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The heredity of clusters in rapidly cooled (Zr50Cusg)100—xAlr melts and its correlation with glass-forming ability
(GFA) are studied via molecular dynamics simulations. Pair distribution function and the largest standard cluster (LSC)
are adopted to characterize the local atomic structures in the (ZrsoCusg)j00—xAly systems. The [12/555] icosahedra and
their medium-range order (IMRO) play an important role in forming (ZrsoCusg)i00—xAlx metallic glasses (MGs). The
fraction of [12/555], the number of IMRO, and the maximum size of IMRO in MGs increase significantly with increasing
x. A tracking study further reveals that the configuration heredity of icosahedral clusters starts from supercooled liquids.
No direct correlation exists between the GFA and the onset temperature of continuous or stated heredity. Instead, a larger
hereditary supercooled degree of icosahedra matches with better GFA of Al-doped Zrs5,Cus alloys.

Keywords: glass forming ability, atomic structure, heredity, molecular dynamics

PACS: 61.25.Myv, 61.50.Ks, 87.15.nt

1. Introduction

Bulk metallic glasses (BMGs) have attracted much at-
tention over the past decades!!! due to their superior physi-
cal, mechanical, and chemical properties.>*! Considering the
limitations in information regarding glass transition and glass
forming ability (GFA), designing new and desirable BMGs
in material science and engineering is still challenging.!
BMGs are usually synthesized by three or more elements,
and their GFA sensitively depends on the stoichiometric com-
position of alloys.!*! Researchers have improved the GFA
and developed new BMGs by adding small amounts of al-
loying element(s) starting from the best binary glass-forming
alloys. >8] For example, Figueroa et al.®! found that the GFA
of CussHfys alloys could be maximized with the addition of
2.0-at.% Si, and that the supercooled liquid region was in-
creased by 15 K relative to the matrix alloy. Cai et al.®! re-
vealed that the substitution of Zr in CusgZrs( alloy by Al could
remarkably increase the GFA, and the best glass-forming al-
loy was CusgZrs7Als. The increase in GFA via minor doping
has been explained using methods involving thermodynamics
(e.g., thermal stability)!-1 and kinetics (e.g., dynamic slow-
ing down).“” Howeyver, the atomic structural mechanism of
the GFA of element-doped liquid alloys remains poorly un-
derstood because of experimental limitations.>! Therefore, the
effect of element doping on the formation and evolution of
atomic configurations during rapid solidification and their cor-
relation with the GFA need to be investigated.

Zr—Cu binary alloy is an ideal model matrix alloy for
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studying the effect of element doping on the formation of
atomic structures and its correlation with GFA.!'>~13! For ex-
ample, using molecular dynamics (MD) simulations, Cheng et
al.l'% found that adding a few at.% of Al into Zr—Cu can sig-
nificantly increase the number of Cu (and Al)-centered perfect
icosahedra and their medium-range orders (MROs). The in-
crease in GFA by Al doping is attributed to the improvement of
the symmetry and spatial connectivity of icosahedra via bond
shortening.!'”l Our previous MD simulations demonstrated
that the GFA of binary glassy alloys is closely related to the
configuration heredity of clusters, especially icosahedra.!'8!
Whether the criterion that a high hereditary ability of clusters
corresponding to good GFA is applicable to the element dop-
ing is unknown. In the present work, the best glass former,
Zr50Cus, is selected as the matrix alloy for studying the cor-
relation of the heredity of clusters with GFA of the Al-doped
Zr50Cusg alloy by MD simulation. The pair distribution func-
tion (PDF), largest standard cluster (LSC),!"! and hereditary
tracking are used to characterize and analyze the atomic struc-
tures of MGs. 2] Finally, the relationship between the heredity
of clusters and the GFA of (Zr50Cusg)100—xAly alloys is estab-
lished.

