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Abstract 

The mechanical relaxation behavior of metallic glasses (MGs) is composition sensitive. For 

example, in dynamic mechanical analysis, La70Ni15Al15 shows a pronounced secondary peak, 

termed β relaxation, of the normalized loss modulus at high frequency and/or low temperature, 

while La70Cu15Al15 only exhibits a shoulder. We have determined relaxation-time spectra at room 

temperature for these alloys over eleven orders of magnitude of time from quasi-static anelastic 

relaxation measurements. These are employed to characterize shear transformation zone (STZ) 

properties in both the α and β regimes. The pronounced β relaxation peak, observed for 

La70Ni15Al15, is a result of both larger volume fraction of fast and small potential STZs and smaller 

volume fraction of slow and large potential STZs as compared to La70Cu15Al15. Room-temperature 

tensile tests show increasing plasticity with decreasing strain rates, characteristic of thermally 

activated processes. La70Cu15Al15 exhibits greater plasticity than La70Ni15Al15, a negative 

correlation with the intensity of the β relaxation that is opposite to that previously suggested. The 

STZ spectra are used to explain the plasticity difference between the two alloys. Plasticity 

predictions from loss modulus measurements need to be revised, and require absolute 

measurements. 
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Introduction and background 

The strength of metallic glasses (MGs) is significantly higher than that of polycrystals with 

comparable composition [1]. However, structural applications of MGs are often restricted by their 

limited macroscopic plasticity, resulting from strain localization within dominant shear bands due 

to shear softening [2,3]. Recently, MG plasticity has been correlated with the intensity of the 

secondary (β) relaxation in normalized loss modulus data at high frequency and/or low temperature 

[4]. For some MGs, the β relaxation manifests as an “excess wing” [5]. Yu et al. [6] reported on a 

La-based MG with a distinct and pronounced β relaxation peak, which also exhibits relatively large 

tensile ductility. They argued, as they also do in Ref. [7], that the β relaxation is a manifestation 

of the activation of shear transformation zones (STZs, [8,9]), implying that the α relaxation 

corresponds to a different mechanism. However, Ju and Atzmon [10,11,12] and Lei et al. [13] 

showed that both α and β relaxations can be explained by the STZ model. While α vs. β relaxation 

in molecular glasses have been attributed to inter- vs. intramolecular motion, such a distinction 

cannot be made in MGs, posing a challenge in the identification of the relaxation mechanisms. 

 

The chemical composition can significantly affect the intensity of the β relaxation. For example, 

the alloy systems La-Cu-Al and La-Ni-Al have similarly wide supercooled liquid region [14,15], 

but exhibit dramatically different β relaxation behavior – by substituting Ni with Cu, which has a 

similar atomic size, the strong β peak diminishes to an “excess wing” [16]. Yu et al. [17] speculated 

that large, similar, negative pairwise enthalpy of mixing among all constituting atoms results in a 

pronounced β relaxation, while positive or significantly varying values suppress the β relaxation 

and are usually associated with an “excess wing”. This correlation is consistent with the 

La70(CuxNi1-x)15Al15, x=0,1 system and offers a semi-quantitative way to predict the β relaxation. 
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However, the microscopic origin of the composition effect on relaxation behavior has yet to be 

elucidated. 

 

In previous work by Ju et al. [12], an atomically quantized hierarchy of STZs was resolved in 

anelastic relaxation-time-spectra of an Al-rich MG – these exhibited a series of distinct peaks, the 

analysis of which indicated correspondence to a single-atomic volume increment. We later 

characterized the effects of cryogenic cycling and room temperature (RT) aging on properties of 

slow and large STZs, corresponding to the α relaxation, for La70(CuxNi1-x)15Al15, x=0,1 MGs, 

resolved by STZ size [18]. 

