the 
nonuniform atomic structure, such as the soft spots typically 
attached to the nearest neighbor atoms, may occur in MGs, 
where individual irreversible local atomic rearrangements 
(shears) can be triggered even in the nominally elastic strain 
regime. Specifically, for MGs subjected to cryothermal cyclic 
treatment, significant nano-fluctuation of coefficient thermal 
expansion, which is closely related to the intrinsic 
nonuniformity of glassy structure, may induce the atomic-
level shear, and the resultant local nonaffine strain promotes 
the local structural change upon the temperature change[29].

CT is a nondestructive technique, and it can be used to 
modify the whole structure of any sample (thin film, ribbon, 
or bulk) without changing their shape[29]. Moreover, unlike the 
conventional severe plastic deformation, such as surface 
mechanical attrition treatment[6], shot-peening[53], or 
elastostatic loading[18–19], MGs treated by CT method only 
undergo strains far below the limit value, avoiding 
macroscopic plastic flow. Thus, no significant residual stress 
or structural anisotropy can be introduced into the samples[29].

According to Ref.[29,54–55], CT technique can be divided 
into two types: cyclic CT and static CT[29,54–55]. As for cyclic 
CT, thermal cycling of MGs is performed between the room 
temperature (far away from glass transition temperature, Tg) or 
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a relatively higher temperature and the liquid nitrogen 
temperature. As for static CT, MGs are usually held at liquid 
nitrogen temperature for a long duration to sufficiently change 
the structural energy state[39,54].

In this review, the research progress on experiment results 
of the effect of CT on the properties of MGs was reviewed, as 
well as their dependence on the initial structural state. The CT-
induced atomic structural evolution and the responsible 
mechanism of CT effects were also discussed.

11  Effect of CT on Mechanical Properties of MGs  Effect of CT on Mechanical Properties of MGs

As demonstrated in Ref.[21,29,31–34,40,54], CT can lead 
to a remarkable variation in mechanical properties, such as 
room-temperature plastic strain for various MG systems 
(Zr[21,29,31,33–34], Cu[29,32,56], Ti[54], and Pd[40] based glassy alloys). 
Although most MGs exhibit the increasing plastic strain with 
prolonging the time or increasing the thermal cycles during 
CT, others even do not show the degradation in plasticity[33].

Ketov et al[29] conducted thermal cycling on Cu46Zr46Al7Gd1 
bulk MG (BMG), Zr62Cu24Fe5Al9 BMG, and La55Ni20Al25 melt-
spun MG ribbon between near room temperature and liquid 
nitrogen temperature (77 K). Regardless of the chemical 
composition, the mechanical properties are enhanced for all 
MG samples after thermal cycling treatment. As shown in 
Fig.1a and 1b, compared with those of the as-cast La55Ni20Al25 
alloy sample, the median value of initial yield pressure Py and 
hardness H decrease after cycling treatments by 
approximately 20% and 5%, respectively. Meanwhile, the 
plastic strain of BMG samples increases after the treatment. 
As shown in Fig. 1c, the engineering stress increases from 
1.4% to 5.1% for the as-cast Cu46Zr46Al7Gd1 BMG after 10 
cycles of treatment between room temperature and 77 K. 
Similar effects of thermal cycling between room temperature 
and 77 K have also been found for other MG systems[29].

Guo et al[31] investigated the effect of cycling treatment 
from cryogenic temperature to room temperature on the 
mechanical properties of Zr-based MG. It is found that the 
plastic compressive strain increases, whereas the hardness 
decreases after CT. Compared with the as-cast sample, a 
rejuvenation behavior can be observed for the as-treated MG 

with increased relaxation enthalpy and reduced density. The 
monolithic amorphous structure remains even after 40 CT 
cycles.

However, Guo et al[32] also reported that the MG samples 
with slight rejuvenation behavior and heterogeneous structure 
unusually show the high plastic strain of 7.3%, and those with 
obvious rejuvenation behavior have plastic strain of 2.6% –
2.8%. Such enhancement in plasticity results from the stress-
induced crystallization of the less stable glassy phase, where 
more nano-clusters are formed with slow cooling rate[32]. 
Furthermore, Wang et al[54] conducted the thermal cycling 
treatment on Ti41Zr25Be29Al5 BMG from −196 °C to 150 °C. It 
is found that the plastic strain of CT-treated Ti-based BMG 
barely changes, no embrittlement occurs, and the structural 
relaxation enthalpy is reduced with increasing the cycling 
number. Therefore, the reduction in structural relaxation 
enthalpy is related to the excess free volume of glassy alloys, 
and it does not necessarily cause the embrittlement of BMGs. 
Recently, Guo et al[40] observed an inconspicuous rejuvenation 
behavior of Pd-based BMG during deep cryogenic cycling 
treatment (DCT). Unlike the Zr-based BMG[31], the Pd-based 
glassy alloy exhibits slight change in the relaxation enthalpy, 
hardness, and mechanical properties after thermal cycling.