2. Simulation details

MD simulations were conducted to study the rapid solid-

ification of (ZrsyCusp)100_xAl, (x =0, 4, 8, 12, 16, 20 at.%)

121

by using the open source code of LAMMPS.?!l A realistic

interatomic potential with an embedded atom model (EAM)
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formalism was used. The potential was developed and highly
optimized by Sheng et al.l'’l The accuracy and validation
of this EAM potential for Zr—Cu(-Al) were confirmed in

(121 MD simulations can correctly predict the

another study.
structural and thermodynamic properties of liquid and solid
Zr—Cu(-Al) by using this potential.l!'”! Subject to the three-
dimensional (3D) periodic, the system was initialized as a cu-
bic box composed of 5 x 10* atoms, in which Zr, Cu, and Al
atoms were randomly distributed according to the stoichiom-
etry. The MD time step was set to 2.0 fs. After the initial
melting of (ZrsoCusg)100—xAl, and equilibration for 2.0 ns at
2000 K, which is considerably above the experimental liquid
temperatures,!’! the system was quenched to 300 K at a cool-
ing rate of 5 x 10' K-s~!. The equilibrated time of 2 ns at
2000 K is long enough for the system to reach equilibrium,
so that all the configurations obtained subsequently are inde-
pendent of the initial structures.!!”) All the simulations were
performed under NPT (constant number of atoms, pressure
and temperature) ensemble. The external pressure was kept
at 0 Pa. The temperature was controlled using a Nose—Hoover
thermostat.[>?! The Andersen method!>*! was applied to con-
trol pressure in every direction. During quenching, the tem-
perature dependence of velocities and the positions of each
atom were recorded at every 10 K to calculate the structural
quantities.

3. Results and discussion
3.1. Evolution of potential energy

The temperature (7") dependence of potential energy (PE)
is typically used to monitor the phase formation of liquid met-
als during rapid cooling!®*! or melting. Figure 1 displays
the PE-T curves of the (ZrsoCusg)igo—xAl, (x =0, 4, 8, 12,
16, 20) system during rapid solidification. No jumping drop
in the PE-T curves can be observed, indicating that rapid
cooling is related to glass transition and not first-order phase
transitions, such as crystallization.[>>) The PE-T curves of
(Zrs50Cus0)100—xAl, systems decrease linearly when cooling
from 2000 K to 1300 K. Such linear temperature dependence
of PE can also be observed from 1200 K to 900 K but with a
slightly different slope. Upon cooling from 900 K to 600 K,
PE varies smoothly but deviates evidently from a linear depen-
dence of temperature. Usually, the glass transition is believed
to occur within this temperature range. The glass transition
temperatures T, = 702, 723, 735, 752, 775, 805 K are esti-
mated according to the departure of PE from its linear relation-
ship with temperature from 300 K to 900 K for x =0, 4, 8, 12,
16, 20, respectively (see the inset of Fig. 1). The present glass
transition temperature is slightly higher than that obtained in
the experiment:!”) 7, = 670, 689, 701 K for x =0, 4, 8, re-
spectively. These differences may be due to the much higher

cooling rates used in our MD simulations. However, the T,
value in experiment for x = 12, 16, 20 has not been reported
yet. At a certain temperature the system energy increases lin-
early with the increase of x, indicating the addition of Al atoms
decreases the stability of the alloys.
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Fig. 1. The potential energy (PE) per atom in the (ZrsoCusg)100—rAly systems
versus temperature T in the processes of rapid cooling. The red dashed lines
denote the linear fittings. The insert is the T at different Al concentration x.

3.2. PDF

As a one-dimensional (1D) analysis technique, the PDF
g(r) has been widely used to detect the microstructural char-
acteristics of liquid, crystal, and glass,[l] because it can be
transformed into the structure factor S(g) obtained from x-ray
diffraction (XRD) data by Fourier transformation. The func-
tion g(r) is defined as follows:

o-n(Ea) o

i=1

where N is the total number of atoms in a simulation cell, V is
the volume, and n(r) is the number of atoms that can be found
in the shell from r to r+ Ar. It should be noted that the g(r) ex-
perimentally is obtained by Fourier transformation from S(g)
measured by XRD or neutron diffraction experiment, while its
theoretical value is calculated directly by Eq. (1).

