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Abstract

The mechanism of anelastic deformation of metallic glasses is a fundamental issue of
materials physics. A critical step toward atomic level understanding is the identification of
measurable atomic level structural parameters that respond to anelastic deformation. We
demonstrate that the electric-field-gradient tensor measured by means of 2’ Al nuclear

magnetic resonance in glassy LasgNij5Alss is such a parameter and it reveals that anelasticity
induces atomic processes that lead to increases of local site symmetry at Al sites. Such atomic
processes could play an important role in the reversible slow § process.

(Some figures may appear in colour only in the online journal)

Metallic glasses are a class of amorphous solids with unique
structures and mechanical properties [1-5]. It is known that
metallic glass structures consist of densely packed atoms,
but the precise description of such amorphous structures is
rather intricate [5—8]. Hence, unlike for crystalline solids
where point defects and topological defects can be defined
unambiguously, the structural complexity of metallic glasses
makes it rather challenging to identify the key characteristics
of atomic structures that are responsible for physical
properties [9, 10]. On the basis of the fact that anelastic
and plastic deformations of crystalline materials are related
to specific atomic structures and defects such as interstitials
and dislocations [11], it is not surprising that the atomic
level understanding of anelastic and plastic deformations of
metallic glasses is still far from complete. To achieve such
fundamental understanding, it is critical to identify atomic
level structural parameters that are experimentally observable
and are responsive to anelastic and plastic deformations of
metallic glasses. Experimental investigations of such atomic
level structural parameters are extremely rare in the studies of
metallic glasses [12].

Theoretical and computational studies indicate that
metallic glasses deform under shear via localized shear
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transformations (LSTs) [13-15]. Here, a plastic core of
tens and perhaps hundreds of atoms undergo non-affine
transformation of cooperative shear surrounded by an
Eshelby-like elastic field [4, 13, 14]. Such mesoscopic scale
LSTs are thought to be the elementary steps giving rise to
either plastic or anelastic deformation, depending on whether
or not the surrounding elastic field is subsequently relaxed
via triggering of other LSTs [4, 13, 14, 16, 17]. In contrast
to the case for crystalline systems where crystal structures
are directly linked to anelasticity [11], some computational
studies questioned the relevance of atomistic characteristics
of glass structures to the behaviors of LSTs [14, 18, 19]. Are
there atomic scale characteristics that play an important role
in anelastic and plastic deformations of metallic glasses?

In this work, we report 2’ Al nuclear magnetic resonance
(NMR) observation of anelasticity-induced atomic level
structural changes in LasoNijsAlzs bulk metallic glass
(BMG). It is demonstrated that the NMR-detected electric-
field-gradient (EFG) tensor at Al sites, which is a sensitive
measure of the site symmetry at the Al sites [20, 21], responds
to anelastic deformation of metallic glasses. The measured
change of the structural parameter demonstrates that a
significant fraction of Al sites undergo anelasticity-induced

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. (a) Room temperature compression experiments carried out at 900 MPa for 24 h. The elastic (~1.90%), anelastic (~0.10%;
delayed elastic), and anelastic and viscoplastic strain (~0.04%) responses are noted. (b) MDSC curves of non-reversing heat flow for
as-cast, annealed, and compressed samples. The compressed samples do not show changes in enthalpic recovery near T,. This can be
compared to the case of an annealed sample, that shows significant structural relaxation.

enhancement of atomic site symmetry, such as changes
experienced by Al in Al-centered icosahedral clusters [5,
20, 22]. This result sheds light on the mechanisms of
anelastic deformation and the slow B process, emphasizing
the importance of high symmetry of Al-centered clusters in
LasoNij5Alzs metallic glass.

