
 

 

 Trans. Nonferrous Met. Soc. China 34(2024) 582−591 

 
Tailoring rejuvenation behavior of Zr-based metallic glass upon  

deep cryogenic cycling treatment 
 

Wei GUO1,2,3, Sheng YU1, Jun DING3, Shu-lin LÜ1, Shu-sen WU1, Mi ZHAO2,4 
 

1. State Key Lab of Materials Processing and Die & Mould Technology, School of Materials Science and Engineering, 
Huazhong University of Science and Technology, Wuhan 430074, China; 

2. Research Institute of Huazhong University of Science and Technology in Shenzhen, Shenzhen 518057, China; 
3. Center for Alloy Innovation and Design, State Key Laboratory for Mechanical Behavior of Materials, 

Xi’an Jiaotong University, Xi’an 710049, China; 
4. School of Aerospace Engineering, Huazhong University of Science and Technology, Wuhan 430074, China; 

 
Received 30 August 2022; accepted 14 February 2023 

                                                                                                  
 

Abstract: The rejuvenation behavior of a Zr55Cu30Ni5Al10 (at.%) metallic glass upon deep cryogenic cycling treatment 
was investigated. The sample was rejuvenated to a larger extent with increasing cyclic number, resulting in a higher 
enthalpy of relaxation and a lower density. The rejuvenation seems to be saturated after 200 cycles, which may originate 
from the limited content of free volume in the amorphous structure. The sample subjected to a higher cyclic number 
showed a lower hardness and better plasticity due to a larger shear transformation zone (STZ) volume. In this case, a 
lower shear plane formation energy facilitates the generation of multiple shear bands. Furthermore, it is found that the 
content of free volume has linear relationship with the plastic strain and the STZ volume. The results from molecular 
dynamics simulation also demonstrates that the atomic volume saturates with a higher degree of rejuvenation at a higher 
cooling rate of the simulated sample. 
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1 Introduction 
 

Bulk metallic glasses (BMGs) have attracted 
considerable scientific interest for last two decades 
because of their superior properties, such as high 
fracture strength and large elastic limit, originating 
from their unique long-range disordered  
structures [1−3]. Since they are always fabricated 
by rapid quenching from liquid state, BMGs always 
possess a higher configurational potential energy 
compared with their crystalline counterparts [4]. 
Consequently, the atomic configurations of the 
metastable BMGs tend to transform into a lower 
potential energy state towards crystalline structure, 
and the so-called structural relaxation occurs [5]. 

The properties of the relaxed BMGs degrade 
severely. For example, the relaxation annealing can 
decrease the fracture toughness of BMGs, and such 
reduction becomes more remarkable with a higher 
annealing temperature or a prolonged annealing 
time. Therefore, relaxation-induced degradation of 
the crucial properties is one critical issue for the 
widespread application of BMGs. 

Recently, many researches have shown that the 
energy state of the relaxed BMGs can be recovered 
again to a more metastable state with a higher 
potential energy by thermal or mechanical methods, 
which is called as rejuvenation process [6−8]. For 
example, SAIDA et al [6] found that reheating the 
relaxed BMGs to a certain temperature just above 
their glass transition temperature was effective to  
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reset the atomic configuration. In this case, 
rejuvenation could occur and then the rapid cooling 
was carried out subsequently, but such treatment is 
only applicable for relaxed samples since the 
heating process. MENG et al [7] applied high 
pressure torsion (HPT) to the relaxed BMGs and 
found that the glassy state can be rejuvenated by the 
induced internal stress if the materials were 
subjected to enough torsion cycles, but the sample 
size is limited and the rejuvenation is not 
homogeneously. KETOV et al [9] proposed a novel 
thermal method to rejuvenate the BMGs by deep 
cryogenic cycling treatment (DCT), in which the 
samples are cyclically treated between ambient 
temperature and 77 K. Assisted by the internal 
stress generated during cyclically cooling and 
heating, the improvement in heterogeneity and the 
free volume in the amorphous structure can 
contribute to the rejuvenation behavior [10]. 
However, the essential issues are still unclarified. 
For example, how to tailor the rejuvenation 
behavior during DCT feasibly? Is there a limited 
degree of rejuvenation during DCT? How to link 
the rejuvenation behavior and mechanical property? 
In the present study, the rejuvenation behavior is 
carefully studied for a Zr-based BMG with cyclic 
numbers varied from 5 to 60, and the 
microstructures and mechanical properties are 
investigated in detail. 
 
