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Abstract: High temperature deformation was probed in a La-based high entropy 18 

metallic glass with an evident slow β relaxation. The correlation between high 19 

configurational entropy and high temperature deformation mechanism was analyzed. 20 

On the one hand, by increasing the strain rate, the degree of deviation from Newtonian 21 

behavior in high entropy metallic glasses is lower than that of conventional metallic 22 

glasses, which is ascribed to the high configurational entropy. On the other hand, high 23 

configurational entropy leads to a decrease of activation volume in high temperature 24 

deformation of metallic glasses. Identifying the influence of high configurational 25 

entropy on the deformation mechanism paves the way for further understanding of the 26 

mechanical behavior of metallic glasses. 27 
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Metallic glasses (MGs) are metallic alloys in which long-range ordered atomic 30 

structure is absent 1-3. High entropy alloys (HEAs) are defined as multicomponent 31 

alloys containing at least five elements with equiatomic or near-equiatomic ratio 32 

between 5 and 35 at.% 4,5. Combining the amorphous structure of MGs and the high 33 

configurational entropy of HEAs, high entropy metallic glasses (HE-MGs) have 34 

attracted intensive attention in recent years benefiting from their superior mechanical 35 

properties, excellent glass-forming ability and unique properties 6-8. It is significant to 36 

investigate the performance of HE-MGs, which could be new candidates to be applied 37 

as structural and engineering materials. 38 

The plastic deformation mechanism of MGs can be classified into two types: 39 

inhomogeneous deformation and homogeneous deformation 9. In general, deformation 40 

mode of MGs is inhomogeneous at high strain rates and/or low temperature, this mode 41 

is characterized by the initiation and propagation of shear bands 10. On the contrary, 42 

homogeneous deformation of MGs takes place at high temperatures (i.e., T >0.8 Tg, 43 

where Tg is the glass transition temperature) and/or low strain rates 11. In the 44 

homogeneous mode, MGs display remarkable plasticity and show a smooth transition 45 

from Newtonian- (i.e., viscosity independent on strain rate) to non-Newtonian flow (i.e., 46 

viscosity dependent on strain rate). This phenomenon has been verified in typical MGs 47 

(e.g., Pd-, Cu-, Zr-based MGs) 12,13. In addition, previous reports have clarified that this 48 

transition is attributed to an introduction of structural defects induced by external stress 49 

12. Currently, there is an active discussion relative to the correlation between 50 

microscopic deformation mechanisms and relaxation behaviors in glassy solids 14-16. 51 

There are two relaxation processes in glassy solids: the slow β relaxation, correlated to 52 

local atomic jumps, and the main α relaxation, which is related to large-scale atomic 53 

rearrangements 17,18. Significantly, the slow β relaxation is closely correlated to the 54 

plasticity of MGs, i.e., the activation energy of slow β relaxation Eβ is approximately 55 

equal to the energy barrier of shear transformation zones (STZs) WSTZ 19. 56 

HEAs display four core features: (1) high configurational entropy effects, (2) 57 
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sluggish diffusion, (3) severe lattice distortion and (4) cocktail effects 20. However, 58 

whether these effects still exist in HE-MGs is still under discussion. Recent 59 

investigations have reported great advances in the influence of high configurational 60 

entropy on the thermodynamics and kinetics of HE-MGs 21-24. Benefiting from the 61 

sluggish diffusion, the atomic rearrangements of HE-MGs are remarkably hindered 25. 62 

Moreover, the high configurational entropy and the sluggish diffusion improve the 63 

structural instability, which results in intensifying the intrinsic ductility 24. 64 

Unfortunately, the deformation mechanism, dynamic relaxation behavior, structural 65 

and dynamic heterogeneities and their correlations with high configurational entropy 66 

have yet to be clarified. In particular, to what extent the characteristics of HEAs 67 

stimulate the plastic deformation mechanism is still unclear. In the current work, 68 

