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This paper reports that anomalous local order in liquid and glassy AlFeCe alloy has been detected by x-ray

diffraction measurements. The addition of the element Ce has a great effect on this local structural order. The element

Ce favours interpenetration of the icosahedra by sharing a common face and edges. It argues that frustration between

this short-range order and the long-range crystalline order controls the glass-forming ability of these liquids. The

obtained results suggest that a system having a stronger tendency to show local icosahedral order should be a better

glass-former. This scenario also naturally explains the close relationship between the local icosahedral order in a liquid,

glass-forming ability, and the nucleation barrier. Such topological local order has also been analysed directly using the

reverse Monte Carlo method. It also estimated the fraction of local ordered and disordered structural units in a glassy

AlFeCe alloy.
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1. Introduction

The nature of the short-range structure of metal-
lic liquids and glasses is a long-standing problem,*—4
but is much less well understood than long-range crys-
talline order. Frank[® first suggested that large su-
percooled liquids might be due to local icosahedral
order in the liquid phase. He justified this sugges-
tion by pointing out that for a 13-atom Lennard—Jones
cluster, the icosahedron was significantly lower in en-
ergy than the fcc cuboctahedron.®) Direct experimen-
tal proof of five-fold symmetric structures in bulk un-
dercooled melt has been reported.l® Recently, Liu et
al ™ reported an icosahedral short-range order (ISRO)
in pure supercooled liquid transition metals using an
electromagnetic levitation technique. However, since
the measured structure factor is an angular averaged
quantity, most experimental evidence is limited to the
pair correlation function (PCF). It is rather difficult
to directly image the ISRO in supercooled liquid and
glass by experimental methods. Several molecular dy-

namics simulations have been applied to study the
ISRO.I"8 However, the information on the ISRO ob-
tained by computer simulation has relied heavily on
empirical potentials.?) Despite numerous experimen-
tal and theoretical attempts to investigate the ISRO
in liquid and glass, no satisfactory understanding has
been reached.

For several decades, AlFe alloys have attracted
the interest of many researchers.l'>!1 Most of this
interest is motivated by the glass-forming ability of

(12.13] Unfortunately, the identification

those materials.
between the bonding type and the structure of liquid
and amorphous AlFe alloy is not clear, as only a sta-
tistical average of the structure via neutron or x-ray
measurement exists.!' The structural characteristics
of liquid-quenched amorphous AlFe alloys lead to a
number of remarkable mechanical, magnetic and cor-
rosion properties.['®! These alloys have high strength,
high ductility, low density and high resistance to cor-

rosion. A fundamental understanding of the atomic
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structure and electronic nature of these alloys is essen-

[14] Glass is

tial to explore the origin of their properties.
one of the most common materials, but its physics and
especially its dynamics are still poorly understood.
Recently, local atomic structural order in liquid and
glass has attracted considerable attention since it is
believed that the local structure has a strong influ-
ence on the nucleation mechanism.'8! However, few
efforts have focused on the relationship between lo-
cal order and glass-forming ability. In this paper, we
present x-ray diffraction (XRD) data from liquid and
glassy AlFe and AlFeCe alloys. The results exhibit an
anomalous local order developed in liquid AlFeCe al-
loy as temperature decreases. To further explain the
experimental data, the ISRO is obtained directly by
reverse Monte Carlo (RMC) simulation. The influence
of the element Ce on the local order and glass-forming
ability is also discussed in this paper.

2. Experimental method and

RMC details

Ingots of AlggFe;p and AlggFesCes (both in
atomic percentage) were prepared by melting of high
purity constituents (Al 99.999 wt% and Fe 99.9 wt%)
in a AlyOg3 crucible under argon atmosphere. Mea-
surements were performed at constant temperatures of
1818, 1718, 1578, 1448 and 1338 K with an accuracy
of £5 K. The liquid and amorphous alloys were in-
vestigated with a high-temperature x-ray diffractome-
ter made in Ukraine (model DPAZHM). The scat-
tering experiment was performed on a diffractometer
equipped with Mo Ka radiation and a bent graphite
monochromator. The intensity measurements were
carried out by the § — 6 step scanning method in an
angular range of 5° < 26 < 90°, which corresponds
to a @ range of 7.7 < Q < 125 nm~!. The scatter-
ing intensity measured in arbitrary units can be con-
verted into the coherent scattering intensity per atom
in electron units, using the generalized Krogh—Moe—
Norman method!!”l with an atomic scattering factor
including an anomalous dispersion factor. Compton
scattering was also adjusted by using the values given
by Cromer and Mann. The total structure factor S(Q)
was then obtained through the scattering intensity,
where Q = (47/A)sin6 is the magnitude of the scat-
tering vector, and A is the wavelength.