2 Experimental 
 

Master alloys were prepared by arc-melting 
high-purity Cu, Zr, Ni and Al metal pieces in a 
Ti-gettered Ar atmosphere in a water-cooled copper 
hearth. The alloy was remelted four times to ensure 
chemical homogeneity. The BMGs were fabricated 
by casting the master alloy into a copper mold to 
produce 2 mm-diameter rods. The detailed 
description of the original developed DCT 
instrument was described in Ref. [10]. The samples 
can be cooled and heated between ambient 
temperature and 108 K cyclically with a good 
reproducibility in each cycle. The samples were 
treated with various cyclic numbers of 5, 10, 20 and 
60, which are denoted as DCT5, DCT10, DCT20 
and DCT60, respectively. 

The structure was examined by X-ray 

diffraction (XRD; Bruker D8 Advance) with Cu Kα 
radiation and transmission electron microscopy 
(TEM, JEOL JEM−2100F) with an acceleration 
voltage of 200 kV. The glass transition temperature 
(Tg) and the onset crystallization temperature (Tx) 
were measured by differential scanning calorimeter 
(DSC, Perkin Elmer Pyris Diamond DSC) in Ar at a 
heating rate of 20 K/min. The specific heat 
capacities were measured by comparing tested 
specimens with a sapphire standard one. The 
density was measured using an Ar gas pycnometer 
(AccuPyc II 1340, Micromeritics Co. Ltd.). The 
specimens used for nano-indentation were cut into 
small discs with a thickness of 2 mm and 
mechanically polished to mirror surfaces. Nano- 
indentation tests (MZT−500, Mitutoyo Co. Ltd.) 
were performed with the load control mode at a 
peak load of 100 mN with the loading and 
unloading rates varied (5, 10 and 20 mN/s). For 
each sample, at least ten indents were made. The 
cylindrical compression specimens with a height of 
4 mm and a diameter of 2 mm were cut and 
carefully polished to ensure that their ends were flat 
and in parallel. Compression tests were performed 
at a strain rate of 5×10−4 s−1 at room temperature 
using an Instron 5982 mechanical testing machine. 
Multiple compression tests using at least four 
specimens for each thermally treated state were 
conducted to confirm the reproducibility. 

Molecular dynamics (MD) simulations were 
employed to examine the atomistic details of a 
variety of glassy states. Analogous to the 
rejuvenation states induced by the different cyclic 
number of DCT in the present experiments, our MD 
simulation sampled a variety of glassy structures by 
increasing the quenching rate. Zr55Cu30Al15, as the 
protype model of our experimental Zr55Cu30Al5Ni10 
BMGs, was prepared by MD simulation using 
empirical EAM (embedded-atom method) potential. 
The samples, containing 16000 atoms, were firstly 
melted at 2500 K for 5 ns under Nose-Hoover 
thermostat, and then quenched to room temperature 
with a range of cooling rates between 109 and 
1015 K/s. Periodic boundary conditions were applied 
in all three directions and the external pressure was 
maintained around zero during the whole process of 
cooling. Another 10 ns annealing at room 
temperature was implemented for each sample. 
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3 Results and discussion 
 
3.1 Amorphous structure after DCT with various 

cyclic numbers 
Figure 1 shows the XRD patterns of DCT5, 

DCT10, DCT20 and DCT60, which exhibit similar 
broad peaks of amorphous structure for all samples 
without any obvious crystalline peaks. It is 
indicated that all samples could maintain their 
amorphous nature after DCT. Figure 2 shows the 
DSC curves of DCT5, DCT10, DCT20 and DCT60, 
in which the endothermic glass transition peaks 
followed with the exothermic crystalline transition 
ones can be observed. Tg and Tx for all samples are 
almost equivalent, suggesting that the varied DCT 
cyclic numbers do not induce great changes in the 
amorphous structures. The detailed data of Tg and 
Tx are summarized in Table 1. 
 

