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A B S T R A C T   

Annealing usually induces structural relaxation and reduction of liquid-like regions, leading to embrittlement in 
bulk metallic glasses (BMGs). Here, we find that the short-term high-temperature thermal cycling (HTC) 
annealed Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vit1) BMG shows an improved plasticity without sacrificing their yield 
strength. And only relaxation behavior with increased hardness is observed after HTC, which is different from the 
rejuvenation effect usually observed in cryogenic thermal cycling (CTC). We revealed that this embrittlement 
reversal is attributed to enhanced fluctuations of full width at half maximum (FWHM) of the hardness’ distri
bution at micrometer and larger scales induced by short-term HTC. The enhanced fluctuations of mechanical 
heterogeneities across the diameter on a cross-section of the short-term HTC sample may increase the number 
and decrease the size of shear transformation zones (STZs) activated at high stress and promote the deflection of 
shear bands (SBs) during their propagation to form multiple SBs. The enhanced plasticity after HTC induced 
relaxation contradicts the common sense that relaxation accompanying with annihilation of free volume or 
liquid-like region usually causes embrittlement. Present results indicate that short-term HTC could be a powerful 
mean to tune the mechanical performance, shedding new lights on the interplay among relaxation, mechanical/ 
structural heterogeneity, and plasticity of MGs.   

1. Introduction 

Bulk metallic glasses (BMGs) have been actively studied due to their 
unique disordered structure with complex spatial heterogeneity at 
different length scales and remarkable mechanical, magnetic, and 
chemical attributes [1–4]. However, one of the main impediments to 
wider structural use of BMGs is their intrinsic brittleness, that is, they 
generally fail catastrophically under unconstrained loading by forming 
nanoscale shear bands (SBs) at room temperature [5–7]. Understanding 
atomic-scale deformation mechanism and overcoming the poor plas
ticity are long-standing challenges in BMGs field. Different from many 
conventional crystalline alloys, in which annealing is widely used to 
enhance the mechanical properties, annealing usually induces severe 
embrittlement in BMGs owing to annihilation/reduction of free volume 
(Vf)/liquid like zones, increased shear modulus, decreased Poisson’s 
ratio [8,9]. Annealing embrittlement was also related closely to reduced 
shear band activity [10]. And it is reported that the annealing induced 
ductile-brittle transition arises from the transition of shear band nucle
ation mode, the nucleation site density and the nucleation rate [11]. In 

fact, annealing embrittlement sensitivity varies among various BMGs 
and relates closely to the degree of order and fragility [8]. Fragile BMGs 
are found to be more prone to relaxation-induced embrittlement than 
stronger glasses [8]. Since it is hard to obtain improved plasticity in 
annealed MG state, introducing nano-crystalline(s) by isothermal 
annealing was adopted to enhance ductility in a few BMGs systems 
[12–14]. But it is of great challenges in controlling number, micro
structure and size distributions of nano-crystalline phases (which are 
sensitive to the alloy’s composition and annealing conditions) to 
enhance the plasticity. 

Therefore, much current research turns to other strategies to improve 
general plasticity of BMGs, such as tuning chemical composition, irra
diation, elastostatic loading, shot peening and cryogenic thermal cycling 
(CTC) treatment by enhancing the structural heterogeneity [15–17]. 
Among these methods, CTC is widely used due to the advantage of 
controllable, non-destructive features and no shape-changes [17]. It is 
worth noting that even though CTC is initially aimed at rejuvenating 
MGs, later investigations indicate that CTC can also induce relaxation 
and oscillatory (rejuvenation-relaxation transition) behavior [18]. It has 
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been verified that the rejuvenation process induced by CTC comes 
mainly from local atomic motion in loosely packed regions (LPRs), while 
the cooperative motion of atoms in densely packed regions (DPRs) is 
responsible for the other evolution path, i.e., relaxation [19]. Usually, to 
reduce the impact of structural relaxation during CTC, the upper tem
perature range of CTC is 0.42–0.62 Tg (Tg is the glass transition tem
perature) while the lower temperature is ordinarily set at the 
liquid-nitrogen temperature (77 K), which increases the complexity 
and cost of heat treatment [20]. Recently, rejuvenation induced by CTC 
is found to decay over about one week at room temperature after CTC in 

a series of Pd, Pt, Ti, or Zr-based glasses, returning the properties to 
those of the as-cast glass [21]. The reversion of CTC-induced properties 
implies a structural memory analogous to that of anelasticity, which are 
induced by largely uniaxial stresses on the sample [21]. 

