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Splitting of fast relaxation in a metallic glass by laser shocks
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Fast relaxation, a locally dynamic activation, universally occurs in metallic glasses below room temperature.
Despite much attention, its structural origin has barely been solved and remains mysterious. In this work,
the dynamic mechanical relaxations of a typical Zr-based metallic glass with different structural states are
systematically studied from 135 to 748 K. We find that the single-peak (') fast relaxation in the annealed glass
splits into two distinct peaks (y and B’) by multiple-pulse laser shocks, and this dynamics splitting will vanish
after re-annealing. Slight structural rejuvenation of the laser-shocked sample is detected by thermodynamic
measurements. Structural characterizations further reveal that the laser shocks lead to an increase in the edge-
sharing medium-range orders (MROs), which is then recovered by re-annealing. The one-to-one changes in
relaxation dynamics and atomic structures provide convincing evidence that the fast relaxation originates from
the excitation of MRO structures, and its splitting is due to the reconstruction of MROs. We also find that the
split fast relaxations contribute to the room-temperature plasticity of the studied glasses.

DOI: 10.1103/PhysRevB.109.024201

I. INTRODUCTION

Relaxation dynamics of glassy matter is probably one of
the deepest and most challenging unsolved problems in con-
densed matter physics. Metallic glasses (MGs) are considered
as simple glasses with dense-packed atoms, thus providing an
ideal model for studying glassy relaxation [1,2]. Like other
glasses, MGs universally exhibit the primary « relaxation and
the secondary § relaxation, and the latter usually serves as a
precursor of the former. The § relaxation, associated with the
localized stringlike motions of atoms [3], can persist in the
glassy state, while the large-scale « relaxation is almost frozen
below the mode coupling temperature. Stress relaxation ex-
periments [4,5] revealed that the frozen « relaxation will split
into a stress-driven fast event, similar to the ballisticlike par-
ticle motion probed by x-ray photon correlation spectroscopy
[6], and a slow subdiffusive event. In a AlgySm (MG, Sun
et al. [7] discovered an anomalous «, relaxation, caused by
the mobility decoupling of constituting atoms, that locates
between o and B processes. It is noted that all relaxations
mentioned above manifest themselves above room tempera-
ture (RT).

In 2015, Wang et al. [8] identified a fast relaxation in a
La-based MG below RT (at 266 K). Further studies show
that such fast relaxations universally exist in MGs at tem-
peratures ranging 0.20-0.557,, (the « relaxation temperature).
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They behave either as y relaxation at around 0.2-0.377,, in
Zr-based and Pd-based MGs [9], or as 8’ relaxation at around
0.37-0.557, in La-based and Pr-based MGs [10]. Recently,
Shao et al. [11] found that the fast y and B’ relaxations can
coexist as two peaks in Dy-based MGs. By calculating the
activation energy, the activation volume for fast relaxations is
suggested to range 0.4—1.3nm?® [8-12]. Through molecular
dynamics simulations, Wang et al. [13] suggested that the
fast relaxation originates from the reversible motion of some
nearest-neighbor (NN) atoms near 2.5 A. However, a recent
study by Chang et al. [14] revealed that the fast relaxation is
associated with the stringlike diffusion of the liquidlike atoms
beyond the NN scale. Therefore, the structural origin of the
fast relaxation is still under debate and needs further careful
studies.

In this work, we combine laser shocks and isothermal
annealing to modulate the fast relaxations of a Zr-based MG
from single- to two-peak, and further detect the corresponding
thermodynamic and structural changes. Our results present
direct experimental evidence for the structural origin of fast
relaxations, that is, the reversible motions of atoms on the
MRO scale. The mechanical behaviors of these modulated
glasses are also investigated by using nanoindentations.

