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a b s t r a c t

The thermal crystallization of Al-based metallic glasses can be described in association with the topo-
logical instability � criterion. In the present work, we report on the crystallization behavior and glass
forming ability of Al-rich, Al–Ni–Sm alloys, designed with compositions corresponding to the same topo-
logical instability condition of � ≈ 0.1. Amorphous melt-spun alloys were prepared with the following
compositions, varying the ratio of Ni and Sm elements: Al87.5Ni4Sm8.5, Al83.5Ni10Sm6.5, Al80.5Ni14.5Sm5 and
Al76.5Ni20.5Sm3. The glass forming ability of each alloy composition was evaluated based on the thermal
parameters obtained from DSC runs and on X-ray diffraction patterns. Better glass forming ability was
rystallization
l-based alloys
lass forming ability
criterion
morphous alloys

observed in compositions whose Sm content was increased and Ni content reduced. Thermal crystalliza-
tion of the alloys with low Sm content showed only one crystallization peak and no glass transition event.
In alloys with higher rare-earth content, a glass transition event was clearly detected before the crystal-
lization event. The results are interpreted considering the different types and proportions of Sm–Al and
Ni–Al clusters that can be formed in the alloys along the � ≈ 0.1 line. They also emphasize the relevance

f clus
zation
of these different types o
types of thermal crystalli

. Introduction

The concept of topological instability first proposed in 1984
1] has been used to explain different aspects of metallic amor-
hous alloys, such as their glass forming ability and the stability
f supercooled liquid. The original topological instability criterion,
he �-criterion, offered a satisfactory explanation of the composi-
ional range of binary Al-based systems to form amorphous alloys.
he inclusion of the �-criterion in multicomponent systems was
lso successful in predicting the thermal behavior of Al–TM–RE
TM, transition metal and RE, rare-earth element) alloys [2]. This
riterion proved able to identify alloy compositions which, upon
ontinuous heating, exhibit a supercooled liquid region (defined
s glassy alloys, with � > 0.1), nanocrystalline behavior (defined
s nanocrystalline alloys, with � < 0.1) or an intermediate behav-
or, where nanocrystallization is preceded by a supercooled liquid
egion (defined as nano-glassy alloys, with � ≈ 0.1).

The validity of the correlation between the �-criterion and
rystallization behavior has been confirmed in many mul-
icomponent Al-based systems, such as Al–Y–RE–Ni–Co [3],

l–Y–Gd [4], Al–Y–Ni–Co–Sc [5], Al–Ni–La [6], Al–Y–Ni–Co–Pd

7] and others [8]. In all evaluated systems, an increment
n the value of the � parameter has resulted in a clear
ransition from nano-crystallization to glassy behavior, usually

∗ Corresponding author. Tel.: +55 16 33518553; fax: +55 16 33615404.
E-mail address: wjbotta@ufscar.br (W.J. Botta).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.026
ters in the amorphous phase in defining the stability of the glass and the
.

© 2011 Elsevier B.V. All rights reserved.

with some degree of stabilization of the supercooled liquid.
However, contrary to the expected behavior, the best glass
former composition in each system is consistently found to
be a nano-glassy and off-eutectic composition with � ≈ 0.1
[9].

In the case of other systems such as Cu–Zr–Al [10], Cu–Zr–Ti
[11], Cu–Hf–Al [12] and Ca–Mg–Zn [13] with high glass forming
ability, experimental evidence suggests that the best glass former
compositions are the ones showing glassy behavior during crys-
tallization with values of � > 0.1. Furthermore, extensive results
of the critical cooling rate for overcoming crystal nucleation, the
Tg/Tm ratio and the maximum sample thickness for fully amor-
phous structures [14] in many alloy systems strongly support this
correlation between the easy-glass former composition and the
system’s glassy behavior during crystallization. Taking this obser-
vation into account, together with the �-criterion for compositions
with � higher than 0.1, we suggest that a correlation also exists
between the � values of a given alloy and its glass forming ability
[15].