Ketov et al[33] conducted thermal cycling treatment on 
Zr60Cu20Fe10Al10, Zr60Cu20Ni10Al10, and Zr60Cu20Co10Al10 MGs, 
and found that the compressive plastic strain of the samples 
cannot be increased infinitely with increasing the number of 
cycles. After 30 thermal cycles, the plasticity of Zr60Cu20-
Ni10Al10 BMG barely changes, whereas the plasticity begins to 
decrease for the Zr60Cu20Co10Al10 BMG, as shown in Fig.2.

Subsequently, Ketkaew et al[38] examined the effects of 
thermal cycling for various BMGs, such as Zr44Ti11Cu10-
Ni10Be25, Pd43Cu27Ni10P20, Pt57.5Cu14.7Ni5.3P22.5, and La55Al25Ni20 
alloys, at different temperatures and found a nonmonotonic 
change in fracture toughness with increasing the cycling 
number. For example, the fracture toughness KQ of the Pd-
based BMG at fracture temperature Tf=633 K, which is 
determined as 38.0±1.0 MPa·m1/2 for the as-prepared BMG, 
increases by 45% and reaches the maximum value of 56±5 
MPa·m1/2 after approximately 200 thermal cycles[38]. However, 
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with further increasing the number of thermal cycles to 300, 
KQ is decreased to 39±5 MPa·m1/2, which is comparable to the 
original value. Similar reversal from rejuvenated state to 
relaxed state can be observed for other BMGs[38]. It is apparent 
that the variation in fracture toughness KQ of the treated BMG 
sample is closely related to the thermal cycling-induced 
structural changes.

22  Effect of CT on Physical Properties of MGs  Effect of CT on Physical Properties of MGs

It is known that Fe- or Co-based MGs have superior soft-
magnetic properties, such as high magnetization saturation 
(Bs) and low coercive force (Hc). Moreover, their magnetic 
properties can be further improved via cryogenic thermal 
cycling treatment[42–43]. Meng et al[42] measured the soft-
magnetic properties (Bs and Hc) for Fe80Si8.75B10Cu1.25 MG 
ribbon before and after insertion into liquid nitrogen for 12 h 
and then held at room temperature in air for 12 h. As shown in 
Fig. 3, thermal cycling treatment increases the magnetization 
saturation Bs of as-spun Fe-based glassy ribbons by about 
6.2% from 1.46±0.01 T to 1.55±0.01 T, whereas the coercive 
force Hc decreases by about 7.3% from 9.2±0.1 A/m to 8.5±
0.1 A/m[42]. Zhao et al[43] investigated the effect of cyclic rapid 
cooling treatment on the magnetic properties and giant 
magnetoimpedance (GMI) properties for Co-based MG 
ribbons through the combination of Asylum Research MFP-
3D magnetic force microscope, atomic force microscope, and 
four-terminal contact using impedance analyzer (Agilent 4294 
A). It is found that the CT-treated ribbon sample exhibits 
significant increase in GMI ratio from 80% to 130% at 1 MHz 
and to 321% at 5 MHz, and the saturation magnetization is 
improved by cycle treatment[43].

33  Effect of CT on Chemical Properties of MGs  Effect of CT on Chemical Properties of MGs

In addition to mechanical and physical properties, chemical 
properties of MGs also vary with cryogenic thermal cycling. 
Gu et al[44] reported the dependence of corrosion resistance of 
Ti50Zr20Be20Ni10 BMG in 3.5wt% NaCl solution on structural 
relaxation and cryogenic thermal cycling. It is found that CT 
remarkably degrades the corrosion resistance of the Ti-based 
BMG, and the as-annealed Ti-based BMG displays enhanced 

corrosion resistance, which can be associated with the high 
pitting potentials and low corrosion current densities. 
Furthermore, the analytical results of electrochemical 
impedance spectra indicate that less stable passive films form 
on the sample surfaces, whereas the cryogenic thermal cycling 
induces more free volume of the as-treated BMG. Therefore, 
it is proposed that the cryogenic treatment can generate more 
excessive free volume and thus deteriorate the stability of 
surface passive film of the Ti-based BMG[44].

