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ABSTRACT

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, AI-Ni-Sm alloys, designed with compositions corresponding to the same topo-
logical instability condition of A ~0.1. Amorphous melt-spun alloys were prepared with the following
compositions, varying the ratio of Ni and Sm elements: Alg; 5NisSmg 5, Alg3 5Ni1oSmg s, Algo sNij45Sms and
Al765Niz5Sms. 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
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 A ~ 0.1 line. They also emphasize the relevance
of these different types of clusters in the amorphous phase in defining the stability of the glass and the

types of thermal crystallization.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

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

The validity of the correlation between the A-criterion and
crystallization behavior has been confirmed in many mul-
ticomponent Al-based systems, such as Al-Y-RE-Ni-Co [3],
Al-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
in the value of the A parameter has resulted in a clear
transition from nano-crystallization to glassy behavior, usually
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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 A~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 A >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 A-criterion for compositions
with A higher than 0.1, we suggest that a correlation also exists
between the A 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.
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Fig. 1. Alloy compositions and position in the compositional triangle of the
Al-Ni-Sm system. The transversal line is the A ~ 0.1 line. (A1) Al 5Nizo5Sm3, (A2)
AlggsNijg5Sms, (A3) Algs3 sNijoSme s, and (A4) Alg75NigSmgs.

In the present study, we examined the crystallization behav-
ior and glass forming ability of Al-rich, AlI-Ni-Sm alloys designed
with compositions corresponding to the same topological instabil-
ity condition of A ~0.1. Sm was chosen as the rare-earth alloying
element due to its high values of volumetric and shear modulus,
which can be also correlated with an improvement in the GFA of
alloys.

2. Experimental procedure

Four Al-rich Al-Ni-Sm alloys were designed with compositions correspond-
ing to the same topological instability condition of A~0.1, as indicated in the
composition triangle represented in Fig. 1. The samples with nominal composi-
tions of Alg7.5Ni4Sm3.5, A13345Ni105m645, A130v5Ni1445Sm5 and Al75,5Ni20,5$m3 were
prepared by a two-step process. Bulk ingots were produced from a mixture of
high purity elements by repeatedly arc-melting to ensure complete melting and
compositional homogeneity in a water-cooled copper crucible in a Ti-getter argon
atmosphere.

Amorphous ribbons were then produced from the ingots, using a single-roller
melt spinner at a tangential wheel speed of 40 m/s in argon atmosphere. The approx-
imate width and thickness of the melt-spun ribbons were 3 mm and 40 pm.

The samples were structurally characterized by standard X-ray diffraction (XRD)
in the reflection mode, using Cu-K, radiation. The phase transformation tempera-
tures during heating were studied by differential scanning calorimetry (DSC) at a
heating rate of 0.67 K/s.

3. Results and discussion

Fig. 2 shows the DSC curves corresponding to the four as-
prepared ingots, whose peaks correspond to the melting process of
each alloy on the liquidus temperature (T}). The occurrence of mul-
tiple endothermic peaks indicates that the alloys are off-ternary
eutectic compositions; moreover, the volumetric fraction of each
phase differs in each alloy.

Fig. 3 shows the XRD patterns of the four alloys, all of which
show a broad peak confirming the formation of amorphous phase.
However, as the ratio Ni/Sm increased, the presence of crystalline
phases became more evident, and in fact, the Al;55Niy5Sm3 alloy
with the lowest Sm content displayed a clear peak corresponding
to a non-identified crystalline phase.

Fig. 4 shows the corresponding DSC curves for the same group
of alloys. Decreasing the Ni/Sm ratio (increasing Sm content from
3at.% to 8 at.%) caused a change in the crystallization behavior, as
already observed in other Al-based amorphous alloys with compo-
sitions along the A ~0.1 line [17,18]. A glass transition (Tg) event
was not detected in the alloy containing 3 at.% Sm; however, a
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Fig. 2. DCS curves from as prepared ingots of each alloy.

Ad: .'l\la7 ledsm
3 A3: Al Ni, Sm,,
8 b i AN A bt s il
e
g A2: Al Ni, S
E [14_5 m5
c *WM, Ui d I-AILJ Il T A
L o i S | Ty WA el
W‘ A1:A|m5 2nssm
Ww | stk -Lwli- el
Uik h i Bl i T YPY
I T T T T T T T T T T T T 2
20 30 40 50 60 70 80 90
20 degree

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 5at.%, 6.5at.% and 8.5 at.% Sm, indicating that the type of
atomic organization changes as the proportion of rare-earth ele-
ment increases.

