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atom reconfiguration in an equiatomic Zrs,Cusy metallic glassy alloy
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We studied in situ the local atomic structure evolution of an equiatomic Zrs,Cus, metallic glassy alloy under
high pressure compression inside a diamond anvil cell using synchrotron x-ray total scattering. The empirical
potential structure refinement method was used to reconstruct the three-dimensional atomic models at each
pressure step, and to analyze the spatially averaged local atomic structure configurations. The interatomic
distances of different atomic pairs are reduced at different rates with increasing pressure and the Cu-Cu pairs
exhibit the highest percentage reduction. Between ambient pressure and 36.85 GPa, the atomic separation
of the Cu-Cu pairs is reduced by ~12% compared to ~5% for Zr-Zr and Zr-Cu pairs. Such disproportional
decrease in interatomic distance results in inhomogeneous atom reconfiguration in the short atomic range. With
the increase of pressure, the Zr atoms move preferentially towards the Zr-Zr pairs, while the Cu atoms move
preferentially towards the Cu-Cu pairs, creating inhomogeneous atom reconfiguration with positive short-range
order coefficients of 0.0309 and 0.0464 for Zr-Zr and Cu-Cu respectively, but a negative value of —0.0464 for
Zr-Cu pairs. Voronoi tessellation method was also used to study the evolution of the short-range atom packing
versus pressure, elucidating the cause for the bimodal distribution of the bond angle distributions. The research
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sheds light on understanding of the atomic reconfiguration of equiatomic alloys under high pressure.
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I. INTRODUCTION

Metallic glasses (MGs) often have very high elastic limit,
fracture strength, and exceptional corrosion/wear resistance
due to their disordered atomic structures [1-3]. In the long
atomic range (>20A), the disordered atom arrangement is
generally viewed as a homogeneous structure. However, local
structure heterogeneities do exist in the short atomic range
(<5A) and medium atomic range (5-20 A), forming the
so-called short-range ordered (SRO) or medium range or-
dered (MRO) atomic structures [4,5]. They determine, to a
certain degree, the properties of MGs with the same com-
position but different processing histories [6,7]. Thus one
of the important research directions in MGs is to control
or tune the atomic structures so as to enhance the de-
sired functionality and property. In this aspect, understanding
precisely the 3D local atomic structures and their changes
under different thermodynamic conditions is absolutely
necessary.

Pressure is an important thermodynamic driving force to
govern or control the atomic structures of a material. As the
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density increases with pressure, a polyamorphic transition has
been found to occur in a number of MG systems, i.e., a
sudden change from a low-density amorphous state (LDA)
to a high-density amorphous state (HDA). In recent years,
pressure-dependent atomic structures and elastic property
changes in MGs have been widely reported [8-22] and have
become an important research direction in the condensed-
matter physics community. For the MG systems that do not
exhibit any polyamorphic transition under compression, their
densities increase monotonically with pressure [8—11], and
the corresponding decrease in atomic volume can be well
described by bulk modulus and its pressure derivative ob-
tained by fitting a Birch-Murnaghan equation of state [23,24].
However, such an approach can only describe the macroscopic
volume change versus pressure; it does not give any specific
information about changes in the local atomic structure during
compression, for instance, how different atomic species move
in three-dimensional (3D) space to accommodate the increase
in pressure.

For MG systems that do exhibit a distinct pressure-induced
polyamorphic transition [12-22], most reports so far have
concentrated on studying the change of electronic structures
in order to elucidate and understand the origin of polyamor-
phism. For example, in the CessAlys alloy, two distinct

©2022 American Physical Society
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amorphous states with different densities were observed [12];
ab initio molecular dynamics modeling and x-ray absorption
spectroscopy revealed that such the phenomenon is associated
with delocalization of the 4f electron and bond shortening
[12,14]. A similar polyamorphic transition reported in the Ca-
Al MG system is caused by the pressure-enhanced bonding
between Ca 3d and Al 3p orbitals [20,22]. Until now, only
a few reports are found in the open literature describing the
evolution of 3D atomic structure under high pressure [25,26].
Systematic studies between atomic structure and pressure for
most MG systems have not been seen reported, e.g., we do
not know how different atoms move or reconfigure and how
they interact with each other in 3D space in order to adapt or
accommodate the increase of pressure. In addition, although
polyamorphic transition has been observed and reported in
some MG systems with one dominant principal element
(e.g., lanthanide based [12-18], main-group based [20,22],
and transition metal based [21]), high-pressure-induced local
atomic structure changes in equiatomic alloys have not been
reported so far. However, alloy design with equiatomic ratio
for all principal alloy elements is a central concept of high-
entropy alloys. The research reported in this paper provides
understanding on the local atomic structure evolution of an
equiatomic MG under high pressure compression.

