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e Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan 
f Department of Mechanical Engineering, College of Engineering, City University of Hong Kong, Tat Chee Avenue, Kowloon Tong, Kowloon, Hong Kong SAR, China 
g Department of Materials Science and Engineering, College of Engineering, City University of Hong Kong, Tat Chee Avenue, Kowloon Tong, Kowloon, Hong Kong SAR, 
China 
h Innovation Center, NPU-Chongqing, Chongqing 401135, China   

A R T I C L E  I N F O   

Keywords: 
High-entropy metallic glass 
Mechanical relaxation 
Creep 
Free volume 

A B S T R A C T   

A comparative study of high-entropy metallic glasses and their reference counterparts was conducted via me-
chanical relaxation behavior and high-temperature deformation. We show that the high-entropy metallic glasses 
possess a relatively more homogeneous structure, which generates smaller activation volumes and sluggish free 
volume evolution during high-temperature deformation. A spectrum analysis that allows to delineate the 
deformation details of high-entropy metallic glasses were constructed. The core finding sheds important light on 
the structural heterogeneity and sluggish dynamics and provides an essential piece for understanding the 
deformation mechanism of high-entropy metallic glasses.   

Owing to the unique mechanical/physical properties, the metallic 
glasses (MGs) have attracted tremendous research interest in the field of 
materials science and condensed matter physics [1–3]. Traditionally, 
they have been prepared and rapidly developed according to a ‘base 
element’ paradigm. This strategy begins with one or two principal ele-
ments, such as Pd-based and Zr-based [4,5]. A novel theme of “more is 
different” for alloy design was postulated about two decades ago, this 
strategy involves the mixing of five or more principal elements in 
equimolar, or near equimolar, ratios (5~35 at.%) to form thermody-
namically metastable alloys termed as high-entropy alloys (HEAs) [6,7]. 
The concept of HEAs boldly advances the design philosophy of alloys 
and offers the promise to discover interesting novel MGs with useful 
properties. Overlapping the characteristics of HEAs and MGs, 
high-entropy metallic glasses (HE-MGs) have been reported to present 
plenteous improved physical and mechanical properties [8,9]. The four 
core features of HEAs, i.e., high entropy, severe lattice distortion, slug-
gish diffusion and cocktail effects, have received the favor of the re-
searchers [6,7]. After the extensive studies, an interesting question has 
been raised: how does the entropy-induced sluggish diffusion effect exist 
and to what extent it governs the structure-property relation of HE-MGs? 
Nevertheless, given the short history of research on HE-MGs, the field is 

still in fumbling stage compared to that of the conventional MGs. 
At ambient temperature, most of the MGs exhibit poor tensile plas-

ticity which represents an “Achilles’ heel” of the generic glassy materials 
[10,11]. In sharp contrast, MGs actually show homogeneous flow and 
pronounced plasticity at T ≥ 0.8 Tg (Tg is the glass transition tempera-
ture), paving the way to study the details by which the constituent atoms 
rearrange themselves individually and cooperatively under thermal/-
mechanical stimulations [12,13]. Besides, the deformation mechanism 
of MGs has been found to be closely bound to the relaxation behaviors 
[14,15]. There are two main processes governing the relaxation of MGs: 
the initial fast process (β relaxation) viewed as locally reversible rear-
rangement and the final slow process (α relaxation) associated with the 
large scale irreversible rearrangement of atoms [16,17]. 

The purpose of the current work is to give a picture on the homo-
geneous flow behavior in an attempt to gain further insight into the 
physical metrics of the sluggish dynamics observed in HE-MGs. 
Compared with the reference MGs, a smaller activation volume and 
slower annihilation of free volume are uncovered in the HE-MGs with 
different types of β relaxation behaviors, thus linking such properties to 
the higher mixing entropy. More significantly, we proposed a spectrum 
analysis to delineate the deformation mechanism governed by soft 
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regions in HE-MGs. 
La60Ni15Al25 (at.%), La30Ce30Ni10Al20Co10 (at.%), Pd40Cu30Ni10P20 

(at.%), Pd20Pt20Cu20Ni20P20 (at.%), Zr45Cu50Al5 (at.%) and 
Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 (at%) MGs were chosen as model 
alloys and fabricated by single-roller melt-spinning in an argon atmo-
sphere into thin ribbons (thickness around 30 μm). Thermal analysis was 
carried out by differential scanning calorimeter (DSC, Netzsch DSC 404 
F3) under high-purity argon flow. Characteristic temperatures like the 
glass transition temperature Tg and the crystallization temperature Tx 
were obtained from the corresponding DSC curves at a heating rate of 
20 K/min. The absolute values of the specific heat capacity Δcp of glasses 
(i.e., the difference between amorphous state between crystalline state) 
can be calculated by cp_glass-cp_crystal. 

