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Atomic cluster evolution and corrosion behaviour ofNi;0Gds<Yx (X = 0, 2, 4 and 6) metallic
glasses were investigated using experimental methodsiamitio molecular dynamic simulations.

The shoulder peak aréa x-ray diffraction patterns, enthalpy of second and third crystallization and
population of <O 3 6 0> Ntentered clusters increase with increasyttgum content but the onset
temperature and enthalpy of first crystallization decrease simultaneMisiym substitution and
annealing treatment can aggravate metastable pitting and induce a thicker alumina film during
polarization, which can be explained by the segregation-acENiered clusters and ordering ofridh
clusters.
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1. INTRODUCTION

Al-basedmetallic glassegMGs) with aluminum content over 80 at.% exhibit an extremely
good corrosion resistance combined with high strength and have potential applications such as meta
coatings[1]. These excellent properties are ascribed to the chemical and structural homogeneity of the
metastable amorphous structure. However, the presence of short range orders (SROs) and mediut
range orders (MRQsn the glasses is unavoidable, which has a great influence on the mechanical and
electrochemical propertig®]. Hence, understanding the effects of SRO or atomic clusters on the
corrosion properties becomes of essential importance.

To uncover the structure characters ofblsed MGs, many experental works were carried
out, e.g., by using Xay absorption spectroscopy, Mansour et al. revealed t#@oAlond in AlICo-Ce
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MGs has a covalently bonded environmg8jt by using high emgy X-ray diffraction (XRD), our
recent work observed that there is a shoulder peak in tihg-&ld MGs[4]. Nevertheless, the detailed
atomic structure especially for the evolution of atomic clusters is still unclear. Recantigitio
molecdar dynamics (AIMD) simulations have been used to investigate the structure characters for Al
based metallic glasses. The AIMD simulations show that the propertieshatsatl MGs are mainly
dependent on the solutentered quasequivalent clusterg5]. Poon et al[6] also proposed the
backbone model that the backbone clusters thasled MGs can stabilize the amorphous stracind
improve the glass forming ability (GFA). Hence, here comes the question, how to strengthen the
backbone clusters and tune the properties of tHeasdeéd MGs? Han et @l/] pointed out that addition
of Ce can enhance the GFA of-Bé MGs. Our earlier worf8] also found that the addition of Ni can
improve the GFA and corrosion resistance of théNAIGd MGs. Although several ways to improving
corrosion resistance in Alased MGs are discovered, the insight of the stratevolution by the
substitution of rare earth elements inl#dsed MGs has not been concerned.

Annealing treatment can bring great influence on the structure and properties ¢dM@Gs
In the case of annealed -8lo-Ce MGs, the bond length of Ao and AiCe is decreased and the
comosion resistance is declindd]. Hence, we need to understand the internal mechanism of the
anrealing treatment on the amorphous structure. As shown in[RHf{. the devitrification of face
centered cubic Al (fc@l), as a resultof the annealing can greatly affect the metastable pitting
corrosion behaviour of Abased MGs. This mechanism has not been reported in the literature which
may give a further understanding of the effect of annealing on the corrosion resistance.

In our ealier work, the metastable pitting {(f) was observed in ANi-Gd MGs[8]. We found
that the addition of Ni can enhance thg ®hich is ascribed to the stress between thedki corroded
part and uncorroded part. In this paper, we intend to investigate the role of Y substitution on the
evolution of the Al(Ni}rich clusters in the Abased MGs, hope to further understand the rtedibes
pitting process which is helpful to develop a promisingbaAsed MG with good corrosion resistance.

