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Reversible and irreversible β-relaxations in metallic glasses
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The localized β-relaxation process is critical for understanding the complex dynamics and controlling the
properties of glasses. However, the β-relaxation in most metallic glasses only appears in a form of excess
wing or shoulder in dynamic mechanical spectra while the underlying mechanism of the β-relaxation remains
elusive. In the present work, the β-relaxation of metallic glasses is systematically studied by calorimetry
where the glass-transition temperature (Tg) is resolved. The key finding is that the long-time sub-Tg annealing
induces an endothermic peak upon heating prior to Tg with an activation energy of ∼26RTg. By using
an annealing-scanning-annealing thermal protocol, we show that this distinct endothermic sub-Tg peak is a
reversible β-relaxation, indicating that the β-relaxation has both reversible and irreversible parts, which can
be refined by the combination of calorimetry and the designed thermal protocol. The results might deepen our
understanding of relaxation and the aging of metallic glasses.

DOI: 10.1103/PhysRevB.101.094203

I. INTRODUCTION

The widespread use of glasses is limited by the lack of a
detailed understanding of their relaxation processes which re-
sults in the property deterioration in aging [1,2]. The primary
α-relaxation, associated with large-scale collective atomic
motions, is almost frozen below the glass-transition temper-
ature (Tg) [3], while the secondary β-relaxation, concerning
localized atomic/molecular rearrangements, persists in the
glassy state and connects to the mechanical properties of
glasses [4–10]. The presence of β-relaxations is universal for
all glassy materials [11,12], but the underlying mechanisms
are not fully understood. Metallic glasses (MGs) have unique
mechanical and functional properties yet simple atomic struc-
tures, providing a model system for the study of β-relaxation
and its relevance to the properties of glasses [11–15]. For
example, β-relaxation is closely related to the ductility of
MGs [6,10] and has the same activation energy as the flow
units responsible for the localized deformation events [6].
Recent studies on probing the extremely slow flow behaviors
of MGs revealed that in the as-cast MG, the flow is usually
fast, whereas in the preannealed samples, the flow becomes
much slower and follows a stretched exponential function
with a magic exponent of 3/7 [16]. Stress relaxation appears
as a one-step process in the as-cast MGs, whereas it becomes a
two-step process in the preannealed MGs [17,18]. Numerical
simulations found that the presence of extra cascade process
of large groups of atoms is more frequently observed in
the fast-quenched MGs than in the slowly quenched MGs
[19]. Therefore, these results imply that there are contrasting
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relaxation behaviors between the as-cast and the preannealed
MGs.

The β-relaxation in MGs is normally detected by dynamic
mechanical analysis (DMA). However, in most MGs, the β-
relaxation only appears in a form of excess wing or shoulder
in DMA, which is not so sensitive to the minor changes of this
localized relaxation mode [11,14]. In this work, we show that
the differential scanning calorimetry (DSC) can effectively
detect the β-relaxation of the preannealed MGs, and the criti-
cal finding is that the localized β-relaxation in MGs includes
both reversible and irreversible parts. Isothermal annealing
can separate the dynamic modes of β-relaxation, decoupling
two processes of β-relaxation. This work provides deep in-
sights into the features and mechanisms of the β-relaxation as
well as their relationship with microstructure and properties
in MGs.

II. EXPERIMENTAL DETAILS

Three kinds of MG compositions of La60Ni15Al25,
Zr50Cu40Al10, and (La0.8Ce0.2)68Al10Cu20Co2 (at. %) were
fabricated by melt spinning in an argon atmosphere into thin
ribbons. The Tg of these MGs, measured at 40 K min−1, are
485, 702, and 378 K, respectively. The samples were sealed
in quartz tubes filled with high-purity argon atmosphere to
prevent oxidation during annealing. The amorphous nature
of the samples before and after annealing was verified by
x-ray diffraction (XRD, Cu Kα radiation) and transmission
electron microscope (TEM, JEM-2100PLUS). The DMA
measurements were performed on a TA DMA Q800 in a
temperature-ramp mode under the frequency of 1 Hz. The
thermal behaviors were measured using a DSC (PerkinElmer
8000) with flowing pure argon gas to prevent oxidation. The
original DSC data were used for comparison. For the same
glass, �Cp, i.e., the difference of the specific heat between
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FIG. 1. (a)–(c) Loss modulus E ′′ at testing frequency f = 1 Hz for La60Ni15Al25MG, (La0.8Ce0.2)68Al10Cu20Co2MG, and Zr50Cu40Al10

