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Abstract. Distinct prepeaks have been found in the structure factors of the liquid and amorphous
Al–Fe–Ce alloys. The structural size of the chemical short-range order corresponding to the prepeak
in the liquid alloy increases with decreasing temperature, and, after glass forming, the structural
size is much bigger, and the amount of the structure corresponding to the prepeak increases with
decreasing quenching temperature, but the structural unit size remains constant. The position of
the prepeak shifts to smallerQ-values as the concentration of Ce increases. The addition of Ce
can improve the interaction between atoms, so it is favourable to Al-based glass formability. The
structural unit corresponding to the prepeak is an icosahedral quasicrystalline structure with Fe as
the interstitial atom, and the prepeak is diffraction peak broadening caused by fairly fine (about
0.5–2.0 nm) icosahedral clusters.

1. Introduction

A recently discovered group of Al–TM–RE (TM= transition metal, RE= rare earth metal)
metallic glasses with aluminium content up to 90 at.%, such as Al87Ni5Y8, Al90Fe5Ce5 and
Al 87Fe8.7Gd4.3, show excellent strength per weight, or specific strength [1–3]. It is unusual,
however, that metallic glasses with such high concentrations of the primary element, in this
case Al, can be formed by rapid quenching, since they most often fail to satisfy the atomic size
criterion for glass formability [4]. Recent interest has centred on the origin of aluminium-based
glass formability. The atomic structure of Al-based metallic glasses was studied by pulsed
neutron scattering [5], x-ray scattering [6] and more recently EXAFS [7]. The results are
all consistent. The main peak of the radial distribution function (RDF) of Al-based metallic
glasses can be fitted by three Gaussian functions corresponding to the correlations between
atoms, which point to strong covalent bonding between Al and TM. Since the Al coordination
around TM atom is 6–7, the TM atoms are surrounded by about ten Al atoms with six of them
being in close contact with TM. However, the RDF is a mean statistical function, and cannot
reflect the strong local compositional order and geometrical order. The function of TM has
been overemphasized, but the effects of RE on Al-based glass formability have been virtually
ignored, so the origin of Al-based glass formability is still not very clear.

In this work, the effects of the liquid structure and quenching conditions on the microstruc-
ture of the Al–Fe–Ce amorphous alloys have been investigated. A prepeak in the structure
factor of Al90Fe5Ce5 melt with position similar to the prepeak position of Al90Fe5Ce5 amor-
phous alloy, hitherto not mentioned in the literature, has been observed. The physical origin of
the prepeak is not as yet clearly understood. In general, the presence of a prepeak corresponds
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Figure 1. The total structure factors of liquid Al90Fe10 alloy at different temperatures.

to compound-forming behaviour [8], or can be attributed to cluster structure constituted of un-
like atoms [9]. The similarity between the structure factor in the liquid and in the amorphous
alloys implies that Al-based metallic glasses might inherit the composition fluctuation from
the melt, which is favourable to determine the origin of Al-based glass formability.

2. Experimental procedure

Ingots of Al90Fe5Ce5 were obtained from high purity elements in an arc furnace under argon
atmosphere. Amorphous ribbons were prepared by the single roller melt-spinning technique
under a partial argon atmosphere. The diameter of the copper roller was 35 cm, with a typical
circumferential velocity of 40 m s−1. The ribbons were∼2 mm in width and∼25 µm in
thickness.

The liquid and amorphous alloys have been investigated with x-ray wide-angle scattering,
using aθ–θ diffractometer (2θ is the scattering angle) and Mo Kα radiation selected by a
diffracted beam focusing graphite monochromator. The liquid specimens were prepared in
a crucible made of Al2O3 of size 8× 25× 30 mm3 in high purity helium atmosphere, and
measurements were carried out at the constant temperature 1550◦C with an accuracy of±5 ◦C.
The scattering intensity measured in arbitrary units can be converted into the coherent scattering
intensity per atom in electron units, using the generalized Krogh–Moe–Norman method [10]
with the atomic scattering factor including the anomalous dispersion factor [11]. Compton
scattering is also corrected using the values given by Cromer and Mann [12]. Then, the total
structure factorS(Q) can be obtained from the scattering intensity, whereQ = (4π/λ) sinθ
is the magnitude of the scattering vector,λ being the wavelength [10]. To identify the position
and height of the prepeak, a parabolic-like functionf (x) = ax2 + bx3, in which b is often
much smaller thana, was used to fit the small angle part ofS(Q). Separation of the prepeak
is executed byS(Q) minus the parabolic-like function [13].
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Figure 2. The total structure factors of liquid Al90Fe5Ce5 alloy at different temperatures.