Recent studies of molecular dynamics simulations in binary
systems have demonstrated that it is possible for the atoms to
be arranged to form different types of coordination polyhedra or
quasi-equivalent clusters in the same alloy [16], in the context of

“soft” atoms. Also, other thermodynamics computational studies
have shown the influence of the elastic constants in increasing the
Gibbs free energy of solid solutions or intermetallic compounds,
thus favoring the stabilization of the supercooled liquid or the
amorphous phase.

dx.doi.org/10.1016/j.jallcom.2011.01.026
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wjbotta@ufscar.br
dx.doi.org/10.1016/j.jallcom.2011.01.026
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Fig. 2. DCS curves from as prepared ingots of each alloy.

Table 1 summarizes the thermal parameters obtained from the
DSC curves for the Al–Ni–Sm alloys. The glass stability, as indicated
by the crystallization temperatures (Tx) and glass transition tem-
peratures, clearly increases as the Ni/Sm ratio increases, although,
ig. 1. Alloy compositions and position in the compositional triangle of the
l–Ni–Sm system. The transversal line is the � ≈ 0.1 line. (A1) Al76.5Ni20.5Sm3, (A2)
l80.5Ni14.5Sm5, (A3) Al83.5Ni10Sm6.5, and (A4) Al87.5Ni4Sm8.5.

In the present study, we examined the crystallization behav-
or and glass forming ability of Al-rich, Al–Ni–Sm alloys designed

ith compositions corresponding to the same topological instabil-
ty condition of � ≈ 0.1. Sm was chosen as the rare-earth alloying
lement due to its high values of volumetric and shear modulus,
hich can be also correlated with an improvement in the GFA of

lloys.

. Experimental procedure

Four Al-rich Al–Ni–Sm alloys were designed with compositions correspond-
ng to the same topological instability condition of � ≈ 0.1, as indicated in the
omposition triangle represented in Fig. 1. The samples with nominal composi-
ions of Al87.5Ni4Sm8.5, Al83.5Ni10Sm6.5, Al80.5Ni14.5Sm5 and Al76.5Ni20.5Sm3 were
repared by a two-step process. Bulk ingots were produced from a mixture of
igh purity elements by repeatedly arc-melting to ensure complete melting and
ompositional homogeneity in a water-cooled copper crucible in a Ti-getter argon
tmosphere.

Amorphous ribbons were then produced from the ingots, using a single-roller
elt spinner at a tangential wheel speed of 40 m/s in argon atmosphere. The approx-

mate width and thickness of the melt-spun ribbons were 3 mm and 40 �m.
The samples were structurally characterized by standard X-ray diffraction (XRD)

n the reflection mode, using Cu-K� radiation. The phase transformation tempera-
ures during heating were studied by differential scanning calorimetry (DSC) at a
eating rate of 0.67 K/s.

. Results and discussion

Fig. 2 shows the DSC curves corresponding to the four as-
repared ingots, whose peaks correspond to the melting process of
ach alloy on the liquidus temperature (Tl). The occurrence of mul-
iple endothermic peaks indicates that the alloys are off-ternary
utectic compositions; moreover, the volumetric fraction of each
hase differs in each alloy.

Fig. 3 shows the XRD patterns of the four alloys, all of which
how a broad peak confirming the formation of amorphous phase.
owever, as the ratio Ni/Sm increased, the presence of crystalline
hases became more evident, and in fact, the Al76.5Ni20.5Sm3 alloy
ith the lowest Sm content displayed a clear peak corresponding

o a non-identified crystalline phase.
Fig. 4 shows the corresponding DSC curves for the same group
f alloys. Decreasing the Ni/Sm ratio (increasing Sm content from
at.% to 8 at.%) caused a change in the crystallization behavior, as
lready observed in other Al-based amorphous alloys with compo-
itions along the � ≈ 0.1 line [17,18]. A glass transition (Tg) event
as not detected in the alloy containing 3 at.% Sm; however, a
Fig. 3. X-ray diffraction patterns of Al-based ribbons in the as-quenched state.

clear glass transition temperature was observed in the alloys con-
taining 5 at.%, 6.5 at.% and 8.5 at.% Sm, indicating that the type of
atomic organization changes as the proportion of rare-earth ele-
ment increases.
Fig. 4. DSC scans at a heating rate of 0.67 K s−1 of the as-quenched ribbons.
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Table 1
Thermal parameters of melt-quenched ribbons.