 

The STZ concept has been used in the literature with varying meanings, which motivates us to 

clarify the terms used in this and our previous work. In his pioneering work [8], Argon defined a 

shear transformation as a “stress-activated structural transformation around a fertile site containing 

liquid-like sites” [19], and analyzed its thermally-activated dynamics. Falk and Langer [9] defined 

shear transformation zones as “small regions,… susceptible to inelastic rearrangements in response 

to shear stresses”. They assumed the shear transformation zone to have two stable states, and only 

considered the zero-temperature, i.e., athermal, limit. In essence, both assume the existence of 

regions prone to shear transformations. In our past and present work, the term “STZ” refers to a 

cluster of atoms that has undergone a shear transformation, whereas a potential STZ (PSTZ) is a 

cluster capable of undergoing a shear transformation. Since we observe that the strain, even that 

associated with time constants greater than 6×107 s, is fully reversible [18], we consider it 

reasonable to employ, for a given direction of the shear stress, a two-state model. We further adopt 

the kinetic model of Ref. [8] to a spectrum of STZs, with a well-defined meaning attributed to the 
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pre-exponential factor: each spectrum peak is attributed to a distinct STZ type, indexed with m. If 

the volume fraction occupied by PSTZs of type m is cm, under an applied shear stress σ, their 

transformations’ contribution to the shear strain rate is given by [12], 

 

𝛾̇! 	= 2𝑐!𝛾"#𝜈$exp +−
∆&!
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-,                                                                                  (1) 

 

where 𝛾-(  is the unconstrained transformation shear strain (≈ 0.2 [12]), and 

𝛾-# = 	[2(4 − 	5𝜈)/	15(1 − 𝜈)]𝛾-( is the constrained value with 𝜈 = 0.324 [20] being Poisson’s 

ratio. 𝜈$  is the attempt frequency, k is Boltzmann constant, and T is the temperature. 𝛺! is the m-

type STZ volume, and 𝛾"(𝛺! is the activation volume. ∆𝐹! is the activation free energy for shear 

transformation of m-type STZs [12,21], 
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where 𝛽̅, ∼ 1 is the dilatancy factor. 𝜎:(;HHHHHH is the shear resistance of STZs, 𝜇 is the shear modulus, 

and 	𝜎:(;HHHHHH 𝜇⁄ = 0.025 [22]. In Ref. [8], in contrast, the pre-exponential factor for the total strain 

rate is described as a number of the order of 0.5, which depends on the density of fertile sites. In 

our work, the cm are obtained from mechanical equilibrium [12], and therefore their uncertainty is 

far smaller than that in pre-exponential factors obtained, e.g., from temperature-dependent kinetic 

data. 

 

The present work focuses on the composition effect on both α and β relaxations, by comparing the 

properties of both slow and large and fast and small STZs, with time constants spanning eleven 
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orders of magnitude, between La70Cu15Al15 and La70Ni15Al15. By computing relaxation-time 

spectra from quasi-static anelastic relaxation data, we achieve far better resolution of the relaxation 

processes than in dynamic mechanical analysis (DMA). When assuming a uniform shear modulus, 

two regimes of STZ activation volume are obtained, similar to a previously studied, different, La-

based MG [13]. Spatial variation of the modulus [23,24] could provide an alternative interpretation. 

The pronounced β relaxation, observed in the normalized loss modulus vs. temperature or 

frequency for La70Ni15Al15 but not for La70Cu15Al15, is a result of two contributions – the former 

contains a larger volume fraction of fast and small PSTZs and a smaller volume fraction of slow 

and large PSTZs. In RT tensile tests, the plasticity of La70Cu15Al15 is much larger than that of 

La70Ni15Al15, indicating that a correlation between a pronounced β relaxation and large 

macroscopic plasticity [6] is not universal. 

 

As pointed out by Orowan [25] and later by Argon [8], the shear transformation mechanism 

describes both anelastic and permanent deformation. Small strain, with corresponding small STZ 

concentration, can be reversed in a time-dependent manner by back-stress in the elastic matrix. 

With increasing strain and STZ concentration, back stress is lost, resulting in permanent strain. In 

agreement with this picture, we show the observed anelastic spectra to be qualitatively consistent 

with the plasticity results, suggesting a predictive potential of simple quasi-static anelasticity 

measurements. 

 

Experimental and analysis details 

The main details are reviewed here, and for further information, the reader is referred to Refs. 

