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Abstract: The rejuvenation behavior of a ZrssCu3zoNisAlio (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
limited and the rejuvenation
homogeneously. KETOV et al [9] proposed a novel
thermal method to rejuvenate the BMGs by deep
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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 developed DCT
instrument was described in Ref. [10]. The samples

original

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 K
radiation and transmission electron microscopy
(TEM, JEOL JEM-2100F) with an acceleration
voltage of 200 kV. The glass transition temperature
(T,) and the onset crystallization temperature (7%)
were measured by differential scanning calorimeter
(DSC, Perkin Elmer Pyris Diamond DSC) in Ar at a
heating rate of 20 K/min. The
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

specific heat

small discs with a thickness of 2mm 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
4mm 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 5x107*s™!
using an Instron 5982 mechanical testing machine.
Multiple compression tests using at least four

specimens for each thermally treated state were

at room temperature

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. ZrssCuszoAlss, as the
protype model of our experimental ZrssCuzoAlsNijo
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 5ns under Nose-Hoover
thermostat, and then quenched to room temperature
with a range of cooling rates between 10° and
105 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 10ns 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 DCTS,
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 DCTS, DCT10, DCT20 and DCT60,
in which the endothermic glass transition peaks
followed with the exothermic crystalline transition
ones can be observed. T, 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 7, and
Ty are summarized in Table 1.

20 30 40 50 60 70 80
26/(°)
Fig.1 XRD patterns of DCT5, DCT10, DCT20 and
DCT60

Heating rate: 20 K/min

Endothermic

660 680 700 720 740 760 780 800 820
Temperature/K

Fig.2 DSC curves of DCTS5, DCT10, DCT20 and
DCT60

Table 1 Thermal and physical data for samples in this
work

Sample T,/K TJK pllgem™)  x/%

DCT5 678 759 12.9
DCT10 672 761 133
DCT20 684 762 13.9  6.8173+£0.0045 1.54
DCT60 683 760 154 6.8102+0.0024 1.75

p: density; x: reduced free volume fraction

6.8204+0.0096 1.45
6.8181+0.0045 1.52

Figure 3 shows the high-resolution TEM
images of DCTS5, 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 (AHrx) is applied

to investigating the relaxation state of an
amorphous structure [11,12]. It is given as
AH gy, =[  AC,dT (1)

where AC,=C,s—C,,, C,s and C,;, 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 7=723 K
(~1.05T,). 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
AH:eax values in Eq. (1) are yielded (listed in Table
1), where an increased AH:.x can be found with
increasing cyclic number. For example, AHiciax
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 (p) 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 DCTS5 (a), DCT10 (b), DCT20 (c) and DCT60 (d) (The inset in each figure is the

selected area diffraction pattern (SAD) of each sample)
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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/cm’, [10]). The decline in p increases as
the cyclic number becomes higher. For instance, the

density decreased from (6.8204+0.0096) to
(6.8102+0.0024) g/cm® 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=vil (P )=2(pep)lp )

where 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; p is the density of the sample; p. is the
density of a sufficiently crystallized sample, herein
measured to be (6.870+0.002) g/cm?® (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 T.
Therefore, the equivalent effects on the atomic
structure can be obtained either heating the BMG
up to near or above 7T, 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 AHrax and x as functions of cyclic number.
In order to describe the variation trend, we also
plotted the derivative curve of AHix and x in
Fig. 5 (see the blue line). It is shown that before 100
cycles, the change of AH:ax (Or x) is obvious, but
after that, the rejuvenation seems to saturate, both
AHreax 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.
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Fig. 5 Fitting of experimental data between cyclic
number and AH.x (a) and reduced free volume (b)
(AHlax and x' are the derivative of the AHreax and x,
respectively)

3.3 Mechanical properties after DCT

Figure 6(a) shows the force—depth curves of
DCTS5, 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].
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Fig. 6 Force—depth curves of DCTS, 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]