2. EXPERIMENTAL AND AIMD SIMULATION

The ingots of AdNi10GsxYx (X =0, 2, 4 and 6) were prepared by high frequency induction
melting pure Al, N, Gd and Y materials (purity > 99.9 wt.%) in the air. The ribbons were prepared by
a singleroller meltspinning equipment in the air at the circumferential speed of 29.3 m/s. The
parameters such as the melt speed, the injection pressure are kept comstgrihe spinning process.
The amorphous oacrystalline state of the agpun and annealed ribbons were characterized-kbgyX
diffractometer (XRD) withaD/Max B di f fract ometer with Cu KU r
asspun ribbon was performed using a differential scanning calorimetry ($&3sch DSC 404)
under an Ar atmosphere from room temperature t
were annealed in a silicon crucible in an Ar atmosphere and the annealing temperature was chosen ¢
290AC (this tempthe fast crystallization endiegl tdmpesature)vaecording to the
DSC data. The wheel surface morphology and phase images ofsparaand annealed sample were
performed using atomic force microscope (AFM, Bruker Dimension Icon). The test was carried out in
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the tapping mode with a scanning rate of 2.0 line/s. A silicon cantilever with soft tapping mode tip was
used. The samples used for AFM test were ground in sequence on 800, 1400, 2000 grit SiC paper an
then polished with 1 ¢ mnizdd veat@oas dhe lpkaicant.eThey wearen g
subsequently ultrasonically cleaned by deionised water.

The electrochemical measurements were carried out using potentiodynamic polarization
technique. The electrochemical tests were performed using a typicaklfttede system, using a
platinum plate as the counter electrode and a saturated calomel electrode (SCE) as the referenc
electrode. All measurements were performed using a CHIG60E electrochemical workstation in a free
exposed 3.5 wt.% NaCl solution at 235C. Al | specimens were i mmerse
prior to the potentiodynamic polarization test to stabilize their open circuit potentials (OCP). After the
polarization test, the samples were ultrasonically cleaned two times in deionizecméhtardried.

Here, we have to clarify that in our earlier work the polarization curves was measured by twice
scanning process and the scanning rate was 5 [B)(//b this research, we measured the polarization
curves with only one scanning process and the scanning rate was ltond#sify the formation of

current peak, the polarization of thesgmin sample witley = 6 at.%is scanned at a rate of 0.1 mV/s

after a HSO, passivation pretreatment on CS310 electrochemical station (Wuhan Corrtest Instrument
Company, being the same company in R&#]) . The surface morphology of the samples after full
potentiodynamic polarization as well as polarization till the end of current peak were examined by
scanning electron microscopy (SEM, HITACHI S0). The surface films of the corroded samples
were analyzed by Xay photoelectron spectrometer (XPS, ESCALAB)RY. The binding energy

scale was calibrated using C 1s peak of the contaminated surface carbon that corresponds to 284.6 e
The measured peaks were fitted using the XPS Peak software and the deviation is below 1%. The
quantitative data of the surfacerlents was achieved by the Avantage 5.52 software.

Ab initio molecular dynamidAIMD) simulations are analyzed on the basis of the density
functional theory using Viennab initio simulation package (VASP]13] by implementing the
projector augmented vave methfith]. All dynamical simulations were carried out in a canonical
ensemble (NVT) t hrough Nos ® [15.hCabicntells toatdining 100 c o r
atoms with periodic boundagondition were used to simulate the liquid and glassyNMoGds.«Y x (X
= 0 and 6) alloys. The initial structures are equilibrated at 2000 K, which is well above the melting
temperature of the alloy. After sufficiently relaxed for 4000 steps, the adli@ysooled down from
1500 K to 300 K at the rate of fOK/s to produce amorphous solids. At each temperature, the last
3000 configurations are used for analysis. The data of 1500 K melts and 300 K glasses are chosen il
this research for the structure arsas. The partial pair distribution function @;(r)) represents the
probabilityt o y nhadom anrihe shelDr at the distance of anothelj atom the calculating detadf
which is shown in Ref7].