[12,13,18]. Amorphous La70Cu15Al15 and La70Ni15Al15 (at.%) ribbons ~ 40 µm thick and 1 mm 
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wide were obtained by single-wheel melt-spinning under the same condition as Ref. [18]. Their 

glass transition temperatures are 391 K and 431 K [16], respectively. Samples were stored at room 

temperature (RT), 293±1 K, in argon-gas environment in order to prevent oxidation, except when 

retrieved for measurements. The amorphous structure was confirmed by X-ray diffraction. 

Samples were aged at RT for 1.9·106 s before RT anelastic relaxation measurements. The anelastic 

strain vs. time data were obtained from a combination of two measurement techniques [12,13] – 

1) nanoindenter bending of 1 mm long cantilevers using Hysitron TI950 TriboIndenter for 200 s, 

by applying a fixed load of 200 μN and monitoring the corresponding vertical displacement, and 

2) constraint-free bend relaxation (“mandrel”) measurements from ~ 20 s to 5.35·107 s, by 

monitoring the evolution of radius of curvature after a sample is constrained around a mandrel of 

radius 0.35 cm for tc = 2·106 s. For cantilever bending, each alloy was investigated by using three 

samples with 20 runs for each. For mandrel measurements, three samples for La70Cu15Al15 and 

four samples for La70Ni15Al15 were examined. The strain at the surface, and next to the clamp for 

the cantilever, was calculated following Ref. [12]. The macroscopic plasticity was determined 

using RT tensile tests with a TA Instruments Q800 Dynamic Mechanical Analyzer, using a gauge 

length of 1 cm. Engineering strain rates of 10-4 s-1, 10-5 s-1 and 1.6·10-6 s-1 were used, with samples 

of similar ageing times. Three samples were tested for each alloy and strain rate. 

 

As in Refs. [12,13,18], relaxation-time spectra, f(τ), were computed from the normalized anelastic 

strain vs. time data by employing a standard linear solid model [26]. A portable package for inverse 

problems, CONTIN [27,28], was used [13,18], which yields stable and consistent fitting of the 

anelastic strain. To approximate a continuous spectrum without making assumptions on its shape 

or number of processes it reflects, a large number of fixed, logarithmically spaced relaxation-time 
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values (τi) are used: 100 from 0.0015 s to 400 s and 50 from 10 s to 1.07∙108 s for cantilever 

bending and mandrel measurements, respectively. The number of spectrum points is always 

smaller than the number of data points. To eliminate unphysical spectrum peaks due to numerical 

artifacts, a regularization term was included in nonlinear least-squares fitting during CONTIN 

computation [27,28], and similar regularization parameter values were used for all samples for 

consistency. Details on spectrum computation and consistency checks are provided in Refs. 

[12,13,18]. Spectrum peak properties were determined as the average over all samples of the same 

composition, and the random error was estimated from the standard deviation of the mean. 

 

Results 

Figure 1 shows the anelastic strain, normalized by the equilibrium elastic strain, vs. time, obtained 

from both measurement techniques, for each alloy after a prior RT aging time of 1.9∙106 s. For 

cantilever bending (Fig. 1a), an average curve of all tests is shown for each alloy. Due to the large 

number of data points (~ 60000) for each run, each point in Fig. 1a is an average of 500 data points. 

The elastic strain was determined from the instantaneous displacement, about 1500 nm for the 

geometry used. The anelastic displacement reached 110-180 nm after 200 s. For the mandrel 

measurements (Fig. 1b), data corresponding to all samples are displayed, showing the degree of 

reproducibility. At short measurement time (Fig. 1a), La70Ni15Al15 shows higher strain magnitude 

than La70Cu15Al15, with a much larger slope from 0.1 s to ~5 s, observed consistently for all 

samples. The behavior at longer time (Fig. 1b), after constraint removal, is discussed in detail in 

Ref. [18] in the context of the effects of RT aging and cryogenic cycling, and is briefly reviewed 

here: 1) the anelastic strain magnitude is much higher for La70Cu15Al15 than for La70Ni15Al15, 

opposite to the short-time behavior; 2) the absolute strain relaxation rate up to 104 s ~ 105 s is  
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Figure 1. Anelastic strain, normalized by the corresponding equilibrium elastic strain, vs. time for 

(a) cantilever bending and (b) mandrel measurements for La70Cu15Al15 and La70Ni15Al15 with a 

prior RT aging time of 1.9·106 s. For cantilever bending, an average of all tests for the same 

composition is displayed, and each point is an average of 500 experimental data points. For the 

mandrel measurements, data corresponding to all samples are shown. 