La30Ce30Ni10Al20Co10 HE-MG was chosen as model alloy to investigate the high 69 

temperature plastic deformation mechanism from a novel perspective, considering the 70 

high configurational entropy of HE-MGs. The results obtained could offer an ingenious 71 

understanding of the apparent features of the high configurational entropy effect. 72 

  A master alloy ingot with a nominal chemical composition of La30Ce30Ni10Al20Co10 73 

(at.%) was prepared by arc-melting in a titanium-gettered high purity atmosphere. The 74 

ingot was re-melted at least five times to ensure the chemical homogeneity. Ribbons 75 

with a cross section of 0.02 mm×1.2 mm were prepared by the melt spinning technique. 76 

The dynamic mechanical properties of the model glass were characterized in a 77 

commercial dynamic mechanical analyzer (DMA, TA instruments Q800) in tension 78 

film mode. The strain response ε = ε0cos(2πƒt + δ) of the viscous-elastic material to a 79 

sinusoidal stress σ= σ0cos(2πƒt) was obtained, where ƒ is the driving frequency and δ 80 

the phase lag. The complex Young’s modulus can be expressed as E = σ/ε = E' + iE'', 81 

where E' is the storage modulus while E'' is the loss modulus. The internal friction (also 82 

called loss factor) correlated to the molecules/atoms mobility of glassy solids is defined 83 

as tanδ = E''/E'. High temperature deformation tests of model alloys were conducted in 84 

the DMA at various temperatures with strain rate ranges from 1×10-4 s-1 to 1.25×10-3 85 
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s-1. 86 
Fig. 1 (a) displays the temperature dependence of the normalized storage modulus 87 

E'/Eu and loss modulus E''/Eu of La30Ce30Ni10Al20Co10 HE-MG (driving frequency is 88 

3 Hz and heating rate is 3 K/min). Eu is the value of the storage modulus at ambient 89 

temperature. One can see that La30Ce30Ni10Al20Co10 HE-MG exhibits a pronounced 90 

slow β relaxation peak and a main α relaxation peak. The results also show that the 91 

temperature span of slow β relaxation is wider than that of α relaxation. Fig. 1 (b) shows 92 

the normalized loss modulus E''/E''max versus the normalized temperature T/Tα in typical 93 

La-based MGs, where E''max is the maximum value of loss modulus while Tα is the α 94 

relaxation peak temperature. The interplay between chemical composition and 95 

diffusion of the smallest atoms of MGs have a crucial influence on the slow β relaxation 96 

process 26,27. As a consequence, the intensity of slow β relaxation varies in La-based 97 

MGs. 98 

 99 
Fig.1 (a) Dependence of normalized storage modulus E'/Eu and loss modulus E''/Eu of 100 

La30Ce30Ni10Al20Co10 HE-MG on temperature. Eu is the value of storage modulus at 101 

ambient temperature. (b) Normalized loss modulus E''/E''max in typical La-based MGs 102 

as function of normalized temperature T/Tα. E''max is the maximum of the loss modulus 103 
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and Tα is the α relaxation peak temperature. 104 

Strain rate jump tests is an effective method to probe the high temperature 105 

deformation behavior of MGs 28. Fig. 2(a) displays uniaxial, tensile true stress–strain 106 

responses during a strain rate jump test at a given temperature of 440 K and strain rates 107 

ranging from 1× 10-4 s-1 to 1.25× 10-3 s-1. The true stress increases sharply with the 108 

increase of the strain, then, it gradually decreases after reaching a peak value, and 109 

finally equilibrates at a stable value. This mechanical behavior can be well described 110 

by the free volume model proposed by Spaepen et al 29. The stress overshoot is 111 

attributed to the creation of free volume by plastic deformation 30.  112 

Based on a series of strain rate jumps, the variation of apparent viscosity with both 113 

strain rate and temperature could be readily computed as: η = σ(𝑇𝑇)/3𝜀𝜀̇, where 𝜀𝜀̇ is 114 