3.RESULTS

The XRD patterns and DSC curves ofsgain AksNi1oGdsxYx(X = 0, 2, 4 and 6) samples are
shown in Fig. 1. Only a broadiffraction peak can be found in the XRD patterns (Fig. 1a), which
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implies the amorphous structure of fourspgin samples. In addition, a slight shoulder peak which is
outlined by a Gaussian fitting can be found near the main peak and its intensgsewxcwith
increasing the yttrium contewt. In DSC curves (Fig. 1b), no distinct glass transition is found and
three exothermal peaks corresponding to three crystallization reactions appear in the heating proces
bet ween 200-~400 AC.
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Figure 1. (a) XRD and (b) DSC curves of the-sgun AbkiNi1ogGdexYx (X = 0, 2, 4 and 6) glassy
ribbons.

The first wide exother mal r e a c {All mamocrystals 2 4 (
formation, while the second drthird exothermal reactions are often relative to the formation of the
intermetallic compounds according to earlier wofk6, 17]. The area of shoulder peaks in XRD
(Ashoulde), parameters in DSC curves and thickness of ribbons are listed in Table 1. Opposite to the
Ashouider Of four samples, the onset temperature of first chyzdéion peak Txi) decreases with
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increasingcy. The area of f iHg) slecreases with linereasig,cbut the arda of(
second and t hi r dH+dk)ddvd astightiincreaping delkdency( sopultaneously. It is
indicated that theddition of Y can facilitate the formation of f¢&d and hinder the formation of the
intermetallic compounds. Besides, the thickness of the ribbons increases with Y substitution, indicating
that the viscosity of the melt increases.

Table 1 Areas of shower peak Ashouige) iN XRD, onset temperatures of crystallization and areas of

exothermic peaksT{, DH; and DH,.DH3) in DSC as well as the thickness of the ribbons of
AlgiNi1gGsxYx (X=0, 2, 4 and 6) glasses.

Ashoulder iN DSC _
_ Thickness
Sample XFf_D T«( AC’ DH:.(J/g) DH2.DH3(J/g) Cem)
(cpdeg)
x=0 20.5 256.1 23.1 97.4 14.3
X=2 41.2 252.6 22.6 97.9 15.2
X=4 58.3 247.0 22.5 98.0 22.8
X=6 59.8 237.4 22.4 100.4 24.0
gl(@) ——x=0glass——x=0melt 4|(d)  ——x=0glass ——x =0 melt

—o— X = 6 glass —— x = 6 melt

—o— X = 6 glass —— x = 6 melt

Iaralh)

Farni(h)
Onire(r)

Iarre(r)
Ore-rell)

r (Angstrom) r (Angstrom)
Figure 2. Partial @ir distribution functiong)(r) of AlgaNi1oGdexYx (X =0 and 6) glasses and melts.
Fig. 2 gives the partial pair distribution functiag(s) of AlgsNi;0Gds«Yx (X =0 and 6) alloys in

glassy state at 300 K and in melt state at 1500 K. Owing to th&li@mdrare earth elemen{®RE =
Gd or Y) contents, th@ni-ni(r), Oni-re(r), Orere(r) curves have a larger roughness than the other
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curves. The central positiap,.xand heightga-a(rmay Of the first peak ofa.a(r) reflect the nearest
neighbor distancand bond number of A atomic pair, respectively. Thg.ax andg(rmay) as well as
the rmax C h a n g)ebetweep the melts and glasses deduced from pg(tiakcurves are shown in

Table 2.

351

Table 2 The nearest first neighbor distances.f and height bthe first peaks (gfay) of partialg(r)
together with the variation ofnax0 f

(x=0 and 6) alloys.

gl asses

State Atomic x=0 X=6
bonds  rmax( i Omax( i 9(rmax) max( i @max{ i 9(Fmax)

Glass Al-Al 2.78 0.0 4.18 280  -0.05 4.10
Al-Ni 245 003 888 248  -0.04 8.61
Al-RE 318 -0.00 5.20 3.23 -0.06 5.19
Ni-Ni 265 -0.07 1.84 2.73 -0.13 2.71
Ni-RE 323 -0.30 264 3.18 -0.28 4.60