LasoNij5Alzs BMG samples were prepared by arc-
melting and subsequent casting in a water-cooled copper
mold, forming a cylindrical sample that is 3 mm in diameter
and 50 mm long. Rods ~6 mm long were cut from the
middle section of the cylinder and the ends of each rod
were then carefully polished so that they were flat and
normal to the cylindrical axis. Such prepared rods were
then compressed under constant uniaxial stress of 900 MPa
(Instron electromechanical testing system 3384), below the
yield strength of 1000 MPa, for a given time duration of
10, 24, or 48 h. The amorphous nature of these samples
was confirmed by means of x-ray diffraction and differential
scanning calorimetry (DSC). As-cast samples and a sample
annealed at Ty — 20 K for 48 h without the compression
treatment were also studied. Figure 1(a) shows an example
of a creep curve for a system at room temperature for 24 h.
The strain response is characterized by three regimes: elastic
(~1.90%), anelastic (~0.10%), and combined viscoplastic
and anelastic (~0.04%) [23, 24]. Table 1 summarizes
the length of the same rod measured with a micrometer
taken before the compression and at various times after
the compression. The irreversible strain of ~0.03% is in
agreement with the strain curve shown in figure 1(a). Table 2
lists the irreversible strains measured with a micrometer after
unloading and after more than 48 h recovery for typical
samples studied in this work. The changes of enthalpy or free
volume induced by deformation or annealing were examined
by means of modulated DSC (MDSC) using a TA Q200
at a heating rate of 4 K min~!, and temperature amplitude
variation of +2 K with a period of 60 s. Figure 1(b) shows
the MDSC curves in the temperature range 350 to 650 K for
the as-cast, compressed, and annealed BMG samples. The
inset in figure 1(b) shows the exothermic events preceding

Table 1. Micrometer measurements for an LasgNij5Al3s BMG rod
before compression, immediately after compression, and 10 and

24 h after constant compression. The average irreversible strain after
24 his ~0.03%.

10 h after
6.4483

24 h after
6.4501

Before

6.4522

Right after
6.4425

Length (mm)

Table 2. Fitting values of the quadrupole frequency wq /27 and
sample length changes. The Knight shift values are obtained from
%7 Al spectra shown in figure 3. The inset in figure 3 shows that the
Knight shifts of the as-cast sample and compressed samples are the
same: ~657 ppm. The decrease of the Knight shift to 647 ppm
observed for the annealed sample is consistent with MDSC due to
changes of the free volume.

wq /21w % irreversible Knight shift
LasgNijsAlss  (kHz) length change (%) (ppm)
As-cast 820 £+ 30 — 657
10h 620 £+ 20 0.0 657
24 h 650 £ 20 —0.03 657
48 h 530 £ 20 —0.04 657
Annealed 770 + 30 —0.09 647

T, that represent the excess free volume trapped in the
glassy state during rapid solidification [25, 26]. Annealing
causes, in comparison to the as-cast state, significant structural
relaxation as evidenced by the reduction of the exothermic
peak below T. In contrast, the compressed samples did not
show any significant changes in the MDSC curves below
Ty, indicating that no detectable changes of free volume
and structural relaxation were induced by the compression
treatment.

Atomic strain energy is one of the atomic level
quantities that describes the deviation of the atomic structure
surrounding a given atom i from the ideal densely packed
structure [9, 10]. To the lowest order approximation and in
the framework of central forces, the atomic strain energy
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Figure 2. (a) Nutation data where the central transition intensity is plotted versus the second pulse duration in the echo sequence are shown
for as-cast, annealed, and compressed samples treated at 900 MPa. Experimental errors are represented by the error bars. Solid lines are
fittings of wq and summarized in table 1 in addition to the percentage length changes. (b) Nutation data for as-cast, and compressed samples
taken two months after the compression treatment show no significant differences in EFG. Experimental errors are represented by the error

bars. The fit of the nutation curve gives wq = 810 &= 30 kHz.

associated with atom i can be expressed as

I’E

i 1=0,2 m=0,%l
x | AFi[2 | AF P = (1/2), (1)

where E is the internal potential energy, A7 is the
displacement of atom i (the neighboring atoms are fixed) in
the direction (6;, ¢;), Ylm (6;, i) are the spherical harmonics,

and eé’m(i) are the atomic site symmetry coefficients. The
coefficient for / = 0 corresponds to hydrostatic pressure and
is sensitive to the local coordination number and volume
whereas the / = 2 coefficients represent the local shear
stresses that can vanish in a cubic structure as well as
in any structure with higher symmetry such as icosahedral
symmetry. In terms of the atomic packing surrounding
atom i, eg’m(i) describes the ellipsoidal deviation of the
packing from spherical symmetry. The parameter (i) =

(1 /sg’o(i))\/ Zmzo’ﬂw%’m(iﬂz, which is invariant as regards
the choice of the coordination system, is often used to
represent sg’m(i). Detection of such atomic level structural
parameters has to rely on local probes, among which the NMR
of quadrupolar nuclei is particularly promising.