 
Fig. 1 XRD patterns of DCT5, DCT10, DCT20 and 
DCT60 
 

 

Fig. 2 DSC curves of DCT5, DCT10, DCT20 and 
DCT60 

Table 1 Thermal and physical data for samples in this 
work  

Sample Tg/K Tx/K 
ΔHrelax/ 
(J·g−1) 

ρ/(g·cm−3) x/% 

DCT5 678 759 12.9 6.8204±0.0096 1.45 

DCT10 672 761 13.3 6.8181±0.0045 1.52 

DCT20 684 762 13.9 6.8173±0.0045 1.54 

DCT60 683 760 15.4 6.8102±0.0024 1.75 
ρ: density; x: reduced free volume fraction 
 

Figure 3 shows the high-resolution TEM 
images of DCT5, DCT10, DCT20 and DCT60. The 
selected area diffraction (SAD) pattern for each 
sample is inserted. A similar maze characteristic 
and a halo diffraction pattern of the amorphous 
structure can be observed for all samples, agreeing 
well with the XRD results shown in Fig. 1. These 
results reveal that no crystallization or 
nano-ordering clusters are formed after DCT with 
various cyclic numbers. 
 
3.2 Rejuvenation behavior after DCT with 

various cyclic numbers 
The enthalpy of relaxation (ΔHrelax) is applied 

to investigating the relaxation state of an 
amorphous structure [11,12]. It is given as  

relax RT
d

T
pH C T∆ = ∆∫                      (1) 

 
where ΔCp=Cp,s−Cp,r, Cp,s and Cp,r are the specific 
heat capacity of the initial glassy state and its 
relaxed state, respectively. In the present study, we 
measured the specific heat capacity up to T=723 K 
(~1.05Tg). Figure 4 shows the specific heat capacity 
curves of DCT5, DCT10, DCT20 and DCT60 (solid 
line), as well as their relaxed states (dotted line). 
Regardless of the similar appearance of curves, the 
rejuvenation behavior can be detected when the 
ΔHrelax values in Eq. (1) are yielded (listed in Table 
1), where an increased ΔHrelax can be found with 
increasing cyclic number. For example, ΔHrelax 

increased by 19.4% (from 12.9 to 15.4 J/g) when 
the cyclic numbers increase from 5 to 60. This 
indicates that a more metastable energy state or a 
more rejuvenated state could be obtained as the 
cryogenic cycling continues. 

Density (ρ) is another important parameter to 
evaluate the rejuvenation behavior [10]. The 
densities of DCT5, DCT10, DCT20 and DCT60  
are measured and summarized in Table 1. All the 
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Fig. 3 High-resolution TEM images of DCT5 (a), DCT10 (b), DCT20 (c) and DCT60 (d) (The inset in each figure is the 
selected area diffraction pattern (SAD) of each sample) 
 

 
Fig. 4 Specific heat capacity curves of DCT5, DCT10, 
DCT20 and DCT60 
 
treated specimens possessed lower densities 
compared with the as-cast one ((6.8243± 
0.0030) g/cm3, [10]). The decline in ρ increases as 
the cyclic number becomes higher. For instance, the 

density decreased from (6.8204±0.0096) to 
(6.8102±0.0024) g/cm3 when the cyclic number 
increased from 5 to 60. The decrease in density is 
attributed to the increased free volume upon 
rejuvenation. 

The reduced free volume fraction (x) during 
relaxation can be calculated as [10,13,14] 
 
x=vf/(γv*)=2(ρc−ρ)/ρ                       (2) 
 
where vf is the average free volume per atom; γ is 
the correction term for the free volume overlap; v* 
is the critical value of free volume for atomic 
diffusion; ρ is the density of the sample; ρc is the 
density of a sufficiently crystallized sample, herein 
measured to be (6.870±0.002) g/cm3 (annealed at 
923 K for 3 h) using the density data in Table 1, the 
reduced free volumes for all samples were 
estimated based on Eq. (2) and listed in Table 1. 
DCT60 possesses the highest x (1.75%) among all 
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samples. BIAN et al [15] have found that the 
activation volume during deformation for Zr-based 
BMG at 77 K is comparable to that near or above Tg. 
Therefore, the equivalent effects on the atomic 
structure can be obtained either heating the BMG 
up to near or above Tg or cooling down to cryogenic 
temperature. Based on such phenomenon, the 
atomic structures during DCT are not as rigid as 
expected and should be adjustable [15]. 