the strain rate and σ(𝑇𝑇) is the corresponding steady state flow stress. Fig. 2(b) shows 115 

the apparent viscosity as a function of strain rate at various temperatures. The viscosity-116 

strain rate curves of La30Ce30Ni10Al20Co10 HE-MG show the main characteristics of 117 

amorphous systems, in which viscosity increases as strain rate decreases and 118 

approaches the Newtonian regime. Taking into account that an obvious transition from 119 

non-Newtonian to Newtonian flow is hardly observed in such a relatively narrow strain 120 

rate window (the lower the strain rate, the longer the isothermal time required, and the 121 

more difficult it is for the sample to remain amorphous), at the highest temperature of 122 

453 K, an approximate Newtonian behavior with small strain rate dependence on 123 

viscosity could be observed.  124 

Referring to a previous theoretical approach, the evolution of normalized viscosity 125 

η/ηN with strain rate can be described by the Kohlrausch-Williams-Watts (KWW) 126 

stretched exponential equation 31: 127 

 
η
η𝑁𝑁

= �1 − exp �− �
γ

ε̇𝛽𝛽𝐾𝐾𝐾𝐾𝐾𝐾
��� (1) 

Where η𝑁𝑁 is the Newtonian viscosity, γ is a fitting parameter related to the critical 128 

transition strain rate and βKWW is the stretching exponent determining the slope of the 129 

non-Newtonian viscosity as a function of strain rate. Generally, the value of βKWW is in 130 

the range from 0 to 1. One can obtain the master curve of normalized viscosity η/ηN by 131 

horizontal shift of the data obtained at different temperatures. As illustrated by Fig. 2(c), 132 

a master curve of normalized viscosity at the reference temperature Tref = 440 K was 133 

obtained. The horizontal shift leads to a fairly good agreement with the experimental 134 



6 
 

data. The value of βKWW for La30Ce30Ni10Al20Co10 HE-MG is equal to 0.58. The values 135 

of βKWW in some HE-MGs and MGs are displayed in Fig. 2(d) (experimental results of 136 

other MGs were obtained from literature 12,13, 31-36). One can see that the value of βKWW 137 

in HE-MGs is approximately equal to 0.6 while that of MGs ranges from 0.7 to 0.9. 138 

Therefore, the value of βKWW in HE-MGs is significantly lower than the average value 139 

found in MGs. It is reasonable to conclude that the degree of deviation from the 140 

Newtonian behavior in this HE-MGs is lower in most MGs, which may be due to the 141 

high configurational entropy effect on viscous flow.  142 

In addition to strain rate jumps, stress relaxation and creep are also powerful methods 143 

to explore the anelastic deformation and structural/dynamic heterogeneity of MGs 37. 144 

The mechanical response of HE-MGs under constant stress (creep) or strain (stress 145 

relaxation) could be well described by various relaxation events 38-40. And the evolution 146 

of these relaxation events includes various characteristic relaxation times and activation 147 

barriers. The width of such distribution of characteristic relaxation times can be 148 

assessed by the value of the exponent βKWW 37. In other words, the exponent βKWW is an 149 

indicator of the structural/dynamic heterogeneity of HE-MGs. A larger βKWW 150 

corresponds to less heterogeneity. The stretched exponential relaxation has been 151 

explained by two limiting scenarios: one is the “homogeneous”, all of the particles in 152 

the system relax identically but by an intrinsically nonexponential process; the other is 153 

the “heterogeneous”, the superposition of different simple exponential relaxations with 154 

different relaxation times 41. It is worth mentioning that MGs exhibit various values of 155 

βKWW under the different mechanical simulations, which provides a novel insight into 156 

exploring the evolution of structural/dynamic heterogeneity. 157 
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158 
Fig.2 (a) Typical true stress-true strain curve of La30Ce30Ni10Al20Co10 HE-MG during 159 

tensile strain rate jump tests at 440 K. The strain rates range from 1×10-4 to 1.25×10-3; 160 