Figure 2(a) illustrates the g(r) curves of rapidly cool-
ing liquid (ZrsoCus0)100—xAl; (only x = 0, 8, 20 are shown)
at several selected temperatures. At the initial temperature
T = 2000 K, the g(r) curve of each alloy exhibits a wide
first peak and a very smooth second peak but no obvious third
peak, revealing the typical feature of liquid.[*®! However, the
first peak of the g(r) curves in (ZrsoCusg)100—xAl, systems be-
comes sharper, and the second peak of the g(r) curves exhibits
an evident shoulder with decreasing temperature. These re-
sults indicate that some short-range orders, even some MROs,
emerge in the rapidly solidified solids below 7; compared
with other states.[>’l The split-second peak and an increase
in the shoulder of g(r) curves indicate that the rapidly so-
lidified (Zrs5oCusg)100—xAly (x =0, 8, 20) is amorphous, and
the number of MROs in the rapidly solidified solids increases
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with decreasing temperature.!'”] Through the Fourier trans-
formation of RDF, the structure factor S(g) for the simulated
(Zr50Cus0)100—xAl; (x = 0, 8) MGs at 300 K is obtained and
depicted in Fig. 2(b) together with the experimental data. 28]

Our MD simulation results agree well with the experimen-
tal results. Therefore, the present MD calculations are rela-
tively accurate in simulating the rapid solidification of liquid
(Zrs0Cus0)100-xAly.

gtot(T)

() 5 —e=0

4r & —x=8
»3 o x=0 (experiment/29)
3t L 2z =8 (experiment[28])

S(q)

Fig. 2. (a) Total PDFs for the rapidly cooled (ZrsoCusg)100—»Al, alloys at several selected temperatures. (b) Comparison of S(g) for (ZrsoCusg)100—rAly

MGs at 300 K between this simulation and other experiments. 232!

3.3. Coordination number

Coordination number (CN) is further adopted to provide a
statistical description of atoms bounded in (ZrsoCusg) 00— Al
MGs for structural analysis. The CNs can be derived by

CN;; =/0 4mpoc;r’gi;(r)dr, 2

where pg is the number density of atoms in the system of
N atoms, c; is the concentration of a j-th component, rmin
denotes the position of the minimum of the first valley of
gij (r) curve. The total CN for atom i is calculated by CN; =
Y CN;;.13% Table 1 lists the total CNs for (ZrsoCuso)100—xAly
MGs at 300 K. One can see that our simulated results for x =0
are in well agreement with the MD results**! in literatures al-
though slightly different from the experimental values.!*°! The
total CN,y keeps nearly constant at 13 for (ZrsoCusg)100—xAl
alloys, while CN¢, and CNy; increases slightly with increas-
ing Al concentration. This indicates that Al addition can in-
crease the packing density of local atomic structures centered
by Zr or Cu atom.!'” In all systems considered in present
work, the findings that CNz, is the largest followed by CN
and CN¢, may result from their different atomic Goldschmidt
radii (Rzr = 1.6 A, Ry = 1.43 A, Ry = 1.28 A).BY

Table 1. CNss for (ZrsoCusg)i00—rAlymetallic glasses at 300 K.

x=0 x=38 x=20
CN
This work Experiment!?’l  MD0] This work  This work
CNgz; 15.14 14.45 15.04 15.18 15.28
CNcy 10.76 10.27 10.65 10.89 11.07
CNpj - - - 11.89 11.76
CNyi 12.95 12.36 12.95 12.95 13.00
34. LSC

The LSC analysis (LSCA)[19:2031 is further conducted
to characterize and analyze the local atomic structures of lig-
uid (ZrsoCusp)100—xAly (x =0, 4, 8, 12, 16, 20) during rapid

