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component alloys.

In this work, the microalloying effect on glass-forming ability (GFA) has been investigated from the structural as-
pect, by performing synchrotron radiation X-ray diffraction and absorption measurements coupled with simula-
tions in the NiNbZr ternary system. By sorting out the preferred Voronoi clusters, we propose a new structural
parameter which counts the fraction of the five-connected shell atoms in clusters and find it is strongly associated
with the GFA. In particular, this structural parameter has the highest value in a composition where the best GFA is
achieved. The present work provides an in-depth understanding of microalloying-induced high GFAs in multi-

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In principle, the melt of any substance, can be frozen into a disor-
dered solid called glass if cooled rapidly enough. For the metallic glass
(MG) systems, the minimum cooling rate required for glass forming
ranges from 10~ ! K/s up to 10° K/s [1], which sets the good glass
forming ability (GFA) systems apart from the marginal systems.
Searching for optimized compositions with good GFA particularly in
multicomponent MGs has been attracting a lot of efforts over decades,
but so far it is still largely based on a strategy of trial and error in multi-
dimensional composition space without effective guidance of any gen-
eral theory [2-10]. The GFA has been found to be extremely sensitive
to compositions even with minor variation of the composition [11,12].
Based on this phenomenon, a practical empirical rule called
“microalloying” [13,14] has been widely used to facilitate the develop-
ment of new MGs with improved GFA [15-19]. Nevertheless, the mech-
anism of this microalloying effect on GFA remains elusive.

Structure determines properties of materials. Understanding the
GFA of MGs from the structural perspective is critical and has been
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pursued for decades [20-25]. Although the explicit overall structural
picture of MGs has not been resolved, local atomic and/or cluster struc-
tural models have been established. For example, several structural
models have been proposed by building and stacking clusters to fill
space efficiently, including the hard-sphere random-packing model
[26], the stereochemically designed model [27], the cluster packing
model [28], and the quasi-equivalent clusters model [29]. These struc-
tural models can statistically describe the intrinsic short-to-medium
range ordering in MGs with simple compositions very well. Experi-
ments revealed that the microalloying-enhanced GFA of multicompo-
nent alloys usually has a local maximum in a pinpoint composition
[13]. This is associated with fine structural changes in such pinpoint
composition [30] which however could not been well described in the
existing theoretical structure models. Therefore, further studies are re-
quired to address this issue.

2. Experimental and simulation methods

In this work, Zr-doped NiNb ternary MGs is chosen as a model sys-
tem because there is a typical pinpoint composition enable formation
of relatively high GFA [31,32]. Here Nig;Nbsg _ yZry (x =1, 3,5, 7, and
9) compositions are selected. Except that Nig,NbssZrs has a critical cast-
ing size larger than 3 mm in diameter, other four compositions have
critical sizes of 1-2 mm. All the alloy ingots were fabricated by arc melt-
ing mixtures of constituent elements [Ni (99.95 wt.%), Nb (99.9 wt.%),
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Voronoi cluster

Fig. 1. Configurations of a typical icosahedral VC ((0,0,12,0)) and its corresponding VP. For
a(0,0,12,0y index, its VP has 12 pentagons which are the middle sections between the
center and a shell atom in the corresponding VC, and there are 12 five-connected shell
atoms in its VC.

and Zr (99.9 wt.%)] in Ti-gettered high purity argon atmosphere. These
ingots were melted at least 5 times so that their compositional homoge-
neity could be ensured. Subsequently, the ribbon sample with the thick-
ness of 20-30 pm of each composition was prepared by employing the
melt-spinning technique.
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Without long range periodic symmetry, the structure of MGs is chal-
lenging to be determined by experimental tools. Fortunately, synchro-
tron radiation-based X-ray diffraction (XRD) and extended X-ray
absorption fine structure spectroscopy (EXAFS) are two dedicated
probes for amorphous structure. In this work, to get relatively large Q
(wave vector transfer) value in reciprocal space, high-energy (86 keV)
XRD measurements were carried out for all ribbon samples at the
beam line, Sector 1 ID, of the Advanced Photon Source in USA. Ni and
Nb K-edge EXAFS spectra were measured at the beam lines, BL14W1,
in the Shanghai Synchrotron Radiation Facility of China, Sector 20
BMB, in the Advanced Photon Source of USA, and U7C, in National Syn-
chrotron Radiation Laboratory (NSRL) of China. We could not measure
high signal-to-noise EXAFS spectra for Zr K-edge, because its
extended-edge data overlaps with the background of Nb K-edge ab-
sorption signal. Both the XRD and the EXAFS raw data were normalized
via a standard data-reduced procedure, employing the Fit2D [33], the
PDFgetX [34], and the Visual Processing in EXAFS Researches (VIPER)
[35], respectively.