 

similar for both alloys, but differs at longer time. This implies that the difference in the strain 

magnitude is mainly due to the large-time-constant processes, 3) the measured strain is purely 

anelastic, as verified by its full reversal by annealing. 

 

Figure 2 shows the relaxation-time spectra computed from the strain evolution data of Fig. 1. 

Similar to Fig. 1, for the cantilever bending, an average spectrum over all tests is shown for each 

alloy, and it is noted that the spectrum shape is the same for all samples and runs for each 

composition. For the mandrel measurements, all spectra are shown. Reference [18] focused on the 

effect of structural relaxation and cryogenic rejuvenation on large-time-constant spectra for 

La70Cu15Al15 and La70Ni15Al15. Presently, we focus on the chemical composition effect on both  
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Figure 2. Relaxation-time spectra for (a) cantilever bending and (b) mandrel measurements, 

computed from the normalized anelastic strain vs. time data of Fig. 1 for La70Cu15Al15 and 

La70Ni15Al15 aged at RT for 1.9∙106 s. For cantilever bending, an average of all spectra is shown 

for each alloy, and the standard deviation of the mean is smaller than the symbols. All spectra are 

presented for the mandrel measurements. Peaks are numbered m=1,…,8, corresponding to 

different STZ types. See text for identification of the a and b regimes. 

 

small- and large-time-constant spectra for these two alloys. Similar to our previous studies 

[12,13,18], all spectra consist of distinct peaks. Based on a standard linear solid model [26], these 

peaks are associated with different STZ types, labeled m = 1,…,8. As mentioned in Ref. [13], the 

last peak from the nanoindenter cantilever and the first peak from the mandrel measurements 

should correspond to the same STZ type, m = 4. However, the different intensities are possibly due 

to the inability of the standard linear solid model to fully capture the strain-magnitude difference 

between fixed-load and constraint-free relaxation. 
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We attribute the different regimes in Fig. 2 (and Fig. 3 below) a vs. b to β vs. α relaxations, based 

on a) the trends in the peak areas across the range of time constants, discussed below, and b) 

extrapolation of published dynamic data [29], using the temperature dependence of the time 

constants [12], also detailed below in Eq. (4). In dynamic-mechanical analysis, a relaxation process 

with time constant t contributes to the loss modulus 𝐸<<(𝜔) at fixed temperature a Cauchy function 

that peaks at w = 2pf = 1/t, where f is the frequency. Integration (Refs. [10,11]) relates f(t) to 

𝐸<<(𝜔). For La70Ni15Al15, extrapolation of the b peak position of 330 K at f = 1 Hz [29] to room 

temperature shows that it originates from m ≤ 3 STZs. 

 

In Fig. 2, the peak positions are similar for both alloys, but their intensities are very different. At 

small time constants, from ~ 0.1 s to 5 s, corresponding to the β relaxation, the peak intensity is 

significantly higher in La70Ni15Al15 than in La70Cu15Al15. This difference was observed 

consistently for all three samples of each composition, and the standard deviation of the displayed 

mean is smaller than the symbols. This difference is consistent with the slope difference in Fig. 1a 

from t ~ 0.1 s to 5 s. At larger time constants, especially for t > 105 s, which corresponds to the 

slower α relaxation, the peak intensity is much higher for La70Cu15Al15 than for La70Ni15Al15. As 

shown in Ref. [12], the integrated area of peak m is equal to the pre-factor in Eq. (1), the volume 

fraction occupied by PSTZs of the corresponding type, 

 

𝑐! = ∫!𝑓(𝜏)dln𝜏.                                                                                                                         (3) 

 

By definition [12], this integrated peak area is also equal to the normalized anelastic strain 

corresponding to Peak m. The intensity of the β relaxation is typically discussed based on loss 
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modulus plots, in which the maximum of the α relaxation is normalized to 1. For example, a 

pronounced β peak is identified in La70Ni15Al15 [29,30], whereas the β relaxation observed in 

La70Cu15Al15 [29] is manifested in a shoulder only. Figure 2, in which the spectra are absolute and 

not normalized, and not broadened by the Cauchy-shaped frequency response obtained in DMA, 

clearly shows a difference in magnitude of both α and β relaxations between the alloys. 