Herein, we propose an easy-to-operate high-temperature thermal 
cycling (HTC) annealing as a novel strategy and investigate the effects of 
HTC with different sub-Tg isothermal annealing intervals on plastic 
deformation, nanoscale creep deformation, structural and hardness 
fluctuations of Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vit1) BMG. Contrast with 
conventional annealing experiments using from tens of minutes to 
several hours, rapid heating/cooling coupled with short-term isothermal 
annealing for 0.5 min and 1 min were included in present study. Sur
prisingly, enhanced plastic strain (εp) is obtained without sacrificing 
yield strength (σy) after HTC with isothermal annealing for 0.5 min at 
different temperatures. It is found that short-term HTC leads to struc
tural relaxation instead of rejuvenation and promotes larger fluctuations 
of hardness, activates more defects, increases the number and decreases 
the size of shear transformation zones (STZs), thus reversing the 
relaxation-induced embrittlement. The correlations between structural 
heterogeneity and plastic deformation and creep deformation are also 
discussed. This present work opens avenues to improve mechanical 
properties and sheds new lights on the interplay among relaxation, 
mechanical heterogeneity, and plasticity of metallic glasses. 

2. Experimental method 

Master alloy with nominal compositions of Zr41.2Ti13.8Cu12.5

Ni10Be22.5 (Vit1) was prepared by arc melting high purity elements 
under Ti-gettered high purity argon, followed by die-casting into cooled 

Fig. 1. Schematic diagram of the HTC and CTC process.  

Fig. 2. (a–c) Three replicas of representative engineering stress-strain curves of Vit1 samples before and after HTC treatment at 0.98 Tg; (d) variation of εp with error 
bars of AC and HTC treated Vit1 BMGs. 
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copper molds with a diameter of 3 mm. The specimens with aspect ratio 
of 2 (6 mm height and 3 mm diameter) were cut from the rod samples 
using a low-speed diamond cutting machine (SYJ-150) and their ends 
were then carefully polished to obtain parallel surfaces. HTC treatment 
with different thermal temperatures (0.98, 0.8 and 0.7 Tg) were applied 
in a high vacuum annealing furnace. In HTC, after the furnace heating to 
required temperatures, sealed samples were put into the furnace 
immediately and then annealed for 0.5 min, 1 min, 10 min, 30 min, 60 
min and 120 min, followed by instantly immersed in water. The sche
matic diagram of the HTC process is shown in Fig. 1. Temperature error 
of the furnace was ±3 k. The as-cast and HTC treated samples with 
isothermal annealing for 0.5 min, 1 min, 10 min, 30 min, 60 min and 
120 min are denoted as AC, A0.5, A1, A10, A30, A60 and A120 samples, 
respectively. 

Compression tests were carried out using a Sans 5305 testing ma
chine with a strain rate of 1 × 10− 4 s− 1. Three samples were tested for 
each condition to ensure repeatability. Surface morphology of deformed 
samples after fracture was analyzed by scanning electron microscopy 
(SEM, Sirion 200, FEI). The thermal properties were examined by dif
ferential scanning calorimeter (DSC, Netzsch 404 F3) at a heating rate of 
20 K/min. In order to measure the relaxation enthalpy (ΔHrel), a second 
run under the same experimental settings was carried out right after the 
first heating process, and used as the baseline to be subtracted from the 
first DSC curve. 5 samples for each condition were tested to assess the 
reproducibility of ΔHrel measurements. High-resolution transmission 
electron microscopy (HRTEM, Talos F200X) analysis were carried out to 
observe micro-structural changes before and after sub-Tg isothermal 
annealing. Samples for HRTEM analysis were thinned by ion milling 
method (Gatan Inc., PIPS-M691) under liquid nitrogen cooling condi
tion. For high angle annular dark-field (HAADF) imaging, a probe semi- 
convergence angle of 10.5 mrad and collection semi-angle of 58–200 
mrad were used. 

Nanoindentation tests were performed using a NanoTest Vantage 
(Micro Materials Ltd) with a standard Berkovich diamond indenter 
under load control model to study the creep deformation and cumulative 
distribution of hardness (H) and modulus (Er). Nanoscale creep mea
surements were conducted with loading and unloading rates of 0.5, 10 
and 50 mN/s. The maximum load (Pmax) was 50 mN and the holding 
time at Pmax is 120 s. For cumulative distribution calculation, the loading 
and unloading rates of 1 mN/s were applied and the holding time is 2 s. 
For each sample and loading rate, five effective indentation tests were 
performed. 