27A1 NMR nutation experiments were performed in a
magnetic field of 8.9 T at 300 K using an echo pulse
sequence (t1)x—rl—(tz)x—rg—aquisitionfy, where #; and
are radiofrequency (rf) pulse lengths, x and —y are pulse
and receiver phases, respectively, and t; and 7, are time
delays [27, 28]. The echo intensity associated with the
central transition |—1/2) <> |1/2) was acquired at 7o = 7.
Measurements were obtained using an rf pulse strength of
/2 = 50 kHz and by setting 1 = 1 us and allowing
tp to vary from 0.5 to 6.5 us in increments of 0.5 us.
A recycle delay of 300 ms was used in signal averaging.
Simulations of the nutation curves were employed to extract
EFG parameters. The intensity of the central transition
|—1/2) <> |1/2) is determined by the evolution of the density

operator p(t1, 71, t2, T2) governed by the Hamiltonian H =
wfl; + Hg ) during the periods of #; and 7, and by H(Q1 ) during
the periods of t; and 7,. Here, the Hamiltonian Hg ) is the

first-order quadrupole interaction given by H, b _ CqVaoTh,
where Cq = eQ/[21(2] — 1)k], Q is the electric quadrupole
moment and [ = 5/2 for 2T Al nuclei, Tyy = (1/\/6) [31Z2 —
I(I + 1)] and I, is the nuclear spin operator along the external
magnetic field, and Vg is a component of the second-rank
irreducible EFG tensor V5, in the laboratory frame (x,y, z)
where the z-axis is along the external magnetic field [28]. In
the principal axis system (PAS) (X, Y, Z) of the EFG tensor,
the diagonal components are Vzz, Vyy, Vxx (|Vzz| = |Vyy| >
|Vxx|), and V5o can be expressed as [28]

Vao = Vgr] 2 \FY‘)Q L v20
20 = Vzz ? 52(,(15)"‘577 2(»¢)

1 -2
T 507 0.9) . 2

where n = (Vxx — Vyy)/Vzz and (0, ¢) are the polar angles
of the external magnetic field in the PAS system. Often, the
quadrupole frequency wg = 3CqVzz is used to describe the
quadrupole interaction. The EFG tensor vanishes under cubic
and higher symmetries such as icosahedral symmetry. By
comparing equations (1) and (2) it is clear that the quadrupole
interaction Hy = CqV20T20 and the atomic strain energy
carry similar structural information as regards the structural
symmetry around Al, with the former represented by wqg and
the latter by S(Al).

Figure 2(a) shows 27Al NMR nutation curves of the
central transition intensity versus the second pulse length #,
for as-cast, annealed, and compressed LasoNij5Alzs BMG
samples several days after the compression treatment. No
obvious changes of the nutation curves were noticeable within
the first ten days after the compression. Simulations of the
nutation curves [27] are shown as solid lines in figure 2(a)
where 7 is fixed at 0.9 and the extracted values and associated
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Figure 3. Spectra for the as-cast, compressed, and annealed rods
are shown. The inset demonstrates the small change in Knight shift
from 657 to 647 ppm caused by structural relaxation.

errors of wqg /2w are listed in table 2. Compression treatment
under 900 MPa results in a decrease of wq/2m, and the
longest compression time of 48 h gives rise to the largest
decrease from 820 kHz in the as-cast sample to 530 =+
20 kHz after compression. Within the extracted errors of
the simulated nutation curve, these results demonstrate that
compression treatment leads to a reduced wq/2m, which
implies higher local symmetry at the Al sites. Furthermore,
longer compression time leads to larger decrease of wq/27.
The wq/2m value of the annealed sample is 770 & 30 kHz.
This shows that although the local site symmetry might
be slightly increased upon annealing, it is comparable to
that of the as-cast sample within simulated errors. This
result and the MDSC data shown earlier demonstrate that
the observed decrease of wq/2m after compression is not
due to structural relaxation but due to local structural
changes induced by shear. Figure 2(b) shows nutation curves
for compressed samples measured two months after the
compression treatment along with the as-cast data. The data
show that the wq/27m values of the as-cast sample and
the compressed samples are all the same (810 kHz) within
experimental errors. This demonstrates that the decrease
of wqg/2m observed soon after compression is caused by
anelastic structural changes. All these NMR experiments with
compressed samples have been repeated several times using
various batches of BMG samples.