We then performed reverse Monte Carlo (RMC) simulation [36,37]
on XRD data combined with Ni and Nb K-edge EXAFS data simulta-
neously to extract atomic structural information by using the software
RMCA [38]. RMC has been confirmed to be a reliable method to get
the atomic structure of MGs [29] The structural models (cubic boxes)
containing 40,000 random-distributed Ni, Nb, and Zr atoms were built
and used in this RMC simulation, matching the NigyNbsg _ 4Zry (X =
1, 3, 5, 7, and 9) compositions. The atomic densities and lengths of
boxes of NigoNbsg,Zrkx (X = 1, 3, 5, 7, and 9) are 0.0730 A~3,
0.0724 A=3,0.0719 A=3,0.0714 A~ 3, and 0.0708 A3, and 75.98 A,
76.16 A, 76.35 A, 76.52 A, and 76.73 A, respectively. During RMC simu-
lation, atoms move randomly within a determined time interval. The

—— Experiment
---- Simulation

Fig. 2. (a) Structure factor, S(Q), (b) Total pair distribution function, G(r), (c) Ni K-edge, and (d) Nb K-edge EXAFS spectra. The solid and dashed lines denote experimental and simulation
data, respectively. The k and () represent the photoelectron wave vector and the k-space EXAFS signal, respectively.
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experimental data are compared to the simulation with an iterative cal-
culation [39]:

2
2 Z sm Qn Sexp Qn 2 Z ()(mEI Kﬂ )(exp‘El(K")) (1)

where 82 represents the deviation between the experimental and simu-
lation data, € parameters regulate the weight of the data set given in the
fitting procedure, E; denotes the Ni, Nb, and Zr elements, and the S(Q)
and y(k) parameters are the XRD structural factor in Q space and
EXAFS signal, respectively. The subscripts “m” and “exp” represent the
simulations and experiments, respectively. S(Q) can be obtained by:
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where S;;(Q) and wy; are the partial S(Q) and their weights, respectively.
Sii(Q) can be calculated by:

SU(Q) = 4%Qp(/T'SiIlQ_T'(gij(T‘)—])Clr (3)

where p and r are the average number density and interatomic distance,
respectively. g;i(r) is the partial pair distribution function. Thus, the rela-
tion between real space g(r) and reciprocal space S(Q) is presented. The
theoretical EXAFS signal y(k), of the ith element is calculated from the
following equation:

Imilk Z4nc]p/rv,,rngy (r)dr (@)
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Fig. 3. All the partial pair distributions, g(r)s, obtained from the RMC simulation, including: (a) Ni-Ni, (b) Ni-Nb, (c) Ni-Zr, (d) Nb-Nb, (e) Nb-Zr, and (f) Zr-Zr.
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Table 1 C di . N b
The coordination numbers (CNs) around Ni, Nb, and Zr center atoms, respectively, which a oordination Number
are obtained via the RMC simulation. There is no Zr-Zr connections when 1 at.% Zr is 12 14714 13 13 /13 13 12 12 12 12 11 11 11
doped. =
° <10 Z
Atomi N X = !
p;ti)rrsmc CNs (£0.05) g 8 <
NigNbs7Zr;  NigyNbsZrs  NigyNbysZrs  NigyNbsZr;  NigsNbaoZrg E= N e
o
Ni-Ni 7.47 7.42 7.40 7.39 7.32 O 4 g
Ni-Nb 5.12 4.83 4.46 414 3.93 L o)
Ni-Zr 0.14 0.40 0.71 0.98 125 2 =
Total of Ni  12.7 12,6 12,6 125 12,5
Nb-Ni 8.62 8.61 8.40 830 8.40 I N NN A N VO SO WA
Nb-Nb 4.61 427 4.05 3.71 3.48 o ©° \Q». " O W ':V ® © W B G W
Nb-Zr 0.11 0.37 0.59 0.83 1.08 a4 o - [ R S W - L R T VORY, WORY O WON
Total of Nb  13.3 133 13.1 12.8 12.9 IR I N AL S I NI AR RN
Zr-Ni 8.97 8.68 8.94 8.62 8.66 L S S N
Zr-Nb 4,50 443 3.84 3.75 3.50 Voron0| Index
Zr-Zr - 0.23 0.37 0.60 0.86 b
Totalof Zr  13.5 133 132 13.0 13.0 ( )1 Coordination Number
41151514 14 14 14 13 13 13 13 12 12 12 12 11
Bz =z
Bz
where ¢; is the concentration of the jth element and ‘y; can be calculated '<
by: o
=
S
V;i(r, K) = Ayi(K, ) sin (2Kr + Dy (Kr)) (5) I}
where A; and &; denote the amplitude and the phase shift, respectively. e e L
They can be obtained by using the FEFF 8.1 code [39]. o' B K H 09D KD QO D KN
After each run, if 62.,,<82, the move is accepted. Otherwise, it is ac- D @ "Q:VQ’.«;‘Q;.,N \Q‘lﬁ‘*’;ﬁ;ﬁb“ \’b&ﬂ‘b:b\b;\b‘&‘%
cepted with a probability of exp[ —(62ew — 62)/2]. In our case, to enable Q\"”gq Q:\"Q« o O Qﬂ\"gq QO O QQQ”@ QO O O
the movement of atoms while avoid the strong overlap between neigh- P Ll o b bl gl B b
bor atoms, the cut-off distances between Ni-Ni, Ni-Nb. Ni-Zr, Nb-Nb, Voronoi Index
Nb-Zr, and Zr-Zr atomic pairs are set as 2.14 A, 2.28 A, 2.43 A, 2.57 A, C Eaordinstion Nimh
2.57 A, and 2.72 A, respectively. Once the simulation and experimental 14751574714 1401?’13"12 :2'13 1%”?2 1ezr CEERTET
data converge, the simulation is stopped, and all the atoms are pre- ~12 N
served and “frozen” in the cubic box, forming a structural model avail- X )
~— 1
able for further analyses. c <
Moreover, the RMC simulated structural models were further analyzed _g Q
by Voronoi-tessellation method [40,41]. According to the Voronoi original O o
. . . © b |
algorithm, each convex Voronoi polyhedron (VP) can be built by con- Lt o
necting the perpendicular bisectors between a center atom and all of -
its neighboring atoms. Each VP may be indexed as (n3,n4,n5,n6, ...),
where ni denotes the number of i-edged faces on the surface of this N s NG e NG A NNy
polyhedron. Each VP should be embedded in a corresponding convex 'Q;f” @,;f’,;ﬁ‘b;ﬂ"“ \Q‘;ﬁ’,;f’;}“ 0{;\‘*’{;?&}‘&‘"{;‘“’;}“
Voronoi cluster (VC), made up of one center atom and its neighboring Q\\‘Qqe‘\\gs O QsQ‘N‘Qﬁ Qs Q«QF‘Q\ QO O O O
shell atoms Thus, ) _ ni also stands for the number of the shell atoms AR S L, LR
in one VG, i.e., the coordination number (CN) of the center atom. The Voronoi Index
Voronoi algorithm also requires that all VCs should be closed structural
units, which can be accomplished by piling up a set ofDelaunay tetrahe- Fig. 4. Distribution of the major Voronoi clusters centered with (a) Ni, (b) Nb, and (c) Zr
d ’ ith th t t t th t t £VC) 129 atoms. Coordination numbers here are the numbers of shell atoms surrounding the
rons VYI elcommon vertexa aI,] atom (the center atom o )[29], centers in VCs. Note only those whose fractions are larger than 1.5% are selected. Zr1,
so that it shell is made up of only triangles faces. We show the configu- 713, Zr5, 217, and Zr9 stand for the Nig;Nbsg _ »Zrx (x = 1,3, 5, 7, and 9) compositions.
ration of a typical icosahedral VC (0,0,12,0) and its corresponding VP in
Fig. 1. Here we emphasize that a VP has no shell atom located atitsver-  (0,0,12,0) index, its VC has 12 five-connected shell atoms, and its VP has
tices while a VC has (configurations of more VCs and corresponding VPs, 12 pentagons, which are the middle sections between the center and a