3. Results 

3.1. Effect of annealing time on compressive plasticity 

Typical engineering stress-strain curves of Vit1 sample before and 
after HTC treatment at 0.98 Tg are shown in Fig. 2(a–c). During loading 
in compression, Vit1 BMG suffers from extreme shear localization in 
narrow shear bands (SBs), which leads to local heating and softening 
[22]. From the figure, it can be seen that sub-Tg isothermal annealing for 
longer than 10 min leads to reduction of plasticity, as observed in many 
other reports [23]. Surprisingly, the plasticity is enhanced obviously 
after HTC with short-term isothermal annealing for 0.5 and 1 min at 
different annealing temperatures. The εp of annealed samples shows a 
distinct peak at a short time of 0.5 min when annealing at 0.98 Tg or 0.8 
Tg. Improved εp of 2.2% is achieved through annealing at 0.98 Tg when 
annealing time is 0.5 min. The values of εp with error bars of these 
samples are plotted in Fig. 2 (d). As shown in Fig. 2 (b), a slightly longer 
annealing time (1 min) is needed to obtain the maximum εp when 
annealing temperature of 0.7 Tg. Different from variation of plastic 
strain (εp) with annealing time, yield strength (σy) remains almost un
changed about 1700 MPa. Since εp changing with HTC duration is the 
same, 0.98 Tg was chosen as the following HTC temperature in this 
paper. 

Thermograms of Vit 1 samples before and after HTC treatment at 
0.98 Tg were also investigated. The solid lines in Fig. 3 (a) present DSC 
curves of Vit 1 BMG under different HTC duration, respectively. The 
corresponding Tg before and after HTC are approximately 623 K, indi
cating that HTC had little effect on the thermal stability of the Vit 1 
BMG. However, the relaxation enthalpy (ΔHrel) calculated from the DSC 
curves before and after HTC are differed. From Greer’s study [17], the 
sample was crystallized after the first DSC heating run on each sample. A 
second run on the now-crystalline sample, with the same heating pro
cedure as the first run, was used to generate the baseline for subtraction 
from the first run. The relaxation enthalpy (ΔHrel) was then calculated as 
the area below the glass transition and presented in Fig. 3 (b) by the 
shaded area below the horizontal dashed line. The values of ΔHrel 
gradually decreases with increasing isothermal annealing time 
increasing from 0.5 min to 120 min. It is indicative of relaxation instead 
of rejuvenation after HTC. The decreased ΔHrel is acknowledged as the 
state of lower energy and more ordered structure, generally corresponds 
to the worsen plasticity. However, the AC sample does not exhibit the 
largest εp although it shows the largest value of ΔHrel. This inconsistence 
has also been reported by other researchers [17,24], indicating that the 

Fig. 3. (a) Thermograms of the first and second heating curves of the AC, A0.5, 
A1 and A60 samples with HTC treatment at 0.98 Tg. The solid lines represent 
the first heating curves and the dashed lines represent the second heating 
curves; (b) the relaxation enthalpy of AC, A0.5, A1 and A60 samples with HTC 
treatment at 0.98 Tg. 
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origins of structural changes affecting mechanical properties may not 
entirely be the same of those affecting the thermal behavior. 

To clarify underlying mechanisms of the reversal of relaxation- 
induced embrittlement upon HTC, the lateral surface morphology and 
the fracture surface morphology of the AC and annealed samples were 
obtained and showed in Fig. 4. For the AC sample (inset in Fig. 4 (a)), 
only one primary SBs marked by the arrow, crossing through the sample, 
can be found, causing immediate failure. However, numerous shear 
bands reappear in the samples for A0.5 sample (inset in Fig. 4 (b)), 
which is consistent with the better εp in A0.5 sample. Besides, secondary 
shear bands and branches are formed, and more importantly, the in
tersections of shear bands are even more abundant. All fracture surfaces 
show vein-like patterns, which reflect typical shear failure mode 
attributing to decreased viscosity during deformation [25]. Shear bands 
are similar to thin viscous layers existing between two parallel plates, on 
which shallow cavities will form and then the bridges between them 
break during shear deformation, resulting in vein-like patterns [26]. 
Besides, Argon et al. found that, during shear deformation of BMGs, the 
release of high elastic energy derived from shear bands will result in 
local softening or melting, and the softened or melted regions in shear 
bands are easy to flow, thus forming vein-like patterns [27]. There are 
also some molten droplets on fracture, arising from accumulated elastic 
energy induced by significant increase of temperature during the 
extension of shear bands on lateral surface [28,29]. Density of vein 
patterns plays an important role in plasticity and greater density of vein 
patterns usually means comparatively good plasticity [30]. As shown in 
Fig. 4 (b), the fracture of A0.5 exhibits the most regular and 
well-developed vein-like patterns. Besides, its shear bands are denser 
and more highly-branched than those of the as-cast alloy, indicating 