Consequently, the pronounced β peak in the normalized loss modulus for La70Ni15Al15, compared 

with La70Cu15Al15, is a result of the relative magnitudes of the β and α relaxations. 

 

By combining the standard linear solid model [26] and Eq. (1), STZ properties are obtained. The 

relaxation time constant (τm) for each STZ type, m, is determined as the median of the 

corresponding peak in Fig. 2, while each STZ volume (Ωm) is obtained from the expression for the 

time constants [10,12], 
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where 𝜂!<  and 𝐸!<  are effective viscosity and effective Young’s modulus, respectively, of the 

Voigt Unit [26] associated with m-type STZs [12]. When employing Eq. (4) to obtain the STZ 

volumes, the shear modulus (𝜇) for each alloy composition is computed from the corresponding 

Young’s modulus (𝐸) by using 𝜇 = 𝐸 [2 × (1 + 𝜈)]⁄ , and Young’s modulus, E, is assumed to 

obey the rule of mixture [31], 

 

𝐸05 = ∑ 𝑓?𝐸?05?  ,                                                                                                                            (5) 
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where 𝑓? and 𝐸?, i = 1,…3, are the atomic percentage and Young’s modulus of each constituent 

element, respectively. The 𝐸? values for La, Al, Ni and Cu are 37 GPa, 70 GPa, 200 GPa, and 130 

GPa, respectively [32], which yields estimated values of 45 GPa and 46 GPa for La70Cu15Al15 and 

La70Ni15Al15, respectively. The latter is consistent with the measured value reported in Ref. [20], 

which validates the use of Eq. (5). 

 

Figure 3 shows a comparison of τm (Fig. 3a) and Ωm (Fig. 3b) between La70Cu15Al15 and 

La70Ni15Al15 for the STZ types that form in the kinetic window observed. In Fig. 3a, similar 

relaxation time constants are observed for both alloys, corresponding to the similar peak positions 

in Fig. 2. Figure 3b shows that when a uniform shear modulus is assumed, each alloy exhibits two 

regimes of STZ volume increments, indicated by the two fit lines. The slope difference between 

the fit lines for each alloy, ≈35%, is significant because the random error in Ωm, which appears in 

the exponent in Eq. (4), is small. This difference cannot be attributed to the different measurement 

methods, since, for an Al-rich MG in Ref. [12], both regimes yielded the same slope and therefore 

STZ volume increment. For La70Cu15Al15, the slope in the first regime, 0.153∙10-28 m3, is close to 

the average atomic volume of Cu (0.118∙10- 28 m3) and Al (0.166∙10-28 m3), which equals 

0.142∙10- 28 m3, while the slope in the second regime, 0.206∙10- 28 m3, approximately equals the 

weighted average atomic volume, 0.219∙10- 28 m3, of Cu, Al and La (0.372∙10- 28 m3). For 

La70Ni15Al15, the slope in the first regime is 0.149∙10-28 m3 and close to the average atomic volume, 

0.138∙10-28 m3, of Ni (0.110∙10-28 m3) and Al, while that in the second regime is 0.203∙10-28 m3 and 

close to the average atomic volume of the alloy, 0.216∙10- 28 m3. Therefore, if a uniform shear 

modulus is assumed for each alloy, possibly distinct STZ compositions in the α and β regime,  
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Figure 3. (a) Relaxation time constants (τm) determined as the median of each spectrum peak in 

Fig. 2 and (b) STZ volume (Ωm) from Eq. (4) as a function of STZ type (m) for La70Cu15Al15 

(crosses and pluses, labeled “Cu15”) and La70Ni15Al15 (circles and squares, labeled “Ni15”) aged at 

RT for 1.9∙106 s. m = 1,…,4 (crosses and circles) correspond to cantilever bending (labeled “C”), 

while m = 4,…,8 (pluses and squares) correspond to mandrel measurements (labeled “M”). For 

each alloy, two regimes are revealed, with the solid and dashed lines being fit lines. The error bars 

for Ωm are smaller than the symbols. The legend in Fig. 3b includes the details of the fit line with 

“SL.” and “INT.” corresponding to its slope and intercept, respectively. 