Amorphous ribbons were prepared by a single
roller melt-spinning technique under a partial ar-

gon atmosphere. The diameter of the copper roller

was 35 cm with a typical circumferential velocity of
40 m/s. The ribbons were about 2 mm in width and
25 pm in thickness. The alloys were melted in an arc
furnace and spouted at temperatures of 1338, 1400,
1600 and 1700 K respectively.

A successful method for quantitative analysis of
highly disordered structures is RMC refinement, 8!
which can be applied simultaneously to diffraction
data, allowing the construction of a 3-dimensional
model of disordered systems. The cubic atomic config-
urations of amorphous AlFe and AlFeCe were there-
fore constructed by using RMC simulations of XRD
spectrums. The advantage of this method is that by
way of statistical matching between theoretical and
experimental spectra under constraints, it can calcu-
late atomic positions directly from experimental data
without any hypothetical structural model. As a re-
sult, it avoids the traditional structural search by trial
and error, where the features observed in PCFs or
structure factors out of scattering data are compared
with model predictions based on assumed packing ge-
ometries. With the RMC, the information drawn from
the experiments can be expanded from one to three
dimensions. In this paper, a random atomic configu-
ration in a cubic box of 500 atoms was constructed for
AlFeCe and AlFe with periodic boundary conditions.
The scale of the simulation box was determined by the
XRD and the closest distance between the atoms was
based on the PCFs. The structure was iteratively im-
proved by reducing the normalized fit residua between
the simulated and experimental spectra. The RMC
simulation is implemented by using the Metropolis al-
gorithm.

3. Results and discussion

In Fig.1, shoulder peaks of PCF curves can be
observed at 7 = 3.5 A (1 A=0.1 nm) (shown by an
arrow), a signature of polytetrahedra in closepacked
structures. This provides evidence for abnormal or-
dered structural characteristics of liquids. It is notice-
able that when the liquid possesses a stronger medium
range concentration fluctuation, the main peak in the
PCF is almost symmetric in the liquid AlFe alloy (as
shown in Fig.2). But when 5 at% Fe is substituted
by Ce, the case is remarkably different. The PCF as-
sumes asymmetric form with a right-hand shoulder in
the liquid AlFeCe at low temperatures (as shown in
Fig.1). The clear development of a shoulder on the
right side of the main peak is observed in these x-ray



No.11

Reverse Monte Carlo study on structural order in liquid ... 4951

studies as temperature decreases. It is often assumed
that local structures in liquids can be described by
tightly bound, noninteracting and close-packed clus-
ters. The presence of a shoulder on the right side
of the main peak is generally indicative of anomalous
local structural order in the liquid. As temperature
decreases, the shoulder becomes more distinct. This
demonstrates that the local order in the liquid be-
comes better defined and more pronounced at lower
temperature. That confirms the predictions made by
Steinhardt and Nelson.'” This shoulder is a conse-
quence of local icosahedral order. In contrast, no
shoulder peak is observed in the PCF of the liquid
AlFe alloy (shown in Fig.2). The results show that the
local atomic structures in the liquid AlFe alloy are not
the same as those in the liquid AlFeCe alloy. We sug-
gest that the shoulder is due to the existence of dou-
ble icosahedra and double defective icosahedra.!'1:20]
The difference of the PCF between liquid AlFe and
AlFeCe alloys shows further that the addition of Ce
results in the shoulder. The addition of Ce can im-
prove the interaction between atoms and help the for-
mation of icosahedral structures. We suggest that this
feature should be more pronounced for a supercooled
liquid. In order to clarify the origin of the shoulder
peak, RMC simulation has been done to obtain the
local atomic structures in liquid AlFe and AlFeCe al-
loys. A lot of transition-metal-aluminium (TM-Al)
alloys usually exhibit at least some degree of medium-
range order (MRO). Experiments of small-angle scat-
tering have revealed that the structure of liquids is not
entirely homogeneous but contains structural fluctua-
tions, sometimes even on different length scales.'9 In-
teraction potential gives rise to such a network struc-
ture which manifests the presence of the MRO.