The above results indicate that increasing the 
cyclic number can facilitate the rejuvenation 
process of BMGs. In this case, is there any limit of 
cyclic number for rejuvenation? Figure 5 shows the 
values of ΔHrelax and x as functions of cyclic number. 
In order to describe the variation trend, we also 
plotted the derivative curve of ΔHrelax and x in 
Fig. 5 (see the blue line). It is shown that before 100 
cycles, the change of ΔHrelax (or x) is obvious, but 
after that, the rejuvenation seems to saturate, both 
ΔHrelax and x almost maintained unchanged, which 
indicates that the high cycling number cannot 
rejuvenate the BMGs effectively. It is reported that 
the maximum amount of free volume is ~2.5% for a 
BMG [16]. If the amount exceeds the value, glass 
transition or phase transformation occurs [16]. Thus, 
the rejuvenation should reach the maximum limit at 
a certain cycling number, which can be also proved 
by the simulation results shown later. 
 

 
Fig. 5 Fitting of experimental data between cyclic 
number and ΔHrelax (a) and reduced free volume (b) 
(∆H′relax and x′ are the derivative of the ∆Hrelax and x, 
respectively) 
 
3.3 Mechanical properties after DCT 

Figure 6(a) shows the force−depth curves of 
DCT5, DCT10, DCT20 and DCT60 by nano- 
indentation. The detailed data of nano-indentation 

test are summarized in Table 2. Small difference in 
maximum depth and hardness can be detected   
for the samples with various cyclic numbers.    
For example, the hardness (H) of DCT60 
((4.240±0.057) GPa) is lower than that of DCT5 
((4.412±0.038) GPa). A trend can be seen that the 
higher the cyclic number, the lower the hardness. 
The decrement in hardness is related with the 
higher content of induced free volume and 
consequently a more loosely packed atomic 
configuration in highly rejuvenated samples [10]. 
 

 
Fig. 6 Force−depth curves of DCT5, DCT10, DCT20 
and DCT60 by nano-indentation (a), and relationship 
between hardness and reduced free volume (b) 
 

It is reported that the quantitative relationship 
between free volume and hardness (H) can be given 
as [17]  

*
1

B f
sinh [ exp ( )]

vGH AT Bγ
k v

γ− ∆
= +          (3) 

 
where A and B are constants, γ  is the shear strain 
rate, kB is the Boltzmann constant, ΔG is the 
activation barrier energy for defect migration, T is 
the temperature, and vf is the average free volume 
per atom. In the present study, γ , ΔG and T can be 
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Table 2 Summary of data by nano-indentation and compression 
Sample hmax/nm H10/GPa E/GPa σf/MPa σy/MPa εf/% εp/% 

DCT5 926±5 4.412±0.038 113 2070 1823 8.3 7.2 

DCT10 929±5 4.383±0.035 112 2078 1794 9 7.4 

DCT20 933±7 4.343±0.052 110 2086 1750 10.9 9.3 

DCT60 944±4 4.240±0.057 100 2278 1531 16.3 14.4 
hmax: maximum depth at loading rate of 10 mN/s; H10: Hardness at loading rate of 10 mN/s; E: Young’s modulus; σf: Fracture stress; σy: 
yielding stress; εf: Fracture strain; εp: Plastic strain 
 
approximately estimated unchanged for all samples. 
Substituting Eq. (2) into Eq. (3), the equation can 
be rewritten as  
H=a/x+b                                (4)  
where a and b are constants. Figure 6(b) plots the 
hardness as a function of 1/x. The experimental data 
can be well fitted by a linear relation, which agrees 
well with Eq. (4), indicating that the hardness was 
influenced by the free volume in the amorphous 
material. 

Figure 7 shows the compressive stress−strain 
curves of DCT5, DCT10, DCT20 and DCT60. The 
detailed data of compression test are summarized in 
Table 2. The sample has a larger plastic strain (εp) 
with an increased cyclic number. It can be seen that 
εp increased from 7.2% for DCT5 to 14.4% for 
DCT60, with an increase of 100%. However, the 
yielding strength (σy) shows an opposite trend. σy of 
DCT5 is ~1823 MPa and that of DCT60 decreases 
to ~1531 MPa, resulting in a reduction of 16%. This 
phenomenon originates from the increased free 
volume in the rejuvenated amorphous structure  
with more cryogenic cycles, which gives rise to a 
more loosely packed region and a lower resistance 
against shear deformation [18]. 
 