solidification and to obtain insights into the 3D structural
details of the system. In LSCA, a cluster is defined as the
basic local atomic structure consisting of one central atom and
all its nearest neighboring atoms. Around a given atom, the
LSC is defined as the largest cluster that satisfies a unique
topological criterion. In the LSC (Fig. 3), a reference pair
comprising the center and one of its neighbors, as well as the
pair’s common near neighbors (CNNs) constitute a common
neighbor subcluster. With LSCA, all types of local clusters
beyond the nearest neighbor can be characterized without de-
pending on any preset parameters.!?®! The details of the topo-
logical criterion and an implementing algorithm have been
presented in another study.['! Figure 3(a) displays a distorted
icosahedron?%! LSC around atom O composed of eight $555,
two S544, and two S433 with the 12 neighbors. One S555 in
the LSC shown in Fig. 3(b) consists of one reference pair of
O-A2 and their five CNNs labeled as Al, B1, C2, A3, and
A4. One S544 in Fig. 3(b) comprises the reference pair of
O-B1 and their five CNNs labeled as Al, A6, C1, C2, and
A2. Thus, the compact denotations for distorted icosahedron

(c) CNN

555 o
) ‘A3

(a) LSC

(b) CNS
A

[8/555 2/544 2/433)

Fig. 3. Topology of the largest standard cluster (LSC). (a) A [8/555 2/544
2/433] distorted icosahedral cluster composed of a central atom (labeled O)
and 12 neighbors; (b) the topology of three CNSs; (c) the topology of three
CNNs. For example, a CNS of S555 composed of a bonded reference pair
(labeled O and A2) and 5 CNNs (labeled A1, B1, C2, A3, and A4).

076101-3



Chin. Phys. B Vol. 30, No. 7 (2021) 076101

LSC are expressed as [8/555 2/544 2/433]. Similarly, [12/555]
corresponds to a perfect icosahedron comprising 13 atoms as-
sociated with 12 S555. A defective icosahedron consisting of
14 atoms associated with one S444, ten S555, and two S666
can be expressed as [1/444 10/555 2/666].

Through the LSCA, various LSCs are identified in the
rapidly cooled (ZrsoCusp)100—xAly (x =0, 4, 8, 12, 16, 20)
systems. Table 2 lists the numbers of the top 30 typical LSCs
in the (ZrsoCusg)100—xAl; (x =0, 8, 20) MGs at 300 K. The
LSCs have a small Cu atom as a center for the CN < 13,
but the center is a large Zr atom when CN > 14 for x = 0,
thereby agreeing well with our previous findings'*?! in Zr—Cu
binary MGs. Among these LSCs, the Cu-centered [12/555]
icosahedra and [8/555 2/544 2/433] distorted icosahedra are

dominant in terms of number, thereby showing a typical struc-
tural feature of a glassy state. As for x =8, 20, the number
of [12/555] icosahedra is dominant, followed by that of [8/555
2/544 2/433]. The numbers of these two LSCs are much larger
than those in ZrsgCuso MGs. When CN < 13, the LSCs have
a Cu or Al atom at the center, whereas when CN > 14, the
LSCs have a Zr atom at the center. An Al atom is at the center
of icosahedron-type clusters, such as [12/555], [8/555 2/544
2/433], and [8/555 2/444 2/666]. Among the [12/555] icosa-
hedra, the Al-centered ones in (ZrsyCusg)grAlg MGs account
for 31.7%, thereby indicating that Al doping can promote the
formation of icosahedral clusters, especially the [12/555] per-
fect ones in (ZrsoCusg)i00_rAly MGs.

Table 2. Number of various types of LSCs in (Zr59Cusg)100—xAlymetallic glasses.