The storage and loss moduli of the model glassy ribbons were 
measured by a commercial dynamic mechanical analysis (DMA, TA in-
struments Q800) using the tension film configuration. Under a simula-
tion of sinusoidal stress σ= σ0cos(2πƒt), the strain response of typical 
viscous-elastic material can be monitored as ε = ε0cos(2πƒt + δ), where ƒ 
is the loading frequency and δ the phase lag. The complex Young’s 
modulus can be expressed as E = σ/ε = E’ + iE’’ in the complex plane, 
where E’ and E’’ are the storage and loss moduli, respectively. The 

mechanical relaxation spectrums were determined at testing frequency 
of 2 Hz and heating rate of 2 K/min. 

The tensile stress jump tests of the model glassy ribbons were per-
formed in DMA in tensile mode at various normalized temperature from 
0.80 Tg to 0.86 Tg. The applied stress was from 50 MPa to 225 MPa for 
La- and Pd-based MGs and from 100 MPa to 275 MPa for Zr-based MGs. 
The stress interval between the two segments was 25 MPa and the stress 
rate was 6.25 MPa/s. The loading time was 180 min for the first stress 
level and 30 min for the subsequent levels. 

Fig. 1(a)-(c) show the Δcp curves of HE-MGs and their reference 
counterparts. The glass transition temperature Tg and the onset tem-
perature of crystallization Tx, are indicated. It starts with an endo-
thermic heat effect due to the glass transition followed by an exothermic 
peak corresponding to the crystallization. Combining the measured 
specific heat capacity data and entropy of crystallization ΔScry, we can 
calculate the excess entropy of our systems as a function of temperature 

as ΔS(T) = ΔScry −

∫Tequal

T

Δcp(T∗)

T∗
dT∗. Tequal is the temperature where the 

Gibbs free energy of the glass and the crystal are equal. After crystalli-
zation, the value of Δcp is approximately equal to zero. For the 

Fig. 1. (a)-(c) DSC curves for HE-MGs and their reference counterparts; (b)-(e) Evolution of the excess entropy on temperature for HE-MGs and their reference 
counterparts. 
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calculations we choose the end temperature of crystallization as Tequal. 
Figs. 1(d)-(f) show the evolution of excess entropy of HE-MGs and their 
reference counterparts on temperature. Obviously, HE-MGs possess a 

higher value of excess entropy than that of their reference counterparts. 
The measurement of Δcp plays an essential role in quantificationally 
describing the excess entropy of HE-MGs. 

Fig. 2. Evolution of the normalized loss modulus E’’/E’’max versus the normalized temperature T/Tα at a testing frequency of 2 Hz and heating rate of 2 K/min for 
La30Ce30Ni10Co10Al20 HE-MG, La60Ni15Al25 MG, Pd20Pt20Cu20Ni20P20 HE-MG, Pd40Ni10Cu30P20 MG, Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 HE-MG, and Zr45Cu50Al5 MG 
respectively. E’’max is the maximum of loss modulus and Tα is the peak temperature of the main α relaxation. The inset gives the schematic illustration of the 
relationship between the density and distribution of soft regions and β relaxation behavior in MGs. 

Fig. 3. (a) The stress-jump tests of La30Ce30Ni10Co10Al20 HE-MG at 0.80, 0.83, 0.85, and 0.86 Tg. (b) Evolution of the strain rate on the applied stress at various 
temperature. The solid lines denote the linear fittings. Inset shows a quasi-linear relation between activation volume and temperature. (c) Variation of activation 
volume with T/Tg for La30Ce30Ni10Co10Al20 HE-MG, La60Ni15Al25 MG, Pd20Pt20Cu20Ni20P20 HE-MG, Pd40Ni10Cu30P20 MG, Ti16.7Zr16.7Hf16.7Cu16.7Ni16.7Be16.7 HE-MG, 
and Zr45Cu50Al5 MG respectively. The solid lines are linear fittings. 
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Fig. 2 shows the evolution of the normalized loss modulus E’’/E’’max 
on the normalized temperature T/Tα at a testing frequency of 2 Hz and 
heating rate of 2 K/min., There exists an additional peak at low tem-
perature besides the main α relaxation in the E’’/E’’max curve of La- 
based MGs, which is clearly discerned as β relaxation. For Pd-based 
MGs the β relaxation is a type of “shoulder”, while it is the α relaxa-
tion that dominates the E’’/E’’max curve of Zr-based MGs. Only an excess 
wing at the low temperature side of the α relaxation peak is observed in 
these latter systems. Therefore, in this work we selected a set of com-
positions with a quite different manifestation of the β relaxation. 