An equiatomic metallic glass (ZrsoCusp) was chosen as the
experimental alloy in this work because the Zr-Cu system
can be used to make bulk amorphous alloys over a wide
compositional range from 50 to 66 at. % Cu [27,28]. These
materials exhibit a wide range of useful mechanical prop-
erties including shape-memory effects combined with high
hardness and toughness [29,30]. Numerous studies on the
local atomic structure have been made by molecular dynamics
modeling and synchrotron x-ray diffraction or neutron diffrac-
tion experiments [31-34], which can provide us with reliable
structure data for comparison. For example, at the ZrsoCusg
composition the atomic packing fraction within the MG al-
loy is approximately 3.2% lower than that of its crystalline
counterpart estimated from MD simulations [31], consistent
with the large proportion of icosahedral and other non- fully-
close packed polyhedral units involved in the local atomic
arrangements. Mattern reported that many different polyhedra
are observed in ZrsoCusy metallic glass, and no dominant
structural arrangement exists [33]. However, those studies just
focused on the atomic structure at ambient pressure.

In this work, we used synchrotron x-ray total scattering
(SXTS) to study in situ the atomic structure evolution of an
equiatomic glassy alloy (ZrsoCusg) in a diamond anvil cell
up to 36.85 GPa. The empirical potential structure refinement
(EPSR) modeling method [35] was used to reconstruct the
3D atomic structure at each pressure level. By analyzing the
decoupled partial pair distribution functions (PDFs) and in-
terrogating the local 3D atomic structures at each pressure
level, the atomic reconfiguration and rearrangement as a func-
tion of pressure is elucidated and quantified. We focus on
studying the changes of local coordination and revealing the
trend towards inhomogeneous atom reconfiguration in the Zr-
centered and Cu-centered coordination polyhedra. Our study
elucidates the underlying changes in coordination environ-
ment that can lead to inhomogeneous atom reconfiguration
driven by high pressure in equiatomic metallic glasses, an

nere
R“b“ '%
\ \%
.
,’/ b X @,
‘Background,

FIG. 1. A schematic of the experimental setup of the in situ
SXTS experiments under high pressure carried out at 115 of DLS,
with an optical image showing the ZrsyCus, sample and the ruby
sphere (as pressure calibrant) inside the sample chamber.

important phenomenon which has been largely ignored in
most previous high pressure studies.

II. MATERIALS AND METHODS

A. Preparation of ZrsyCusy metallic glassy alloy

The ZrsoCusg glassy alloy was prepared by melting pure Zr
and Cu elemental button ingots (each with a purity >99.9%)
inside an arc remelting furnace under the Ti-gettered argon at-
mosphere. The alloy was remelted at least four times to ensure
chemistry homogeneity before melt-spin into ribbons with
a thickness of ~30 um using a single-roller melt-spinning
method. The ribbon sample was cut into ~50-pm pieces using
tungsten carbide tweezers.

B. In situ SXTS experiments under high pressure

In situ SXTS experiments under high pressure were carried
out at the I15 beamline of Diamond Light Source (DLS), UK.
Figure 1 shows the schematic of the experimental setup and
the diamond anvil cell (DAC) used to produce quasihydro-
static high pressures. The two diamond anvils were held by
two Tungsten carbide backing plates. A rhenium (Re) gas-
ket 250 pum thick with a small hole (~150 um diameter)
in the middle was used to form the sample chamber, and
4:1 methanol:ethanol was used as the pressure transmission
medium. The pressure was measured by an iHR320 spectrom-
eter using the ruby fluorescence method. The positions of the
sample and ruby sphere are shown in the inset in Fig. 1. The
high pressures inside the DAC sample chamber were achieved
by increasing the membrane pressure using the gas pressure
controller mounted outside the experiment hutch. In this work,
the maximum pressure of 36.85 GPa was achieved inside the
DAC sample chamber.

