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Relaxation is a Two-Step Process for
Metallic Glasses
Measurements of several metallic glasses under strain reveal that the materials relieve stress
through a two-step process that has previously been seen only in ‘‘softer’’ glasses.

by Simone Capaccioli∗ and Giancarlo Ruocco†,‡

F or most of us, glass is the clear material that’s used
to make windows and wine bottles. But glasses,
which lack the conditions necessary to reach ther-
mal equilibrium, come in many forms. They can be

transparent or opaque, metallic or insulating, and their fun-
damental building blocks can be as small as atoms or as large
as polymers. Finding similar behaviors in different types of
glasses could lead to a better understanding of the materi-
als, and potentially to an overarching theory for them. A
team led by Weihua Wang of the Chinese Academy of Sci-
ences in Beijing has made such a connection. They report
the first evidence that a strained metallic glass relieves me-
chanical stress, or “relaxes,” via two steps [1], one fast and
one slow—a two-step relaxation process that has so far only
been observed in “soft” glasses like colloids. The fact that
the process also occurs in a rigid, or “hard,” glass like a
metal suggests that it may be a universal feature of glassy
systems. In general, the results provide a fuller picture of the
dynamics of the out-of-equilibrium nature of glasses, which
is poorly understood.

Metallic glasses are alloys with amorphous atomic struc-
tures. They are obtained by rapidly cooling, or “quenching,”
the alloy from its high-temperature, liquid phase to below its
glass-transition temperature. The quenched metal’s struc-
ture is out of equilibrium from its preferred crystalline form.
As such, the structure will spontaneously start to evolve
very slowly over time, a process known as aging, which can
last for a much longer time than any laboratory experiment.
The strength and resistance to corrosion of metallic glasses
often exceeds that of crystalline metals, making them of in-
terest for certain applications. But they are also model glassy
systems because of their simple atomic structure, which can
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Figure 1: In contrast to what is often said, cathedral windows do
not sag because of an evolution, or ‘‘aging,’’ of the glass structure.
In fact, to detect changes in the structure of a silica-based glass at
room temperature, one would have to wait for a time that’s
comparable to the age of the Universe. Wang and colleagues
focused on metallic glasses, in which the structural dynamics
occur on more experimentally friendly time scales. The team
strained the materials and measured their corresponding internal
stress, finding that the stress was relieved via a two-step process.
(iStockphoto.com/vofpalabra)

be described as a dense random packing of hard spheres.
Metallic glasses and other rigid amorphous solids respond

to external stimuli with a broad distribution of relaxation
times, from picoseconds to over hours or days. In addi-
tion, their response to any external stimulus depends on the
length of time since they started to age. However, devel-
oping a deep understanding of the interplay between aging
and relaxation remains a challenge for condensed-matter
physics.

The experiments by Wang and colleagues address
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this interplay. The team focused on three common
metallic glasses, Zr44Ti11Cu10Ni10Be25, Zr50Cu40Al10, and
La55Ni20Al25. They quenched the compounds in flat-ribbon-
shaped molds to below their glass-transition temperatures,
which in this case lie between 400 and 700 K. After a certain
“waiting time,” the team subjected each ribbon to a sud-
den elongation, or strain, of a few percent and measured
the corresponding stress within the ribbon over time, ob-
serving that it decayed in two steps. The first was steep,
with a falloff that occurred within tens of seconds and was
faster than exponential in time. The second step was more
gradual, occurring over minutes to several hours and was
slower than exponential in time—an indication of coopera-
tive motion of the atoms in the alloy. Unlike the first step,
the second step only appeared at temperatures well below
the glass-transition temperature and for strains that were in-
duced after waiting for a long time (3 hours).

The gradual relaxation that Wang and colleagues ob-
served in the second step is well known from experiments
with glasses [2]. The fast relaxation step, in contrast, is a new
finding for metallic glasses and for rigid glasses in general.
Indeed, it was only by performing their measurements on
the three materials over a wide range of temperatures and at
waiting times that varied from minutes to over a week that
the team was able to distinguish the two steps.

Prior to the work by Wang’s group, hints of a faster than
exponential relaxation in metallic glasses had shown up in
measurements of the materials’ atomic correlation function
[3], which describes the average position of an atom with re-
spect to its neighbors. Researchers have attributed this fast
process in metallic glasses to the presence of internal stresses
or defects in the atomic arrangement, both of which can be
created during a quench. Indeed, a mesoscopic model [4]
that describes stress relaxation in a thermally activated elas-
tic glass predicts a faster than exponential decay, followed by
a more gradual decay. Similar behavior has been measured
in glassy polymers, whose enthalpy has been found to relax
in two steps [5].

Where fast relaxation during aging is well established is
in out-of-equilibrium soft materials [6]. One example is a
colloidal suspension of clay particles in water [7, 8]. X-ray
photon correlation and light-scattering measurements that
are sensitive to density correlations in the suspensions have
revealed a fast decay followed by a long-time aging regime.
The length- and time-scale dependences of these two relax-
ation processes indicate that the fast one arises from the
uncorrelated motion of individual clay particles, while the
slow one originates from correlated rearrangements of all of
the particles. In addition, measurements of the mechanical
response of the materials have found that clay suspensions
exhibit a two-step relaxation process like that observed in
metallic glasses by the Wang group [9].

Metallic glasses are composed of atomic units that in-
teract via short-range potentials, while colloids consist of

nanometer- or micrometer-sized particles with long-range,
or “soft,” potentials. That these two vastly different pro-
totypical glass-forming systems relax in a similar way is
a tangible clue that relaxation in aging glasses follows a
universal pattern. The correspondence also suggests that
colloidal glasses could be used as a “proxy” for metallic
glasses and potentially for other types of glasses. This possi-
bility could prove useful: in colloids the size of the particles
and the type of interaction between them (attractive or re-
pulsive), as well as the ways in which the colloid is driven
out of equilibrium, can all be adjusted to suit the needs of
the experiment.

In certain glassy systems, like the silica-based glass in a
wine bottle or in cathedral windows, the process of restor-
ing equilibrium takes practically forever (Fig. 1). The work
by Wang and colleagues indicates that metallic glasses pro-
vide a useful system for studying equilibrium restoration on
more experimentally friendly time scales. The results might
also help researchers improve the functionality and stabil-
ity of rigid glasses, whose tendency to relax under strain or
deformation can be a downside. Specifically, the time scale
for the slow stress-relaxation step could be made to exceed
the material’s “working” lifetime by using the material af-
ter a certain waiting time or at temperatures much lower
than the glass transition. In addition, the findings indicate
that, at short time scales, some relaxation in a glass is always
“active,” which must be accounted for to ensure that the ma-
terial’s mechanical properties are stable.

This research is published in Physical Review Letters.
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