better plasticity. With increasing annealing time, the temperature in
creases due to adiabatic heating generated by large residual strain en
ergy and SBs quickly turn into viscid matter. Therefore, ridges and rivers 
instead of perfect veins are formed on fracture surface subsequently. As 
shown in Fig. 4 (c-d), A1 and A60 samples show similar river-like pat
terns, leading to catastrophic fracture [23]. This is the reflection of low 
plasticity. Therefore, the result of fracture morphology variation is 
consistent with that of compressive stress-strain tests. 

Creep strain rate sensitivity (m) and STZ volumes (Ω) are further 
determined to understand the deformation mechanism and shown in 
Fig. 5. The m was derived by Ref. [31]: 

m= ∂lnH/∂ln ε (1)  

where H is the hardness and ε the equivalent strain rate. 

ε= Ṗ/2P (2)  

where P is the applied force, Ṗ = dP/dt. The values of m for AC, A0.5 and 
A60 samples are 0.02044, 0.02112 and 0.04466, respectively. It has 
been proposed that the flow is inhomogeneous non-Newtonian for m<1, 
meaning that the forced flow is achieved by sudden and localized atomic 
rearrangement [32]. The STZs volume (Ω), shown in Fig. 5 (b), can be 
estimated based on cooperative shear model (CSM) [33]: 

Ω=
τC

̅̅̅
3

√
kBT

2mHRξG0γ2
C(1-τCT/τC0)

1/2 (3)  

where kB is the Boltzmann constant and T the temperature. τC and G0 are 
threshold shear resistance and shear modulus at 0 K, respectively. The 

Fig. 4. SEM images of shear bands of (a) AC, (b) A0.5 samples with HTC treatment at 0.98 Tg; insets in (a–b) show lateral surface of the corresponding samples; SEM 
images of fracture morphology of (c) AC, (d) A0.5, (e) A1 and (f) A60 samples with HTC treatment at 0.98 Tg. 
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constants of R, ξ and γC are equal to 0.25, 3 and 0.027, respectively. The 
value of τCT/τC0 at a certain T can be estimated by the following equation 
[33]: 

τCT

τC0
=

γC0 − γC1
(
T
/
Tg
)2/3

τC/G0
(4) 

the value of γC0 is 0.036 ± 0.002, γC1 is 0.016 ± 0.002. Normally, the 
formation of STZs is associated with STZs activation energy (WSTZ). For 
an STZ at finite stress, 0<τCT<τC0, WSTZ can be defined as [34]: 

WSTZ =4RG0γ2
Cξ(1-τCT/τC0)

3/2Ω (5)  

activation volume Ω is thus calculated as 3.35 nm3 for AC, 3.18 nm3 for 
A0.5, and 1.42 nm3 for A60 sample according to Eq. (3), which are in the 
same range as reported previously in experimental study and simulation 
[33,34]. As shown in Fig. 5 (b), potential energy barrier WSTZ for an 
un-sheared STZ is in proportion to Ω and correlates with redistribution 
of atoms in a dispersed volume under external load. Generally, STZs 
consists of a few atoms to a few hundred atoms [35]. The decrease of Ω 
with annealing time is due to the densification effect, which cannot 
illustrate the enhancement of plasticity after short-term HTC. 