Table 1 summarizes the thermal parameters obtained from the
DSC curves for the AI-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,

= 529 K
1 AT =21°C
s [ \
° ki m [\/——/
AT = 26°C >
= 545 K A3
5 613K
s AT =18%C
g | b
=
T A2
I
25K
A
T T T
400 500 600 700 800

Temperature (K)

Fig. 4. DSC scans at a heating rate of 0.67 Ks~! of the as-quenched ribbons.



L.CR. Aliaga et al. / Journal of Alloys and Compounds 509S (2011) S141-S144 S143

Table 1

Thermal parameters of melt-quenched ribbons.
Alloy Ty (K) Tx (K) T, (K) Tig ATy (K)
Al765Nizo55m3 - 626 1282 - -
Algo5Nij45Sms 594 613 1279 0.464 19
Alg35NijpSmes 545 571 1268 0.429 26
Alg75NisSmg.s 508 529 1268 0.401 21

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

The different crystallization behaviors observed in alloys with
compositions corresponding to the value of A~ 0.1 found in this
work and in other systems [18,19] cannot be explained based solely
on the concept of topological instability. Topological aspects asso-
ciated with cluster configurations in the supercooled liquid should
also be taken into account to justify the differences in crystallization
behavior. The cluster arrangements in Al-based alloys can change
depending on the relative amount of rare-earth elements and tran-
sition metals. Also, the relative fraction of the different types of
clusters has already been associated with the glass transition phe-
nomenon.

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

In the Al-Ni-Sm ternary alloy system, the atomic radii of Al,
Ni and Sm are: Ry =0.1432 nm, Ry; =0.1246 nm, and R, =0.1810.
Considering the radius ratio between Al, Sm and Ni, one finds the
following ratios:

Rsm _ 12642 and RN _ 08701
Ra Rai

In the first case, the ratio between R, the radius of the cen-
tral atom, and Re, the radius of the outer atom, R=R./R. =1.2642,
which favors the formation of clusters with the coordination num-
ber Nc=17,and in the second case,R=0.8701 and the Nc=11 cluster
may be formed.

According to the efficient cluster packing model, the ideal ratio
for the first cluster is 1.248 [20] and for the second one it is 0.884.
However, this second type of cluster is not so common in the struc-
ture of glassy metals since they are the most unstable ones. Clusters
with Nc=11 and Nc=12 are topologically nearly identical [21] and
thus the Nc=11 clusters are not expected to form in favor of the
more efficiently packed icosahedra. In addition, icosahedral sym-
metric clusters have the lowest free energy up to a size of 5000
atoms [22] evidencing their higher stability.

Considering yet the atoms like hard spheres, from the following
expression [23]itis possible to determine the surface packing factor
of the cluster, and thus to determine how open are the clusters
structure.

\/27
N2p = % 1- 7%61?56& (1)
In expression (1) np is the surface packing factor, Nc is a coor-
dination number and R. and R, have been defined previously.
Considering Nc=17 for the first type of cluster and Nc=11 for
the second type, we obtain 1,p =0.8726 in the case of the Sm cen-
tered cluster and 7,p =0.6315 in the case of the Ni centered cluster.
These results suggest that the Ni centered clusters have a more open
structure and are therefore more easily deformed or destroyed.
We can also argue that the value of the surface energy, as low as
possible, is relevant in organizing the external shape of crystals. The

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 A =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 Al;g5Niyg5Sms3
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 A =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 Alg; 5NizSmg 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 AI-TM-RE systems.

Studies on A]85Ni10CE5, Alg7Ni10C€3 [25,26], AlgoFexcelo_x
(X =3,5, 7) [27—30], A137Y8Ni5, A190Y10 [3] ], Al]oo,zXcoxcex (X= 8,9,
10) and AlggFe1gCeqp [32] have indicated the existence of two dis-
tinct basic structural cluster units, RE/Al and TM/AL, in AI-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/AI clusters and that
a critical concentration of these unities is necessary in the super-
cooled liquid for a good detection of Tg.

RE-AI clusters show lower thermal stability against crystalliza-
tion than TM-Al clusters, as evidenced in AlggFes5Ces alloys [33],
in which Fe/Al clusters were detected after the onset of crystal-
lization, as well as in AlgsNijgCes and Alg;NijoCes 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 A criterion was applied to select
amorphous alloy compositions in the AI-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
A=0.1 line, i.e., with the same topological instability, they show
different thermal crystallization behaviors.

In the alloys containing larger amounts of rare-earth elements,
a clear glass transition event was detected and was associated with
the stability of clusters with coordination number Nc=17. In the
alloys containing more transition metal elements, associated with
the formation of Nc=11 unstable clusters, the glass transition event
could not be detected. The stability of the supercooled liquid is
associated with Nc=12 TM/Al clusters.
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