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The near constant loss (NCL) in relaxation spectra is a crucial dynamic phenomenon for glass-

forming materials, while its underlying mechanism remains unclear and is hard to study due to the

absence of characteristic time scale. We define a characteristic crossover point from both the

dynamic mechanical measurements and the quasi-static tension experiments in the metallic glasses

(MGs), to study the transition regime, where the NCL dynamics terminates and evolves to the

initiation of the b-relaxation. It is found that such transition shows an apparent activation energy

well below that of the b-relaxation. Our results also show the concomitant change of the crossover

points and the NCL with aging and provide a cursory physical picture on how the NCL occurs,

decays and evolves to the b- and a-relaxations in MGs. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4964809]

I. INTRODUCTION

For glassy materials, the relaxation dynamic behavior is

usually complex and holds the key to understand their inher-

ent nature of different phenomena and physical and mechani-

cal properties.1 In comparison to the molecular and

polymeric glass-formers, the relaxation spectrum of metallic

glasses (MGs) simply made up of atoms2,3 is more perspicu-

ous, where there are only two typical kinetic processes: the

primary relaxation (a-relaxation) that involves large scale

irreversible structural rearrangement and is frozen below the

glass transition temperature (Tg) and the secondary relaxa-

tion (b-relaxation) in relation to local reversible cooperative

motion of atoms of materials that would never vanish with

the whole processes.4–7 The researches on MGs have previ-

ously found that the b-relaxation,8–13 which is a precursor

process of the a-relaxation and correlates with some funda-

mental issues, such as deformation,12–15 aging16,17 and

diffusions,18–20 generally could be displayed or resolved as a

distinct peak in various relaxation spectrums.

Recently, the near constant loss (NCL) rather than a

peak shown in relaxation curves at low temperature or high

frequency regime has been observed in the glass-forming

substances of polyalcohols, polymers, van der Waals molec-

ular glass-formers,21–23 ionic conductor materials24,25 and

metallic glasses26 and even crystalline states,27,28 which sug-

gests that the NCL may arise from a fundamental mecha-

nism. For ion conductors, within the framework of the

coupling model (CM), the NCL showing weak temperature

dependence of the ac conductivity is suggested to originate

from the slow decay of cages during a time regime, when

there is no mobile ion yet in the glass-formers.24,29,30 The

mechanism of the NCL for polymers in fast relaxation spec-

trum is not clear with two possible candidates: the asymmet-

ric double-well potential and the anharmonic models.31

Since the NCL process has no characteristic time, it is

difficult to analyze and study its features and properties and

figure out its structural origin. Little work has been done on

the characteristics and evolution of NCL as well as their rela-

tionship with the mechanical and physical properties in

MGs. Especially, it is fraught with difficulty to make it clear

how the NCL evolves into the b-relaxation, which is of piv-

otal importance for the in-depth understanding of dynamic

behaviors, including the NCL and its correlations with the

mechanical and physical properties.

In this paper, we present the investigation on the near

constant loss of La60Ni15Al25 metallic glasses using the

dynamic mechanical measurements and the quasi-static

tension methods. Through defining the crossover points from

the NCL contribution to the onset of the b-relaxation as the

characteristic temperatures, we show that their apparent acti-

vation energy of the NCL can be experimentally determined,

which facilitates analyzing the features of the NCL, corrobo-

rating the correlation between the NCL and the b-relaxation,

and even further triggering a surge of research interest. Our

results also show the concomitant change of the crossover

points and the NCL with aging durations, which is another

perspective for understanding the NCL.

II. EXPERIMENTAL

For the investigation of the rich relaxation dynamics,

La60Ni15Al25 MG with excellent glass-forming ability, high

thermal stability, and unusual pronounced b-relaxation32,33

was utilized. The master alloys were prepared by arc melting

of elemental metals with purities above 99.99%, and then

MG ribbons were produced by melt spinning. The glassy

nature was ascertained by the X-ray diffraction (XRD, a

Bruker D8 AA25 diffractometer with the Cu Ka radiation)

and a differential scanning calorimeter (DSC, Perkin-Elmer

DSC 8000), and the glass transition temperature Tg measured

from DSC is 461 K at a heating rate of 20 K/min. The iso-

thermal annealing of samples was conducted at 0.8Tg (about

369 K), with samples being sealed in quartz tubes along with

high-purity argon gas to avoid oxidation. Both the dynamic
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mechanical measurements and the quasi-static tensile experi-

ments were performed on a dynamic mechanical analyzer

(TA DMA Q800). The dynamic mechanical measurements

were conducted in the temperature ramp and frequency

sweep mode at a heating rate of 5 K/min, and the quasi-static

tensile experiments were used on the specimens at 0.6% ten-

sile strain in the temperature ramp mode at different heating

rates. In order to equilibrate samples at the testing tempera-

ture, 2 min waiting was applied before the measurements.