Although structural relaxation by annealing has minor
effect on the EFG tensor, the increased density could change
the electronic density of states. Figure 3 and the inset show
spectra of the as-cast, annealed, and compressed samples. The
spectral shift is dominated by the Knight shift K = K +
Kq [29]. K is the direct Fermi contact interaction represented
by Ky = (87/3)|% (0)2|2xs, where |1/ (0)?| is the probability
density of conduction electrons at the nucleus averaged over
the Fermi surface and normalized by the atomic volume £2,
and g is the Pauli paramagnetic volume susceptibility of s
electrons. Kq is the core-polarization shift from indirect s—d

g.g Time
)

Figure 4. Illustration: an Al-centered cluster with higher symmetry
relaxes back to the original state of lower symmetry under the
influence of the back stress of the surrounding elastic matrix.

exchange interaction given by Ky = oqxq, where «q is the
hyperfine coupling constant and x4 is the Pauli susceptibility
due to La and Ni d electrons. The inset in figure 3 shows
that the Knight shifts (listed in table 2) of the as-cast sample
and compressed samples all take the same value: ~657 ppm,
whereas a notable decrease of the Knight shift to 647 ppm is
observed for the annealed sample. The change in the Knight
shift is predominantly due to changes of the d electron density
of states [30, 31]. Kq is determined by the Al 3s valence
charge transfer to the 5d band of Ni or La [32]. These
results show that the different coefficients (I = 0, 2) of the
atomic strain energy can be probed by NMR—such as the
Knight shift which is sensitive for detecting the change of the
scalar quantity related to the free volume and the EFG which
is sensitive for detecting the change of the site symmetry
induced by shear.

The slow relaxation time of local structure at room
temperature, on the order of a month, shows that the process is
an activated one with relaxation time t = to exp(Hyc(/kBT).
Since the temperature dependence of the relaxation time is
not measured, we assume 1) = 10713 s on the basis of the
typical vibrational attempt frequency. For T = 2.6 x 10° s
at room temperature, this gives rise to Hyt = 1.2 eV. For
790 = 10720 s [33] the corresponding estimated activation
enthalpy is Hy = 1.5 eV. Such activation enthalpy is
comparable to the activation energy of the slow g process
suggested for analogous metallic glass systems [34]. An
empirical relationship between the activation energy Eg
of the B process and T, was found to be Eg = 26 x
RTg, where R is the gas constant [34]. With T, = 523 K,
Eg = 1.2 eV, which is in agreement with the estimated
activation enthalpy of 1.2 eV. This is also consistent with
the view of the slow S process being a local reversible
event moving within the megabasin of the potential energy
landscape [17]. The anelasticity-induced local structural
change could involve subtle collective rearrangement of atoms
around Al. As illustrated in figure 4, the rearrangement
leads to subtle symmetry increase of the Al-centered clusters
such as a distorted icosahedral cluster becoming a more
ideal icosahedral cluster. The fact that NMR can be used to
detect changes of symmetry indicates that nearly all Al sites
experience improved symmetry. The average EFG detected
by means of NMR would not show clear changes if only a
small fraction (such as 20%) of Al sites experience improved
site symmetry or in the situation where some Al sites
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experience increased while other sites experience decreased
site symmetry. It is interesting to note that atomic clusters
were suggested to be the basic building blocks of metallic
glass structures [6—-8, 22, 35]. This is consistent with the
current observation of the importance of Al-centered clusters
in the anelastic deformation process of LasoNij5Al35 bulk
metallic glass.

In summary, 2’ Al nutation NMR shows that anelasticity
of LasoNij5Alss bulk metallic glass induces increased local
site symmetry at the majority of Al sites. The estimated
activation enthalpy associated with this reversible atomic
rearrangement is consistent with the estimated activation
energy of the slow p relaxation process. The results
demonstrate the importance of Al-centered clusters in the
anelastic deformation process and suggest that Al-centered
clusters are important structural units that determine the
properties of the metallic glass LasoNijsAlss.
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