3.2. Structural heterogeneities and mechanical fluctuations at different 
scales 

It is well accepted that enhancing structural inhomogeneity is 
effective in facilitating local plastic events thus improving the plasticity 
of BMGs. Typical routes, such as cryogenic thermal cycling (CTC), elastic 
loading, severe plastic deformation, usually accompany the enhanced 
spatial heterogeneity with an increased fraction of liquid-like regions 
[17]. To understand the mechanism of plastic deformation, structur
al/mechanical heterogeneities at different length scales were investi
gated for present samples. Fig. 6(a–c) are HRTEM images for the AC, 
A0.5 and A60 samples, with corresponding selected area electron 
diffraction (SAED) patterns shown in insets. Homogeneous mazelike 
features of the phase-contrast HRTEM images show a fully amorphous 
structure without any crystalline phase. Besides, the diffuse halo rings of 
SAED patterns suggest amorphous structure before and after HCT 
treatment. Autocorrelation function (ACF) was carried out to quantita
tively analyze effect of HCT on local crystal-like ordering (CLO). As 
shown in Fig. 6(d–f), total fraction of CLO structures is 8% in the AC 
sample, 17% in the A0.5 sample and 7% in the A60 sample. It indicates 
that short-term HTC promotes the formation of the CLO structures and 
enhances nanoscale structural heterogeneities. To explore possible 
chemical or density fluctuations in nanoscale, high-resolution 
HAADF-TEM measurements were performed and shown in Fig. 6(g–i). 
It is generally believed that the dark field enjoys lower density and 
loosely packed local configuration, corresponding to liquid-like regions 
or soft regions. In contrast, the bright field are composed of densely 
packed atoms, namely solid-like or hard regions [36]. From the figure, 
no apparent contrast difference can be detected among the as-cast and 
annealed Vit1 BMGs. Besides, the mappings of elements (Fig. 6(j–l)) 
show a homogeneous distribution, and a visible correlation between 
chemical variation and heterogeneities could not be detected. 

Nanoindentation tests were further carried out to investigate the 
nanoscale mechanical heterogeneity after HTC. Fig. 7 (a) is a repre
sentative load-displacement (P-h) curve for the AC sample, and initial 
yield event (pop-in) is marked by an arrow, which is linked directly to 
initiation of individual and propagation of SBs and sensitive to soft re
gions (H and Er are sensitive to matrix) [37]. Cumulative distributions of 
H and Er for the AC, A0.5 and A60 samples are compiled from 49 loading 
curves, which is shown in Figs. 7(b and c). The AC sample has the lowest 
average H of 6.6 GPa, followed by 6.8 GPa for A0.5 and 7.2 GPa for A60 
sample. The average Er increases from 111.1 GPa for AC sample to 112.7 
GPa for A0.5 and 118.5 GPa for A60 sample. HTC induces local evolu
tion to densely packed atomic structure, resulting in shorter interatomic 
distances and short-range atomic rearrangement due to structural 
relaxation and increased H and Er [38]. This is different from the reju
venation induced by CTC [17]. 

Fluctuations of mechanical heterogeneity was further investigated 
by nanoindentation mapping method. Fig. 8 (a) shows the method for 
hardness mapping measurements, in which 22 indentation arrays (17 ×
17) were performed (together with 6358 indentations from the center to 
the edge) to acquire hardness distributions at each position. The dis
tance of 150 μm between two neighboring indentation arrays was cho
sen to avoid the interaction of nearby strained zones. The contour-line 
maps of nanoindentation hardness are shown in Fig. 8(b–d). Clearly, 
high hardness areas are surrounded by continuous soft hardness regions 
and form a relatively continuous grid structure in the A0.5 sample as 
shown in Fig. 8 (c). Usually a loss in free volume due to structural 
relaxation tends to cause embrittlement [39,40]. In addition, variation 
of average hardness values with error bars along the distance from the 
center was measured and shown in Fig. 8 (e). From the figure, it can be 
seen the average hardness increases gradually with increasing HTC 
temperature, consisting with the results of relaxation enthalpy and cu
mulative distributions of hardness/reduced modulus. However, there 
exists an abnormally enhanced compressive plasticity after short-term 
HTC in present study. Herein, we focus on spatially fluctuations of 