MG, respectively. (d) Heat-flow profiles of as-cast La60Ni15Al25MG and that preannealed at 0.8Tg for 72 h at a heating rate of 40 K min−1.
(e) Heat-flow profiles of as-cast (La0.8Ce0.2)68Al10Cu20Co2MG and that preannealed at 0.8Tg for 24 h at a heating rate of 20 K min−1. (f)
Heat-flow profiles of as-cast Zr50Cu40Al10 MG and that pre-annealed at 0.8Tg for 72 h at a heating rate of 80 K min−1. (g) XRD patterns of
as-cast Zr50Cu40Al10 MG and that annealed at 0.8Tg for 48 h. (h) TEM image and corresponding SAED pattern for Zr50Cu40Al10 MG annealed
at 0.8Tg for 48 h.

the glassy state and the liquid state above Tg is the same, they
can collapse at both the low-temperature glassy state and the
high-temperature liquid state without any normalization (see
Fig. 1). We separated the DSC curves (in Figs. 2–5) to make
the prepeaks clearer and the offsets along the �Cp axis are
provided.

III. RESULTS AND DISCUSSION

Figures 1(a)–1(c) show the loss modulus E ′′ of the
three MGs, where their β-relaxations behave differently.
The β-relaxation appears as a pronounced peak for
La60Ni15Al25MG, a hump for (La0.8Ce0.2)68Al10Cu20Co2MG,

and a tail of α-relaxation for Zr50Cu40Al10 MG. As the
samples are annealed below Tg for a prolonged period of
time, only intensity decrease of the β-relaxation is observed
[Figs. 1(a) and 1(c)].

In contrast to DMA, the DSC measurements provide a
more sensitive approach for probing the complex dynamics in
glasses, especially on the evolution of the β-relaxation upon
applied treatments such as preannealing. Figures 1(d)–1(f)
show the heat-flow profiles of the as-cast and the preannealed
MGs. The as-cast samples exhibit broad exothermic peaks
below Tg, which is generally attributed to an irreversible
structural relaxation associated with the annihilation of free
volume or other structural defects [20] and the percolation
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FIG. 2. (a), (b) Heat-flow profiles at a heating rate of 80 K min−1

of Zr50Cu40Al10 MG preannealed at 0.8Tg and 0.85Tg for different
times. Offsets along the �Cp axis are applied. (c) Enthalpy values
of sub-Tg peak and structural relaxation process of Zr50Cu40Al10

MG as a function of annealing time; the inset is a schematic of
the calculation of enthalpy values of sub-Tg peak and structural
relaxation process.

of flow units [21]. Besides, β-relaxation is often ascribed to
the tail of this structural relaxation at the low-temperature
side of the broad exothermic peak [22–24]. However, for all
three preannealed MGs with different dynamic features in
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FIG. 3. (a) Heat-flow profiles of Zr50Cu40Al10 MG preannealed
at 0.8Tg for 48 h at heating rates of 20, 40, 80, and 160 K min−1.
Offsets along the �Cp axis are applied. Inset: Kissinger plot of
ln(Q/Tp

2) as a function of Tg/Tp. (b) The activation energy of
the sub-Tg peak of La60Ni15Al25MG, (La0.8Ce0.2)68Al10Cu20Co2MG,
Zr50Cu40Al10 MG, and the glass transition process of Zr50Cu40Al10

MG as functions of the annealing time. The black dashed line is for
the glass-transition process of Zr50Cu40Al10 MG. The red dashed line
corresponds to the activation energy of the broad exothermic peak in
as-cast Zr-based MG [23].