 

which differ from the macroscopic average, are obtained for both La70Cu15Al15 and La70Ni15Al15, 

as we also reported for La55Ni20Al25 MG [13]. 

 

Diffraction studies [33] and recent simulations [34] suggest that mesoscale structural heterogeneity 

is intrinsic to the glassy state. Microscopy results [6] suggest that a La-based MG is chemically 

heterogeneous. If the same is true for the present alloys, the two regimes in Fig. 3 could possibly 

be attributed to local variation in atomic size and/or in corresponding local modulus [23,24]. 
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Moreover, our earlier observations [18] that only the properties of slow and large STZs are affected 

by aging or cryogenic cycling are consistent with the presence of domains with different structural 

relaxation kinetics. 

 

Figure 4 shows the volume fraction of m-type PSTZs [12], Eq. (3), as a function of their activation 

free energy (∆Fm, Eq. (2)) for shear transformation divided by kT, T = RT, for La70Cu15Al15 and 

La70Ni15Al15. The activation free energy is a function of both STZ volume and shear modulus. It 

is noted that all time constants for constraint-free relaxation for both alloys in Fig. 3a are smaller 

than the total constraining time. Furthermore, since the time constants of the standard linear solid 

model under constraint are smaller than those for constraint-free relaxation, we conclude that all 

observed STZ types had reached mechanical equilibrium at the end of constraining period, and Eq. 

(3) is applicable. 

 

For La70Cu15Al15, 𝑐!  increases monotonically with increasing m and corresponding activation 

energy. However, for La70Ni15Al15, a peak occurs at small ∆𝐹!  values, similar to that for 

La55Ni20Al25 in Ref. [13]. When comparing the two alloys, noticeable differences in 𝑐!  are 

observed for ∆𝐹! k𝑇 < 35⁄  and ∆𝐹! k𝑇⁄ > 40, which correspond to the β and α relaxations, 

respectively. The cm values are larger for La70Ni15Al15 than for La70Cu15Al15 at lower activation 

energy, while the reverse holds at higher activation energy. This indicates that La70Ni15Al15 

possesses a larger volume fraction of fast and small PSTZs, while the volume fraction of slow and 

large PSTZs is larger in La70Cu15Al15. In Ref. [6], the authors proposed that MGs with pronounced 

β relaxation may possess abundant PSTZs. Since a quantized hierarchy of STZs is obtained for 

both MGs with and without strong β relaxation in the present study, further details can be added –  
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Figure 4. Volume fraction occupied by PSTZs for La70Cu15Al15 (crosses and pluses, labeled “Cu15”) 

and La70Ni15Al15 (circles and squares, labeled “Ni15”) with a RT aging time of 1.9∙106 s as a 

function of their activation free energy for shear transformation divided by kT, T = RT. The error 

bars for ∆Fm/kT are smaller than the symbols. For m = 4, cantilever bending (labeled “C”) and 

mandrel (labeled “M”) measurements yield slightly different values of cm and ∆Fm/kT, which may 

be due to the limitation of the standard linear solid model used in the analysis. 

 

MGs with pronounced β relaxation have more small and fast PSTZs than those with a weaker β 

peak, but having fewer large and slow PSTZs also contributes to the prominence of the β peak. 

The RT time constants corresponding to the small vs. large PSTZs are ≲ 10 s vs. ≳ 104 s-105 s, 

respectively. 

 

Reference [6] reported a correlation between a pronounced β peak and large macroscopic plasticity, 

as a La-based MG with a stronger β relaxation exhibited greater plasticity than other MGs, e.g., 

Zr-based alloys. We observe here an opposite trend: Figure 5 shows representative RT tensile tests 

at several strain rates. It shows consistently much larger plasticity for La70Cu15Al15 than for  
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Figure 5. Engineering stress vs. engineering strain for La70Cu15Al15  and La70Ni15Al15 obtained 

from room-temperature tensile tests at strain rates of 1.6·10-6 s-1, 10-5 s-1, and 10-4 s-1. Curve 

thickness decreases with increasing strain rates. Each curve consists of 200-20,000 data points, 

depending on rate. 