 
Fig. 7 Compressive stress−strain curves of DCT5, 
DCT10, DCT20 and DCT60 

For BMGs, the stress–strain curves generally 
exhibit a serrated appearance after yielding and the 
stress drop is found to be related to the shear band 
formation [19]. The energy release, ΔE, during a 
stress drop can be described as  

2

e
1 1 π
2 2 2

dE Fl σ hε ∆ = ∆ = ∆  
 

              (5) 
 
where ΔF is the load drop; l is the displacement; d 
and h are the diameter and height of the sample, 
respectively; Δσ is the average stress drop [10]; εe is 
the elastic strain. In the present study, h=2d. The 
shear plane area, A, is given by A=π[d/(2sin θ)]2, 
where θ is the angle between the shear plane and 
the loading axis. Therefore, the energy release per 
shear plane is obtained by  

2
e sinE σd

A
ε θ∆

= ∆                        (6) 
 

Assuming εe=0.02, d=2 mm and θ=45°, ΔE/A 
can be obtained through Eq. (6). The detailed data 
are listed in Table 3. It is noted that ΔE/A decreases 
with increasing cyclic number, revealing that less 
energy is required to generate a shear plane for the 
DCT sample with a higher cyclic number. Therefore, 
more shear bands can be generated to accommodate 
the plastic deformation for the highly rejuvenated 
samples. We plotted the values of ΔE/A as a 
function of x in Fig. 8(a). A good linear fitting can 
be established, which suggests that the change in 
ΔE/A was originated from the increased amount of 
free volume. Besides, the increased free volume 
also counted for the improved plasticity of BMGs. 

The shear transformation zone (STZ) volume, 
Ω, is obtained to investigate the mechanisms of the 
plasticization. It can be derived as [20]  
Ω=kBT/(C′Mh)                           (7)  
where m is the index of strain-rate sensitivity, and 

1/22
0 c CT

c C

2
1

3

G γR
C

τζ
τ τ

 
′= − 

 
,  
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Fig. 8 Relations between shear plane formation energy (ΔE/A) and reduced free volume (x) (a), and determination of 
strain rate sensitivity, measured by slopes of hardness vs equivalent strain rate (derived from loading rate) curves (b) 
 
Table 3 Summary of data for samples  

Alloy Δσave/MPa (ΔE/A)/(J·m−2) H5/GPa H20/GPa Have/GPa m Ω/nm3 

DCT5 22.5 450 4.368±0.021 4.488±0.034 4.423 0.019 3.617 

DCT10 21.55 431 4.351±0.048 4.462±0.027 4.399 0.017 4.065 

DCT20 20.68 414 4.322±0.053 4.418±0.047 4.361 0.016 4.356 

DCT60 16.77 335 4.211±0.049 4.281±0.054 4.244 0.012 5.969 
Δσave: Average stress drop after yielding; ΔE/A: Shear plane formation energy; H5: Hardness at loading rate of 5 mN/s; H20: Hardness at 
loading rate of 20 mN/s; Have: Average hardness; m: Equivalent stain-rate sensitivity; Ω: STZ volume 

 
where C′ is estimated to be 0.0136 [10]. m can be 
derived from the equivalent strain rate ε  and the 
hardness value [20]. Here, ε  equals to / ( 2 )P P , 
where P  is the loading rate and P is the peak 
force [20], and the hardness values were averaged 
from those measured with various loading rates. 
Thus, by varying the loading rate, 5, 10 and 
20 mN/s, ε  can be obtained and subsequently m 
and Ω can be calculated. Figure 8(b) shows the ε
−H curves of DCT5, DCT10, DCT20 and DCT60. 
By fitting the data, m of each sample can be derived. 
Moreover, assisted with Eq. (7), Ω of each sample 
is also calculated. The details are summarized in 
Table 3. It is noted that the more rejuvenated 
sample possesses a larger Ω. 