Thermal analysis was performed using a Netzsch DSC-404 system under a pure argon
atmosphere.

3. Results

Figures 1 and 2 show the total structure factors of liquid Al90Fe10 and Al90Fe5Ce5 alloys,
respectively. The positions of the main peak and the prepeak are given in figure 3. The most
interesting feature is the prepeak, which has been found at all investigated temperatures except
1550◦C. The prepeak and the main peak decrease their intensity with increasing temperature
as expected for greater disorder. The prepeak and the main peak shift their positions towards
smallerQ-values as 5 at.% Fe is substituted by Ce. Since the atomic radius of Ce is much bigger
than those of Al and Fe, and the distance between atoms increases, it is reasonable to shift
the peak position to smaller angle in reciprocal space. The main peak decreases its intensity
with the addition of Ce because the size effect of the Ce atom causes the liquid structure much
greater disorder. In the Al–Fe–Ce system, there are six independent pair correlations (Al–Al,
Al–Fe, Al–Ce, Fe–Fe, Fe–Ce, Ce–Ce); however, only Al–Al, Al–Fe and Al–Ce correlations
can exist in the alloy because of the low concentrations of Fe and Ce, and we can safely
neglect the other three. The main peak corresponds to Al–Al correlation. Since the prepeak
corresponds to strong interaction between unlike atoms [9], the prepeaks in liquid Al90Fe10

and Al90Fe5Ce5 alloys can be attributed to the Al–Fe and Al–Ce correlations. The addition of
Ce can increase the intensity of the prepeak, which indicates that Ce can increase the order of
the structure corresponding to the prepeak and implies that the interaction between atoms has
improved.

Figure 4 shows the total structure factors of amorphous Al90Fe5Ce5 quenched at different
temperatures. The positions of the main peak and the prepeak remain constant at different
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Figure 3. The positions of the main peak and the prepeak of liquid Al90Fe10 and Al90Fe5Ce5
alloys.

quenching temperature, but the main peak and the prepeak increase their intensity with
decreasing quenching temperature. A shoulder (or subpeak) on the main peak appears at
scattering vector magnitudes of about 2.25 Å−1, which corresponds to the strong Al–Ce
correlation [6], and the shoulder is weakened with increasing quenching temperature. This
shows that the elevation of quenching temperature can decrease the composition fluctuation in
the amorphous alloy. On the x-ray intensity curves, the ratio of the prepeak area (the integrated
intensity of the diffraction curve) to the total area of the x-ray intensity curve can reflect the ratio
of the structure corresponding to the prepeak in the matrix. Figure 5 showsSprepeak/Stotal of
amorphous Al90Fe5Ce5 alloy quenched at different temperature. We may linearly extrapolate
the prepeak area to that expected for the disappearance of the prepeak. The prepeak disappears
at the quenching temperature of about 1557◦C, which agrees with the x-ray diffraction result of
liquid Al 90Fe5Ce5 alloy. At lower quenching temperature of 1050◦C, only partial amorphous
structure was obtained.

The prepeak corresponds to the cluster with short-range order, and each cluster contains
several basic structural units. The structural unit size may be estimated according to a formula
[14]: R = 2π/Qpp, whereR is a characteristic distance related to the structural unit size and
Qpp is the position of the prepeak. The structural unit sizes corresponding to the prepeaks of
liquid Al 90Fe10 and Al90Fe5Ce5 alloys and amorphous Al90Fe5Ce5 alloy are shown in figure 6.
The structural unit sizes of Al90Fe5Ce5 liquid and amorphous alloys are almost the same,
which implies that the amorphous alloy might inherit the chemical short-range structure from
the liquid alloy. The smallest structure unit size of liquid Al90Fe10 alloy indicates that the
addition of Ce can improve the order of the structure. In addition, the structural unit size
remains constant with changing temperature, further evidence for the covalently bonded stable
structure existing in the liquid and amorphous alloys.