44  Dependence of CT Effect on Initial Structural   Dependence of CT Effect on Initial Structural 
StateState

To clarify the key factors for the control of CT effect, 
different researches have been conducted on the influence of 
initial structural state of MGs on the CT effect[21,35–37]. The 
initial structural state of MG can be associated with the 
chemical composition[33] and secondary phase[36–37], and it can 
be modified via thermomechanical treatment, such as physical 
aging[35] and pre-static elastic loading[21].

To further investigate the mechanism responsible for the 
rejuvenation effects of MGs, Kang et al[35] studied the 
compressive plastic behavior with atomic-scale structure 
evolution in Zr46Cu38Al8Ag8 MG during thermal cycling 
treatment at 0.9Tg for 12, 20, and 240 h. It is interesting that 
the sample with intermediate structure after thermal cycling 
for 20 h exhibits relatively high degree of rejuvenation effect, 
compared with that after thermal cycling for 12 and 240 h[35]. 
As a result, the plasticity increases from 0% to 0.21%±0.10% 
after thermal cycling for 20 h, and the sample after thermal 
cycling for 240 h shows discernible plasticity[35]. Moreover, 
the sample after thermal cycling for 20 h shows less relaxed 
state than that after thermal cycling for 2 h, as indicated by the 
relatively higher plastic strain εp and yield stress[35].

Ri et al[36] examined the internal residual strain and 
structural change in the partially-crystallized Fe-based MGs 
after cryogenic thermal cycling and found that the crystals are 
under hydrostatic tension and the glasses are under pressure. 
The presence of Fe3Si phase induces the residual volumetric 
strain of 0.08% – 0.21%, which is 12% – 32% of the total 
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volumetric contraction due to the rapid cooling and residual 
stress. In addition, as a result of cryogenic thermal cycling, the 
energy of the MG samples increases by 5–50 mJ/g, which is 
smaller than the energy change measured by DSC[36]. 
Consequently, Ri et al[36] provided compelling evidence that 
the structural heterogeneity plays a crucial role in the CT-
induced irreversible structural changes and rejuvenation 
behavior.

Abrosimova et al[37] revealed the influence of the secondary 
nanocrystal phase in Al-based alloy on CT effect. It is found 
that cryogenic cycling may lead to the amorphization of 
nanocrystalline regions and the amorphous phase rejuvenation 
in the partially crystallized samples. The rejuvenation degree 
of amorphous phase and the amorphization in crystalline 
phases are increased with prolonging the CT duration[37]. It is 
also worth noting that the amorphization of nanocrystal under 
cryogenic treatment involves the mass transfer, and the 
chemical composition of nanocrystals differs from that of 
amorphous phases[37].

Samavatian et al[21] rejuvenated the Zr55Cu30Al10Ni5 BMG by 
the combination of elastostatic loading and CT interaction. 
The maximum stored energy of the samples after cryothermal 
treatment and elastostatic loading is 0.52 and 0.73 kJ/mol, 
respectively. The samples after the combination treatment of 
these two thermal mechanical processes have the stored 
energy of 0.92 kJ/mol[21]. In other words, the elastostatic 
loading is beneficial to the extra rejuvenation for the Zr-based 
BMG under CT process.

55  Effect of CT on Glassy Atomic Structure and   Effect of CT on Glassy Atomic Structure and 
Energy StateEnergy State

To rationalize the CT effects of MGs, the microstructural 
evolution during immersion[57] or the thermal cyclic      
number during CT has been widely researched[33]. Based on 
different CT processing conditions and/or chemical compos-
ition[58–60], MGs undergo various atomic-scale structure change 
related to the structural rejuvenation[21,33,61], relaxation[41], 
crystallization[62], or devitrification[63]. These findings are 
essentially important to understand the CT effects in glassy 
alloys.

Ketov et al[33] studied the atomic structure evolution in 

Zr60Ni20Fe10Al10 BMG during CT process. As shown in Fig.4, 
both radial distribution functions calculated from FFT and 
SAED patterns display the variation of G(r) intensity, whereas 
the peak positions remain unchanged. Nevertheless, due to the 
thermal cycling, all radial distribution function peaks shift 
towards the higher radius value, indicating that the average 
atomic bonding distance and the general volume of Fe-
containing glassy alloy are increased.

Samavatian et al[21] rejuvenated the Zr55Cu30Al10Ni5 BMG by 
the combination process of elastostatic loading and 
cryothermal treatment. According to the pair distribution 
function analysis, the rejuvenation evolution during CT 
process is accompanied by the annihilation of Cu-rich 
clusters, the increase in Al-rich clusters, and the 
intensification of spatial connectivity. However, extensive 
disordering at both the short range and medium range scales 
occurs during the tensile elastostatic loading, as shown in 
Fig.5[21].