Melt Al-Al 2.78 2.27 2.74 2.34
Al-Ni 2.42 3.91 2.44 3.80
Al-RE 3.18 2.58 3.17 2.60
Ni-Ni 2.58 0.94 2.60 1.51
Ni-RE 2.93 1.95 2.90 2.31

Her & = rngdmelty rma{glass). Apparentlygai-ni(rmay is the highest among all atomic
bonds, suggesting that the-bintered clusters are dominated clusters in the glasses and melts. In glass

state, Y substitution has little effect on theai(rmac), 9ai-ni(Fmaxy) andgai-re(fmax-
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Figure 3. Population of Nicentered Voronoi polyhedra and the distribution of various nearest
neighboringatom composition in AkNi1cGdexYx (X = 0 and 6) glasses and meita) Total
population, (b) distribution of <0 3 6 0> clusters, (c) distribution of <0 4 4 0> clusters, and (d)
distribution of <0 4 4 2> clusters.

However, the glass withy = 6 at.% ha a much highegni-ni(fmay andgni-re(fmay) than that
with cy = 0, which indicates that Y substitution can increase the number-Nf &ind NiRE bonds.
Meanti me, we craxoffifstifonrdontslofatte alloyhwathy g6 at.% is more negat
than that withcy = 0, indicating an abnormal expansion of these bonds in the sample,with at.%
during the solidification.

The Voronoi polyhedron analysis is used to characterize the clusters and the Voronoi
polyhedron index is shown asi<n, ns ng>, wheren; denotes the number dfedged faces of the
Voronoi polyhedron. The coordinate number Z is approximately equatta+ns+ng with ignoring
the smalln; or ng. Meantime, the composition indemy, mp, mg) for the nearest neighboring shell of a
given polyhedron denotes the number of Al, Ni and RE atoms, respectively.
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Figure 4. (a) Potentiodynamic polarization curves ofsmun AksNi1oGdexYx (X = 0, 2, 4 and 6)
glassy ribbons togetheritiv the correspondin(p) the logarithm of passive current densjys
and (c) reduced current density of the metastable pittipg Inset in (a) is the potentodynamic
polarization curves of sample with= 6 under a scanning rate of 0.1 mV/s,, Bendes the
current peak, anB, andb denoted by star indicate the onset and end,gf P

The Voronoi indexes of Ntentered clusters and the detailed composition distributions of
dominated Nicentered clusters are given in Fig. 3. In Fig. 3a, the tricapjgshal prism (TTP) <0 3
6 0> clusters possess the highest population in theehtiered clusters and the population in the glass
with cy = 6 at.% is much higher than that with = 0. The <0 4 4 0> and <0 4 4 2> clusters are
distorted TTP clusterd. g].

In glass state, the fraction of <0 3 6 0> cluster with a RE atom in the allogwitlé at.% is
higher than that witley = 0 (Fig. 3b), similar situation is found in <0 4 4 2> clust@-ig. 3d), but the
situation in <0 4 4 0> clusters is opposite (Fig. 3c). Apparently, the coordinate number Z of <0 4 4 2>
cluster (Z = 10) is higher, but the Z of <0 4 4 0> cluster (Z = 8) is lower than that of the regular <0 3 6
0> TTP cluster. Conseently, the Y substitution in ANi-Gd glasses can increase the Z of the Ni
centered clusters.

Fig. 4 displays the potentiodynamic polarization curves and the corresponding polarization
parameters of aspun AbsNi;0Gds«Yx (X =0, 2, 4 and 6) samples it63wt.% NaCl solution. In case of
a scanning rate of 1 mV/s, thegsun samples have a wide passive region (Fig. 4a). With increasing
Cy, the passivation current density,{) of asspun samples has a linear decreasing tendency (Fig. 4b),
which indicate that Y substitution can increase the thickness of passive film.