A comparison between RMC simulations and ex-
perimental spectra is shown in Figs.1 and 2. A good
match of the PCFs was achieved between the results
from experimental x-ray data and the RMC config-
Therefore, the RMC liquid configuration

reproduced the correct XRD experiments and also

uration.

the proper clusters, which serve as dominant building
blocks for the liquid structure. This means that RMC
is capable of providing information about the geomet-
rical arrangement of the XRD. The RMC curve repro-
duces almost exactly the overall shape of the PCFs
and also the shoulder peak. The short-range shape of
the PCF by RMC is accurately reconstructed due to

the unique sensitivity of the x-ray signal.

7
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Fig.1. Shoulder peaks (indicated by an arrow) on
pair correlation functions (PCFs) of liquid AlFeCe alloy
(square symbols for experimental results and solid lines

for RMC simulations).
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Fig.2. PCFs for experimental and RMC simulations of
liquid AlFe alloy (square symbols for experimental results
and solid lines for RMC simulations).

To analyse the structural changes of liquid and
glass we adopt a common technique used by Anderson
and co-workers.[?!] In this scheme, two atoms are said
to be near neighbours if they are within a specified
cutoff distance of each other. Honeycutt and Ander-
sen used four integers #jkl to characterize clusters in a
liquid system. The first integer, either 1 or 2, indicates
the diagram type, that is, whether or not the atoms
composing the root pair are near neighbours. The sec-
ond integer represents the number of near neighbours
shared by the root pair. The third integer denotes the
number of bonds between the shared neighbours. A
fourth integer, whose value is arbitrary as long as it
is used consistently, is added to provide a unique cor-
respondence between the number and the diagram.
Each of the various phases of a dense bulk system
has its own signature in the diagrams that charac-
terize its local structures. The 1421 and 1422 pairs
are less abundant in a random close-packed glass sys-
tem. The 1551 and 1541 pairs, which are not present
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in perfect fcc or hep crystals, are relatively numerous
in supercooled liquid and glasses. Mackay icosahedra
contain some 1551 pairs, not present in either fcc or
hep crystals. A large Mackay icosahedron is, how-
ever, composed of twinned and distorted fcc tetrahe-
dra. Types of pairs not found in fcc systems can ap-
pear only where these tetrahedra meet together. In
fact, the 1551 cluster is a decahedron.

sary to point out that the 1551 and 1541 clusters are

It is neces-

used to directly measure the icosahedral order in the
liquid. The 1421 cluster is a typical pair of an fcc
crystal. The 1661 and 1441 clusters are characteris-
tic pairs of a bee crystal. The 1421 and 1422 clusters
The 1201 and 1311
clusters represent the rhombus symmetrical features

are related to the hcp crystal.
of the short-range position order. Scatter plots of
these indices for liquid AlFe and AlFeCe are shown in
Fig.3. The plots clearly show that liquid AlFeCe has
a larger proportion of polytetrahedral pairs and fewer
close-packed environments. The short-range order of
the liquid state is dominated by icosahedral and dis-
torted icosahedral inherent structures since the 1551
bonded pairs are preponderant. However, although
the 1551 pairs are relatively numerous, the absence
of the 1661 and 1441 is a strong indication that the
liquid is characterized by a short-range order which
is more complex than what is found in the 13-atom
icosahedron. The 1441 and 1661 pairs are also of im-
portance; when associated with the 1551 bond pairs,
they are in favour of Frank—Kasper (FK) polyhedra of
high coordination, namely, Z14, Z15 and Z16.122 As
temperature decreases, the competition between five-
fold structures and crystalline units becomes promi-
nent and will eventually control the final evolution
of the system. If the five-fold structural units dom-
inate, the system will become amorphous and qua-