 

La70Ni15Al15. The strong rate dependence is indicative of thermally activated deformation. The 

correlation between the anelastic relaxation behavior and plasticity is discussed next. 

 

An estimate of the strain rate, based on the stress observed in Fig. 5 and presently obtained STZ 

properties, shows much smaller values than those imposed in Fig. 5. This is not surprising since 

the anelastic relaxation measurements were performed at small strain and therefore non-interacting 

STZs. The tensile measurements were carried out to higher strain, when the STZs occupy large 

volume fractions and their strain field therefore lowers the barriers for neighboring PSTZs. Thus, 

m=8 and possibly larger STZs can form at room temperature. The lower the applied strain rate, the 

higher the maximum size and time constant of STZs that contribute to deformation (See further 

discussion below). It should be noted that the apparent Young’s modulus values in Fig. 5 for both 
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alloys are strain-rate dependent and smaller by a factor of ~ 3 than those used for obtaining STZ 

volumes, which were determined from ultrasonic experiments [32]. The main contribution to this 

difference is likely due to geometric imperfections. A reduction of about 10% is contributed by 

small and fast STZs, as estimated from their properties [12] for the stress values in Fig. 5. 

 

The STZ spectra can be used qualitatively to explain the tensile behavior. With increasing strain 

and STZ density, each STZ slightly lowers the elastic barrier for surrounding PSTZs, resulting in 

reduced time constants and macroscopically homogeneous deformation. It is important to note that 

the term “homogeneous deformation” [2] is used in the literature to describe an activated flow 

state in which the structure is at a repeatedly regenerated steady state [8]. In contrast, we suggest 

that Fig. 5 reflects a transient state that persist until the remaining PSTZs in the inherent structure 

no longer keep up with the applied strain rate. The elastic energy is then released by localized 

deformation and failure. La70Cu15Al15 has overall a higher density of PSTZs (Eq. 3) so that 

transient homogeneous deformation persists to higher strain. In contrast, the same extension rate 

is only accommodated in La70Ni15Al15 by uniformly distributed STZs to a lower strain, and its 

stress therefore rises to higher values (Fig. 5). 

 

We note that the glass transition of La70Cu15Al15, 391 K, is lower than that of La70Ni15Al15, 431 K, 

corresponding to homologous temperatures of 0.75 and 0.68, respectively. Thus, one expects a 

higher rate of thermally activated shear transformations for the former. Indeed, this argument is 

analogous to that based on the present spectra. With increasing temperature, increasingly larger 

PSTZs contribute to deformation, and the glass transition is reached when the rigid part of the solid 
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no longer percolates. With a higher concentration of PSTZs, La70Cu15Al15 is expected to reach this 

point at a lower temperature. 

 

The present observations suggest that the relative intensity of the β relaxation may not be a reliable 

screening criterion in the development of MGs with large plasticity. We suggest that the total 

normalized anelastic strain at short time after constraint removal, 𝜀@A(𝑡 → 0) 𝜀BC-⁄  in Fig. 1(b), can 

serve for screening alloys for their plasticity. It is equal to the integrated area of the spectrum (Fig. 

2(b)). 

 

Conclusions 

A detailed description of the composition effect on both α and β relaxations is provided by 

comparing STZ properties of La70Cu15Al15 and La70Ni15Al15 from anelastic relaxation, ranging 

from less than one second to more than one year. The pronounced β relaxation in normalized DMA 

data, observed in La70Ni15Al15 but not in La70Cu15Al15, is due to both the larger volume fraction of 

fast and small potential STZs, corresponding to the β relaxation, and the smaller volume fraction 

of slow and large potential STZs, corresponding to the α relaxation, in the former alloy. The 

connection between anelastic relaxation behavior and macroscopic plasticity is examined by 

performing quasi-static room-temperature tensile tests on both alloys. The degree of plasticity is 

strongly rate dependent. La70Cu15Al15 exhibits larger plasticity than La70Ni15Al15, a trend opposite 

to a previously reported correlation between strong β relaxation and large plasticity. The present 

anelasticity data qualitatively explain the observed plasticity. Using the loss modulus as a 

screening tool for plasticity would require absolute measurements and consideration of the 

intensities of both α and β relaxations. 
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