their mechanical-loss spectra, the exothermic peak disappears
and instead, an endothermic peak is observed. Here, this
endothermic peak is termed as the sub-Tg peak. As shown in
Figs. 1(d)–1(f), for La60Ni15Al25MGs annealed at 0.8Tg for
72 h, (La80Ce20)68Al10Cu20Co2MGs annealed at 0.8Tg for 24
h, and Zr50Cu40Al10 MGs annealed at 0.8Tg for 48 h, their
sub-Tg peaks always appear at the onset of near 0.9Tg with a
peak temperature of about 0.96Tg. All the XRD patterns, TEM
images, and the selected area electron diffraction (SAED)
patterns demonstrate that the annealed samples are fully
amorphous without any visible crystalline phases [Figs. 1(g)
and 1(h)]. Therefore, the result indicates that the observed
distinct sub-Tg peak, arising from the long-time annealing, is
an intrinsic feature of glass relaxation, not crystallization.
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FIG. 4. Schematic depictions of the irreversible and reversible
β-relaxation of MGs in different states. (a) In the as-cast sample,
many intrinsic flow units (gray balls) and defectlike flow units (dark
spots) are frozen. The red dashed line schematically represents the
reversible β-relaxation. (b) In the annealed sample, defectlike flow
units disappear because of the irreversible β-relaxation and intrinsic
flow units relax to low-energy state (light gray balls in red dashed
circles) through the occurring of reversible β-relaxation. In the
activated sample, the reversible β-relaxation is activated leading to
the recovery of the relaxed intrinsic flow units (gray balls). The
thermal activation process of reversible β-relaxation leads to the
sub-Tg peak of preannealed MG upon heating.

In fact, similar sub-Tg peaks have been observed in other
glassy systems such as amorphous water [25], polymeric
glasses [26], oxide glasses, and selenide glasses [27]. The sub-
Tg peak in amorphous water was attributed to the relaxation
of localized defects of the Bjerrum type in ices [26]. Yue
and Angell [26] compared the sub-Tg peaks of amorphous
water and hyperquenched inorganic glasses and suggested its
origin as a “shadow” of the real glass transition. A series of
researches on the sub-Tg peak in MGs and molecular glasses
suggests that it is associated with the kinetic activation of
β-relaxation [28]. The sub-Tg peak observed in the long-term
aging of selenide is taken as a result of the dense region of the
Se backbone coalescing with the surrounding noncompacted
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FIG. 5. Heat-flow profiles of La60Ni15Al25MG after different
treatments reveal the reproducibility of sub-Tg peak. Offsets along
the �Cp axis are applied for clarity. The annealed sample is obtained
by preannealing at 0.8Tg for 72 h. The activated sample is obtained
by heating the annealed sample to 0.96Tg at 40 K min−1 and keeping
there for 0.5 min, then cooling down at 100 K min−1; the reannealed
sample is obtained by annealing the activated sample at 0.8Tg for
another 72 h. The sub-Tg peak of the annealed sample disappears
after the activation process at 0.96Tg for 0.5 min (the solid and dashed
blue curves) and can be reproduced by annealing again the activated
sample.

regions [27]. Although the underlying mechanism of this uni-
versal phenomenon remains debatable, it is widely accepted
that the sub-Tg peak in DSC is a localized dynamic mode
related to the glass transition.

To understand the features of this universal sub-Tg peak and
its correlation with the relaxation dynamics in MGs, the sam-
ples were annealed at various temperatures for a prolonged
period of time over 700 h. Figures 2(a) and 2(b) present the
DSC curves of Zr50Cu40Al10 samples preannealed at 0.8Tg

and 0.85Tg for various periods of time. Upon annealing at
0.8Tg, a sub-Tg peak appears after an annealing time of 6 h,
followed by an exothermic peak, suggesting that a localized
structural recovery process occurs before the typical struc-
tural relaxation process. With increasing the annealing time
at 0.8Tg, the onset temperature of the sub-Tg peak remains
unchanged, while the peak position shifts towards higher
temperature accompanied by an increase of the peak intensity,
exhibiting a tendency to merge with the glass transition. At
0.85Tg, this merging is observed within the experimental time
[Fig. 2(b)], where the sub-Tg peak appears after annealing for
just 0.5 h and becomes a shoulder of glass transition at 48
h. It fully merges with the glass transition and becomes an
overshoot above Tg after a 96-h annealing.

The enthalpy values of the sub-Tg peak and the structural
relaxation were then compared. As shown in the inset of
Fig. 2(c), the DSC profile of a standard sample obtained by
cooling from Tg + 40 K at a rate of 100 K min−1 was taken
as a reference; the areas enveloped by the sub-Tg peak of the
annealed sample and the standard sample (pink area), as well
as that of the exothermic peak (blue area), were calculated
and plotted as a function of the annealing time [Fig. 2(c)].
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In the initial stage of annealing at 0.8Tg, structural relaxation
is dominant. With the increase of annealing time, the sub-Tg