During in situ SXTS experiments, a monochromatic x-ray
beam (energy: 72 keV; spot size: ~70 um diameter) and a
Perkin Elmer flat panel 1621 EN detector (image size: 2048 x
2048 pixels; pixel size: 200 x 200 um?) were used to collect
the SXTS patterns at each pressure step. Detector calibration
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was carried out using a NIST silicon standard at a sample-
to-detector distance of 327.638 mm. Five scattering patterns
(exposure time of 120 s for each pattern) were acquired and
summed for the sample and background at each pressure
step to ensure a sufficient signal-to-noise ratio for the data
collection. A long exposure time was selected because of the
combination of (1) amorphous sample, (2) small sample size
(only ~30 um thick), (3) the small x-ray beam size (~70 um
diameter), and (4) the x-ray absorption and relatively high
scattering background by the DAC. The background scatter-
ing patterns were acquired by moving the sample away and
allowing the incident x-ray beam to pass through the empty
area within the sample chamber.

C. SXTS at ambient pressure

To compare the SXTS of the sample at ambient pressure
without DAC, additional measurement was acquired using the
same detector (Perkin Elmer 1621 EN), with an x-ray energy
of 76 keV. Compared to the SXTS experiments with DAC at
high pressure, only 10 s exposure was collected as there was
no absorption of x ray by DAC. NIST standard CeO, powder
was used to calibrate the detector (sample-to-detector distance
of 265.885 mm). Again, five scattering patterns were acquired
and summed for sample and background.

D. Data processing

For the scattering data acquired under high pressure, the
Bragg spots due to the DAC were removed from the 2D scat-
tering patterns using a MATLAB script as shown in Appendix
1 (see Fig. S1) of the Supplemental Material [36]. Then the
atomic density, structure factor, S(Q), and PDF, g(r), at dif-
ferent pressures were calculated using an iterative procedure
(MATLAB script in Appendix 2) as described in detail in the
Supplemental Material [36] (see, also, Refs. [37—47] therein).
For comparison, the atomic density of the sample at ambient
pressure was also calculated using the iterative procedure, but
the 2D scattering patterns were not processed by the MATLAB
script in Appendix 1 since there were no Bragg spots on the
2D scattering patterns acquired at ambient pressure.

In this work, Omax = 9.25 A~! was used to calculate S Q)
and g(r) at each pressure step. As the calculated atomic densi-
ties were quite stable in the Qn.x range of 8.75 to 9.25 A
(Fig. S2b), the atomic density, background factor, and i,
were averaged by the results obtained at QOn.x = 8.75, 9.00,
and 9.25 A~! to improve the accuracy of results.

III. EPSR MODELING

The EPSR method (EPSR version 25) [35] was used in this
work to reconstruct the 3D atomic structures and to extract the
partial PDFs from the total PDFs at each pressure step. The
total potential energy (U) of the system used in EPSR consists
of a reference potential (UR®') and an empirical potential
(UFP) as below:

U=UR"+U™. (1

TABLE I. Lennard-Jones potential parameters of Zr and Cu
atoms used in EPSR modelling [48].

Atoms & (kJ/mol) o (A) q
Zr 0.609 61 3.1993 0
Cu 0.33807 2.5487 0

For an atomic pair i-j, the potential energy between them
is described as

Uij(r) = U5 (r) + U (r), )

where i and j represent the atoms (i.e., Zr and Cu atoms in
this work), and r is the distance between atom i and atom j.
The total potential energy of the system is calculated by

1
U= 5 Z ;Uij(rij)- 3)

First, the reference potential is a Lennard-Jones 12-6 potential
plus effective Coulomb charges as below:

12 0\ 6 qiq;
() -
i () &ij r ( r + 4meor “)
8,']' = \/ng, (5)

1
oij = E(Gi +0;), (6)

where ¢;; and o;; are the well depth parameter and range
parameter of atomic pair i-j respectively. ¢; and g; are the
charges of atom i and atom j respectively, and g is the
vacuum permittivity.

Table I lists the parameters for the Zr and Cu atom used in
the model to calculate the reference potential of the ZrsyCus
system. In the simulation, after the modeled system reaches
the equilibrium state driven by the reference potential alone,
the peak positions of the EPSR modeled S(Q) and g(r) are
compared to the corresponding S(Q) and g(r) obtained from
the SXTS. If the difference is larger than a predefined value,
then the Lennard-Jones parameters (¢ and o) need to be mod-
ified until the simulated results agree with the experimental
data.

Second, the empirical potential energy is refined. Gen-
erally, it is not the “12-6” type formula as the reference
potential. A series of power exponential functions are used
to refine the empirical potential [35],

USP = kT Y CP,(r. 0,), @)

pu) = e (D)ew 2] ®)

where C; are positive or negative real, and o, is a width
function.