(b) Viscosity as a function of strain rate at various temperatures; (c) Master curve of 161 

normalized viscosity η/ηN and the fitting curve using Eq. (1), the reference temperature 162 

is 440 K; (d) KWW parameter βKWW of the normalized viscosity master curve for typical 163 

MGs and for HE-MGs. 164 

Transition state theory, which is extensively used to describe the correlation 165 

between steady state flow stress and strain rate, was proposed by Turnbull and extended 166 

by Spaepen in the framework of the free volume model 29. Under the situation of 167 

uniaxial tension, the transition from non-Newtonian flow to Newtonian flow in typical 168 

MGs can be described as 29: 169 

𝜀𝜀̇ = 2𝑐𝑐𝑓𝑓𝜗𝜗𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 (
−∆𝐺𝐺
𝑘𝑘𝑇𝑇

)𝑠𝑠𝑠𝑠𝑠𝑠ℎ �
𝜎𝜎𝜎𝜎

2√3𝑘𝑘𝑇𝑇
� = 𝜀𝜀0̇𝑠𝑠𝑠𝑠𝑠𝑠ℎ �

𝜎𝜎𝜎𝜎
2√3𝑘𝑘𝑇𝑇

� (2) 

where 𝑐𝑐𝑓𝑓 is the concentration of activated defects, 𝜗𝜗𝐷𝐷 is the Debye frequency of 1013 170 

s-1, ∆𝐺𝐺 is the apparent activation energy, V is the apparent characteristic activation 171 

volume, and 𝜀𝜀0̇ is the temperature-dependent rate factor. Fig. 3(a) displays the steady 172 

state flow stress versus strain rate, the solid curves correspond to Eq. (2) with the values 173 

of activation volume V fitted from the data at various temperatures. The activation 174 

volume was about 0.19 nm3 at 440 K, while it increased to 0.53 nm3 at 453 K, this 175 

change reflects a drastic uptrend with temperature. As seen in Fig. 2(b), the viscosity 176 

decreases as the test temperature increases, introducing a higher flow capacity and a 177 
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larger activation volume at higher temperatures. The above outcomes are consistent 178 

with those in various MGs 12,13. Considering an average atomic volume of Ωf = 0.013 179 

nm3, the activation volume during plastic deformation of the La30Ce30Ni10Al20Co10 HE-180 

MG corresponds to about 20~42 atoms 33.  181 

  Previous literature has reported the effects of substituting one element by another 182 

with a near-equal atomic radius (such as the substitution of Co by Ni) 7,42. Such 183 

substitution introduces a noteworthy influence on the configurational entropy, which 184 

provides a novel insight into exploring the effect of configurational entropy on high 185 

temperature deformation of MGs. We selected three MGs with different configurational 186 

entropy, i.e., La60Ni15Al25, La30Ce30Al15Co25 and La30Ce30Ni10Al20Co10 HE-MG, to 187 

clarify the correlation between configurational entropy and activation volume. The 188 

configurational entropy Sc of MGs could be directly estimated as 𝑆𝑆𝑐𝑐 =189 

−𝑅𝑅∑ 𝑒𝑒𝑗𝑗𝑙𝑙𝑠𝑠�𝑒𝑒𝑗𝑗�𝑛𝑛
𝑗𝑗=1 . One can obtain that the configurational entropy is 0.94 R, 1.35 R, 190 

and 1.50 R for La60Ni15Al25, La30Ce30Al15Co25, and La30Ce30Ni10Al20Co10, respectively. 191 