Kang et al[35] employed Synchrotron XRD analysis to inves-
tigate the atomic-scale structure evolution in Zr46Cu38Al8Ag8 
MG during thermal cycling treatment at 0.9Tg for different 
durations. It is found that thermal cycling treatments for 2  
and 20 h decrease the first peak intensities of both structural 
factor S(q) and radial distribution function G(r), whereas  
those of MGs after thermal cycling treatment for 240 h   
barely change, as shown in Fig.6. This result suggests that the 
CT-induced rejuvenation is related to the structural disor-
dering, and therefore with prolonging the thermal annealing 
duration, the rejuvenation effect of the Zr-based MG is 
decreased.

Through the neutron diffraction method, Dokukin et al[41] 
observed the changes in total structure factor and the total pair 
correlation function for Fe78Cu1Nb4B3.5Si13.5 MG caused by CT 
process. As shown in Fig.7a, the changes in the atomic density 
is associated with the interatomic distances of short-range 
order of approximately 0.4 nm. It is evident that CT can cause 
atom redistribution and reduce the distance between atoms. In 
the atom distance range of 0.2 nm, the sample after CT 
process has higher atomic density, implying the occurrence of 
structural relaxation associated with the atomic redistribution 
within the first coordination.
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66  Summary  Summary

It is proved that the thermal cycling between room temper-

ature and liquid nitrogen temperature can rejuvenate the 

metallic glasses (MGs) and therefore remarkably enhance the 

plasticity. Such cryogenic treatment (CT) effect results from 

the intrinsic non-uniformity of the glass structure. During the 

cyclic CT with a large difference in the temperature range, the 
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nonuniform distribution of density, elastic constant, and 
coefficient of thermal expansion may create high local atomic 
stress to induce irreversible atomic rearrangements at the 
plastic flow defects or units. In theory, the resultant high 
degree of structural disorder and heterogeneity is favorable for 
the enhancement of plasticity for MGs.

To further investigate the CT-induced variations in atomic 
structure, energy state, and properties, the dependence of CT 
effect on the chemical composition, secondary phase, physical 
aging, and pre-static elastic loading is discussed. In addition to 
the treatment conditions (cyclic number, temperature range), 
CT effect of MGs may depend on their chemical composition 
and initial structural energy state. In other words, CT effects 
of MGs is closely related to the initial excess free volume, 
internal stress, or structural heterogeneity.

During CT process, MG usually exhibits complex 
rejuvenation or structural relaxation behavior, as indicated by 
the noticeable fluctuation of the curves of relaxation enthalpy 
or the nearest neighboring atomic structure parameters 
(coordination number of atoms) versus treatment time or 
cyclic number. Such CT-induced nonmonotonic changes 
cannot be well explained by current theory or model. 
Additionally, the role of excess free volume, short-range 
atomic structure, nanocrystal or secondary phases in CT 
effects should also be considered. Consequently, new 
structural energy state should be focused to investigate the 
characteristics and properties of glassy alloys during CT 
process.

More efforts should be devoted to the following critical 
issues: (1) the intrinsic relationship between the physical or 
mechanical properties and the atomic mobility or dynamic 
structural heterogeneity; (2) the influence of chemical 
component and initial structural energy state on the kinetic 
behavior of structural rejuvenation or relaxation; (3) the role 
of excess free volume, short-medium range atomic ordering, 
and internal stress (elastic) heterogeneity in MGs during CT 
process.
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金属玻璃原子尺度结构和性能的调控:关于深冷处理的综述

王丽媛 1，姜佳丽 2，王登科 1，张 祎 1，王 庆 1，吕 坚 2

(1. 上海大学  材料研究所，上海  200444)

(2. 香港城市大学  机械工程系，香港  999077)

摘 要：通过调控金属玻璃的原子尺度结构进而提高它们的力学、物理、化学性能极为重要。在过去几十年里，金属玻璃领域研究者投

入了大量精力以开发有效调控方法，如深冷处理。本文综述了深冷处理对金属玻璃性能的影响及其对初始结构能量状态的依赖关系，聚

焦了金属玻璃中原子结构随深冷处理的演化，这些内容对于深入理解金属玻璃深冷处理效应具有重要作用。

关键词：原子尺度结构；性能；深冷处理；金属玻璃

作者简介：王丽媛，女，1999年生，硕士生，上海大学材料研究所，E-mail：wangly2323@163.com

84