In each iteration, a R factor is used to access the differ-
ence between the simulated S(Q) and experimental S(Q). For
example, if the R factor >1073, then a refined feedback is
given to recalculate and refine the empirical potential until
the R factor <107 is reached. Then the simulation results
are considered to match the experimental ones. In this work,
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the refined empirical potential of 11 kJ/mol was used in the
simulation.

Finally, after refining the empirical potential, ~2500 cal-
culation cycles are made and the results are accumulated to
obtain an averaged statistical information in the simulation
box, such as partial PDFs, coordination numbers. The pro-
cedures for how to run EPSR modeling can be found in the
manual [35].

Coordination numbers of the atomic pair (¥;;) in the first
atomic shell are calculated from the corresponding partial
PDF g;;(r) by Eq. (7),

N;j = 4ncj/ g,-j(r)rzdr, )
0

where ¢; is the mole fraction of atom j, and rpy is the upper
limit of integration. Generally, rp,y is set to the upper limit of
the interatomic distance of each atomic pair in the first atomic
shell. In this work, the cutoffs of 4.0, 3.7, and 3.5 A are used
for Zr-Zr, Zr-Cu, and Cu-Cu atomic pairs respectively. Then
the coordination numbers around the ith atom (N;) and the
average coordination number (N) can be calculated from N;;
using Egs. (8) and (9),

N; = N;; + N;j, (10)

N=C,'M+Cij, (1])

where i and j represent the alloy elements (Zr and Cu).

In this work, a cubic simulation box containing a total of
5000 atoms (2500 Zr atoms and 2500 Cu atoms) was used.
The simulation was carried out in one of the dedicated com-
puting nodes [2x 14-core Broadwell E5-2680v4 processors
(2.4-3.3 GHz), 128 GB DDR4 RAM] of Hull University
supercomputing cluster, Viper. Normally, it takes approxi-
mately 6 h computing time (~2500 iterations) to complete
a typical simulation with a satisfactory R factor < 107, At
each pressure step, three identical simulations are done to
gain sufficient statistical data and reproducibility. The results
presented in this work are the averaged values of the three
simulations.

IV. RESULTS
A. In situ SXTS results

The average atomic density of the sample at different
pressures is determined from the x-ray total scattering data
using an iterative method [46] (see the Supplemental Mate-
rial [36]). At ambient pressure, it is 55.9 x 107 atoms/A3,
only 2% lower than a previously reported bulk value (57.1 x
1073 atoms/i‘ﬁ) for ZrsoCusy metallic glass [33]. Figure 2(a)
shows that the atomic density increases with the increase of
pressure, and no abrupt change is found during the pressure
up. The x-ray scattering intensities /(Q) at different pressures
are shown in Fig. 2(b) for the Q range 0.2-6.0 A, As the
pressure increases, the first peak shifts from 2.7 to 2.9 A~'.
There is no obvious change in the relative intensities of the
first and second peaks of I(Q) that might associate with
polyamorphic transitions as reported previously for different
alloys [16,17]. Between ambient pressure and 36.85 GPa, the

first peak shifts almost linearly from 2.7074 to 2.8494 A~
(5% increase). The corresponding S(Q) calculated from 7(Q)
using the iterative procedure are shown in Fig. 2(c). Similarly,
all S(Q) curves show the similar profiles, with the first peak
position moving towards higher Q as the pressure increases,
indicating that the average interatomic separations decrease
with the increase of pressure. While the relatively unchanged
intensities for the first and second peak indicates that no
polyamorphic transformation occurs. By Fourier transforma-
tion, the PDFs, g(r), are shown in Fig. 2(d). As expected, the
first peak in g(r) peak decreases from 2.885 A at ambient
pressure to 2.723 A at 36.85 GPa, consistent with overall
densification of the MG structure.