Fig. 5. (a) Determination of rate sensitivity m of hardness and (b) STZ volume 
(Ω) and activation energy (WSTZ) of AC, A0.5 and A60 samples with HTC 
treatment at 0.98 Tg. 
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hardness (which can be fitted well by Gauss function) and their variation 
along the direction of radius. As shown in Fig. 8 (f), the full width at half 
maximum (FWHM) of the first indentation array (the array locates at the 
center of the sample) of the AC sample can be determined to be 0.27245. 
The FWHM of hardness of other corresponding indentation arrays with 
error bars are presented in Fig. 8 (g). It is reported that the hardness 
fluctuations are accompanied by variations of elastic properties and 
local compression or stretching of atomic bonds during loading, which 
facilitates the formation and proliferation of shear bands and also 
regards as a reflection of structural fluctuations of the materials [41]. 
For the A0.5 sample, with increasing distance from the center, the 
FWHM first increases and then shows a serration pattern. The FWHM 
values of the A0.5 sample are 0.135 and 0.115 for the edge and center 
position, respectively. Obviously, the FWHM fluctuation of the A0.5 
BMG is substantially larger and more obvious compared to AC and A60 
samples, manifesting enhanced structural/mechanical fluctuations. The 
change of FWHM values of hardness (from the center to the edges) is 
clearly due to different degrees of structural fluctuations during HTC. 
For A 0.5 sample, the temperature reached during HTC is likely to be 
different in the center than in the edges as there is no time for thermal 
equilibration inside the sample. It is worth noting that the FWHM values 
of A60 are relatively lower than the other two samples for all the 

investigated positions, indicating the most homogenous structure after 
long isothermal annealing. These hardness fluctuations suggest that by 
adjusting the holding time of isothermal annealing, a potentially 
low-cost manufacturing process for the scalable production of tunable 
plasticity of BMGs can be proposed. 

3.3. Nanoscale creep deformation behavior 

To further understand the largest FWHM at the edge regions of the 
A0.5 sample, creep tests are conducted at these regions. Creep can 
connect internal flow units with external mechanical properties of BMGs 
in plastically shearing events [35]. Fig. 9 (a) shows typical creep 
displacement-time curves of the AC sample at different loading rates. 
With loading rates increasing, the creep depth increases, which is similar 
to the results observed in other BMGs [42]. Maximum creep displace
ment of AC, A0.5, and A60 is 7.4, 5.4 and 4.5 nm at a loading rate of 0.5 
mN/s, respectively. Decreased creep displacement demonstrates a less 
pronounced creep deformation after annealing treatment, consisting 
with previous findings that annealed BMGs with less free volume or 
higher hardness exhibit better creep resistance [43]. 

Based on core-shell model, nanoscale heterogeneity can be charac
terized by two relaxation processes with different relaxation time during 

Fig. 6. HRTEM images of (a) AC, (b) A0.5 and (c) A60 samples with HTC treatment at 0.98 Tg; 2D autocorrelation function of (d) AC, (e) A0.5 and (f) A60 samples 
with HTC treatment at 0.98 Tg; HAADF-TEM images of (g) AC, (h) A0.5 and (i) A60 samples with HTC treatment at 0.98 Tg; element mappings of (j) AC, (k) A0.5 and 
(l) A60 samples with HTC treatment at 0.98 Tg. 

Fig. 7. (a) A representative load-displacement curve of AC sample. Cumulative distributions of (b) hardness and (c) reduced modulus for the AC, A0.5 and A60 
samples with HTC treatment at 0.98 Tg. 
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creep deformation [44]. Creep curves are analyzed using Maxwell-Voigt 
model containing Maxwell units and Kelvin units in series. BMGs are 
structurally heterogeneous at nano to micro-scale [45]. Therefore, a 
Maxwell unit with 2 K units, i.e., i = 2, are utilized, which can well 
describe creep deformation of viscoelastic materials during an inden
tation process. Accordingly, creep displacement can be expressed below 
[42]: 

h(t)=
∑n

i=1
hi

(
1-e-t/τi

)
+ t

/

μ0 (6)  

where hi is the indentation depth, t the experimental time during holding 
segment, τi the characteristic relaxation time of the i-th anelastic Kelvin 
unit, and μ0 a constant of Maxwell unit. As shown in Fig. 9 (a), creep 
curves of the AC sample with different loading rates can be fitted well 
with Eq. (6). The μ0 as an indicator of visco-plastic deformation of the 
sample, seems independent of loading rates. 