(23] has shown that disclination lines

sicrystal. Nelson
should be introduced in the transformation of regu-
lar polytetrahedral packing from curved to Euclidean
space. If these disclination lines are arrayed period-
ically one obtains crystalline structures called (FK)
phases.[24 If the disclination lines have a disordered
arrangement it has been suggested that one obtains
structures typical of liquids and glasses. The discli-
nation lines are associated with 1441 and 1661 bond
pairs. The 1441 bond pairs are the four-fold symmet-
rical structure and the 1661 bond the six-fold struc-
ture. FK phases are sometimes referred to as tetrahe-

drally close-packed for their polytetrahedral nature is
closely related to many icosahedral quasicrystals.?®!
The Honeycutt—Anderson index gives us an opportu-
nity to precisely define icosahedra, FK, Bernal, and
other defective icosahedra in a very simple way. For
convenience, Qi and Wang!?®! use a signature to repre-
sent those defective icosahedra. The first index in the
signature is the number of 1441 bonds, the second in-
dex is the number of 1551 bonds, the third index is the
number of 1661 bonds. For example, if and only if the
central atom has 14 neighbouring atoms, 12 of which
are joined to the central atom by 1551 bonds and two
of which are joined to the central atom by 1661 bonds,
then they define a FK polyhedron. In the same way,
other polyhedra can be defined. On the basis of the
work of Qi and Wang, Liu et al 27} developed a new
cluster-type index method, which was used to char-
acterize complex cluster structures. Figure 4 shows
the numbers of different kinds of polyhedra in the in-
herent structures as a function of temperature. As
for liquid AlFeCe alloy, icosahedra and double icosa-
hedra show significant changes as temperature varies.
We therefore conclude that icosahedral structures are
predominant in liquid systems. The structural transi-
tion temperature is identical to the temperature where
the shoulder peak forms (see Fig.1). A polyhedron
consisting of some 1551, 1661 and/or 1441 clusters
is called a defective icosahedron. As shown in Fig.4
some defective icosahedra are also found in our sys-
tem. About 12 icosahedra were detected in the sam-
ple of 500 atoms. That gives a percentage of 15% in
atomic number. On average, each icosahedron inter-
penetrates 2.1 and shares a face with 1.9 other icosa-
hedra. This suggests that the tendency to form icosa-
hedral structures would be even greater in a macro-
scopic system. All icosahedra and defective icosahe-
dra interpenetrate and share faces and vertexes with
other icosahedron and defective icosahedron to con-
struct double icosahedra and double defective icosa-
hedra. Table 1 gives the number of various polyhedra
and defective polyhedra at 1338 K. We suggest that
the double icosahedra and double defective icosahedra
are the origin of the shoulder. Interestingly, the poly-
hedra in liquid AlFe are much fewer than those in the
liquid AlFeCe alloy. Because fewer icosahedra exist in
the liquid AlFe alloy, the shoulder on the right side of
the main peak shrinks and is then not observed on the
PCF curve of the liquid AlFe alloy.
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Fig.3. Density numbers of bonded pairs in liquid AlFe
and AlFeCe calculated from the RMC configurations of
liquid AlFe and AlFeCe alloys (solid symbols for AlFeCe
and open symbols for AlFe).
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Fig.4. Various defective icosahedra and perfect icosahe-
dra at different temperatures (solid symbols for AlFeCe
and open symbols for AlFe).

Table 1. The number of various polyhedra at 1338 K.

Temperature/K

1300 1400 1500 1600 1700 1800 1900

signature coordination number  polyhedra number

(2,8,2) 12 11.2
(0,12,0) 12 31

(2,8,1) 11 9.6
(2,8,4) 14 7.8
(1,10,2) 13 6.4
(3,6,4) 13 3.5
(1,10,4) 15 5.4
(0,12,2) 14 3.8
(0,12,3) 15 4.4
(2,8,5) 15 3.2
(1,10,3) 14 3.4
(1,10,5) 16 2.1
(2,8,0) 10 1.7
(2,8,3) 13 1.3
(3,6,5) 14 1.1

(2,8,7) 17 1.5
(4,4,6) 14 1.5
(3,6,3) 12 1.5
(2,8,6) 16 1.7

Why is the glass-forming ability of liquid AlFeCe
alloy much better than that of liquid AlFe? As can
be seen in Figs.1, 3 and 4, icosahedral order still ex-
ists even above liquid temperature, at least in this
alloy. The geometrical structures and their compati-
bility are important for their nucleation. From a ge-
ometrical point of view, bcc, fce and hep structural
units are not easy to pack around the icosahedral unit
to reach a specific critical size of the nucleus. This in-
compatibility of the icosahedra with the bcc, fcc and
hep structural units will lead to a barrier for nucle-
ation. In fact, the inherent structure of liquid AlFeCe
at low temperatures is one with icosahedral structural
units.[28] This structure favours the formation of qua-
sicrystal and glass structures rather than crystalline
structures.