B. EPSR modeling results

The 3D atomic structure model is reconstructed using the
EPSR modeled results [35] (Video 1 shows more vividly the
3D atomic configurations when zooming into the r range near
the third, second, and first atomic shells). The simulated S(Q)
and g(r) agree well the SXTS results [Figs. 2(c) and 2(d)]. A
typical atomic configuration of the sample at ambient pressure
reconstructed by EPSR modeling is shown in Fig. 2(e). Based
on the reconstructed atomic structure, the partial S(Q)s of the
Zr-Zr, Zr-Cu, and Cu-Cu atomic pairs at different pressures
are extracted [Figs. 3(a)-3(c)]. And the relationships between
the total S(Q) and the three partial S(Q)s at ambient pressure
and 36.85 GPa are shown in Fig. S3 [36]. With increasing
the pressure, the first peak position in all three pairs moves
towards higher Q. To obtain the information in real space, the
partial PDFs are calculated [Figs. 3(d)-3(f)]. All three partial
PDFs shift towards lower r with the increase of pressure, and
the Cu-Cu pair separation is shortened the most [the insets in
Figs. 3(g) and 3(h)]. As the g(r)s move to lower r, the peak
heights of the first peak of gz;_z:(r) and gcy—cu(7) increase
with the increase of pressure, and the Cu-Cu pair has the
largest percentage increase with ~38.6%. However, those for
the gz, cu(r) remain relatively unchanged [Figs. 3(i) and 3(j)].
Furthermore, the full width at half maximum (FWHM) of the
first peak in g7z (r) and gcy—cu(r) decreases monotonously
as the pressure increases [Figs. 3(k) and 3(1)], indicating that
a progressive inhomogeneous atom reconfiguration occurs.
While that of the first peak in gz _cy(r) varies randomly
[Figs. 3(k) and 3(1)]. For comparison, the FWHM of the first
peak in g(r) is also calculated and overlapped in Figs. 3(k) and
3(1). It remains unchanged in the whole pressure range, which
may be attributed to the fact that the Qn,x used to perform
Fourier transformation is really small, and thus the subtle
inhomogeneous atom reconfiguration cannot be detected by
the change in FWHM of g(r) [49].

The SXTS results give globally averaged information over
all coordination environments for the atoms presented in the
system. Based on the modeled partial PDFs, we extract the
average first shell coordination number information around
each atom specie (i.e., Zr and Cu in this case) at each pressure
step (Fig. S4 [36]). Both Nz and Ny, have a higher per-
centage of increase with pressure. Nz, increases by 14.8%
and Ncycy by 10.5% at 36.85 GPa, respectively, while Nz.cy
and Ncyuzr remain unchanged and should be equal because of
the equimolar concentration of both elements in the sample.
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in direct contact with the selected Zr-Zr pair. Note the 100% van der Waals radius is used in Fig. 2(e), while 25% van der Waals radius is used

in Fig. 2(f) to present the 3D atomic structures more clearly.

In addition, Nz, and N, have a relatively lower percentage of
increase with pressure. Nz, is larger than N, at all pressures,
reflecting the size effect of the atoms [33]. Based on the coor-
dination number information, the chemical ordering averaged
over the local coordination environments can be quantified by
. 0 .
the short-range order coefficient (77;;) proposed by Cargill and
NN

Spaepen [50],
= -1 max
(chiNj )/ i
Here n@ and nm

i =cjN;/(c;N;) for c¢;N; < ¢;N; =
¢iN;/(cjN;) for ¢;N; > ¢;N;. While n?j = 0 represents a full

0
Nij

12)

max max

chemically disordered system, n?j =1 for a full chemically
ordered arrangement. n?j > 0 means that jth atoms prefer

to distribute around ith atoms, while n?j > 0 indicates that
jth atoms are not likely to aggregate towards ith atoms.
Figure 4(a) shows the n° of each atomic pair as a function of
pressure. At ambient pressure, no of Zr-Zr, Cu-Cu, and Zr-Cu
pairs are —0.0095, —0.0137, 0.0137 and respectively, much
smaller than the values (0.05, 0.07, and —0.06 respectively)
reported for bulk amorphous ZrsoCusy metallic glass [33],
indicating that the alloy is in an almost fully chemically
disordered state [see the schematic of atomic configurations
on the left of Fig. 4(a)]. With the increase of pressure, n° of

064203-5



SHIFENG LUO et al.

PHYSICAL REVIEW B 105, 064203 (2022)