refer to Fig. 6 of Ref. 40 and Fig. 1 in Ref. 42). It is worth noting that for shell atom in a corresponding VC.

Table 2
The first-shell atomic pair distances (APDs) for all the atomic pairs in the selected MGs. As a contrast, Dsgar is adopted, which is the interatomic distance calculated from the sum of
Goldschmidt atomic radii (SGAR). There is no Zr-Zr connections when 1 at.% Zr is doped.

Atomic pairs APDs (A) Dscar (A)
NigzNbs;Zr; NigzNbssZrs NigzNb33Zrs NigzNbsqZr; NigzNbygZrg

Ni-Ni 2.56 2.57 2.57 2.56 2.57 2.52

Ni-Nb 2.73 2.73 2.74 2.73 2.71 2.69

Ni-Zr 2.83 2.84 2.84 2.83 2.84 2.84

Nb-Nb 2.85 2.84 2.85 2.83 2.85 2.86

Nb-Zr 291 2.89 2.89 2.89 2.90 2.86

Zr-Zr - 3.13 3.15 3.14 3.13 3.20
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Table 3

Concentrations of the preferred VCs (see Fig. 5) centered with Ni, Nb, or Zr atoms. Because the CNs of Ni-, Nb-, and Zr-centered VCs mainly range from 11, 12, and 12 to 13, 14, and 14,
respectively (see Fig. 4), here their corresponding values are tabulated. Note that over a dozen different kinds of VCs with the same CN (11, 12, 13, 14, 15, and so on) can be extracted
and indexed. Here the tabulated values are the weights of some preferred VCs in all the deduced VCs with the same CNs.

Types of VCs CN of VCs Weights of the preferred VCs (%)
NigzNbs,Zrq NigaNbssZrs NigaNbs3Zrs NigaNbs Zr, NigaNbygZrg
Ni-centered 11 45.38 44.07 44.25 4243 41.98
12 41.80 41.12 40.87 38.42 38.81
13 18.38 18.84 19.14 17.48 17.73
Nb-centered 12 45.73 4445 42.81 42.25 43.96
13 3543 35.41 55.14 36.04 36.29
14 12.07 11.83 24.25 12.38 11.70
Zr-centered 12 38.30 50.98 59.69 35.97 33.61
13 39.21 35.36 51.09 33.66 34.16
14 10.20 9.22 14.22 12.70 13.19

3. Results and discussion

Fig. 2(a)-(d) shows the XRD (structural factor, S(Q) and total pair
distribution function, G(r)) and EXAFS data, as well as their simulated
curves. No sharp Bragg peak is present in the S(Q) curves, which ade-
quately indicates the full amorphous nature in all the samples [43].
The good matching between the experimental XRD (EXAFS) data and
their simulated curves confirms the reliability of the RMC simulation.
It should be noted that although during the RMC simulation, the simu-
lated experimental data do not include that of Zr K-edge EXAFS, we
can still get reliable structural information, because of the following rea-
sons: 1) EXAFS is an element-specific method available for measuring
the surroundings of each kind of atoms. In other words, all the neighbor
atoms around each atom can be distinguished when EXAFS data is fitted
or simulated [44]. Since Ni and Nb EXAFS data can reflect all of their
neighborhood information containing Ni, Nb, and Zr atoms, how the
Zr atoms distribute around the Ni (Nb) centers can accordingly be de-
termined; 2) three independent sets of experimental data (one set of
XRD and two sets of EXAFS (Ni and Nb)) were simultaneously simulated

in this work. During the RMC simulation, all of these experimental data
should be fitted with their counterparts calculated theoretically from
the same structural model. Such constraint can eliminate the computa-
tional randomness.