Enhanced ISRO would cause viscosity to increase
with decreasing temperature and make a liquid less
fragile. A liquid with stronger ISRO would suffer from
a stronger frustration effect. Thus, the distance of
cooperativity among clusters would increase with in-
creasing ISRO. Positive correlation among the ISRO
has been confirmed by our results. Enhanced ISRO
results in a better glass-forming ability and makes the
liquid stronger. As long as the primary crystallization
of the supercooled liquid belongs to the formation of
intermetallic crystals, local icosahedral structures will
act as random fields against the crystallization. The
formation of local icosahedral structures reduces the
Gibbs free-energy difference between supercooled lig-
uid and crystal and also increases the interface ten-
sion, which makes crystallization difficult.?! For a
deeper supercooled liquid, on the other hand, local
structures of the liquid with shoulder peaks are more
similar to those of a quasicrystal.l*®:31 The symmetry
of local icosahedral structures is consistent with that
of a quasicrystal. Thus quasicrystal formation is eas-
ier there.[29:3% If the tendency to icosahedral chemical
order is strong, a liquid may become stable against
crystallization, which leads to a better glass-forming
ability. As for the relationship between glass and qua-
sicrystal formation, it is worth mentioning a newly
emerging paradigm for quasicrystal. Quasicrystal is a
state of close packing of single locally favoured struc-
tures. Quasicrystal order is a kind of unconventional
positional and orientational order of locally favoured
structures which allow overlapping with each other.
Here, quasicrystal is regarded as a state that maxi-
mizes icosahedral chemical order or hierarchical order

(30]

of the locally favoured structures.>*! We suggest that
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local icosahedral chemical order in a liquid is a pre-
requisite for quasicrystal order.

Now, a new question is put forward: can the
shoulder peak of the PCF which appeared in liquid
AlFeCe be observed in glassy AlFeCe alloy? Figure 5
shows the results for the experimental PCF of glassy
AlFeCe ribbons. The obvious splitting of the second
peak is noticed in the PCF, indicating the existence

of the glassy units in the system. 2

The splitting sec-
ond peaks of the PCF, a common feature of super-
cooled liquids and glasses, have also been shown to be
a consequence of polytetrahedral order.[*3] Even more
dramatically, on the right-hand side of the main peak
in the PCF, we also found a shoulder peak around
r = 0.31 nm. Interestingly, with decreasing tempera-
ture, the height of the shoulder peak increases. The
shoulder peak is very similar to the ones seen in liquid
AlFeCe alloy in Fig.2. This result further confirms
our hypothesis that liquid AlFeCe possesses an ab-
normal structural order, and this abnormal structural
order can exist in its glassy states. All FK polyhedra
and a number of defective icosahedra are detected and
counted based on the configurations obtained by RMC
simulations as shown in Table 1. In the glassy AlFeCe
alloy system, a perfect icosahedron is observed. The
cluster (0,12,2) is a kind of FK polyhedra whose struc-
ture is very close to the perfect icosahedron.!3 Tt is
also found in glassy AlFeCe alloy. In this paper, de-

fective icosahedra (2,8,1) and (2,8,2) have also been

detected respectively. Glass is composed of both per-
fect icosahedra and defective icosahedra. This result

coincides with the above analysis on bond pairs.

6F T T T T T

shoulder splitting pcak

g(r)

r/A

Fig.5. Shoulder peaks appearing in experimental pair cor-
relation functions of glassy AlFeCe ribbons at different
pouring temperatures.

4. Conclusions

In this paper, the origin of the shoulder peak of
the PCF has been investigated by experimental and
theoretical methods. An increasing ISRO in AlFeCe
liquid can be manifested by shoulder peaks. Further,
we suggest that liquid AlFeCe with stronger ISRO is
a better glass-former than a liquid AlFe alloy. These
results demonstrate that local atomic structural order

is important and considerable in nucleation theories.
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