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a b s t r a c t

In this work, a criterion considering the topological instability (�) and the differences in the electronega-
tivity of the constituent elements (�e) was applied to the Al–La and Al–Ni–La systems in order to predict
the best glass-forming compositions. The results were compared with literature data and with our own
experimental data for the Al–La–Ni system. The alloy described in the literature as the best glass former
in the Al–La system is located near the point with local maximum for the �·�e criterion. A good agree-
eywords:
lass forming ability
etallic glasses

morphization criteria
l–La–Ni system

ment was found between the predictions of the �·�e criterion and literature data in the Al–La–Ni system,
with the region of the best glass-forming ability (GFA) and largest supercooled liquid region (�Tx) coin-
ciding with the best compositional region for amorphization indicated by the �·�e criterion. Four new
glassy compositions were found in the Al–La–Ni system, with the best predicted composition presenting
the best glass-forming ability observed so far for this system. Although the �·�e criterion needs further
refinements for completely describe the glass-forming ability in the Al–La and Al–La–Ni systems, the

t this
results demonstrated tha

. Introduction

Over the years, many parameters have been developed to char-
cterize the ease of glass formation in metallic systems. Some of
hem are based on the thermal behaviour of the alloys, such as
he reduced glass transition temperature, Trg(=Tg/Tl) [1], the exten-
ion of the supercooled liquid region, �Tx(=Tx − Tg) [2] and the �m

arameter, �m(=(2Tx − Tg)/Tl) [3] (where Tx is the crystallization
emperature, Tl is the liquidus temperature and Tg is the glass tran-
ition temperature, respectively). Even though they are helpful in
udging the glass-forming ability (GFA) of different compositions
hey fail in forecasting a priori the tendency of a metallic melt to
itrify as experimental data of the glass is required. Thus, trying to
void the intensive laboratorial work and waste of material, which
ccompanies the trail-and-error approach, other parameters are
equired. In that respect, a very useful tool to select new composi-
ions in multi-component systems are the empirical rules proposed

y Johnson [4] and Inoue [2], nevertheless some exceptions are
bserved [5–13]. Other criteria based on the electronic structure
14], thermodynamic calculations [15,16], topological instability
17–20], differences in electronegativity [17] and structural mod-
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criterion is a good tool to predict new glass-forming compositions.
© 2010 Elsevier B.V. All rights reserved.

els [15,21] have been proposed for identifying new metallic glasses.
Especially the combination of some of these different parameters
has been found to predict good glass-forming compositions even
more reliably [15,17,22].

The topological instability criterion, also named � criterion, was
first proposed by Egami and Waseda [18] to determine the min-
imum solute concentration in a binary alloy system necessary to
obtain an amorphous phase by rapid quenching. Sá Lisboa et al. [19]
extended this criterion to describe the crystallization behaviour of
Al-based alloys and Kiminami et al. [23] to predict new amorphous
compositions. The � values can be calculated using Eq. (1), where
Xi is the atomic fraction of any solute element, Vmi is the molar
volume of any given solute and Vm0 is the molar volume of the
phase:

� =
∑

Xi

∣∣∣ Vmi

Vm0
− 1

∣∣∣ (1)

The � values indicate the level of destabilization of a crystalline
host lattice with a given molar volume Vm0, which can be obtained
with the insertion of new elements into this host phase. There-

fore, the larger the � value is, the larger the phase instability is and
the easier glass formation becomes. Considering now one system
with two adjacent phases: in the two phase region, there must be
one point (composition) with maximum destabilization for both
phases, where the � values for the two phases coincide. These
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oints or “peaks” hence indicate the minimum � value possible
etween them and an increased glass-forming ability is expected
s a result of the maximum topological instability. This assumption
s made considering all equilibrium phases, being possible to build
minimum � plot [24].

Several works have stressed the influence of the electronegativ-
ty on the thermal behaviour of metallic glasses [25–27], which is
elated to the formation enthalpy (�H) [28] and the glass stabil-
ty [29]. Therefore, it is reasonable to expect that the higher the
verage electronegativity difference among the elements is, the
igher will be the glass-forming ability. Considering this, an aver-
ge electronegativity map is built for the system of interest using
q. (2):

e =
∑

Xi(
∑

Sj

∣∣ei − ej

∣∣) (2)

here Sj = (XjVm2/3
j

)/(
∑

XiVm2/3
i

) and Xi and Xj are the atomic
ractions of the atoms i and j, respectively, Vmi and Vmj are the

olar volumes of the elements i and j, respectively and ei − ej is
he electronegativity difference between a central atom i and its j
eighbours.