(a) (b) ©
2.0 2.0 2.0 20
= s N> 35
— S 5
S 10 I|Z, 10 = 1.0 / 30
N 76 27 28 3 (¢} 26293031 25
< & !
1% 1% o 20
0.0 0.0 0.0 15
| 10
5
0
-1.0 -1.0 -1.0 (GPa)
2.0 4.0 6.0 8.0 2.0 4.0 6.0 8.0 2.0 4.0 6.0 8.0
(d) Q (A7) () Q (A) (f) Q (A7)
5.0 5 50—
as 4s
4.0 0 4.0 4
35 35 /
< 3.0 a0 T 3.0¢ If 50l // \ <
~ 5 / \ 5
N 25 Q L ¢}
N 28 29 30 31 N 25 26 27 28 5
> 2.0 > 2.0 5
1.0 1.0 N
0.0 0.0 0.0
20 40 6.0 8.0 20 40 6.0 80 20 40 6.0 8.0
r(A) r(A) r(A)
(@ "
< 30 \_?_w §
5 — i o -3 _
g 28 —— o 0o, ig . : %
T 26 \ I S 23 <~§r7§rnaN
€ 5 E O coovpar .
2 24 1\7\:_7\7 ) © §>12 —D—?“;alfpnsmonoigl!r\\(\;\‘
£ 0 5 10 15 20 25 30 35 2 0 5 10 15 20 25 30 35
. Pressure (GPa) . Pressure (GPa)
(I) 4.8 - (J) __ 40 .
£ / R ——2Zr-Zr pair /,/
S 4.4 // 2@ 7 30f —— zr-Cu pair A
© _~ TE —o— Cu-Cu pair A
< 40 g s B 20 -
5 " e S 2 e
8 el § % 10 RS
5 3.2 / Y Sﬁg " o
’ 6 5 10 15 20 25 30 35 0 5 10 15720 25 30 35
(k) Pressure (GPa) (0] Pressure (GPa)
08 T N ..;2. ii Ofoe— razft/‘\/n\
< 3 6 ~
o T - - o<
E 03} N i v g 2 18 :Vzgﬁgjup"::r\”‘\‘?'”§>f
- —— 5% o —o— Zr-Zr pair 7 :
02 ——e, -24 [—— 1% peak of g(r)
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Pressure (GPa) Pressure (GPa)

FIG. 3. Changes in the first peak of three partial PDFs at different
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the like-atom pairs (i.e., Zr-Zr and Cu-Cu pairs) increases
monotonically, while that of the unlike-atom pairs (i.e., Zr-Cu
and Cu-Zr pairs) decreases [see the schematic of atomic
configurations on the right of Fig. 4(a)].
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FIG. 4. The short-range order coefficient n° and the local 3D
atomic structures information extracted from EPSR model. (a) ° as
a function of pressure for four atomic pairs. The insets highlight the
local 3D atomic configurations at the selected pressure. (b),(c) The
number of atoms that are in direct contact with Zr-Zr and Cu-Cu
pairs respectively. Note that the interatomic distances of Zr-Zr and
Cu-Cu pairs within +0.1% of the peak positions in the partial PDFs
are extracted. (d),(e) The bond angle distributions of Zr-Zr-Zr linkage
at ambient pressure and 36.85 GPa respectively with an inset in (d)
highlighting the Zr-Zr-Zr linkage extracted from the local 3D atomic
structure. The fitting results of determining the two peaks by fitting
two Gaussian functions are also plotted.

To understand how the Zr and Cu atoms rearrange them-
selves as the pressure increases, the configuration of atoms
in contact with the Zr-Zr/Cu-Cu pair is extracted from the
EPSR model [see Fig. 2(f)], where the interatomic distances of
each selected Zr-Zr/Cu-Cu pair are within £0.1% of the peak
positions in the partial PDFs [Figs. 3(d) and 3(f)]. The results
from four pressure steps are selected to illustrate the trend. For
the like-atom pairs, i.e., the Zr-Zr and Cu-Cu pairs, Fig. 4(b)
shows that the number of the nearest neighbor Zr atoms in
direct contact with the Zr-Zr pairs increases linearly with pres-
sure. Figure 4(c) shows a similar trend for the nearest neighbor
Cu atoms in direct contact with Cu-Cu pairs. However, for
the unlike-atom pair, i.e., the Zr-Cu pair, Fig. 4(b) shows that
the number of the nearest neighbor Cu atoms in direct contact
with the Zr-Zr pairs remains almost unchanged. Similarly, the
number of the nearest neighbor Zr atoms in direct contact
with the Cu-Cu pairs remains unchanged [Fig. 4(c)]. Similar
calculations are made for the interatomic distances within
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40.05% and 0.2% of the peak position in the partial PDFs
(see Fig. S5 [36]). The number of atoms in the different
environments exhibits the same trends as shown Figs. 4(b)
and 4(c). Such consistent results indicate that the number of
the like-atom clusters increases with pressure. Furthermore,
with increasing pressure, the near-Gaussian type bond angle
distribution [Fig. 4(d)] for the Zr-Zr-Zr linkage separates into
a bimodel type distribution with two peaks [Fig. 4(e)]. Similar
trends are found in the Zr-Cu-Zr, Cu-Zr-Cu, and Cu-Cu-Cu
linkages (see Fig. S6 [36]). Although the first peak in the
other three linkages are more distinguishable than that of the
Zr-Zr-Zr linkage at ambient pressure, the first peak become
more obvious at high pressure.