Fig. 3 shows the partial g(r)s obtained from the RMC simulation. The
r resolution (dr) for the g(r)s shown here is 0.125 A. We can see that ex-
cept for the Zr-Zr pair which has a relatively random distribution due to
the low concentrations of Zr in these alloys (in particular in
NigoNbsZry), other atomic pairs such as Ni-Ni, Ni-Nb, Ni-Zr, Nb-Nb,
and Nb-Zr have the broad distributions from 2.1-3.1 A, 2.3-3.3 A, 2.3-
3.5A,24-35A, and 2.5-3.5 A, respectively. From the RMC simulated
model, the atomic-scale structural information including the first-shell
CNs and the atomic pair distances could be deduced. They are listed in
Table 1 and Table 2. It seems that there is no obvious difference of
atomic pair distances between these five NiNbZr samples, and CN values
change monotonously and gently with the compositional variation,
representing no unique structural character in the Nig;Nbs3Zrs BMG
composition, which has been confirmed to have a local GFA maximum
[31]. This indicates that dependence of the GFA on the Zr doping in

Fig. 5. Configurations of seven VCs (ball and stick) which are favored in glassy alloys. All of them are VCs extracted from the RMC simulated models in the present work. Here to reflect their
geometrical features more explicitly, Zr (the solute, red atom)-center and Ni/Nb (the solvents, blue and celadon atoms)-shell VCs are selected. The number labeled on one shell atom
stands for the number of its neighbor (connected) shell atoms. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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NiNb alloy system can not be explained by such atomic-level structure
analysis.

Via Voronoi-tessellation approach, we can obtain cluster-level struc-
tural information. VCs can be extracted from the RMC simulated struc-
tural models, and indexed based on their geometrical features. The
major VCs centered with Ni, Nb, and Zr atoms are plotted in
Fig. 4(a)-(c). Although the distributions of Ni-centered VCs looks simi-
lar between these five samples, there is noticeable distribution discrep-
ancies of the Nb (Zr) centered VCs between these NiNbZr compositions.
For instance, the fractions of Zr-centered VCs indexed as (0,0,12,0) and
(0,2,8,3) in NigyNbs3Zrs are much higher than those in other four NiNbZr
compositions, while such values of (0,3,6,3) and (0,3,6,4) in NigzNb33Zrs
are smaller than their counterparts in Nig;Nbsg _ ,Zry (X = 1, 3, 7, and
9). In addition, Nb-centered (0,2,8,3), (0,1,10,2), and (0,1,10,3) VCs have
the relatively high weights in Nig,Nbs3Zrs.

(0,0,12,0) VC is the so-called ideal icosahedron, which is regarded as
the popular short-range ordering which is helpful to glass formation in
alloys [45-48]. Therefore, it is reasonable that NigyNbs3Zrs has relatively
high weight of Zr-centered (0,0,12,0) VC, considering NigyNbs3Zrs has
the local GFA maximum among the five compositions [31]. However,
why does NigyNbssZrs has the relatively high (or small) fractions of
Zr-centered (0,2,8,3), (0,3,6,3), and (0,3,6,4) VCs, and Nb-centered
(0,2,8,3), (0,1,10,2), and (0,1,10,3) VCs? For disorder systems, it has
been proposed that only stacking icosahedral clusters can not fill
space with an efficiency as high as in corresponding quasicrystals,
i.e., structural frustration [49]. In fact, in various work studying the
local structures of amorphous alloys, it has been confirmed that besides
the ideal icosahedron (or distorted icosahedron), various clusters also
are the structural components forming amorphous structure [29,30,40].