II. EXPERIMENT

A bulk Vit105 (Zr52,5Ti5Cu]7_9Ni14,6A110) MG was cho-
sen for this study due to its pronounced fast relaxation in
the range 0.20-0.45 T, [12,15]. Samples with the dimensions

©2024 American Physical Society
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FIG. 1. (a) Schematic illustration of the laser shock treatment on
the bulk Vit105 MG sample. (b) XRD patterns of the annealed, laser-
shocked, and re-annealed samples.

of 30 x 2 x 1 mm? were prepared for dynamic mechanical
analyzer (DMA) tests. Before DMA tests, all samples were
annealed at 653 K for 12 h to eliminate their thermal history.
Some annealed samples were further treated by laser shocks
with a O-switched Nd:YAG laser operating at a wavelength
of 1064 nm. A total of 60 shocks were performed on the top
of the specimen in two lines along the length of the sample.
Each shock has the output energy of 1.2 J, and its pulse
duration is 10 ns. The laser spot has a diameter of 2 mm and a
repetition rate of 50% between adjacent spots. The laser power
density Iy reaches 3.82 GW /cm?. The laser shock treatment
is illustrated in Fig. 1(a). A 40-um-thick Al foil was used
as the absorption layer. A 2-mm-thick layer of water flowed
over the surface of the Al foil to act as a confinement. During
laser shocks, the laser beam was focused on the top of the Al
foil via transparent water. High energy laser ionizes the Al
foil and creates high-pressure plasma. The rapid expansion
of the plasma induces a compressive shock wave into the
sample [16]. In this process, the thermal effect of the plasma
on samples can be effectively weakened by both Al foil and
water layer. The stress amplitude of the shock wave can be
estimated by the following relation [17,18]:

0.5

where A ~ 0.2 is the internal energy conversion coefficient,
Z ~2.03 x 10’ kgm~2s~! is the equivalent wave impedance
related to Al foil and the sample. The calculated P. is
about 6.75 GPa, which is below the Hugoniot elastic limit
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FIG. 2. Plots of the normalized loss modulus E” /E(: versus T/T,
for the annealed, laser-shocked, and re-annealed samples. The inset
is a magnification of the dashed box.

(~7 GPa) of Zr-based MGs [19-21]. In this situation, we
prevented the introduction of any mechanical failure such as
shear banding and crack into samples. Furthermore, some
laser-shocked samples were annealed again at 653 K for 12 h
to eliminate the effect of laser shocks as much as possible.
Now we have three types of samples: annealed, laser-shocked,
and re-annealed. The glassy structures of all samples were
checked by x-ray diffraction (XRD), which showed typical
diffuse scattering peaks, as seen in Fig. 1(b). The possibility of
chemical separation and structural delamination of all samples
was excluded by the energy dispersive spectroscopy (EDS)
mappings, which is provided in Figs. S1-S4 of the Supple-
mental Material [22].

The relaxation behaviors of three types of samples were
characterized by the TA Q800 DMA with a single-cantilever
bending mode in a nitrogen-flushed atmosphere. The DMA
tests were performed at driven frequencies of 1, 2, 4, and
6 Hz during continuous heating from 135 to 748 K with
a constant heating rate of 3 K/min. The thermodynamic
properties of samples were investigated by TA25 differential
scanning calorimetry (DSC) and a Quantum Design physical
property measuring system (PPMS). The structural changes
were investigated by high-resolution transmission electron
microscope (HRTEM) on a Cs-corrected JEM-2100F mi-
croscope and synchrotron high-energy XRD at the Beijing
Synchrotron Radiation Facility. Nanoindentation measure-
ments were tested by Nano Indenter G200 with Berkovich
diamond indenter. The tests were performed at RT with a peak
load Pp,x of 300 mN and a loading rate of 5 mN/s. The indent
morphologies were scanned by Hysitron TriboScope atomic
force microscopy (AFM).