Meanwhile, a current density peak is appeare@.&tto-0.25 Vscg denoted by R, and ended
atb, reflecting the metastable pitting events in our earlier W8rkTo clarify the relationship between
the current density peak and metastable pitting, we investigate the polarization curves of the alloy with
Cy = 6 &.% at a scanning rate of 0.1 mV/s, see inset in Fig. 4a. Apparently, there exist the metastable
pitting transients in the measured polarization curve, the number of which rises with increasing the
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potential, below the pitting potential, the current transit s over |l ap and appear
consistent with the results in Refd2, 19]. In addition, the current transients rise slowly but decay
quickly, showing that the metastable pits have a diffiouttleation and an easy repassivation, similar

to the current spike of stainless stgf] and amorphous Noased athy [21]. Meanwhile, we scale the

height of Py by its reduced current densityimp = imp/ing. Here,imp is the maximal current density of

Pmp, @andipg is the current density of its background.

el
e
e

Site Al Ni Gd O Site Al Ni Y O
Matrix 81.0 9.3 5.9 3.8 Matrix 58.2 8.0 52 290
Pit 69.2 7.1 4.7 19.0 Pit 285 45 33 63.7

Site Al Ni Gd O Site Al Ni Y O
Matrix 82.7 9.7 6.0 1.6 Matrix 91.6 104 5.9 2.1
Pit 13.0 441 08 421 Pit 73 305 00 622

Figure 5. SEM micrographs of the corroded free surface afiMiboGds«Yx glassy alloys together
with EDS results. (a) Sample wik= 0 after polarized tilb point, (b) sample witkx = O after
fully polarized, (c) sample witk = 6 after polarized tilb point, and (d) sample witk= 6 after
fully polarized; the insts show the element concentrations of pit and matrix positions in at.%.



Int. J. Electrochem. SciMol. 11, 2016 3521

The variation of iy, reveals an increasing tendency with increasingFig. 4c), while the
onset potential of B, Ex, decreases simultaneously (Fig. 4a), revealing that the edgiagitting of
measured samples becomes heavier with yttrium substitution.

Fig. 5 shows the SEM micrographs of the corrodegdMiGds.«Yx glassy alloys after a full
polarizationand polarization till the end ofyg (b point in Fig. 4a) For the sample ith ¢y = O, the
number of the pits in the ribbon polarized bllpoint is less than the fully polarized sample, and the
pits in the latter contact each other and form several clustexanwhile, there exist some pits in
diameter of 100m with some crack¢Fig. 5a and b)For the sample witlty = 6 at.%, there exist
cracks inside the pit and some traces left by cracking in the sample after polaribedoiiit and
| arge-t i Réol kracks emitted from t he p.iApparéntly, c as
the number of cracks has an increasing tendency with increaginghich reflects a higher inner
stress[8]. It can be found that nickel is enriched in pits in the samples after full polarization. The
matrix has a higher oxygen content for the sample avith 6 at.%, which indicates that the Y addition
sample has a thicker oxide film (insets in Fig. 5). Moreovexam be clearly seen that the sample with
cy = 6 at.% is thicker than the sample with = 0, which is consistent with the result measured by
screw micrometer (Table 1). The size of flovike cracks and their area in sample with= 6 at.%
are larger ompared withcy = 0. These results indicate that the sample with 6 at.% possesses a
larger corrosion stress than that wath= 0.
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asspun AksNi10GdsxYx (X = 0 and 6) glassy alloys after ffyglolarization. (ad) x = 0; (eh) x =

6.

In order to provide more information about the passive film formed during the electrochemical
test, the XPS technique was employed on theNMoGds.<Yx (x = O and 6) glassy alloys after
polarization. Fig. 6 givethe Al 2p, Ni 2p, Gd 4d, Y 3d and O 1s spectrums of the samples after full
electrochemical polarization. The corresponding element concentrations obtained from the XPS survey

are listed in Table 3.