According to the Voronoi algorithm, each VC and its corresponding
VP (relation between a VP and its corresponding VP refers to Fig. 1)
can be indexed as (n3,n4,n5,n6), where ni denotes the number of the
i-edged faces in a VP and the number of i-connected shell atoms in a
V(C[29,40,42]. For instance, in a (0,0,12,0) VP (n5 = 12) and correspond-
ing VC, there are 12 pentagons and 12 five-connected shell atoms, re-
spectively; in a (0,1,10,2) VP and corresponding VC, there are 1
quadrangle, 10 pentagons, and 2 hexagons, and 1 four-connected, 10
five-connected, and six-connected shell atoms, respectively. Unit cells
are the basic structural components to form long range translational pe-
riodicity in crystals. Although icosahedral clusters do occur in many
crystalline alloys, periodically stacking icosahedra which possess abun-
dant five-fold symmetries to fill space is strictly forbidden in crystals
[50]. We have pointed out that an ideal icosahedron cluster contains
12 five-connected shell atoms, thus, we suppose that clusters with
abundant five-connected shell atoms might not favor the formation of
crystals. It is well known that MGs can be obtained by fast quenching
the liquid, bypassing the formation of corresponding crystalline phases.
In previous work, five-fold symmetry has been confirmed to be a uni-
versal structural feature in glassy alloys [51]. In this work, a principle
is thus proposed to estimate what VPs and their corresponding VCs
should be preferred for formation of amorphous alloys (enhancing
GFA), by calculating the weight (W) of five-connected shell atoms in
clusters, according to the following equation:

Ty (6)

3 + 14 + N5 + Ng

We suppose that the larger W value is, the more favored in BMGs a
VCis.

To clarify this scenario, VCs with relatively large W values (>0.6
here) are sorted out, whose fractions are listed in Table 3. For each
(n3,n4,n5,n6) indexed VC, Y _ ni stands for the CN of its center atom,
i.e., the number of the shell atoms in one VC. (0,2,8,1) (corresponding
to VCs with CN of 11), (0,0,12,0) and (0,2,8,2) (corresponding to VCs
with CN of 12), (0,1,10,2) and (0,2,8,3) (corresponding to VCs with CN
of 13), (0,1,10,3) (corresponding to VCs with CN of 14), and (0,1,10,4)

(corresponding to VC with CN of 15) have the relatively large W values
(>0.6) that they can be regarded as the preferred clusters. Configura-
tions of these seven preferred clusters are plotted in Fig. 5. Fractions of
the preferred clusters (corresponding to CNs of 11, 12, 13, and 14) cen-
tered with Ni, Nb, or Zr atoms are listed in Table 3. It seems that the W
values for Ni-centered VCs is not sensitive to Zr-doping, probably be-
cause Nb atoms rather than Ni atoms are replaced by Zr atoms. It is in-
teresting that almost all the tabulated weights for both Nb- and Zr-
centered VCs have the highest values in the Nig;NbssZrs, which is just
the composition having the local maximum of GFA [31]. Thus, these re-
sults indicate that if a VC (such as the ideal icosahedron, (0,0,12,0)) has a
high fraction of the five-connected shell atoms, this cluster might be the
favorable structural building block, contributing to the GFA of MGs. Al-
though glass formation might be affected by various structural factors,
the W proposed here should be a structural parameter directly indicat-
ing the GFA in alloys.

4. Conclusion

In summary, the microstructure of NigzNbsg _ yZry (X =1, 3,5, 7,
and 9) alloys are investigated by calculations based on the data obtained
from synchrotron radiation XRD and EXAFS experiments. It is revealed
that microalloying of Zr atoms in the NiNb binary alloys gives rise to a
number of Voronoi-tessellation clusters (local structures) which have
high fraction of five-connected shell atoms, and these clusters are fa-
vored in the microstructure of glassy alloy. This can stabilize the
amorphous-state structural stability, and the GFA is enhanced accord-
ingly. This work will shed new light on the microalloying effect on the
GFA of multicomponent MGs.
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