MGs are highly structurally heterogeneous and can be modeled as 
soft regions confined by the surrounding elastic matrix [18,19]. Some 
researchers have proposed that the atoms in soft regions possess lower 
elastic modulus and packing density but higher mobility, which can be 
easily activated and rearranged in a local environment of stress or 
temperature [20]. Furthermore, the β relaxation has been recently 
associated to the motion of string-like of loosely packed atoms in these 
soft regions, which is rooted in the structural heterogeneity inherited 
from their liquid states [21,22]. The β relaxation behaviors are quite 
different in various MGs attributed to the totally different densities, 
intrinsic relaxation times, and energy distributions of the soft regions (as 
seen in the inset of Fig. 2) [23]. 

Stress jump tests were applied at a wide range of stress and tem-
perature. Fig. 3(a) illustrates the strain evolution of flow processes 
occurring in La-based HE-MG at different normalized temperatures 
(scaled by Tg for comparison). Only the results of La-based HE-MG are 
shown in the main text and the others are shown in SI Appendix, Fig. S1. 
The experimental results show that the strain and strain rate increase 
with the increase of the stress or temperature, indicating a larger volume 
fraction of atoms in the matrix is activated and transforms into soft re-
gions. The deformation units in MGs carrying the plastic deformation 
are activated by thermal and mechanical stimulations, and the strain 
rate can be described as [13] 

ε̇ = ε̇0exp
(

−
ΔH
kBT

)

= ε̇0exp
(

−
ΔE − τV

kBT

)

(1)  

where ε̇0 is a strain rate pre-factor, kB is the Boltzmann constant, ΔH is 
the activation free enthalpy for the stress-assisted, thermally activated 
plastic deformation, ΔE is the activation energy of the plastic defor-
mation unit, and V is the activation volume. The activation enthalpy is 
ΔH = ΔE − σV, which levels the role of mechanical work in biasing the 
potential energy landscape. Considering the plastic deformation in MGs 
is dominated by shear stress, we use an empirical relation τ = σ /

̅̅̅
3

√
. 

The activation volume can be computed by the general partial differ-
ential of Eq. (1) as:V =

̅̅̅
3

√
kBT ∂ln(ε̇)

∂σ . Fig. 3(b) shows the log of strain rate 
versus the stress at various temperatures, the solid lines were linear 
fittings. Here we gave the fitting results of the La-based HE-MG. Closer 
inspection reveals a systematic deviation of the experimental data from 
the fitted curve: the first data point (open symbols) shows slightly 
smaller strain rates than the values fitted. The reasons of such deviation 
may include two aspects: (i) The dynamic balance between the creation 
and annihilation of structural defects is not reached for quasi-steady- 
state creep because of the effect of net structural relaxation. (ii) The 
isothermal time is 180 min for the stress level of 50 MPa but only for 30 
min for the subsequent levels. The continuous structural relaxation has a 
positive effect on decreasing the strain rate. We find that the activation 
volume quasi-linearly increases with the temperature in the region from 
0.8~0.86 Tg [see the inset in Fig. 3(b)]. Furthermore, the activation 
volume of the six systems can be evaluated as shown in Fig. 3(c). From 
the results, the following observation can be made:  

(i) The activation volume quasi-linearly increases with increasing 
temperature, independently of the chemical compositions, 
pointing that the quasi-linear relation between activation volume 
and temperature is a universal characteristic of MGs; 

(ii) MGs that possess a weaker β relaxation are relatively homoge-
neous and contain less soft regions [24]. The activation volume 
progressively increase as the β relaxation transforms from an 
“excess wing” to a “peak”, proving that more heterogeneous 
structure facilitates larger activation volume;  

(iii) The slope stands for the increase rate of the activation volume. 
The comparison between HE-MGs and their reference counter-
parts shows the former with smaller slope, which indicates the 
former may possess a relatively homogeneous structure;  

(iv) The difference of the value and increase rate of activation volume 
between HE-MGs and their reference counterparts strongly de-
pends on the β relaxation mode. Such a significant difference 
exists between La-based MGs but is almost negligible between Zr- 
based MGs. It indicates that the higher the density of soft regions, 
i.e., the more heterogeneous the structure, the more affected by 
the high entropy effect. 