Table 3 Relative atomic concentrations on the eledtemical corroded surface of-sgun and
annealed AlNi10Gds«Yx (X =0, 4 and 6) glasses obtained from XPS.

State  Sample Cal cni (at.%) Cad Cy Co (at.%)
(at.%) (at.%) (at.%)
As-spun  x=0 23.39 2.96 3.64 - 70.01
Xx=4 25.10 1.15 1.62 1.00 71.13
X=6 26.00 0.26 - 1.21 72.53
Annealed x=0 25.92 0.87 2.23 - 70.98

The XPS spectrums of the-ggun sample witlty = 4 at.% and annealed sample with= 0

are not given here. The Al 2p spectrum of both samples can be fitted by the peak of aluplgla (Al
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The Al 2p peak of sample witty = 6 at.% is higher than that wity = O, which indicates that the Y
substitution can supply more activated Al atoms to participate in the passivation and form a thicker
alumina film on the surface. The Ni 2p spectrafrthe sample witley = 0 can be divided into two
components, Nf in (Ni(OH),) and Ni?in (Ni»Os), while the Ni 2p peak is absent on the surface of
the sample witley = 6 at.%. Similarly, the sample with = 6 at.% show a weaker RE signal than that
with ¢y = 0. Meantime, the O 1s peak can be divided into two categories: the alumina peak and the
solute element oxide peak. Though the sample avith 6 at.% does not contain the Ni(QHbeak, it
has a higher O content than that with= 0; meantime, the ©ontent deduced from XPS spectrum has
a linear increment with the Y addition (Table 3). These facts suggest that the thicker alumina passive
film on the surface covers more signal of the nickel and rare earth elements. In addition, the increasec
O conteniand the absent of Ni 2p peak in XPS spectrum are also found for the annealed sample (Table
3), indicating that a thicker alumina passive film has formed after annealing treatment.

The XRD patterns and potentiodynamic polarization curves of anneajgdi fGds<Y x(X = 0,
2, 4 and 6) samples are shown in Fig. 7.

(@) 290°C anealing D - -Adl
x=0

Intensity (a. u.)

20

2g(deg

290°C annealing

i (Alcm?)

Scanning rate: 1 mV/s

-1.2 -1.0 -0.8 -0.6 -04
Potential E (V vs. SCE)

Figure 7. (a) XRD patterns and (b) potentiodynamic polarization curves of the annegldl; & de.
WYx(x=0, 2, 4 and 6) glassylays.
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After annealed at 290 AC f or -AbappearonthetXRR s h
patterns of the samples with = 4 and 6 at.%, and the intensity increases w@jttwhich is consistent
with the DSC result (Fig. 1b). Similar to-apun rilbons, all annealed samples have a wide passive
region. Moreover, the metastable pitting peak B also found in the annealed samples and becomes
heavier than that in case ofgigsun samples. The,Pparameters of the &pun and annealed samples
are show in Table 4.

Table 4. The onset potentid, and reduced current densityy, of the Ry, in the potentiodynamic
polarization curves of aspun and annealed &Ni;oGdexYx (X= 0, 2, 4 and 6) glasses.

As-spun Annealed
Sample
Ex(VSCE) ‘imp Ex (VSCE) ‘imp
x=0 -0.45 1.02 -0.51 1.47
X=2 -0.48 1.14 -0.52 1.77
Xx=4 -0.53 1.65 -0.58 4.36
X=6 -0.59 3.09 -0.61 5.24

For two types samples, the onset potential@f B, tends to be more negative with increasing
Cy, While their reduced ctent density imp increases on the opposite. In addition, the annealing
treatment can decrease the of sample but increase iig, simultaneously. That is to say, both Y
substitution and annealing treatment can enhance the metastable pitting.