Alloy Tg (K) Tx (K) Tl (K) Trg �Tx (K)

a
i

c
w
o
c
a
b
d
s
c
n

l
A
c
a
s
c

N
C
f

t
w
b
m

f
H
t
w
t
m
m
a

e
o
s

�

d

t
t
T
s

p

Al76.5Ni20.5Sm3 – 626 1282 – –
Al80.5Ni14.5Sm5 594 613 1279 0.464 19
Al83.5Ni10Sm6.5 545 571 1268 0.429 26
Al87.5Ni4Sm8.5 508 529 1268 0.401 21

s mentioned earlier, no glass transition temperature was observed
n the alloy with the highest Ni content.

The different crystallization behaviors observed in alloys with
ompositions corresponding to the value of � ≈ 0.1 found in this
ork and in other systems [18,19] cannot be explained based solely

n the concept of topological instability. Topological aspects asso-
iated with cluster configurations in the supercooled liquid should
lso be taken into account to justify the differences in crystallization
ehavior. The cluster arrangements in Al-based alloys can change
epending on the relative amount of rare-earth elements and tran-
ition metals. Also, the relative fraction of the different types of
lusters has already been associated with the glass transition phe-
omenon.

The change in the nature of atomic bonding from the cova-
ent to the metallic type has already been observed in many
l–TM–RE alloys compositions, in association with the type of
oordinating atom. In fact, Sheng et al. [16] have shown that the
verage coordination number changes with the effective atomic
ize, and this parameter is directly dependent on the alloy’s atomic
omposition.

In the Al–Ni–Sm ternary alloy system, the atomic radii of Al,
i and Sm are: RAl = 0.1432 nm, RNi = 0.1246 nm, and RSm = 0.1810.
onsidering the radius ratio between Al, Sm and Ni, one finds the

ollowing ratios:

RSm

RAl
= 1.2642 and

RNi

RAl
= 0.8701

In the first case, the ratio between Rc, the radius of the cen-
ral atom, and Re, the radius of the outer atom, R = Rc/Re = 1.2642,
hich favors the formation of clusters with the coordination num-

er Nc = 17, and in the second case, R = 0.8701 and the Nc = 11 cluster
ay be formed.
According to the efficient cluster packing model, the ideal ratio

or the first cluster is 1.248 [20] and for the second one it is 0.884.
owever, this second type of cluster is not so common in the struc-

ure of glassy metals since they are the most unstable ones. Clusters
ith Nc = 11 and Nc = 12 are topologically nearly identical [21] and

hus the Nc = 11 clusters are not expected to form in favor of the
ore efficiently packed icosahedra. In addition, icosahedral sym-
etric clusters have the lowest free energy up to a size of 5000

toms [22] evidencing their higher stability.
Considering yet the atoms like hard spheres, from the following

xpression [23] it is possible to determine the surface packing factor
f the cluster, and thus to determine how open are the clusters
tructure.

2D = Nc

2

(
1 −
√

R2
c + 2ReRc

Rc + Re

)
(1)

In expression (1) �2D is the surface packing factor, Nc is a coor-
ination number and Rc and Re have been defined previously.

Considering Nc = 17 for the first type of cluster and Nc = 11 for
he second type, we obtain �2D = 0.8726 in the case of the Sm cen-

ered cluster and �2D = 0.6315 in the case of the Ni centered cluster.
hese results suggest that the Ni centered clusters have a more open
tructure and are therefore more easily deformed or destroyed.

We can also argue that the value of the surface energy, as low as
ossible, is relevant in organizing the external shape of crystals. The
ompounds 509S (2011) S141–S144 S143

same concept can also be applied for clusters; it is likely that the
stability of the clusters are associated with a minimum in the sur-
face energy, in which case there would be tendency for the Nc = 11
to stabilize as icosahedral cluster with Nc = 12.