Johnson and Samwer proposed a cooperative shearing model (CSM) 
to elucidate the plasticity of MGs below the Tg [25]. In the framework of 
CSM, the stress-assisted activation enthalpy, ΔH at finite stress 

0<τ < τc is expressed as ΔH = 4R0Gγ2
c

(

1 − τ
τc

)3
2

ξΩ, where G is the shear 

modulus, τc is a threshold shear resistance at zero temperature, Ω is the 
volume of the shear transformation zones, and γc ≈0.027, R0≈0.25, and 
ξ≈3 are constants [25]. From the tension stress jump tests, one can 
compute the shear transformation zones volume as Ω = Vτc

6R0Gγ2
c ξ

(

1− τ
τc

)1
2
. 

The average atomic radius Ra is statistically computed by Ra =
∑n

j=1xjr3
j , where xj is the mole fraction of the jth element, rj is the atomic 

radius of the jth element. Therefore, the number of atoms during plastic 
deformation in MGs can be evaluated, as summarized in SI Appendix, 
Table 1 for details. According to our fittings, it is reasonably expected 
that the number of atoms varies from 7.0 to 16.7 in the supercooled 
liquid region, which is closely near to the number reported for other 
MGs, verifying the homogeneous flow of MGs obeys a similar mode [26]. 

Structural relaxation results in a progressive increase of the struc-
tural ordering and a decrease of atomic mobility [27]. Note that the 
plastic deformation of MGs occurs by the superposition of the shear of 
multiple localized groups of atoms, and it also has a rejuvenation effect 
creating soft regions [28,29]. As a consequence, the population of soft 
regions decreased by structural relaxation and increased by plastic 
deformation, the latter mitigating the effect of structural relaxation or 
even equilibrating it in case of a sufficient power density (the product of 
the stress and strain rate). The plastic deformation of MGs is actually 
accompanied by shear dilatation [30], thus, there is a competition be-
tween the annihilation of free volume induced by the structural relax-
ation and the creation introduced by plastic deformation. The relation 
between free volume and the structural defects concentration cf is 

defined as cf = exp
(

−
μνc
νf

)

, where μ is a pre-factor between 0.5 and 1, νc 

is the critical value of free volume and νf is the average free volume per 
atom [31]. Taking annihilation and creation of free volume into ac-
count, the expression of cf is expressed as follows [31]: 
⎧
⎪⎨

⎪⎩

ċf + − krcf
(
cf − cf ,eq

)
+ axε̇cf In2( cf

)

ε̇ = ε̇f sinh
(

σε0v0

2
̅̅̅
3

√
kBT

)

+
(σ̇

E

) (2)  

where kr is the rate constant, cf ,eq is the equilibrium flow defect con-
centration at a finite temperature, ax is the proportionality factor, n is 
the number of activated atoms, and E is the elastic modulus. In the 
steady-state flow region, cf reaches a stationary value and then a balance 
between the annihilation and the creation of free volume is established. 
The evolution of the strain and flow defect concentration during the 
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tension stress jump tests was calculated by numerical integration of Eq. 
(2). The initial flow defect concentration c0 was estimated at 8.5 × 10− 14 

for all of systems to remove the influence of numerical fault. The final 
value of cf for each test was taken as the input value for the next test. The 
free parameters, kr and ax, were adjusted to fit the complete set of data 
points. 

According to free volume theory, the stress-strain curves were 
simulated by Eq. (2), as shown in Fig. 4(a). We show the simulation of 
the La-based HE-MG in the main text and the others in SI Appendix, 
Fig. S2. The deviation may be induced by the influence of ε0ν0,E, and 
ribbon size. The variation of ribbon size during tension (details seen in 
the inset of Fig. 3(a)) leads to an inaccurate true stress and elastic 
modulus, which have further influence on the flow defects concentra-
tion. The inset of Fig. 4(a) depicts the evolution of corresponding de-
fects concentration during the stress jump tests for La-based HE-MG. The 
increase of the temperature accelerates the annihilation of flow defect 
concentration (aging) while the increase of the applied stress can 
accelerate the creation of flow defect concentration (rejuvenation). Only 
when a stress beyond the threshold is applied, such a thermo-mechanical 
creep can induce the structural disordering [32]. 