The short-range atomic packing structures are further
studied by the Voronoi tessellation method [51], and the coor-
dination numbers (CNs) and Voronoi polyhedra (VPs) of the
Cu-centered and Zr-centered local atomic structure were ex-
tracted and analyzed. Figures 5(a) and 5(b) show the fractions
of CNs for Cu-centered and Zr-centered VPs. Clearly, for
the Cu-centered VPs, the fraction of the VPs with CN = 12
is higher than others (i.e., CN = 11, 13, and 14), while for
the Zr-centered VPs, those with CN = 14 and CN = 15 are
higher than the others. This is due to the large radii of Zr
atom. As the pressure increases, low-coordinated VPs transfer
into high coordinated VPs for both cases, i.e., 10- and 11-
coordinated VPs transfer into 12-, 13-, and 14-coordinated
ones [Fig. 5(a)], and 12- and 13-coordinated VPs transfer into
14-, 15-, and 16-coordianted ones [Fig. 5(b)]. Figures 5(c) and
5(d) illustrate some popular VPs centered by Cu and Zr atoms
respectively. The (0, 2, 8, 2), (0, 0, 12, 0), and (0, 3, 6, 4) VPs

with fractions over 4.1% are the higher ones in Cu-centered
VPs [Fig. 5(c)], while (0, 2, 8, 4), (0, 1, 10, 4), and (0, 2, 8, 5)
VPs are the higher ones in Zr-centered VPs [Fig. 5(d)]. With
increasing pressure, fractions of Cu-centered (0, 2, 8, 0) and
(0, 2, 8, 1) VPs decreases significantly, while those of (0, 2, 8,
2), (0, 0, 12, 0), (0, 3, 6, 3), (0, 3, 6, 4), (0, 1, 10, 2), and (0,
2, 8, 4) VPs increase. Similarly, in Zr-centered VPs, fractions
of (0, 1, 10, 3), (0, 2, 8, 4), (0, 1, 10, 4), and (0, 2, 8, 6) VPs
increase with the pressure, while those of (0, 0, 12, 0), (0, 2,
8, 3), and (0, 1, 10, 2) VPs decrease.

V. DISCUSSION

A. The dominant atomic pair to control the deformation under
high pressure

Using EPSR modeling to reconstruct the 3D atomic models
that match the total PDFs obtained from SXTS at different
pressures, we decouple all partial PDFs from the total PDFs
and are therefore able to study the local 3D atomic config-
urations. Figure 3(h) clearly shows that the atomic distance
of the Cu-Cu pair is shortened the most with the increase of
pressure, i.e., ~12% at 36.85 GPa, while the Zr-Zr and Zr-Cu
pairs distance have a very similar trend in shortening with
~5% at 36.85 GPa. The trend is very similar to that of the
first peak of g(r). Such convincing evidence indicates that the
Cu-Cu pairs play the dominant role in responding to the high
pressure compression. It is worth mentioning that the results
obtained in this work are different from that of the Zrgs 7Cuss 3
MG reported in [25,26]. They demonstrated that the Zr-Zr
pairs are strained preferentially to coordinate the compression,
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while Cu-Cu and Cu-Zr pairs remain least affected by the
pressure load. This difference is due to the compositions. In
Zr66.7Cus3 3 MG, the number of Zr-Zr bonds is much more
than that of Zr-Cu and Cu-Cu bonds, and hence the elasticity
of this alloy should be mainly determined by the solvent-
solvent pairs [52], i.e., Zr-Zr pairs. By contrast, the alloy used
in this work has an equal number of Zr and Cu atoms, and thus
the number of Zr-Zr bonds is equal to that of Cu-Cu bonds.
In this case, the dominant factor influencing the deforma-
tion behavior during compression should be their respective
atomic radii and the ability to move locally. The atomic radius
of the Cu atom is ~19.6% smaller than that of the Zr atom
[53], and therefore Cu atoms are easier to move their spatial
location so as to coordinate the compressional stress. Hence,
the interatomic distances of Cu-Cu pairs decrease much more
than that of Zr-Zr and Zr-Cu pairs in the ZrsoCuso MG alloy
[Fig. 3(h)].