III. RESULTS AND DISCUSSION

Figure 1(a) presents the temperature-dependent loss

modulus E00 of as-cast La60Ni15Al25 MG at a frequency of

8 Hz from a dynamic mechanical measurement. In the tem-

perature range below 300 K, the intensity of loss modulus E00

marked as blue region is kept almost constant, which is

called as NCM (near constant modulus).21–26 The low and

constant intensity of E00 implies that only few defective flow

units were activated.11 As temperature advances further, the

b-relaxation is gradually triggered and we see a dramatic

increase in the loss modulus, which indicates that more flow

units with high activation energy are activated. Since NCM

has no characteristic time scale, here we define a point of

intersection, which is the crossover point of the extended

lines of the NCM and the low temperature side of the

b-relaxation peak [see the inset in Fig. 1(a)], as the charac-

teristic temperature TNCM to study its features and correla-

tions with the b-relaxation. A representative experimental

curve of the scaled stress against temperature T at a heating

rate of 1 K/min and a constant strain of 0.6% for the as-cast

sample is shown in Fig. 1(b) from the quasi-static tensile

experiment. Unlike the conventional stress relaxation experi-

ments at a constant temperature, the temperature ramp mode

stress relaxation utilized here gives more information about

the temperature-dependent activation of flow events. Fig.

1(b) shows that the stress is kept almost constant at low tem-

peratures, followed by a dramatic decay as the temperature

increases. Being analogous to the loss modulus spectra, we

also define the initial stage of the stress relaxation curve as

near constant stress (NCS), where the atomic rearrangements

are too local to release the stress. A crossover temperature

TNCS was specified to characterize the activation of large

amounts of flow units [see the inset in Fig. 1(b)]. To express

clearly without any confusion, the NCL displayed in the loss

modulus spectra and stress relaxation curves are labeled as

the two distinct marks, such as NCM and NCS, respectively.

Figure 2(a) shows the temperature-dependent loss

modulus E00 spectra of as-cast La60Ni15Al25 MG under the

discrete testing frequencies, f, ranging from 1 to 16 Hz. The

b-relaxation peak shifts to higher temperature for higher fre-

quency, along with a shift of TNCM to higher temperature,

as indicated in the inset of Fig. 2(a). Fig. 2(b) plots several

representative stress relaxation curves of as-cast samples

under different heating rates to investigate the evolution of

TNCS with heating rate. The TNCS of different heating rates

obtained from the above definition is marked by different

color arrows in the plot.

In the glassy materials, an empirical Kissinger equation,

ln T2

a

� �
¼ E

RT þ C, is usually used to calculate the activation

energy E by varying the heating rate a of the measurements.

Here, R is the gas constant, T is the characteristic tempera-

ture that depends on the heating rate and C is a constant.34

Fig. 3 shows the heating rate dependence of the TNCS plotted

in the Kissinger coordinates (the red one). The raw data can

be well fitted by the Kissinger relation that gives an apparent

activation energy of ENCS around (13.7 6 1.1)RTg. The TNCM

of dynamic mechanical spectra as a function of frequencies

(data obtained from Fig. 2(a)) are also shown in Fig. 3 (data

points to the right). Based on the Arrhenius relation,

f ¼ f1 exp ð�E=RTÞ, where f1 is the pre-factor and E is the

activation energy,35 the value of ENCM is given to be approx-

imately (15.5 6 1.5)RTg, which is close to what obtained

from the stress relaxation data. From the similar values of

ENCS and ENCM, we infer that the process of the NCM and

NCS separately shown in these two different measurements

corresponds to identical underlying physical processes,

where the initial stage on the stress relaxation curves is

related to the NCM on the dynamic spectrum, and the two

crossover points reveal the termination of NCL and the

beginning of the b-relaxation in MGs. It is noted that the

apparent activation energy of the crossover points mani-

fested as the decay of the cages or the onset of the b-

FIG. 1. (a) Temperature dependence of the loss modulus E0 0 at 8 Hz for as-

cast La60Ni15Al25 MG. The blue and green regions represent the NCM and

the b-relaxation, respectively. (b) The plot of scaled stress against tempera-

ture at a heating rate of 1 K/min and constant strain of 0.6%. The blue region

represents NCS. TNCM and TNCS are defined as the cross points of the two

tangents, as shown in the insets of (a) and (b), respectively.
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relaxation is nearly equivalent to half of that of the b-relaxa-

tion Eb (�26RTg), as found in diverse amorphous substances

including MGs,13,36,37 suggesting the intrinsic correlation

between the NCL and the b-relaxation, and its small value

with respect to the b-relaxation indicates that the NCL is

associated with more localized atomic motion than the b-relax-

ation.11,38 This kind of localized atomic motion is even insuffi-

cient to release the local stress built by the external applied

strain. Interestingly, the activation energy of the fast b-relaxa-

tion reported recently is analogous to that of the crossover

points signifying the termination of the NCL,39 i.e., both are

close to half of Eb, which raises the interest to explore the con-

nection between the NCL and the fast b-relaxation and may

FIG. 3. The blue line is the Arrhenius plot of effective frequencies and the

TNCM obtained from Fig. 2(a). Heating rate dependence of the TNCS under

different linear heating rates is the red one plotted in the Kissinger coordi-

nates. The value of TNCS can be acquired from Fig. 2(b).