To shed some light on the mechanism responsible for the observed 
occurrence of smaller activation volume and increase rate in HE-MGs, 
we compared the defects evolution as a function of the time for La- 
based and Pd-based HE-MGs and their reference counterparts (Fig. 4 
(b)). One can see that the curve of HE-MGs is obviously lower than that 
of their reference counterparts, confirming a slower free volume anni-
hilation rate and sluggish dynamics. The kr values obtained from the fits 
are shown in the inset in Fig. 4(b) as a function of T/Tg for better 
comparison. At first sight, it seems plausible that the unexpected slug-
gish dynamics can be ascribed to a smaller annihilation rate coefficient. 

The plastic deformation of MGs is considered to activate the soft 
regions, facilitating to reach the percolation of active flow zones. The 
correlation between the deformation and atomic cooperative rear-
rangements has been also reported in polymeric and silica glasses, where 
the segmental mobility of polymer chains significantly increases during 
the tensile creep [33], and the atomic-scale localized rearrangements 
have even been directly observed by the transmission electron micro-
scope [34]. The way of sluggish dynamics to simulate such a relationship 

Fig. 4. (a) The simulated results of the strain-time curves for La30Ce30Ni10-

Co10Al20 HE-MG at various temperatures. Inset shows the evolution of the flow 
defect concentration with time at various temperatures. (b) Evolution of the 
flow defect concentration with time for La-based and Pd-based MGs and HE- 
MGs. Inset shows evolution of the kr on the normalized temperature T/Tg. . 

Fig. 5. (a) Schematic diagram of microstructure and activation volumes in HE-MGs and their counterparts. HE-MGs present relatively homogeneous microstructure 
which might be induced by the high entropy; (b) The structural indicators of HE-MGs and their counterparts. The various keywords are used to qualitatively describe 
the structural states. 
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deserves additional studies. The potential energy landscape (PEL) has 
been widely applied into investigating the physical phenomena of MGs 
such as the glass transition [35], physical aging [36], and mechanical 
deformation [14]. Obtained by rapid freezing from the melt, the energy 
level of MGs is relatively higher than that of their crystalline counter-
parts and the state locates at a high-energy basin [23,37]. During an 
isothermal annealing, MGs progressively trigger the annihilation of free 
volume and fall into a low-energy basin. Due to lower Gibbs free energy, 
HE-MGs are most likely located at a relatively low-energy basin 
compared with that of their reference MGs. Akin to previous results, 
HE-MGs possess excellent high-temperature stability in the supercooled 
liquid region, suggesting a higher activation energy for crystallization 
[38,39]. Fig. 5(a) is a schematic diagram of microstructure and acti-
vation volumes in HE-MGs and their counterparts. From the results 
shown in this work, HE-MGs with relatively homogeneous structures 
inhibit the atomic rearrangements, thus, possessing relatively small 
activation volume. Similar sluggish dynamics in HE-MGs have been also 
recently observed in various glasses [39–41]. In addition, we also 
illustrate the correlations between HE-MGs and their counterparts, as 
well as the structural state they correspond to (Fig. 5(b)). Our findings 
validate the existence of the entropy-induced sluggish dynamics in 
HE-MGs: the high entropy strategy to design new compositions gener-
ates glass structures restraining the atomic rearrangements. These pro-
cesses are found to be coupled through soft regions that characterize the 
sluggish dynamics of the system. 

In conclusion, we explored the sluggish dynamics in HE-MGs via 
mechanical relaxation and high-temperature deformation, which will 
rise the interest in HE-MGs and will be useful for tailoring the me-
chanical deformation behavior of metallic glasses. High entropy in-
troduces a small value and a weaker temperature dependence of the 
activation volume, as well as a smaller free volume annihilation coef-
ficient, leading to sluggish dynamics. These findings extend our 
knowledge of HE-MGs and provide a significant piece of new informa-
tion to sketch a more complete structure-property relation of these 
materials. 
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