For estimations of the correlation length of the chemical short-range order structure,D (or
the size of the cluster), a simple expressionD ≈ 2π/1Q (where1Q is the half-width of the
prepeak) is often used [15, 16]. After separating the prepeak by the parabolic-like function, we
used a Lorentzian approximationS(Q) ∼ 1Q/[Q−Qpp)

2 +1Q2] fitted to the small-Q side
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Figure 4. The total structure factors of amorphous Al90Fe5Ce5 alloy quenched at different
temperatures.

Figure 5. Sprepeak/Stotal of amorphous Al90Fe5Ce5 alloy quenched at different temperatures.

of S(Q) to evaluate the width1Q. Figures 7 and 8 show the half-width of the prepeak and
the correlation length of liquid Al90Fe10 and Al90Fe5Ce5 alloys and amorphous Al90Fe5Ce5

alloy, respectively. The correlation length of the cluster structure corresponding to the prepeak
increases with decreasing temperature and the correlation length of the amorphous alloy is
much bigger than the others, in other words, the clusters corresponding to the prepeak grow
with decreasing temperature or glass forming. In addition, the cluster size increases with the
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Figure 6. The structural unit sizes of liquid Al90Fe10 and Al90Fe5Ce5 alloys and amorphous
Al90Fe5Ce5 alloy (the temperature for the amorphous alloy is the quenching temperature).

Figure 7. The half-width of the prepeak of liquid Al90Fe10 and Al90Fe5Ce5 alloys and amorphous
Al90Fe5Ce5 alloy (the temperature for the amorphous alloy is the quenching temperature).

addition of Ce, and this also indicates that Ce can increase the order range by improving the
interaction between atoms.

The DSC experiments were used to determine the crystallization process and the thermal
stability of the amorphous alloys. DSC continuous heating curves for amorphous Al90Fe5Ce5

alloy quenched at different temperatures are given in figure 9. At the quenching temperature
of 1175◦C, a exothermic peak is seen at 302.6 ◦C with the crystallization activation energy
of 247.7 mW; at the quenching temperature of 1300◦C, there are two exothermic peaks: the
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Figure 8. The correlation length of liquid Al90Fe10 and Al90Fe5Ce5 alloys and amorphous
Al90Fe5Ce5 alloy (the temperature for the amorphous alloy is the quenching temperature).

Figure 9. DSC curves for amorphous Al90Fe5Ce5 alloy at different temperatures.

first peak is weaker and the second peak is found at 348.2◦C with the crystallization activation
energy of 333.69 mW; at the quenching temperature of 1425◦C, there are also two exothermic
peaks, and the second peak is found at 383.8 ◦C with the crystallization activation energy of
389.72 mW. The elevation of quenching temperature weakens the composition fluctuation in
the amorphous alloy and increases the difficulty of crystallization. This also shows that the
composition fluctuation in the melt increases with decreasing temperature.
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Figure 10 shows the x-ray patterns at different temperatures of amorphous Al90Fe5Ce5

alloy quenched at 1300◦C. At ambient temperature, the microstructure of Al90Fe5Ce5 alloy
is all amorphous and a prepeak is found at the scattering angle of 19.5◦; at 250◦C, the fcc-Al
particles appear and the prepeak still exists; at 400◦C, the sample is found to contain mostly
Al phase and partial Al4Ce, Al3Fe and Al10CeFe2 compounds, the position of the prepeak
corresponding to the Al4Ce(101) peak, the Al3Fe(112) peak and the Al10CeFe2(200) peak.
Therefore, the prepeak is related to the strong chemical bonds which cause compound forming.

