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Fast secondary relaxation and plasticity initiation in metallic glasses
Ji Chao Qiao1,2, Xiao Di Liu2, Qing Wang2,3, Chain Tsuan Liu2, Jian Lu2 and Yong Yang2,∗

Metallic glasses (MGs) are a promis-
ing engineering material with superb
strength. However, their ‘Achilles’ heel’
is their poor ductility in ambient condi-
tions, particularly under tension. Unlike
their crystalline counterparts, MGs pos-
sess no long-range translational symme-
try in their atomic structure. Therefore,

conventional plasticity theories based
on crystalline defects, such as disloca-
tions, do not directly apply in under-
standing the origin of their plasticity. In
light of the classical shear transformation
zone (STZ) models [1,2] (the inset of
Fig. 1(a)), the occurrence of plasticity in
MGs has often been attributed to local

atom slip in loosely packed regions that
involve hundreds of atoms [3]. It has
previously been shown that the activa-
tion energy of STZs has an average value
on the order of 1 eV. Furthermore, it
has been demonstrated that the aver-
age activation energy (ESTZ) of STZs
varies systematically with the chemical
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Figure 1. β relaxations in metallic glass. (a) Distribution of activation energy of slow β relaxation
in MG. Inset is a schematic illustration of the shear transformation zone (STZ). (b) Distribution of
activation energy of fast β ′ and slow β relaxation in MG. (c) The two secondary relaxation modes
(fast β ′ and slow β relaxation) in an La56.16Ce14.04Ni19.8Al10 MG [5]. Note that (c) is reprinted from
[5], with permission from Nature Publishing Group. Copyright of Nature Publishing Group (2015).

composition or the glass transition point
(Tg) of MGs [4]. In the MG literature,
the STZ was commonly believed to
be the source of plasticity, being an
analog to dislocation in a crystalline
structure. However, the recent results
of Wang et al. [5,6] suggest that the
precursory process of yielding originates
from a more local relaxation process that
entails the reversible rattling of tens of
atoms within an elastic confinement, as
illustrated in the inset of Fig. 1(b). The
findings are of fundamental importance,
contending with the classic view that the
STZ is the trigger of plasticity in MGs.

The search for the plasticity ‘trigger’ in
MGs recently proceeded with the study
of their stress relaxation behaviors. This

could be done via creep experiments [7],
stress relaxation experiments [8], ther-
mal cyclic experiments [9] or dynamic
mechanical analyses (DMA) [5,6]. In
principle, plasticity in MGs is thermally
activated and stress assisted. Therefore,
local plasticity is inherently related to lo-
cal stress relaxations at finite tempera-
ture. According to Yu et al. [10], the
slow β relaxation can be detected in the
form of either a distinct relaxation peak,
a shoulder or an excess wing on the
DMA spectrum of MGs, which possess
the same activation energy as the STZ,
i.e. ESTZ = Eβ . Moreover, the slow β re-
laxation in MGs, as utilized previously
to establish the correlations with their
plasticity [11], was shown to follow the

scaling relation Eβ ≈ 26(±2)RTg, which
holds for the Johari–Goldstein (J–G) re-
laxation [12,13]. According to Ref. [12],
the J–G β relaxation is a universal prop-
erty of glasses, not just of MGs.

In stark contrast, the secondary re-
laxation discovered in Refs [5,6] distin-
guishes itself from the J–G β relaxation
in that its loss peak has a much lower
magnitude but larger broadness, as seen
in Fig. 1(c). For a given temperature,
this secondary relaxation is much faster
than the J–G β relaxation, hence easily
being unnoticed. In light of this, it was
termed ‘the fast β ′ relaxation’ by Wang
et al. [5]. Compared to the J–G β re-
laxation, the activation energy Eβ ′ of the
fast β ′ relaxation is rather low, but has a
much broader distribution, as illustrated
in Fig. 1(c) [5]. Notably, unlike the J–G
β relaxation, the fast β ′ relaxation always
emerges as a distinct relaxation peak on
the DMA spectrum. Interestingly, Wang
et al. [5]observed thatEβ ′ is insensitive to
the glass transition pointTg of a variety of
MGs and hence does not correlate with
Eβ in general, as shown inFig. 2(a).Based
on these findings, Wang et al. [6] con-
tended that the fast β ′ relaxation should
result from reversible atom inelastic mo-
tion in an elastic matrix, which could be
a universal character related to the topo-
logical heterogeneity in MGs. Further-
more, it can be demonstrated [6] that
the fast β ′ relaxation shares a similar ac-
tivation energy with anelasticity in MGs
[14]. Since anelasticity is the precursory
process to yielding, these recentnewfind-
ings [6] thus deliver a strong message,
i.e. it is the fast β ′ relaxation that triggers
plasticity in MGs. Very recently, Ouyang
et al. [15] obtained the activation energy
for anelasticity in a variety ofMGs, which
showed a similar trend of chemical insen-
sitivity to the fast β ′ relaxation.

More importantly, it has been found
[6] that plastic MGs, such as Pd-, Zr-
and Cu-based ones, tend to possess a
lower ratio of Eβ ′ /Eβ than brittle ones,
such as Ce-, Mg- and La-based ones. As
seen in Fig. 2(a), there seems to be a de-
marcation line Eβ ′ = 0.41Eβ that sepa-
rates plastic from brittle MGs. This phe-
nomenon can be easily rationalized since
the smaller the ratio of Eβ ′/Eβ , the eas-
ier it is to initiate local plasticity before
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Figure 2. The correlation between fast β ′

relaxation in MGs. (a) Variation of Eβ with
Eβ ′ across various MGs [6]. (b) Schematic il-
lustration of atomic structure for brittle and
ductile MGs [6]. (c) Relation between brittle-
to-ductile transition and the fast β ′ relaxation
in a (Ce0.72Cu0.28)90Al10 MG [6]. Note that (b) is
reprinted from [6] with permission from Else-
vier. Copyright of Elsevier Ltd (2017).

yielding sets in in MGs. Quantitatively,
Wang et al. [6] showed that the fastβ ′ re-
laxation in plasticMGs contains a smaller
number of, albeit more mobile, atoms
than those in brittleMGs, as illustrated in

Fig. 2(b). Notably, the triggering role of
the fastβ ′ relaxation couldbe further sub-
stantiated through mechanical tests. In
[6],Wang et al. demonstrated an unusual
brittle-to-ductile transition at a medium
temperature inMGs, which can be keyed
to the fast β ′ relaxation profile, as shown
in Fig. 2(c).

The discovery of the fast β ′ secondary
relaxation is an important step in deep-
ening our understanding of plasticity in
MGs. At the fundamental level, the sec-
ondary relaxations are related to dy-
namic heterogeneity [16] and glass tran-
sition [17]. Furthermore, the secondary
relaxations underpin the physical origin
for structural rejuvenation/relaxation of
MGs, which may help with tuning of the
glass state, as recently discussed by Sun
et al. [18]. These are the topics attracting
enduring research efforts in glass science.
To fully understand plasticity in MGs, it
is imperative to develop the constitutive
relations of plasticity in light of these dy-
namic characteristics common to differ-
ent kinds of glasses. In our view, this has
not yet been fully explored for MGs.
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