Fig.8preesns t he 111 em AFM t opogr apshup and andealgdh a s
AlgsNi1¢Gds amorphous alloys. The topography images reveal that the surface ofgpenasample
with the height fluctuation within 25 nm is flatter than the annealed one with ikt Hieictuation
within 45 nm (Fig. 8a and c). The dark and bright zones -gpaa sample tend to segregate or grow
after annealing treatment in the topography images. Similarly, both dark spot and bright zone in the
phase image of agpun sample tend tgrow and the corresponding phase shift increases after the
annealing treatment (Fig. 8b and d). Magonov ef24] propased that a darker region in the phase
image with a more negative phase shift is related to a softer surface. Zhang et al. also confirms that the
dark spots in phase images ofgfligCe metallic glass is soft fedl phase[11]. Accordingly, the
dark spots in the phase images can be regardedrashAkgion in present glasses with the bright zone
being Ntrich region. Obviously, the growtof Al-rich region after annealing treatment indicates that
the annealing treatment increases the order of thechlclusters. In other words, the structure
heterogeneity is increased after annealing treatment.
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Figure 8. AFM images of topography dnphase for aspun and annealed ANi;oGds glassy alloy.
(a) topography of aspun sample, (b) phase of-gsun sample, (c) topography of annealed
sample, and (d) phase of annealed sample.

4. DISCUSSION

4.1.Enhancing Nicentered clusters by Y substitun in AFNi-Gd glasses

As observed in our earlier wofB], with increasing Ni conterty;, the shoulder peak increases
in XRD patterns of aspun samples, which is ascribed to the enhancementdf Bdnds. In present
work, the NiNi bond in the glasses and melts has a similar first neighboring distante the AFNi
bond and thei-ni(rmax) Of the glass with yttrium coehtcy = 6 at.% is much higher than that wih
= 0; while both glasses have a simigrni(rmay because they have the same(Fig. 2 and Table 2).
Hence, it is inferred that the increment of shoulder peak in the XRD patterns of present glasses with
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increasingcy is mainly associated with the WNii bonds. Here, the higher first peak in tpeni(r) of

the glass witlcy = 6 at.% indicates a stronger linking of-d&ntered clusters. In a glass or melt, the
longer the nearest neighboring distance it, s larger coordinate number it possed&3. The
change of the bond length of-Nii r£€-@. 13 | ) i n cyt=I6 at.%gvhem soslingafrorthen
melt is more negative than that with= Or =¢Ogp O 7 | )Ni lomdsl have lthe same changing
tendency@ =-0. 04 joy W6 adt%- g =-0. 03 jcy =w0), wihich implies that the
coordinate number Z of Nientered clusters is increased witisubstitution.

Figure 9. Schematic presentation of the evolution ofdentered tricapped trigonal prism (TTP)
clusters to the distorted TTPs. Sites 1 and 3 denote the vertices of the trigonal prism, and site 2
denotes the side atoms of the trigopasm. When the RE atom is Gd, the TTP tends to throw
an Al atom away at site 2 (Z =-B and the corresponding Voronoi polyhedron will add a
guadrangle and lose two pentagons to become the index of <0 4 4 0>; when the RE atom is Y,
the TTP will capture &li atom (Z = Z1) and if the Ni atom is between the sites 1 and 2, the
corresponding Voronoi polyhedron will add a quadrangle and two hexagons and lose two
pentagons to become the index of <0 4 4 2> polyhedron, or the Ni atom is between the sites 1
and 3,the corresponding Voronoi polyhedron will lose a quadrangle and add two pentagons to
become the index of <0 2 8 0> polyhedron.

Moreover, the Nicentered trcapped trigonal prism (TTP) clusters are dominated in the
present melts or glasses (Fig. 3a). Tdiésters with Voronoi indices of <O 3 6 0> can link into a
network/backbone structure to stabilize the glags824]. Here, the population of <0 3 6 0> in glass
with ¢y = 6 at.% is much higher than that with= 0. Furthermore, the glass or melt with= 6 at.%
has more <0 2 8 0> and <0 4 4 2> clusters, which are considered as distorted TTP clusters by capturin


