III. RESULTS AND DISCUSSION
A. Dynamic relaxation spectrums

Figure 2 shows the dynamic relaxation behaviors for
the annealed, laser-shocked, and re-annealed samples at the
driven frequency f = 1 Hz. The ordinate (loss modulus E”)
and abscissa (test temperature 7) are scaled by the height
E”, and temperature T, of the « relaxation, respectively. In
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FIG. 3. (a) Temperature dependence of E” for the annealed,
laser-shocked, and re-annealed samples tested at driven frequencies
of 1, 2, 4, and 6 Hz. The inset is a magnification of the dashed box.
(b) Plots of In(f) versus 1000/7; for the annealed, laser-shocked, and
re-annealed samples. The black, blue, red, and green dots represent
the y, B’, B, and « relaxations, respectively. The activation of the
y, B', and B relaxation follows the Arrhenius equation depicted by
the solid lines, whereas that of the « relaxation adheres to the VFT
equation depicted by the dashed lines.

addition to the primary « peak and the excess 8 wing, the fast
relaxations appear below RT. However, the characteristics of
the fast relaxations are very different in these samples (see the
inset of Fig. 2), which is contrast to the almost unchanged o
and B relaxations. In the annealed sample, the fast relaxation
manifests as a single ' peak with a height of 0.007 E,, at
0.37T,. In the laser-shocked sample, it is interesting to ob-
serve that the fast relaxation splits into two distinct peaks:
y at 0.26T, and B’ at 0.38T,, but their heights are almost
the same (~0.016 E;). This implies that the y and B’ relax-
ations might share the similar structural origin. Further, this
splitting phenomenon disappears in the re-annealed sample,
and only the B’ peak with a height of 0.009 Ea survives at
0.37T,. Such an observation of the switch of the fast relax-
ation between single- and two-peak in a fixed glassy system

should correspond to the reversible changes of structures in
glasses.

Figure 3(a) presents the temperature dependence of E” at
different driven frequencies f for the annealed, laser-shocked,
and re-annealed samples. The insets enlarge the curves of
the fast relaxations. The characteristic temperature 7; of the
relaxations shifts to higher temperature with increasing f. The
subset i in 7; denotes y, B, B, and « relaxations, respectively.
Based on this dependence, one can estimate the activation
energy of the relaxations. For the fast and g relaxations, their
activation usually follows the Arrhenius equation [2,23,24]:

—E;
f=foexp (hsﬂ)’ @)
where fy is the prefactor, E; is the activation energy, and
kg is the Boltzmann constant. The Arrhenius fitting of the
In(f) versus 1/7; data yields their activation energies E;, as
shown by the solid lines in Fig. 3(b). The activation of the «
relaxation is described by the Vogel-Fulcher-Tammann (VFT)
equation [2,24,25]:

B
fzfvexp<—T_T0), 3)

where f, ~ 3.98 x 10'* Hz is the high-temperature relaxation
frequency, B is the VFT parameter, and 7Tj is the VFT tem-
perature. Both B and T are determined by the VFT fitting
of the In(f) versus 1/T; data, as shown by the dashed lines
in Fig. 3(b). The activation energy of the « relaxation can be
calculated as E, = —kgB/(1 — Ty/T, )2. The results for E; of
all relaxations are summarized in Table I.

As shown in Table I, the values of both E,, and Ej in three
types of samples are almost unchanged. They are all larger
than the values of the cast Vit105 MG [12,15], where E, is
~4.5 eV, and Eg is ~1.6 eV. Similar behavior was also ob-
served by Chen et al. [26] in a Zr47 5Cuy7.5Als metallic glass.
They found that the as-cast 8 relaxation has an activation
energy of ~1.9 eV, but after a 0.87; isothermal annealing
the activation energy significantly increases to ~3.1 eV. On
the other hand, the values of both Eg and E, are consistent
with that of the cast sample [12,15]. This result is reasonable,
because the prolonged annealing annihilates the excess free
volume in samples. The laser shock treatment in our work
does not introduce plastic deformation. So, the difference in
the free volume of the three types of samples is not significant.
Lower free volume hinders atomic cooperative motions and
thus makes the o and B relaxations more difficult to acti-
vate [26,27]. In comparison with « and B relaxations, fast
relaxations are suggested to originate from a more localized
structure and do not involve the cooperative motions [8—12].

TABLE I. Activation energies of dynamic mechanical relaxations in the annealed, laser-shocked, and re-annealed samples.