H=ATsinh " [ Bjexp(28 477y (3)
kg vy

where 4 and B are constants, y is the shear strain

rate, kg is the Boltzmann constant, AG is the

activation barrier energy for defect migration, T is

the temperature, and vr is the average free volume

per atom. In the present study, 7, AG and T can be
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Table 2 Summary of data by nano-indentation and compression

Sample Aimax/NM H/GPa E/GPa oi/MPa oy/MPa ei/% ep/%
DCT5 926+5 4.412+0.038 2070 1823 8.3 7.2
DCT10 929+5 4.383+0.035 2078 1794 9 7.4
DCT20 93347 4.343+0.052 2086 1750 10.9 9.3
DCT60 94444 4.240+0.057 2278 1531 16.3 14.4

hmax: maximum depth at loading rate of 10 mN/s; Hio: Hardness at loading rate of 10 mN/s; £: Young’s modulus; or: Fracture stress; oy:

yielding stress; er: Fracture strain; ¢p: 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 DCTS5, DCT10, DCT20 and DCT60. The
detailed data of compression test are summarized in
Table 2. The sample has a larger plastic strain (&)
with an increased cyclic number. It can be seen that
& increased from 7.2% for DCT5 to 14.4% for
DCT60, with an increase of 100%. However, the
yielding strength (gy) shows an opposite trend. g, of
DCTS5 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].

2500
Strain rate: 5x107*s™!
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=
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S
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Compressive stress/MPa

500

Compressive strain

Fig. 7 Compressive stress—strain curves of DCTS,
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, AE, during a
stress drop can be described as

2
AE=LAFI=LAg i) neh 5)
2 2 2

where AF is the load drop; / is the displacement; d
and 4 are the diameter and height of the sample,
respectively; Ao is the average stress drop [10]; & is
the elastic strain. In the present study, #=2d. The
shear plane area, 4, is given by A=n[d/(2sin 0)]%,
where 6 is the angle between the shear plane and
the loading axis. Therefore, the energy release per
shear plane is obtained by

%zseAadsinzﬁ (6)

Assuming &~0.02, =2 mm and 6=45°, AE/A
can be obtained through Eq. (6). The detailed data
are listed in Table 3. It is noted that AE/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 AE/A as a
function of x in Fig. 8(a). A good linear fitting can
be established, which suggests that the change in
AE/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,
Q, is obtained to investigate the mechanisms of the
plasticization. It can be derived as [20]

Q=ksgT/(C'Mh) (7)
where m is the index of strain-rate sensitivity, and
_2RC Gchz (1 Ter Jm

\/g Tc z-C

C!
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Fig. 8 Relations between shear plane formation energy (AE/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 AGave/MPa (AE/A)/(J-m™2) Hs/GPa H»/GPa H.yo/GPa m Q/mm3
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

Aouve: Average stress drop after yielding; AE/A: Shear plane formation energy; Hs: Hardness at loading rate of 5 mN/s; Hz: Hardness at

loading rate of 20 mN/s; Have: Average hardness; m: Equivalent stain-rate sensitivity; 2: STZ volume

where C'is estimated to be 0.0136 [10]. m can be
derived from the equivalent strain rate & and the
hardness value [20]. Here, ¢ equals to P/(2P),
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, & can be obtained and subsequently m
and Q can be calculated. Figure 8(b) shows the &
—H curves of DCT5, DCT10, DCT20 and DCT60.
By fitting the data, m of each sample can be derived.
Moreover, assisted with Eq. (7), Q of each sample
is also calculated. The details are summarized in
Table 3. It is noted that the more rejuvenated
sample possesses a larger Q.

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
(£), less number of STZs are needed to be activated

to create a shear band, and consequently a lower
formation energy for a shear band (AE/A) is
required. In other words, a larger Q2 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 (£2), as well as the
relations between free volume and plasticity. Linear
relations between x and £, 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 ZrssCusoAlis BMGs, prepared with a
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with various cooling rates, following by room
temperature annealing for 10ns (a), and correlation
between atomic volume and shear modulus for MD-

simulated ZrssCusoAl;s (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 10'*~10" 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
ZrssCuzoAlis 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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