B. Atomic structure reconfiguration and inhomogeneous atom
reconfiguration under high pressure

Figure 2(d) clearly shows that the nearest neighbor
distances in ZrsoCusy MG decrease during densification, in-
dicating the changes of atomic structure occur. During the
high pressure compression, all the interatomic distances of
three atomic pairs decrease monotonically with the pressure
[Figs. 3(g) and 3(h)], while the peak heights of the g7z (r)
and gcy—cu(r) increase [Figs. 3(i) and 3(j)] and the FWHM
of the first peak decreases, reflecting a progressive increase
in inhomogeneous atom reconfiguration during compression.
An in-depth analysis in Fig. 4(a) clearly shows that the short-
range order coefficient of Zr-Zr and Cu-Cu pairs increases
with the pressure, while that of the Zr-Cu pair decreases
monotonically. Furthermore, the local 3D atomic structures
extracted from EPSR model at each pressure step [Fig. 2(f)]
shows that the trend that the same type of atoms are group-
ing together [Figs. 4(b) and 4(c)]. Such information that is
extracted from the atom pair interactions for all atoms in the
simulation box is statistically convincing evidence to support
the argument for inhomogeneous atom reconfiguration found
in this research.

At ambient pressure, for the Cu-centered VPs, there are
more icosahedral like VPs (i.e., (0, 2, 8, 2) and (0, 0, 12,
0)) than others, while for the Zr-centered VPs there are more
face-centered-cubic-like VPs (i.e., (0, 2, 8, 4), (0, 1, 10, 4),
and (0, 2, 8, 5)). The bond angle distributions exhibit a near-
Gaussian type distribution (£LACB in Fig. S7 [36]). As the
pressure increases, the interatomic distance of Zr-Zr and Cu-
Cu pairs decreases. The pressure forces the low-coordinated
VPs around both Zr atoms and Cu atoms to transfer into
high-coordinated VPs. As illustrated in Fig. S7, under a high
pressure, atom D moves towards atoms A and B, shorten-
ing the distance between atom D and atom A, as well as
that between atom D and atom B, creating a new angle (i.e.
ZA’D'B’). The intensity of ZA'D'B’ [i.e., the first peak in
Fig. 4(e)] increases with pressure due to monotonous decrease
of the distance of Zr-Zr and/or Cu-Cu pairs. The fractions
of icosahedral-like VPs ({0, 1, 10, 3), (0, 2, 8, 4}, (0, 1, 10,

4), and (0, 2, 8, 6)) decrease with pressure, while that of
face-centered-cubic-like VPs ({0, 0, 12, 0), (0, 2, 8, 3), and
(0, 1, 10, 2)) increase. In the Cu-centered VPs, the fractions
of both icosahedral-like VPs ({0, 2, 8, 2), (0, 0, 12, 0}, (0, 3,
6, 3), and (0, 1, 10, 2)) and face-centered-cubic-like VPs ({0,
3, 6, 4) and (0, 2, 8, 4)) increase with pressure. Therefore,
the more obvious appearance of the first peak in bond angle
distributions at higher pressure is due to the increased fraction
of face-centered-cubic-like VPs [Figs. 4(d) and 4(e) and Fig.
S6].

VI. CONCLUSIONS

In this work, we studied in situ the local atomic structure
evolution of an equiatomic ZrsyCusy metallic glassy alloy un-
der high pressure compression by SXTS and EPSR modeling.
The important findings of this research are as follows:

(1) In the short atomic range, high pressure compression
results in disproportional decrease in the interatomic distance
for the Zr-Zr, Cu-Cu, and Zr-Cu atomic pairs. From ambient
pressure to 36.85 GPa, the Cu-Cu pairs’ interatomic distances
reduce by ~12% compared to ~5% for that of the Zr-Zr and
Zr-Cu pairs.

(2) As pressure increases, the Zr atoms move preferentially
towards the Zr-Zr pairs, while the Cu atoms move preferen-
tially towards the Cu-Cu pairs, creating inhomogeneous atom
reconfiguration with positive short-range order coefficient of
0.0309 and 0.0464 for the like-atom pairs Zr-Zr and Cu-Cu
respectively, but a negative value of —0.0464 for the unlike-
atom pair Zr-Cu.

(3) The number of icosahedral like VPs and face-centered-
cubic-like VPs around Cu atoms increases with pressure. The
number of face-centered-cubic-like VPs around Zr atoms in-
creases, while that of icosahedral like VPs decrease. This
increase in the number of face-centered-cubic-like VPs causes
the intensification of the first peak in the bond angle distribu-
tions.
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