peak appears and eventually overwhelms the structural relax-
ation after around 50 h [Fig. 2(c)]. These observations suggest
that the sub-Tg peak is a precursor of the glass-transition
overshoot, and the evolution of the sub-Tg peak in annealing
shares the similarity of the transition from β- to α-relaxations.
On the other hand, β-relaxation can also be regarded as a
precursor of α-relaxation and the locus of β-relaxation can
be theoretically predicted from the information of its cor-
responding α-relaxation [11,29,30]. From the perspective of
energy landscape theory, the β-relaxation is a reversible event,
hopping across the sub-basins confined within an inherent
megabasin, while α-relaxation is an irreversible event jumping
across the megabasins [6,7,31]. Focusing on the thermal and
mechanical activation processes, the β-relaxation is initially
activated mainly within the confined flow units, whereas later
the cooperation of β-relaxations corresponds to the percola-
tion of the flow units, entailing large-scale irreversible atomic
rearrangements associated with α-relaxation [4,32,33]. There-
fore, it is reasonable to relate the sub-Tg peak to β-relaxation.

To further study the origin of the sub-Tg peak, the activation
energy of the sub-Tg peak and glass-transition process is
measured. Figure 3 shows the heating-rate dependent (Q-
dependent) DSC profiles for MGs annealed at 0.8Tg for 48
h. It is clearly shown that the sub-Tg peak temperature (Tp)
increases with Q. The dependence of Q on the reciprocal
temperature for both processes can be well fitted by the

Kissinger law, d ln(Q/Tp
2 )

d (1/Tp ) = −E
R , where R is the gas constant

and E is the activation energy [34]. The inset in Fig. 3(a)
plots ln(Q/Tp

2) as a function of Tg/Tp for the three annealed
MGs, where the value of Tg is taken as the one measured at
Q = 40 K min−1. The fits by Kissinger law derive activation
energy of E ≈ 28.6(±2)RTg for the three samples. Figure 3(b)
shows the E of the sub-Tg peak of the three different MGs as
a function of annealing time at 0.8Tg. The data for the glass
transition of Zr50Cu40Al10 MGs, obtained in the same way,
are shown for comparison. The red dashed line represents
the E for the onset temperature of the broad exothermic peak
in the as-cast Zr-based MGs [24]. The E of the sub-Tg peak
in the annealed MGs is consistent with that of the broad
exothermic peak in the as-cast MGs, both in agreement with
the empirical value of 26RTg for β-relaxation in MGs [6,11],
further confirming that the sub-Tg peak is essentially related
to the β-relaxation.

Both the sub-Tg peak in the annealed MGs and the broad
exothermic peak in the as-cast MGs can be attributed to β-
relaxation, while the different features and behaviors of these
two phenomena suggest the existence of distinct β-relaxation
processes. The β-relaxation in MGs has been related to the
flow units which are described as a liquidlike region with
faster dynamics [6,21,32]. For the as-cast MG, a large amount
of flow units is frozen in the glassy matrix since rapid cooling
[21,32]. However, some of the flow units are reversible in
response to external stress [35–37], and some are not. The
irreversible rearrangements of atoms and subtle structural
changes in as-cast MGs during aging, usually ascribed to the
annihilation of defects, have been widely observed [38–43].
The flow units in the as-cast MGs are considered to consist

of two parts: the irreversible defectlike parts [small black
dots illustrated in the inset of Fig. 4(a)] and the reversible
intrinsic parts [gray balls shown in the inset of Fig. 4(b)].
The intrinsic flow units will relax to a fairly low-energy state
through the reversible arrangements of atoms confined in the
liquidlike regions [4,7,44], while the defectlike flow units will
be annihilated and the atoms in such liquidlike regions can
irreversibly rearrange to merge with the elastic matrix [4]. The
former process is taken as a reversible β-relaxation, while the
latter process is identified as an irreversible β-relaxation.

It has been suggested that β-relaxation is superimposed on
the broad exothermic peak in the DSC curve of the as-cast
MGs [24]. The β-relaxation observed in the as-cast MGs via
DSC is the outcome of combined irreversible and reversible
β-relaxations. The irreversible β-relaxation is the annihila-
tion process of defectlike flow units, while the reversible
β-relaxation is the relaxation process of reversible flow units.
Through preannealing of the as-cast samples, the two different
β-relaxations can be decoupled. During annealing at 0.8Tg,
both reversible and irreversible β-relaxation processes occur.
After 72 h annealing, the irreversible relaxation has been
fully activated and the irreversible flow units have been fully
depleted. Meanwhile, the reversible β-relaxation is activated
in the specific reversible flow units [light gray balls in red
dashed circles in the inset of Fig. 4(b)], causing those flow
units to relax towards a lower energy state. When heating
up the preannealed samples again, the relaxed reversible flow
units are reactivated through extra-heat absorption [Fig. 4(b)].
Therefore, the broad exothermic peak disappears, and a pro-
nounced sub-Tg peak appears, corresponding to the activation
process of the reversible β-relaxation.