Furthermore, relaxation time spectrum L(τ), obtained from creep 
curve can accurately described the two anelastic creep processes of MGs 

as following expression [46]: 

L(τ)=
(
∑n

i=1

(

1+
t

τi

)
hi

τi

e-t/τi

)
A0

P0hin
t (7)  

where A0/P0 is an inverse of hardness, and hin the maximum indentation 
depth. Fig. 9 (b) presents the relaxation time spectra of A0.5, all of which 
exhibit two separate relaxation peaks. The first peak with short relaxa
tion time (τ1) represents smaller defects, while the second peak with 
long relaxation time (τ2) represents larger defects [46]. It can be found 
that when loading rates increases from 0.5 to 10 mN/s, the intensity of 
both first and secondary peaks increases simultaneously. This phenom
enon was also observed in other Fe-based [42] and Zr-based BMGs [46], 
revealing that more free volume or defects are activated at room tem
perature in a low-velocity impact mode [46]. The intensity of relaxation 
spectrum is reduced at the loading rate of 50 mN/s. From equation (7), L 
(τ) is not only related to loading rates, but also relates to hardness and 
characteristic relaxation time. In fact, these mismatch between creep 
displacement and intensities of L(τ) were observed in CoFe-based [47], 

Fig. 8. (a) The method for hardness measurements along various circles; contour-line maps of nanoindentation hardness of (b) AC, (c) A0.5 and (d) A60 samples with 
HTC treatment at 0.98 Tg; (e) variation of average hardness value with error bars along the distance from the center of AC, A0.5 and A60 samples; (f) statistical ΔH/H 
data of AC sample; (g) the mean FWHM of hardness with error bars of AC, A0.5 and A60 samples with HTC treatment at 0.98 Tg. 

Fig. 9. (a) Experimental and fitting creep curves of AC sample; (b) relaxation spectra of (b) A0.5 sample and (c) AC, A0.5 and A60 samples with HTC treatment at 
0.98 Tg under the loading rate of 50 mN/s. 
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FeTb-based [48] and Zr-based [32,46] BMGs. Fig. 9 (c) compares 
relaxation spectra of three samples at a loading rate of 50 mN/s. For 
A0.5, intensities of both peaks are correspondingly higher than those of 
the AC sample, and the peak of the secondary relaxation is more intense 
than the primary relaxation. It is noticed that the higher the peak in
tensity, the more relaxation processes involved, i.e., more defects of 
larger size are activated, which may be related with the more obvious 
structural fluctuations in Fig. 8 (g). For the A60 sample showing a 
similar plastic strain with the as-cast alloy, the intensity of the first peak 
shows an obvious increase while the intensity of the second peak (arising 
from the activation of larger defects) closes to that of the AC sample. 
This may imply that larger defects with longer relaxation time play a 
more important role on the plastic deformation. 

4. Discussion 

As shown in Fig. 10 (a), BMGs are composed of liquid-like atoms (red 
spheres) with lower density and solid-like atoms (blue spheres) with 
higher density, with different atomic arrangements to external agita
tions [39]. The low-density regions can be more easily activated under 
external stress. That is, shear transformation occurs there and STZs form 
in these regions, which are circled in orange dashed ellipses in Fig. 10 
(a). Traditional property manipulation routes, such as CTC or short 
peening, are widely adopted to improve the plasticity of BMGs via 
increasing the structural heterogeneity (shown in Fig. 10 (b)) [17,49]. 
However, the thermal stability and yield strength/hardness are usually 

reduced due to the introduction of more loosely packed regions, whose 
stress-strain curve are shown as curves A and B in Fig. 10 (d) [50]. 

In contrast, conventional annealing usually induces annihilation of 
free volumes and a more homogeneous structure, leading to degrading 
of plasticity [10]. Surprisingly enhanced plasticity is observed by 
short-term isothermal annealing in present work, reversing the 
relaxation-induced embrittlement in BMGs. Inspired by gradient 
metallic glasses (GMGs) with spatially gradient distributed free vol
ume/shear bands, nanoindentation arrays from the center to the edges 
were conduct to investigate structural gradient [51,52] and average 
hardness along the specific radius direction were measured, shown in 
Fig. 8 (e). It is noted that the hardness does exhibit gradient increase, 
consisting with obvious hardness-value gradient in Zr58Cu22Fe8Al12 
BMG in a specific direction [52]. As shown in Fig. 8 (e), a more obvious 
hardness-value gradient can be seen for the AC sample, followed by A0.5 
and A60 samples. However, an increase in plastic strain of A0.5 sample 
were observed without the increase of the structural gradient, showing 
that structural gradient is not responsible for the increase in plasticity. 
Herein, we focus on spatially hardness fluctuations via full width at half 
maximum (FWHM) of nanoindentation arrays along the direction of 
radius. Hence, this reversal enhanced εp of A0.5 sample is closely asso
ciated with the enhanced fluctuation of the FWHM of the hardness’ 
distribution (Fig. 8 (g)) [53], which is different from the usually 
observed annealing-induced homogeneity. To understand this enhanced 
degree of mechanical heterogeneity (increased FWHM of the hardness 
distribution), the effect of heating and cooling processes should be 