Activation energy (eV) o relaxation

B relaxation

Fast relaxation

Fast B’ relaxation y relaxation

Annealed 535+0.15 331+0.15 0.74+0.02
Laser shocked 5.05+0.25 3.254+0.05 0.78 +£0.05 0.47+0.09
Re-annealed 5.15+0.15 3.254+0.12 0.68 £0.02
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FIG. 4. (a) Specific heat capacity curves C, of the annealed,
laser-shocked, and re-annealed samples. The inset enlarges the
changes of relaxation enthalpy before the glass transition. (b) Plots of
(C, — »T)/T? versus T between 1.9 and 100 K. The BPs’ changes
are highlighted in the inset.

So, the reduction in free volume caused by annealing has little
effect on both Eg and E, . The ratio of activation energies of
B’ and B relaxations decreases from the universal value ~0.5
[12] to ~0.2 for our annealed samples. Further, the E,, is about
2/3 Eg, which is consistent with the finding of Shao et al.
[11]. Smaller E, implies that the y relaxation is related to
more unstable structures than the B’ relaxation.

B. Thermodynamic properties

The specific heat capacity C, curves of three types of sam-
ples are shown in Fig. 4(a). The relaxation enthalpy AH is
determined by integrating the exothermic part before the glass
transition as shown in the inset. The AH,, of the annealed,
laser-shocked, and re-annealed samples are calculated to be
0.037 £0.01, 0.107 £0.02, and 0.047 £ 0.01 kJ/mol, re-
spectively. The AH, of the laser-shocked sample increases by
about 0.07 kJ/mol compared to that of the annealed sample,
indicating the occurrence of structural rejuvenation. However,
the rejuvenation observed here is much weaker than those of
the thermal cycling (~0.65 kJ/mol) [28], triaxial compression
(~1.08 kJ/mol) [29], and high speed impact (~1.32 kJ/mol)
[19]. When the laser-shocked sample is annealed again, its

e annealed

== laser-shocked
——= re-annealed
-

FIG. 5. (a)-(c) HRTEM images of the annealed, laser-shocked,
and re-annealed samples, respectively. The insets show the cor-
responding SAED patterns. (d) RDFs deduced from the SAED
patterns. The dashed box highlights the second-neighbor position.

AH, basically returned to the initial state within the error
range.

We further characterize the vibrational dynamics of these
samples. At terahertz frequencies, MGs exhibit excess vi-
brations over the Debye prediction, forming the boson peak
(BP) [30]. These excess vibrations contribute to the enhance-
ment of the low-temperature C, as compared to the Debye
T3 law [31,32]. For MGs, the low-temperature C, contains
the phononic and electronic contributions. The BPs can be
visualized in the plot of (C, — ysT)/ T3 versus T, as shown in
Fig. 4(b), where the Sommerfield coefficient y; is determined
by fitting C, versus T? below 8 K. As enlarged in the inset,
the changes of BPs are consistent with those of relaxation
enthalpy [Fig. 4(a)]. A slight increase of BP corresponds to
the weak structural rejuvenation, which agrees well with the
previous observations [19,32-35]. After re-annealing, the BP
height decreases, partly recovered to its initial state. This
slight rejuvenation observed here implies that the structural
changes for the splitting of fast relaxation are very local, and
re-annealing effectively eliminates such structural changes.

C. Structural properties

HRTEM images of the annealed, laser-shocked, and re-
annealed samples are shown in Figs. 5(a)-5(c). Typical
long-range disordered, mazelike atom packing is observed,
which corresponds to the halo ring selected-area electron
diffraction (SAED) patterns shown in the insets. Through the
quantitative analyses of SAED patterns [19,36,37], we obtain
the radial distribution function (RDF) g(r) in real space, as
shown in Fig. 5(d). The excess wing of the RDF’s second
peak is observed to transform into a bulge after the laser shock
treatment. The bulge disappears in the re-annealed sample.
These results demonstrate that the laser shocks reconstruct
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FIG. 6. High-energy XRD results for the annealed, laser-
shocked, and re-annealed samples. (a) Diffraction intensity curves
1(g). The inset shows the local magnification of the upper portion of
the first peaks. (b) RDF G(r) obtained by Fourier transformation of
1(g) in (a).

the second-neighbor atoms in glassy structures. This MRO
reconstruction should be responsible for the splitting of the
fast relaxation. Such locally structural changes confirm that
the observed relaxation splitting is a physical phenomenon
rather than a technical issue.