4. Discussion

The prepeak is a distinct feature and represents a single Fourier component in reciprocal
space, corresponding to a quasi-periodic arrangement of atoms in real space which extends
over medium range (about 0.5–2.0 nm) [17]. The prepeaks in the total structure factors show
that the chemical short-range order structure (or the structural unit) and the medium-range
order structure (or the cluster) caused by strong Al–Fe and Al–Ce chemical bonds exist in the
Al–Fe–Ce liquid and amorphous alloys. From the above experimental results, the addition of
Ce increases the sizes of the cluster and its structural unit, Ce can increase the structure order
by strengthening the chemical bonds between atoms, which causes the Al–Fe–Ce alloy to have
a certain covalent characteristic and is favourable to Al-based glass formability. Figure 10
shows that the structure corresponding to the prepeak is much more stable than the Al matrix,
and needs more crystallization activation energy. The Al matrix is metallic bonding between
atoms, but the existence of the prepeak at 250◦C is the sign of a strong chemical bond (covalent
bond) which increases the difficulty of crystallization.

From figures 6 and 8, the cluster size in the liquid Al90Fe5Ce5 alloy increases with
decreasing temperature, and after glass forming the cluster will be much bigger, but the
structural unit size of the cluster remains constant. This indicates that the amorphous alloy
has basically retained the structural unit of the chemical short-range order in the liquid alloy;
however, the correlation length of the structural unit has increased. The number of clusters
in the amorphous alloy decreases with increasing quenching temperature, which also reflects
that the composition fluctuation in the melt becomes weak with increasing temperature. The
x-ray diffraction result of liquid Al90Fe5Ce5 alloy at 1550◦C agrees with the extrapolated
quenching temperature for the disappearance of the prepeak. The DSC curves also show that
the elevation of quenching temperature weakens the composition fluctuation in the amorphous
alloy and increases the difficulty of crystallization. Therefore, it is thus evident that the size and
number of clusters in the melt increases with the reduction of temperature, but the structural
unit remains constant.

The discovery of quasiperiodic structures with icosahedral symmetry by Shechtman [18]
has aroused interest in the study of short-range icosahedral order in liquid and amorphous
alloy [19, 20]. Previously, the idea that structures of liquid metals could be based on packing
of icosahedral units was suggested by Frank in order to explain supercooling affects [21]. Even
though this property was later confirmed by dynamics simulations of supercooled liquids [22],
experimental proof is still required. Recently, the results of the studies on liquid Al80Mn20 and
Al 71Pd19Mn10 alloys [23, 24] suggest the presence of local icosahedral order in these liquid
states, but no direct comparison has yet been made with the local order in the solid state. Here,
the prepeak position of liquid Al90Fe10 alloy is in the close vicinity of one of the prominent
diffraction peaks of the quasicrystalline Al–Fe(110001) reflection (at about 1.6 Å−1) [25].
This suggests that the chemical short-range order structure of liquid Al90Fe10 alloy might be
similar to the quasicrystalline structure, and the clusters may be packed with some icosahedral
short-range order. The prepeak position of Al90Fe5Ce5 liquid and amorphous alloys (at about
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Figure 10. The x-ray patterns at different temperatures of amorphous Al90Fe5Ce5 alloy.

Figure 11. The scheme for the centred icosahedral structural unit∂2G/∂x2.

1.38 Å−1) is close to the Al10CeFe2 intermetallic compound(200) peak; in fact, Al10CeFe2
quasicrystalline icosahedral phase has been reported in rapidly cooled Al–Fe–Ce alloy [26],
so it is possible to speculate that the structural units corresponding to the prepeaks of Al90Fe10

and Al90Fe5Ce5 alloys may be both icosahedral short-range order structures, but the size effect
of Ce atom shifts the prepeak position of Al90Fe5Ce5 alloy towards smallerQ-values. It can
be considered that the prepeak is diffraction peak broadening caused by fairly fine (about
0.5–2.0 nm) icosahedral clusters.