The plastic deformation in BMGs is 
accommodated with the shear bands, and the shear 
bands are initiated by the cooperative shearing of 
STZs. Once an STZ nucleates, the neighboring one 
may subsequently generate by the assistance of a 
local strain field. Thus, a certain number of 
activated STZs contribute to the formation of a 
shear band. Therefore, with a larger STZ volume 
(Ω), less number of STZs are needed to be activated 

to create a shear band, and consequently a lower 
formation energy for a shear band (ΔE/A) is 
required. In other words, a larger Ω promotes the 
generation of multiple shear bands and helps to 
improve the plasticity of the BMGs. 

Figure 9 shows the relations between reduced 
free volume (x) and STZ volume (Ω), as well as the 
relations between free volume and plasticity. Linear 
relations between x and Ω, and between x and 
plasticity, can be observed. As stated before, larger 
excess free volume can be induced by more 
cryogenic cycles, which should cause a more 
loosely packed atomic configuration and facilitate 
the activation of STZs. Here, for the present 
Zr-based BMG, DCT is proved to be an effective 
and nondestructive way to rejuvenate and plasticize 
the sample. The rejuvenation behavior and the 
mechanical properties can be further tailored by 
varying the cyclic number. 

 
3.4 Molecular dynamics simulation of various 

glassy states 
Figure 10(a) presents the atomic volume for 

MD-simulated Zr55Cu30Al15 BMGs, prepared with a  
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Fig. 9 Relations between plastic strain and STZ volume 
with reduced free volume 
 

 
Fig. 10 Atomic volume for MD-simulated Zr55Cu30Al15 
with various cooling rates, following by room 
temperature annealing for 10 ns (a), and correlation 
between atomic volume and shear modulus for MD- 
simulated Zr55Cu30Al15 (b) 
 
variety of cooling rates followed by room- 
temperature annealing. It is noted that the more 
rejuvenated samples (i.e., faster cooling rates) 
generally exhibit larger atomic volumes, which 
finally reach a plateau at the highly rejuvenated 
states (i.e., the cooling rates of 1013−1015 K/s). Such 

observation is well consistent with the experimental 
results (see Fig. 5(b)): the more rejuvenated state 
corresponds to a more loosely packed atomic 
structure, as well as a higher fraction of free volume, 
before reaching the maximum limit of the amount 
of free volume. In Fig. 10(b), we plot shear 
modulus and atomic volume for MD-simulated 
Zr55Cu30Al15 BMGs with a variety of glassy states, 
which exhibited a good linear relationship: the 
higher atomic volume (or free volume) resulted in 
the lower shear modulus. This is well consistent 
with the observation that the hardness of BMGs 
decreases with increasing content of induced free 
volume, as demonstrated in Fig. 6. 
 
4 Conclusions 
 

(1) With a higher cyclic number, the samples 
were rejuvenated to a larger extent with a higher 
enthalpy of relaxation and a lower density (a larger 
amount of free volume). The more rejuvenated 
sample shows a lower hardness and a larger plastic 
strain, which is originated from the more induced 
free volume and consequently the more loosely 
packed atomic configuration. 

(2) With more excess free volume, the shear 
plane formation energy and the STZ volumes 
become lower and larger, respectively, which will 
facilitate the formation of multiple shear bands and 
contribute to the improved plasticity. 

(3) The rejuvenation behavior with a high 
cycling number seems to be saturated, which may 
be related with the maximum content of free 
volume in the amorphous structure. 

(4) Molecular dynamics simulation shows that 
the more rejuvenated samples generally exhibit 
larger atomic volumes, which finally reach a 
plateau at the highly rejuvenated states. The 
simulation results agree well with the experimental 
data. 
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深冷循环热处理下锆基金属玻璃的回春行为调控 
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摘  要：研究 Zr55Cu30Ni5Al10(摩尔分数, %)金属玻璃在深冷循环处理过程中的回春行为。实验发现，随着循环次

数的增加，样品的回春程度更高，表现为更高的弛豫焓与更低的密度。回春程度经 200 次循环后逐渐饱和，这可

能与非晶结构中有限的自由体积含量有关。同时，高循环次数下的样品硬度更低，塑性更好，这与其剪切转变区

体积增大有关。此时，更低的剪切面形成能有利于多重剪切带的形成。此外，还发现自由体积含量与样品塑性应

变及剪切转变区体积呈线性关系。分子动力学模拟结果还表明，在高冷速下回春程度高的样品会发生原子体积的

饱和。 

关键词：金属玻璃；回春；深冷循环热处理；循环次数；塑性 
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