x=0 x=28 x=20
CN LSC index Centered by Centered by Centered by
Zr Cu Zr Cu Al Zr Cu Al
10 [1/444 5/555 1/544 3/433] 0 355 0 461 0 378 18
[4/555 2/422 4/433] 0 275 0 293 0 229 10
11 [2/444 8/555 1/666] 0 935 0 980 40 0 738 61
[1/444 6/555 2/544 2/433] 0 766 0 842 31 1 675 84
[2/444 4/555 1/666 2/544 2/433] 0 415 1 368 16 1 245 26
[1/444 4/555 2/422 2/544 2/433] 0 396 0 285 17 0 230 4
12 [12/555] 11 1269 10 1351 632 13 2090 1594
[8/555 2/544 2/433] 20 1262 10 1227 462 12 1501 1091
[8/555 2/444 2/666] 6 1064 1 988 118 0 801 222
[2/444 4/555 2/666 2/544 2/433] 10 519 5 415 40 0 347 98
[2/444 5/555 1/666 3/544 1/433] 0 528 0 383 48 0 292 94
[3/444 6/555 3/666] 1 421 0 393 30 0 292 49
[6/555 2/422 2/544 2/433] 6 249 7 204 76 0 234 191
[5/555 1/421 3/544 3/433] 6 244 6 203 71 0 223 150
13 [3/444 6/555 4/666] 39 654 23 621 91 10 453 191
[1/444 10/555 2/666] 130 392 87 368 172 49 432 429
14 [2/444 8/555 4/666] 292 102 226 83 32 134 82 130
[1/444 7/555 2/666 3/544 1/433] 397 14 305 8 18 212 17 37
[9/555 1/666 3/544 1/433] 310 4 263 3 5 214 9 22
15 [9/555 2/666 3/544 1/433] 759 0 884 0 0 891 2 4
[1/444 10/555 4/666] 651 2 676 1 2 558 6 8
[1/444 7/555 3/666 3/544 1/433] 604 1 590 1 1 454 1 14
[12/555 3/666] 384 0 480 0 0 465 3 1
[2/444 8/555 5/666] 457 4 409 6 3 312 3 13
[6/555 1/666 6/544 2/433] 344 0 346 0 0 320 2 0
16 [1/444 10/555 5/666] 463 0 668 0 0 714 0 1
[12/555 4/666] 275 0 473 0 0 727 0 0
[9/555 3/666 3/544 1/433] 257 0 418 0 0 510 0 0
[2/444 8/555 6/666] 236 0 288 0 0 273 0 0
[1/444 7/555 4/666 3/544 1/431] 210 0 277 1 0 268 0 1
Sum 5868 9871 6453 9485 1917 6138 9285 4579

Figure 4 plots the temperature dependence of the fraction
fisc (i.e., the ratio of the cluster number to the total num-
ber of the atoms in the simulation box) among the top five
LSCs in Table 2. Each fisc is very small (< 0.2%) in the ini-
tial liquids of (ZrsoCusg)100—xAl, (x = 0, 8, 20) and changes

gradually at temperatures higher than 1000 K. With decreas-
ing temperature, each fisc increases, especially for [12/555]
perfect icosahedra and [8/555 2/544 2/433] distorted icosahe-
dra. In the Zr50Cusg alloy, the fisc of [12/555] increases from
0.6% to 2.2% with decreasing temperature from 1000 K to 7.
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By contrast, in the (ZrsoCusg)gr Alg alloy, the increase reaches
2.8%, which is larger than that of any other LSCs. These find-
ings indicate that Al doping favors the formation of icosahe-
dral clusters in (ZrsoCus)100—xAly alloys, especially in super-
cooled liquids and MGs, thereby promoting the formation of
(Zrs50Cusp)100-xAly MGs.

3fe=0 T, =702 K

2 -

l -

o [2/444 8555 1/666
g 4_1—8 \T, =135 Ko{lé/555]/ foee
=} i A[8/555 2/544 2/433]
v o} v [2/444 8/555 2/666]

&S | [9/555 2/666 3/544 1/433]

8 ‘;”‘I = T

6 :x =20

4 -

2 -

0 ] p——

0 400 800 1200 1600 2000
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Fig. 4. The temperature dependence of the fraction, fisc, of five typical
LSCs during the rapid cooling processes of liquid (ZrsoCusg)100—xAly.