FIG. 2. (a) Temperature dependent loss modulus E0 0 spectra of as-cast

La60Ni15Al25 MG with discrete testing frequencies ranging from 1 to 16 Hz.

The different TNCM of different frequencies is marked by arrows shown in

the inset. (b) The iso-strain stress relaxation curves under different linear

heating rates from left to right: 0.5, 1, 2, 4, and 8 K/min. The arrow of corre-

sponding color indicates the TNCS of different heating rates.

FIG. 4. (a) Loss modulus E0 0 measured at 8 Hz as a function of temperature

T for annealed La60Ni15Al25 MG at 0.8Tg for 0, 1, 4, 12, and 48 h. The inset

shows that the intensity of the NCM almost does not change. (b) The plot of

scaled stress against temperature at a heating rate of 1 K/min. (c) The depen-

dence of activation energy measured from two different curves on the

annealing time. The calculation methods of the apparent activation energy

are illustrated in Figure 3.
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facilitate the in-depth understanding of the microscopic mecha-

nism of NCL. The fast b-relaxation is ascribed to the excitation

of an individual local event instead of a cascade of local exci-

tations.39 As the NCL and the fast b-relaxation exhibit differ-

ent behaviors in the relaxation spectra, it is difficult yet to

conclude that the NCL and the fast b-relaxation derive from

the same microscopic physical origin. More researches are

required to distinguish between the rich dynamics of NCL and

the fast b-relaxation.

To further investigate the effects of annealing on the

crossover points and the NCL, the glass samples were

annealed for different times ta of 1, 4, 12, and 48 h before the

measurements at 0.8Tg, on which temperature the b-relaxa-

tion of the specimens is completely activated;32 meanwhile,

the crossover points and the NCL show observable changes

with aging in the acceptable experimental time window.