The reproducibility of the sub-Tg peak evidences our ar-
gument that the sub-Tg peak originates from the reversible
β-relaxation. As shown in Fig. 5, for the La60Ni15Al25MG
preannealed at 0.8Tg for 72 h, the pronounced sub-Tg peak
locates at 0.96Tg, which originates from the reactivation
of reversible β-relaxation as illustrated. One can expect
that if the reversible β-relaxation is activated in advance,
the sub-Tg peak cannot be observed. We heated the prean-
nealed La60Ni15Al25MG up to 0.96Tg at 40 K min−1, held
for 0.5 min, and then cooled down to room temperature at
100 K min−1. The resulting sample is termed as the activated.
When heating the activated, the sub-Tg peak indeed disap-
peared as expected. Interestingly, when we reannealed the
activated sample at 0.8Tg for another 72 h, the sub-Tg peak
was reproduced, confirming the existence of reversible β-
relaxation. The reproduced sub-Tg peak is not as pronounced
as before and its peak position slightly shifts to a higher
temperature, which probably results from the effect of aging
while annealing at 0.96Tg.

The intrinsic β-relaxation in MGs is generally recog-
nized to be reversible because it is a potential activation of
nanoscale flow events confined by surrounding atoms [44].
Our result indicates that the β-relaxation detected by DMA
is the superposition of irreversible and reversible β-relaxation
processes. The different behaviors of β-relaxations deter-
mined by DMA and DSC mainly result from the interplay
of irreversible and reversible β-relaxations. Compared with
DMA, DSC measurements can trace the activation process
of β-relaxation more sensitively. The reproducibility and
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evolution of reversible β-relaxation shows many phenomeno-
logical similarities with the overshoot of α-relaxation, con-
firming that the reversible β-relaxation is a localized glass
transition [29].

The identifying of irreversible and reversible β-relaxation
can deepen our understanding of relaxation and the aging of
MGs. For as-cast MGs, the irreversible β-relaxation plays a
dominant role in the initial stage of aging because various
flow units are frozen during the quenching process. It is the
irreversible β-relaxation that leads to the irreversible change
of properties. For example, annealing the as-cast MGs below
Tg leads to the irreversible increase in the elastic modulus
[45], and the annealing of the as-cast Zr-based MGs at 0.85Tg

results in dramatic homogenization after only 30 min [46].
Recent simulations and experiments on microscopic dynam-
ics also indicate the existence of irreversible and reversible
secondary relaxations [19,47,48]. In simulations of thermally
activated deformation, two deformation modes, one localized
and the other cascade were observed [19], and the localized
process is nearly unchanged with cooling rate, similar to the
reversible β-relaxation. The cascade deformation occurs more
frequently in the fast-quenched system like the irreversible
β-relaxation. The sub-Tg peak has also been observed in an
ultrastable MG produced by physical vapor deposition [49]
and antiaging was found in such ultrastable MGs, which may
be a result of the activation of reversible β-relaxation [47].
The microscopic dynamics of a quenched Pd77Si16.5Cu6.5MG
studied by x-ray photon correlation spectroscopy also sug-
gested that the atomic-scale dynamics is a result of the in-
terplay between the irreversible process related to the release

of residual stresses and the reversible process of medium-
range ordering associated with the localized relaxation of the
liquidlike regions [48].

IV. CONCLUSION

We show DSC measurement is an efficient way to probe the
intrinsic β-relaxation, and isothermal annealing can separate
the dynamic relaxation modes of metallic glass. We find
that the localized and secondary relaxation includes both
irreversible and reversible parts, and the isothermal anneal-
ing below Tg can induce decoupling of the irreversible and
reversible β-relaxation processes. The former, appearing as
a broad exothermic peak on the DSC profiles, is related to
the defectlike flow units and more frequently observed in
highly unstable as-cast MGs, while the latter, appearing as an
endothermic sub-Tg peak, originates from the intrinsic flow
units and becomes increasingly pronounced upon annealing.
The identification of irreversible and reversible β-relaxation is
helpful for the understanding of the relaxation and the aging
of MGs.
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