An icosahedron can be centred and composed of 13 atoms, as illustrated in figure 11.
Because Fe and Ce atoms are in the minority, most of 12 atoms on the icosahedral shell are
Al atoms. For convenience, we may presume that the atoms on the icosahedral shell are all
Al atoms. Since the Al–Al distance is 0.286 nm, the Al–Ce distance is 0.325 nm, the Al–Fe
distance is 0.249 m (the reduction of Al–Fe distance is due to the strong orbital hybridization
of the 3d states of Fe with the 3s and 3p states of Al) [6], with Al, Fe and Ce as the interstitial
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atom, the maximum sizes for two orientations of the icosahedrons are 0.544 nm× 0.572 nm,
0.474 nm×0.498 nm and 0.618 nm×0.650 nm, respectively. The structural unit corresponding
to the prepeak in Al90Fe5Ce5 alloy is about 0.455 nm, which is close to the icosahedron with Fe
as the interstitial atom. Fe and Ce atoms on the icosahedral shell can increase the interaction
between atoms, and reduce the distance between atoms, so this can make the calculated result
agree with the experimental result. The icosahedral size shows that there are fewer Ce atoms
than Fe atoms in the icosahedron because of the bigger atomic radius of Ce, and a shoulder
on the main peak in the structure factor of amorphous Al90Fe5Ce5 alloy which corresponds to
the strong Al–Ce correlation also shows that there are more Ce atoms randomly distributed in
Al matrix. The densest packing icosahedral structure with the smaller atom as the interstitial
atom and the coordination number around it of 12 can exist stably in liquid and amorphous
alloys, but it cannot exist in the crystalline materials with periodic arrangement of atoms
[27]. A cluster can be described as several centred icosahedrons fused together via vertex,
edge or plane sharing [28, 29]. In liquid alloys a cluster is constituted by 4–9 icosahedral
structural units, and in amorphous alloys a cluster is constituted by 10–6 icosahedral structural
units. Therefore, amorphous Al90Fe5Ce5 alloy is composed of the clusters with the icosahedral
short-range order structure and the amorphous Al matrix.

In accordance with the spinodal decomposition theory given by Cahn [30], a model of the
transition from liquid to glass can be constructed. Above 1550◦C, (∂2G/∂x2) > 0, whereG
is free energy;x is the composition of Fe or Ce, the liquid Al–Fe–Ce alloy is a homogeneous
single phase at equilibrium; below 1550◦C, (∂2G/∂x2) < 0, the strong chemical bonds cause
weak fluctuation or small separation in composition in order to decrease free energy, which
has the characteristic of the early stages of spinodal decomposition. Here, the cluster is the
sign of composition fluctuation. The size of the cluster increases with the reduction of the melt
temperature, and it is about 1 nm in the melt. The cluster contains strong chemical bonds and
has a certain covalent characteristic, so it is stable and difficult to crystallize. Since the clusters
crystallize later, they cannot become the crystal nuclei of the Al phase. However, the cluster
size is much bigger than those of any other atoms, so the clusters can be regarded as ‘huge
atoms’ which can cause great size effects in the matrix, prevent the Al matrix from crystallizing
and improve the stability of the amorphous matrix. The clusters caused by strong chemical
bonds make the Al–Fe–Ce alloy favourable to the Al-based glass formability. It is thus clear
that the strong chemical short-range order corresponding to the prepeak in the Al–Fe–Ce alloy
is the sign of strong chemical bonds existing which is the fundamental reason for Al-based
glass formability.

5. Conclusions

From the x-ray diffraction and DSC experiments, especially from the observation of a prepeak
in the structure factor, it may be concluded that the cluster size in the liquid Al–Fe–Ce alloy
increases with decreasing temperature, and, after glass forming, the cluster will be much
bigger, but the structural unit size of the cluster remains constant, which indicates that the
amorphous alloy has basically retained the structural unit of the chemical short-range order
in the liquid alloy, and the addition of Ce can increase the cluster size and its unit size, and
improve the interaction between atoms, which causes the Al–Fe–Ce alloy to have a certain
covalent characteristic and to be favourable to Al-based glass formability; in addition, the
structural unit corresponding to the prepeak is an icosahedral quasicrystalline structure with
Fe as the interstitial atom and the prepeak is diffraction peak broadening caused by fairly fine
(about 0.5–2.0 nm) icosahedral clusters.
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