Figs. 4(a) and 4(b) show the pre-annealing time dependence

of the dynamic mechanical spectra at 8 Hz and the stress

relaxation curves at a heating rate of 1 K/min, respectively. It

can be found that both characteristic temperatures TNCM and

TNCS in the two kinds of plots increase with the pre-

annealing time. By varying the frequency of dynamic

mechanical spectra and the heating rate of stress relaxation

measurements, the frequency dependent TNCM and heating

rate dependent TNCS for samples with different pre-annealing

time can be derived. The characteristic temperatures TNCM

under different testing frequencies and TNCS under various

heating rates for as-cast and different pre-annealing time

samples that are available for fitting the lines analogous to

that in Fig. 3 have been listed in Table I. Then, the pre-

annealing time dependence of ENCS and ENCM can be

obtained, as shown in Fig. 4(c). Both ENCS and ENCM

increase with pre-annealing time and are almost equivalent,

further confirming that NCL phenomenon was explored from

both the dynamical and quasi-static approaches. However,

we note that the crossover temperatures, TNCS and TNCM, are

somewhat different from each other. This may come from

two aspects: on the one hand, the dynamical and quasi-static

approaches are more or less different in the way of triggering

and responding to flow events; on the other hand, the time

scales determined by the applied frequency and heating rate

are quite different, thus triggering different flow events

corresponding to different temperatures.40 In general, with

the increase in the annealing durations, the crossover temper-

atures of both the types of curves and their corresponding

activation energy are growing. It is worth noting that the

b-relaxation is a thermal activation process evolving with

temperature or time, which means that first the b-relaxation

is activated only in the small region with lower activation

energy and then its peak in the DMA curves signifies the

largest activated area with higher activation energy in the

samples. The apparent activation energy of the crossover

between the two processes, the NCL and the b-relaxation,

implying the termination of the caged atoms dynamics or the

onset of the thermally activated b-relaxation, therefore,

might be reasonably equivalent to the potential energy bar-

rier that originally confined atoms must overcome to break

away from the cages to start cooperatively motion. Based on

the findings, we suggest that the NCL stems from highly

localized atomic motions existed within individual liquid-

like regions of flow units at low temperature.11,38 The effects

of annealing the MGs could feasibly decrease the fraction of

flow units persisted in the entire sample and then reduce the

probability of the stochastically activated flow units in low

temperature regime. Hence, the apparent activation energy

of the crossover points is increased with the augment of

annealing time. Moreover, the intensity of the NCM is kept

almost unchanged within the experimental sensitivity [see

the inset of Fig. 4(a)], which is consistent with the original

definition of the near constant loss. Conversely, the intensity

of the b-relaxation shows regular decrease with pre-

annealing time. The sharp contrast between these behaviors

of the NCM and the b-relaxation favors to some extent the

previous assumption that the NCM is linked to very

extremely local events that are not likely to be affected by

the free volume reduction during annealing,41 whereas the

b-relaxation is associated with larger scale atomic motion of

flow units that is very sensitive to annealing.42

Based on the above analysis, it is reasonable to suggest

that the NCL, as the precursor of the b-relaxation, involves

in highly localized atomic motions existed in isolated, sto-

chastic and reversible flow units persisted in the whole

metallic glass. The NCL is the caged dynamics decaying

with time, and the flow units corresponds to the primitive

TABLE I. Summary of the data of the activation energy ENCM and ENCS, as well as the characteristic temperatures TNCM and TNCS under different testing fre-

quencies (under various heating rates) for as-cast and different pre-annealing time samples.

Annealing time (h) 0 1 4 12 48

Frequency f (Hz) 1 TNCM (K) 294 6 3 298 6 3 299 6 3 299 6 3 305 6 3

2 303 6 3 305 6 3 306 6 3 307 6 3 313 6 3

4 315 6 3 319 6 3 319 6 3 320 6 3 325 6 3

8 323 6 3 325 6 3 325 6 3 326 6 3 333 6 3

16 331 6 3 333 6 3 333 6 3 334 6 3 339 6 3

ENCM (RTg) 15.5 6 0.8 16.2 6 1.0 16.7 6 1.2 16.8 6 1.3 17.1 6 1.0

Heating rate a (K/min) 0.5 TNCS (K) 331 6 3 350 6 3 365 6 3 379 6 3 383 6 3

1 336 6 3 362 6 3 373 6 3 389 6 3 390 6 3

2 346 6 3 365 6 3 379 6 3 397 6 3 400 6 3

4 358 6 3 378 6 3 392 6 3 411 6 3 413 6 3

8 379 6 3 404 6 3 414 6 3 433 6 3 435 6 3

ENCS (RTg) 13.7 6 1.1 14.3 6 1.0 16.6 6 1.5 16.4 6 1.1 17.2 6 1.3
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relaxation or Johari-Goldstein b-relaxation, which is the ter-

minator of caged dynamics and the precursor of a-relaxa-

tion.26,43 The explanation facilitates picturing the evolution

of dynamics with temperature changing from the NCL to the

b-relaxation and the a-relaxation (see top panel of Fig. 5).

After the NCL ended, the next is the onset of the b-relaxation

when the more fractions of atoms in the sample can be acti-

vated and have a significant potential to leave the cages, with

the increase of temperature, and the reversible b-relaxation

in which the atoms in flow units has escaped from their own

cages and start to cooperate with each other appears and then

the flow units are fully activated near Tg, showing the irre-

versible large scale a-relaxation. To interpret the evolution

of dynamics, the corresponding schematic illustration of a

potential energy landscape is also shown in Fig. 5. In the

NCL regime, particularly, the acquired energy of the high

mobility atoms (red balls) confined in the isolated flow units

is too low to get over the energy barrier due to the low tem-

perature. When the temperature continues to rise, the highly

localized active atoms caged by their nearest neighbors

obtain more energy and can jump out of the basins back and

forth, and then the b-relaxation occurs. At higher tempera-

ture, the irreversible large scale a-relaxation involving more

rearranging units appears following the reversible b-relaxa-

tion, since the sample can get rid of the megabasins and

achieves another energy level.

IV. CONCLUSION

The activation energy of an event normally provides

important insight into the underlying mechanism of a

dynamic mode. A characteristic crossover point, from both

the dynamic mechanical measurements and the quasi-static

tension experiments in metallic glasses (MGs), has been

defined to descript the transition regime, where the NCL

dynamics terminates and evolves to the initiation of the

b-relaxation. It is found that such transition shows an appar-

ent activation energy well below that of the b-relaxation.

The apparent activation energy of the crossover between the

two processes, the NCL and the b-relaxation, implying the

termination of the caged atoms dynamics or the onset of

the thermally activated b-relaxation might be reasonably

equivalent to the potential energy barrier that originally con-

fined atoms must overcome to break away from the cages to

start cooperatively motion. Combining the analyses of the

effects of annealing, we further infer that the origin of the

NCL exhibited in lower temperature region is extremely local

atomic motions existed in isolated, stochastic and reversible

flow units persisted in the whole metallic glass. Our work

might provide a cursory physical picture on how the NCL

occurs, decays and evolves to the b-relaxation in MGs.
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