3.5. MROs

Various LSCs are not isolated from each other but linked
by vertex sharing (VS), edge-sharing (ES), face-sharing (FS),
or intercross-sharing (IS) atoms, as shown in Fig. 5(a). In
this case, some extended clusters, even MROs, are formed.
However, not all extended clusters can be considered MROs
in simulated systems. In the present work, only extended
clusters associated with IS-linkage, i.e., those whose central
atoms are bonded with one another are considered MROs. In
view of the key role of icosahedral clusters in the formation of
(ZrsoCusp)100—xAl, MGs, the icosahedral MROs (IMROs), 321
which are the extended clusters consisting of [12/555] LSCs
by IS-linkage, are only considered to examine the effect of
Al doping on the atomic structures beyond the nearest neigh-
bors. As in many binary glassy alloys (e.g. Cu-Zr!'8l), even
some long string-like IMRO backbones such as the interpene-
tration networks of IS-linkages can be observed, as shown in
Figs. 5(b) and 5(c).

Figure 6 shows the number of IMRO (Npvro) and
the maximum size of IMROs (nmax) in rapidly cooled
(Zrs50Cusg)100—xAl, glassy alloys at 300 K. Similar to
[12/555] LSCs, Nimro and npmax increase significantly with
increasing Al concentration x, indicating that the order de-
gree and the packing density of local atomic structures in
(Zr50Cuso)100—xAl; MGs are significantly improved by the in-
crease in Al concentration. These findings may be due to the
bond shortening induced by Al doping in the system.!1%17]
However, these findings do not mean that the GFA of
(Zr50Cuso)100—xAly alloys is monotonously improved with in-
creasing x.”! In our previous work,*?! we showed that the

hereditary characters instead of the number or fraction of the
icosahedral clusters are correlated intimately with the GFA of
glassy alloys. Hence, the heredity of icosahedral clusters in the
rapid cooling processes of (Zr;0Cusg)100—xAly alloys is further
examined in the following section.

(a)

IMRO

Fig. 5. Schematic diagram of extended clusters and typical IMRO struc-
tures. (a) VS, ES, FS, and IS linkages between two icosahedra (The pink
balls represent shared atoms); (b) A small IMRO combined by four [12/555]
in ZrsoCuso MG; (c) A small IMRO composed of six [12/555] icosahedra
in (Zrs0Cusg)g2 Alg MG. The slateblue, orange, and green balls represent Zr,
Cu, and Al atoms, respectively.
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Fig. 6. The number Npvro and the max size nyax of IMROs in rapidly cooled
(Zrs9Cusp)100—xAly glassy alloys at 300 K.

3.6. Heredity of icosahedra and its correlation with the
GFA

To understand the relationship between local atomic
structures and the GFA of (Zr;0Cuso)100—xAl, (x =10, 4, 8, 12,
16, 20) alloys, the hereditary characters of icosahedral clusters
are further examined by using an inverse tracking method of
atom trajectories. According to previous studies,!®3?1 as an
LSC is being transformed to another one with the same cen-
tral atom from high temperature to low temperature, the evo-
lution is designated as a perfect heredity if the type of LSC
index and the IDs of the central atom and its nearest neigh-
bors remain unchanged. If only the LSC index and IDs of

076101-5



Chin. Phys. B Vol. 30, No. 7 (2021) 076101

the core atom and a part of the surrounding atoms remain un-
changed, then the transformation is designated as a core hered-
ity. Either perfect or core heredity is the configuration hered-
ity of LSCs, which can be further classified into staged and
continuous heredity in terms of inheritance duration.!*’! The
former denotes that the geometrical configuration of LSCs is
merely kept in a narrow temperature range, whereas the lat-
ter indicates that the LSC can be uninterruptedly detected at
gradually increasing temperatures, because it is identified at
a low temperature, e.g., 300 K. The highest temperature is
defined as the onset temperature of LSCs, Topset, from which
at least one of LSCs can be directly passed down to the fi-
nal sate of rapidly solidified alloys.[!32%1 As an example, fig-
ure 7(a) illustrates the heredity and evolution of [12/555] LSC
centered by No. 28040 Cu atom in the rapid solidification of
(Zr50Cusg)gpAlg alloys. This LSC at 300 K can be traced
back to an [12/555] icosahedron at 900 K. The onset of hered-
ity of the [12/555] LSC with a No. 28040 atom at the cen-
ter occurs in the supercooled liquid region of rapidly solid-
ified (Zr50Cusg)gpAlg alloys, and 900 K can be regarded as
its Tonser.['®! Based on this viewpoint, the heredity of some
IMROs??! can also be observed. Examples include the growth
of IMRO consisting of No. 38178 and No. 46934 cores from
M =2and n =19 to N =4 and n = 31, as shown in Fig. 7(b),
where N; and n respectively represents the number of core
atoms and the total number of atoms in an IMRO. Similar
to the LSC centered by No. 28040 atom, the IS-linkage!3?!
between No. 38178 and No. 46934 atoms has remained un-
changed, because the IMRO with Ny =2 and n = 19 emerges
at 780 K. Therefore, the temperature of 780 K can also be
regarded as the Tyneet Of descendible IMRO with Np = 4 and
n = 31. In the present work, the hereditary characters of IM-
ROs are very similar to those of [12/555] LSCs.3?! Hence, we
focus on the hereditary characters of [12/555] LSCs.