Fig. 3(b) shows the evolution of activation volume V as a function of normalized 192 

temperature T/Tα. Interestingly, the activation volume of the La-based HE-MG is 193 

significantly smaller than that of the other La-based MGs. It should be pointed out that 194 

a smaller activation volume corresponds to less atoms contributing to plastic 195 

deformation. It is reasonable to speculate that high configurational entropy promotes 196 

small activation volume. In parallel, the Gibbs free energy plays a key role as driving 197 

force to activate the atomic rearrangements 29. The introduction of high configurational 198 

entropy reduces the Gibbs free energy, which confirms the correspondence between 199 

high configurational entropy and small activation volume 43. 200 
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 201 
Fig.3 (a)Variation of the strain rate with the steady stress in La30Ce30Ni10Al20Co10 HE-202 

MG and the fitting curves using Eq. (2); (b) Normalized temperature dependence of 203 

activation volume in La60Ni15Al25 MG, La30Ce30Al15Co25 MG and 204 

La30Ce30Ni10Al20Co10 HE-MG. 205 

From the perspective of potential energy landscape, the slow β relaxation is 206 

associated with atomic transition processes between subbasins 44. In addition, the slow 207 

β relaxation is the trigger to activate the plastic strain during the plastic deformation 45. 208 

Assuming that the applied stress slopes the potential energy landscape, resulting in a 209 

lower potential barrier for the transition to a stable configuration, with the increase of 210 

the stress more atoms trapped in the basins can be activated by thermal and mechanical 211 

stimulation thus triggering the plastic deformation.  212 

It is well known that La- and Ce-based MGs display a distinct peak of slow β 213 

relaxation while CuZr-based MGs exhibit a weaker slow β relaxation, the latter 214 

observed as an “excess wing” 1. The activation volume of high temperature deformation 215 

in CuZr-based MGs has been reported to range from 0.15 nm3 to 0.35 nm3 46. 216 

Significantly, the activation volumes and the concentration of flow defects of La-based 217 

MGs in the current work are higher than the ones found in CuZr-based MGs. In the 218 
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literature, MGs have been modelled as constituted by soft “liquid-like” and hard “solid-219 

like” regions 47. The soft “liquid-like” regions, where the deformation units are easier 220 

to activate, possess low density, low elastic modulus and high atomic mobility 221 

associated with high flow capacity. It is well accepted that the slow β relaxation, 222 

originated from the string-like atoms movement in “soft” regions, is closely associated 223 

with the structural heterogeneity 1,2,27,48. Therefore, more atoms may be involved in 224 

response to thermal or mechanical stimulations and contribute to the plastic 225 

deformation in MGs with obvious slow β relaxation. It is then reasonable that MGs 226 

possessing apparent slow β relaxation show higher activation volumes, which is in good 227 

agreement with the experimental results. Fig. 4 is a schematic diagram of activation 228 

volumes in MGs and HE-MGs showing a pronounced slow β relaxation. From the 229 

results shown in this work, less atoms are activated in La30Ce30Ni10Al20Co10 HE-MG. 230 

Nevertheless, knowledge of the distribution of deformation units (liquid-like regions) 231 

is absent, which makes difficult to establish the correlation between structural 232 

heterogeneity and high configurational entropy. 233 

 234 
Fig.4 Schematic diagram of activation volumes in MGs and HE-MGs with a 235 

pronounced β relaxation. 236 

In summary, the high temperature deformation behavior and the effect of high 237 

configurational entropy on the high temperature deformation mechanism of 238 

La30Ce30Ni10Al20Co10 HE-MG were discussed in the framework of the free volume 239 

model. The main results are summarized as follows: 240 

• La30Ce30Ni10Al20Co10 HE-MG with a pronounced slow β relaxation is a suitable 241 

candidate to elucidate the effects of both high configurational entropy and slow β 242 

relaxation on the mechanical behavior of MGs.  243 

• Different from conventional La-based MGs, a weaker deviation from Newtonian 244 



11 
 

behavior is found in the HE-MG, which can be ascribed to higher configurational 245 

entropy. 246 

• Compared with conventional La-based MGs, in La30Ce30Ni10Al20Co10 HE-MG 247 

the high configurational entropy is related to a small activation volume of thehigh 248 

temperature deformation behavior.  249 
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