Although all compositions are located on and along the � = 0.1
line, they display distinct behaviors because their local topology is
not the same, i.e., in principle, Ni-rich compositions have a larger
number of unstable clusters with Nc = 11 and only a minor fraction
of Nc = 17 clusters.

In this configuration, the glass transition event is not percepti-
ble in the thermal behavior, as was the case of the Al76.5Ni20.5Sm3
alloy. When the Sm content is increased, some of the Ni atoms
are substituted by Sm atoms, leading to a corresponding change
in the cluster configuration from coordination number 11 to 12.
In this case, the glass transition event can be detected in the DSC
thermograms. Moreover, the thermal stability of alloys with � = 0.1
reaches its optimal condition in the presence of the highest number
of icosahedral clusters in the alloy structure.

It is important to note that the center of the XRD halo is dis-
placed to higher angles, indicating the presence of a larger number
of closely packed clusters in the amorphous structure [24].

On the other hand, in compositions richer in Sm, the main type
of clusters will be Nc = 17 clusters. Although this type of cluster is
very common in the glassy structure, its stability is not as high as the
Nc = 12 cluster, and therefore the thermal stability of the alloys is
expected to decrease, as was observed in the Al87.5Ni4Sm8.5 alloy. In
alloys with even higher Sm content, thermal crystallization occurs
with no detection of the glass transition temperature.

This interpretation of our results complements the topological
instability parameter in describing the crystallization behavior of
Al-based alloys, mainly for compositions in the central region of the
Al-rich corner in Al–TM–RE systems.

Studies on Al85Ni10Ce5, Al87Ni10Ce3 [25,26], Al90FexCe10−x
(x = 3, 5, 7) [27–30], Al87Y8Ni5, Al90Y10 [31], Al100−2xCoxCex (x = 8, 9,
10) and Al80Fe10Ce10 [32] have indicated the existence of two dis-
tinct basic structural cluster units, RE/Al and TM/Al, in Al–TM–RE
systems. The number of these units with respect to the Al content is
undoubtedly relevant in determining the thermal behavior during
crystallization.

Similar studies of the Al–Ni–La system [18] have shown that
the glass transition event is associated with RE/Al clusters and that
a critical concentration of these unities is necessary in the super-
cooled liquid for a good detection of Tg.

RE–Al clusters show lower thermal stability against crystalliza-
tion than TM–Al clusters, as evidenced in Al90Fe5Ce5 alloys [33],
in which Fe/Al clusters were detected after the onset of crystal-
lization, as well as in Al85Ni10Ce5 and Al87Ni10Ce3 alloys [31], in
which Ni/Al clusters were detected after the first crystallization
stage.

Considering the soft atoms model, i.e., the atoms like a soft
spheres leading to a more realistic structures packing, it is possible
to establish a correlation between the volumetric modulus of the
RE and TM elements and the stability of the clusters; for instance, Ni
has higher volumetric modulus than Sm and thus Ni centered clus-
ters must show stronger stability when the Nc = 12 configuration is
reached. This is in fact reflected in the stability of the supercooled
liquid region, although the detection of the glass transition event
is dependent on a critical concentration of RE/Al clusters.

4. Conclusions
The topological instability � criterion was applied to select
amorphous alloy compositions in the Al–Ni–Sm system and eval-
uate the effect of the relative amounts of transition metal and
rare-earth elements on the glass forming ability.
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Although all alloy compositions are located on and along the
= 0.1 line, i.e., with the same topological instability, they show
ifferent thermal crystallization behaviors.

In the alloys containing larger amounts of rare-earth elements,
clear glass transition event was detected and was associated with

he stability of clusters with coordination number Nc = 17. In the
lloys containing more transition metal elements, associated with
he formation of Nc = 11 unstable clusters, the glass transition event
ould not be detected. The stability of the supercooled liquid is
ssociated with Nc = 12 TM/Al clusters.
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