Fig. 10. Schematic illustration of two ways to enhance structural heterogeneity of BMGs. Atomic structures for (a) AC, (b) CTC or shot peening and (c) HTC samples; 
(d) Stress-strain curves of AC, CTC or shot peening and HTC samples. The blue spheres represent atoms in solid-like regions and the red spheres represent atoms in 
STZs, which are circled in orange dashed ovals. 

J. Cui et al.                                                                                                                                                                                                                                       



Journal of Materials Research and Technology 30 (2024) 9148–9157

9156

illustrated (which is usually ignored in conventional annealing for de
cades of minutes). Similar to the CTC treatment, the fast heating and 
cooling processes in the HTC can induce local atomic fluctuations and 
enhance structural fluctuations due to intrinsic non-uniformity of the 
structure and a non-uniform local coefficient of thermal expansion 
(CTE) [17,50]. And the holding stage brings about structural relaxation 
and structural homogeneity, accompanied with annihilation of free 
volume [54]. Therefore, the plastic strain (εp) is the competition be
tween the enhanced heterogeneity caused by cooling/heating and the 
structural homogeneities arising from relaxation in holding stage. After 
short-term isothermal annealing, the influence of the structural homo
geneity effect cannot eliminate the enhanced heterogeneity caused by 
cooling/heating, resulting in the enhanced FWHM of the hardness’ 
distribution. With increasing annealing time, the effect of structural 
homogeneities arising from relaxation in holding stage will dominate 
over the inhomogeneity effect induced by heating/cooling, leading to 
the overall homogenization after HTC. 

Now, we discuss how the structural variation caused by short-term 
HTC affects the deformation behavior. First, the enhanced fluctuation 
of mechanical/structural heterogeneity at different length scales with 
densification effect leads to the formation of smaller and denser STZs 
(shown in Fig. 10 (c)) in the A0.5 sample, which is different from CTC 
treatment (leading to increased heterogeneity with a looser atomic 
packing in Fig. 10 (b)). These STZs, acting as nucleation site, are prone to 
form SBs to accommodate more strain. Secondly, the pronounced fluc
tuations of mechanical/structural heterogeneity at different length 
scales promote SBs’ deflection that fundamentally suppresses the un
limited shear localization, forming multiple shear bands, and endows 
A0.5 sample with increased plasticity as illustrated in curve C of Fig. 10 
(d) [52]. However, when structural relaxation induced by isothermal 
annealing becomes more dominant with increasing annealing time, the 
sample becomes mechanically more homogeneous, leading to deterio
rated plasticity. Note that a recent work reported a brittle-to-ductile 
transition induced by a two-step annealing strategy [55]. It was found 
that thermal treatment of annealing-relaxed BMGs can rejuvenate the 
BMGs and increase the average volume. Here, we present a novel 
simpler strategy to enhance the plasticity without rejuvenating the 
BMGs by single HTC. 

5. Conclusions 

In summary, we show that short-term HTC can enhance structural 
fluctuations and reverse the annealing induced embrittlement in Zr- 
based BMGs. Plausible mechanism for such annealing time-regulated 
plasticity is related to the variation of the structural/mechanical het
erogeneity at different length scales. It is revealed that short-term HTC 
treated sample shows the enhanced fluctuations of the degree of me
chanical heterogeneity, i.e., increased degree of mechanical heteroge
neity in some positions and decreased degree of mechanical 
heterogeneity in other positions depending on the distance from the 
center. This could effectively create more possible STZs activated at high 
stress, promote the deflection of SBs and form multiple SBs to accom
modate the applied stress. HTC with long-term isothermal annealing 
reduces the degree of mechanical heterogeneity (in terms of FWHM of 
the hardness’ distribution curve) in the whole sample, resulting in 
embrittlement. These results not only provide a deep understanding of 
the interplay between structural/mechanical heterogeneity and plas
ticity, but also offer new strategies for design and optimization of BMGs 
with desired mechanical performance. 
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