A careful analysis reveals that no largest standard cluster
in (Zrs0Cusg)100-xAly (x =4, 8, 12, 16, 20) MGs at 300 K
comes from the initial melts. For most of the LSCs listed in
Table 2, only a few can be traced back to the supercooled lig-
uid. For example, only 5 of 1993 [12/555] perfect icosahedra
in (ZrsoCusg)orAlg MGs at 300 K can be tracked gradually
until Topeer = 900 K. Compared with the [8/555 2/544 2/433]
and [2/444 8/555 2/666] distorted icosahedra, [12/555] per-
fect icosahedra in (ZrsoCusg)100—xAly alloys possess the high-
est Tonset- Forx =0, 4, 8, 12, 16, 20, the Topser of [12/555] LSC
in (ZrsoCusg)100—xAly alloys is estimated to be 770, 850, 900,
910, 920, and 930 K, respectively. This monotonous increase
of the Tonset With increasing x indicates that Al doping can im-
prove the continuous heredity of [12/555] perfect icosahedra.
However, the onset heredity of [12/555] LSCs still emerges in
the supercooled liquids of Al-doped ZrsoCus alloys, !¢ sim-
ilar to the findings for some binary alloys, such as Zr-Cu!3?!

and Pd-Si.[2%

(a) LSC (b) MRO

T=920 K, [2/444 8/555 2/666};

4

T
Staged heredity

T=910 K, [2/444 8/555 2/666]
|

N II

Continuous heredity

T=300 K, n=31, N =4

T=300 K, [12/555]-

Fig. 7. Schematic diagram of evolution and heredity for [12/555] LSC and a
typical IMRO in the rapid solidification of (ZrsoCusg)g2Alg alloys. Orange
and light-green balls denote the heritable shell atoms and core atoms in the
IMRO, respectively. The light-yellow balls stand for the newly added core
and shell atoms in the heredity of icosahedral clusters.

Furthermore, the temperature dependence of the frac-
tion fs of staged heredity!'® of [12/555] LSCs in
(Cus0Zrso)100—xAly alloys is investigated. In the present work,
the fs is defined as follows:

Na(T)
N(T)

fs(T) = x 100%, 3)
where N, (7T) is the number of icosahedra that can be passed
down by staged heredity from T to T—AT (herein, AT =20 K)
N(T) is the total number of icosahedra at 7. A representa-
tive data set is illustrated in Fig. 8(a). The fs is almost zero
at above 920 K and increases rapidly with decreasing 7 be-
low 900 K, especially in the temperature range of Tonger—T.
Similar to continuous heredity, the staged heredity of [12/555]
LSCs also starts from supercooled liquids, and its initial tem-
perature Ty (= 910 K for x = 8) is slightly higher than the
Tonset (= 900 K for x = 8). The correlation of the T;,; with
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the Al content x is plotted in Fig. 8(b). The Tj,; ascends
monotonously from 780 K to 940 K with x changes from
0 to 20, implying that Al doping can significantly enhance
the staged heredity of [12/555] LSCs in supercooled liquids.
A characteristic transition temperature 7 in the curve of f
versus T is deduced in terms of d f;/dT, as shown in Fig. 8(a).
Similar to the Ty, the T also increases with increasing Al
content x, as shown in Fig. 8(b). However, neither T;,;; nor Ty
is directly correlated with the GFA of Al-doped ZrsoCus al-
loys, because the best GFA for (ZrsoCusg)100—xAly alloys is at
x = 8 according to the results of experiments.”!
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Fig. 8. (a) The staged hereditary fraction f; of [12/555] icosahedra as a func-
tion of temperature during the rapid solidifications of liquid (ZrsoCusg)gp Alg.
(b) Al content x dependence of the initial temperature Tj,;; of staged heredity
and transition temperature 7 of f;.