We perform more precise examinations of the structural
changes of samples with the synchrotron high-energy XRD.
Figure 6(a) shows the diffraction intensity curves I(g) of the
three types of samples. The inset shows the local magnifica-
tion of the first peaks. We observe that, for the laser-shocked
sample, its first peak slightly moves to right, indicating a
decrease of the average atomic spacing. This behavior seems
to contradict with the weak structural rejuvenation in Fig. 4.
Similar phenomena were also observed in our previous work
about the elastic compression of MGs [35,38,39]. In fact, this
is rational due to two reasons. The first is that the present
elastic shocks do not induce significant dilatation, and the
latter usually occurs during the plastic deformation [40-42].
Second, the weak rejuvenation (or the splitting of fast relax-
ation) is ascribed to the MRO reconstruction [Fig. 5(d)]. To
further confirm this, we perform the Fourier transformation
of I(g) and obtain a higher spatial-resolution RDF shown in
Fig. 6(b). The first RDF peaks, representing the short-range

.annealed |
J‘laser-shoc;:ked
re-annealed
1

g(r)/g(r)

FIG. 7. Enlarged view of the second RDF peaks in Fig. 6(b). The
ordinate and abscissa are respectively scaled by the height g(r;) and
position r; of the first RDF peak. The vertical dashed lines mark
the position of different MROs’ types, which are interpenetrating
(1.57ry), face sharing (1.66r)), edge sharing (1.90r;), and vertex
sharing (2.10r;). The insets are the schematics of corresponding
MROs’ types. The red spheres represent the two central atoms that
are second neighbor to each other. The green spheres belong to the
left atomic clusters and the blue to the right. The yellow spheres are
the sharing atoms of two atomic clusters.

order, are almost unchanged among the three types of sam-
ples. However, their second RDF peaks exhibit a noticeable
variation, which is closely related to the reconfiguration of the
MRO structures.

To show how the MROs reconstruct, Fig. 7 enlarges the
view of the second RDF peaks in Fig. 6(b). The ordinate
and abscissa are scaled by the height g(r;) and position
r; of the first peak, respectively. Pan et al. [43] and Guo
et al. [44] have extensively studied the MRO structures in
MGs using atomistic simulations. According their results, the
second-neighbor atoms are of four types of connections: in-
terpenetrating, face-sharing, edge-sharing, and vertex sharing
with decreasing structural stability. These connection types
are illustrated in Fig. 7, and their positions are marked by
the vertical dashed lines. The interpenetrating connection is
located at the left subpeak (1.57r;) of the second peak, while
the right subpeak at 1.66r; corresponds to the face sharing.
The excess wing at about 1.90r; denotes the edge sharing.
The vertex-sharing connection is in the second valley at about
2.10r;, showing a negligibly low content. By comparison, we
find that after the laser shocks, the left subpeak moves to the
left, but the right subpeak is almost unchanged. The former
should contribute to the right shift of the first diffraction peak
[the inset of Fig. 6(a)]. Meanwhile, it is clearly seen that the
excess wing transforms into an obvious shoulder. The sub-
sequent re-annealing basically returns the MRO structures to
its initially annealed state. These results demonstrate that the
laser shocks exert a minimal influence on the interpenetrating
and face-sharing MROs, but significantly increase the content
of the edge-sharing MROs. Such MRO reconstructions well
echo the splitting of the fast relaxations observed in Fig. 2.
The y relaxation, only presented in the laser-shocked sample,
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FIG. 8. Mechanical responses of the annealed, laser-shocked,
and re-annealed samples to nanoindentation. (a) Load- and unload-
depth curves. (b)—(d) AFM images of indents after unloading and the
corresponding profiles along the downward dashed arrows.