We have demonstrated that the supercooled degree AT's =
Tonset — T of continuous heredity is a good indicator for the
assessment of the GFA of Zr—Cu binary alloys.*?! Hence, the
hereditary supercooled degree for both continuous and staged
heredity of [12/555] LSCs is investigated to establish the re-
lationship between the local atomic structures and the GFA
of (ZrsoCusp)100—xAly. In the present work, the supercooled
degree for staged heredity is defined as AT = Tjn;; — T5. Fig-
ure 9(a) displays the correlation of the hereditary supercooled
degree AT with the Al content x. The trend of either AT'g or
ATy with x is highly consistent with the x dependence of the di-
ameter D in the experiment,!’! especially for 0 < x < 12. This
finding clearly shows that the hereditary supercooled degree
of [12/555] icosahedra is directly correlated with the GFA of
Al-doped ZrsoCusg alloys. The better the GFA is, the larger
the AT or ATg is. The ATy can also be used as an indicator to

assess the GFA of (ZrsoCusg)100—xAl; (< x < 20) as AT'g.B
Hence, a good GFA of Al-doped Zrs50Cus alloy is attributed to
the large hereditary supercooled degree of icosahedra. To gain
deep insight into the correlation of the GFA with the hereditary
characterizers of [12/555] LSCs, figure 9(b) further plots the
correlation of the dimensionless parameter H; = (T, — T;) /T,
with the Al content x, in which { = ini and onset. Interest-
ingly, the alloy composition with a bigger H; parameter tends
That is, H; pa-
rameter could also be regarded as an index to evaluate the
GFA of (Zr50Cusg)100—xAlx (0 < x < 20) alloys, similar to the
hereditary supercooled degree AT. Therefore, we concluded

to have a better GFA, especially for Hjp;.

that the heredity of local atomic configurations is the indeed
an inherent property of rapid solidified alloys, and the heri-
tability of clusters can be used to estimate the GFA of liquid
(ZrsoCusp)100—xAlx (0 < x < 20) alloys.
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Fig. 9. The hereditary supercooled degree AT (a) and the H parameter (b)
of [12/555] icosahedra in (Zr5oCusg)100—xAl, alloys during rapid solidifica-
tion. The open circles are the critical thickness D of (Zr50Cusg)100—xAly MGs
taken from Ref. [7].

4. Conclusion

A series of MD simulations is conducted to study
the hereditary behavior of clusters in rapidly cooled
(Zr50Cusg)100—xAl, melts and its correlation with GFA. LSCA
is used to characterize and analyze the 3D local structure
units in (ZrsoCusg)100—xAl; alloys. Similar to ZrsgCuso bi-
nary MGs, icosahedral clusters play a key role in forming the
(Zrs50Cusp)100—xAly ternary MGs. The fisc, NiMro, and #max
in MGs at 300 K increase with increasing Al content. By using
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inverse tracking, the heredity of [12/555] perfect icosahedra
emerges in the 7j-T; supercooled liquids rather than equilib-
rium melts. With increasing Al atom percentage, either the
Tonset of continuous heredity or the Ti; of staged heredity in-
creases monotonously. The ATy and AT's of [12/555] icosahe-
dra are closely correlated with the GFA of (ZrsgCusg)100—xAly.
A good GFA of Al-doped ZrsoCusq alloy is attributed to the
large hereditary supercooled degree of icosahedra. Therefore,
the criterion of high heritability of clusters corresponding to
good GFA is applicable to the Al-doped Zrs5yCusg melts.
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