arises from the unstable edge-sharing MROs. The 8’ relax-
ation, persistent in all samples, comes from the face-sharing
and interpenetrating MROs. The activation of the MROs
produces mechanical damping, possibly in the form of shak-
ing modes. This gives rise to the fast relaxations on the
dynamic relaxation spectrum. Compared with the face-sharing
and interpenetrating types, edge-sharing MROs are more
prone to shake due to their unstable connections. This explains
why the activation energy of y relaxation is smaller than that
of B’. Due to the same MRO origin, their heights are close
to each other. Our structural image of the fast relaxation also
supports the previous simulation findings. The activation of
the MROs facilitates the reversible motion of NN atoms [13]
and the liquidlike diffusion [14].

In the strong glass forming system like the bulk Vit105 MG
here, relatively stable interpenetrating, face-sharing structures
dominate the MROs and are well coupled [45]. As shown
in Fig. 7, these stable structures are topologically separated
from the unstable vertex-sharing MROs. This provides the
possibility for the splitting of fast relaxation from 8’ to y and
B’; see Fig. 2. Considering the connection diversity of MRO
structures [43—45], we expect that the fast relaxation may be
split into more peaks by carefully introducing larger strains
above elasticity. The MRO changes induced by heavy de-
formation were reported recently [46]. This interesting point
deserves further investigations in the future, but is beyond the
scope of this paper.

D. Nanoindentation responses

At last, we use nanoindentation to study the RT plasticity
of the three types of samples. Figure 8(a) shows typical load-
and unload-depth curves during indentation. At the fixed Ppax
of 300 mN, the laser-shocked sample responds with the larger

depth, as compared to the annealed and re-annealed samples.
After unloading, the residual depth shows the same trend.
The Meyer hardness [47] of the annealed, laser-shocked,
and re-annealed samples are calculated to be 7.41 4 0.03,
6.52 £ 0.03, and 7.16 % 0.05 GPa, respectively. These results
indicate the better plasticity for the laser-shocked sample with
the two-peak fast relaxation. Figures 8(b)-8(d) show the AFM
images of residual indents and the corresponding profiles.
The measured pileup % of the annealed, laser-shocked, and
re-annealed samples are 350 &+ 35, 240 £ 35, and 320 £ 15
nm, respectively. As shown in Fig. 8(c), the lower pileup
is associated with the more homogeneous deformation, and
less shear banding occurs in the laser-shocked sample. As
shown in Figs. 8(b) and 8(d), the annealed and re-annealed
samples with the higher pileup suffer pronounced shear bands.
Similar phenomena have also observed previously [48,49].
From these results, we suggest that the split fast relax-
ations with more unstable MROs benefit the homogeneous
activation of shear transformations in plastic deformation
[8]. Recently, Shao et al. [11] have also found that excit-
ing y relaxation contributes to MG’s plasticity at cryogenic
temperatures.

IV. CONCLUSIONS

In this work, taking the Vit105 as a model glass, we present
experimental observation that the single-peak fast relaxation
(B') splits into two distinct peaks (y and B’ relaxations). Such
dynamic splitting is achieved by the compressive stress wave
due to laser shocks. The laser-shocked glass experiences slight
structure rejuvenation, indicated by both relaxation enthalpy
and boson-peak vibrational anomaly. Further synchrotron
RDF analyses reveal that the splitting of fast relaxation stems
from the structural reconfigurations on MRO scales. The g’
relaxation is due to excitations of the face-sharing and in-
terpenetrating MROs, while the y relaxation is due to the
unstable edge sharing. It is interesting to find that the isother-
mal annealing can recover the reconstructed MROSs to their
original state. The excitation of y relaxation contributes to
large-scale shear transformations, thus enhancing the RT plas-
ticity of the laser-shocked glass. Our work demystifies the
structural birth of the fast relaxation in MGs, and also offers
the understanding of the effect of laser shock peening on
plasticity of MGs [50,51] from the viewpoint of dynamic
relaxations.
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