The � and the �e criterion are considered in a synergetic way
eading to a final criterion map by multiplication of both criteria,
esulting in the combined �·�e criterion.

Another criterion was proposed by Xi et al. [16] and it is based on
he calculation of the �* parameter Eq. (3), that relates the forma-
ion enthalpy of amorphous and intermetallic phases, which can
e calculated using the Miedema’s model [30]. They considered
nly the contribution from enthalpies in their calculation, since the
ontribution from entropies is expected to be much smaller than
he formation enthalpy of solids compounds. The driving force for
lass formation (−�Hamor) is related to the resistance of the glass
gainst crystallization (�Hamor − �Hinter). Higher values of the �*
arameter indicate larger GFA.

∗ = −�Hamor

�Hamor − �Hinter
(3)

here �Hamor and �Hinter are the formation enthalpies of the glass
nd the intermetallic compounds, respectively.

In this work, we calculated the �·�e criterion for the Al–La and
l–La–Ni system and compare the predictions for the glass-forming
bility thus obtained with literature data and our own experimental
ata. Furthermore, a comparison between this criterion and the �*
riterion is made for the Al–La system.

. Experimental procedure

The calculations of the �·�e criterion were done for the Al–La and Al–La–Ni
ystems using Eqs. (1) and (2). The �* parameter was also calculated for the Al–La
ystem using Eq. (3). Five compositions in the Al–La–Ni system indicated as alloys
ith high glass-forming ability were selected to be studied: La56Al26.5Ni17.5 (the

est composition predicted with the highest �·�e value), Ni75La11Al14, Al41La36Ni23,
a65Al17.5Ni17.5, and La55.5Al19.5Ni25.

Ingots of these compositions were prepared by arc-melting using elements with
igh purity (more than 99.5% purity). They were repeatedly arc-melted in an argon
tmosphere to ensure complete melting and compositional homogeneity. The sur-
ace of the elements Al and Ni was chemically cleaned and the pieces of La (small
locks) were ground before the experiments.

Ribbons were produced using a single-roller melt-spinner with a tangential

heel speed of 42 m/s under argon atmosphere. The approximate width and thick-
ess of the melt-spun ribbons were 3 mm and 35 �m, respectively.

The structure of these ribbons was characterized using a Siemens D5005 X-ray
iffractometer (XRD) in reflection mode using Cu-K� radiation, and the thermal
tability was studied by differential scanning calorimetry (DSC) at a heating rate of
0 K/min in a Netzsch STA 449C.
Fig. 1. Schematic figure with the results for the �·�e (dashed dotted line) and �*
(dashed line) criteria applied to the Al–La system. Larger values indicate higher
glass-forming ability. The binary phase diagram [34] and the literature data [31–33]
are also shown for comparisons.

3. Results and discussion

3.1. Al–La system

The results for the �·�e criterion are indicated in Fig. 1 together
with literature data for the binary Al–La system [31–33]. The binary
phase diagram [34] and the results for the �* criterion [16] are also
plotted for comparison. Larger values for the �·�e and �* criteria
indicate binary compositions with a relatively high glass-forming
ability.

All the literature data plotted here were obtained from ribbons
and their thermal behaviour were verified using DSC at heating rate
of 30 K/min for the La63Al37, La65Al35 and La66Al34 alloys [33] and
of 40 K/min for the other alloys [31,32]. We can verify that only
one glassy alloy was found in this system, viz. La66Al34, and this
composition is located very close to the peak around 65% at. La in
the �·�e curve (Fig. 1). Also a good agreement is obvious between
the �·�e and the �* criterion, since both yield three similar peaks
on the La-rich side of the phase diagram.

The peak observed in the �·�e curve near the Al-solid solution
(17 at.% La) does not properly describe the glass-forming range.
Many works showed that the best region of amorphization near the
Al-solid solution is around the point � = 0.1 for Al–TM–RE systems
[18,19,27,35]. In the case of the Al–La system the � = 0.1 point, cal-
culated using Eq. (1), corresponds to Al92La8, which is in agreement
with the range of amorphous formation verified in the literature
[31] and indicated in Fig. 1. We suppose that the reason for this
behaviour is the most efficient packing of the different types
of clusters obtained for compositions around this point [35–37]
that favour the supercooled liquid stability, improving the glass-
forming ability.

Only crystalline ribbons could be prepared for the composition
near the two smaller peaks of the �·�e curve around 30 and 41 at.%
La. One possible reason for this might be the relatively high liq-
uidus temperature of these alloys (1653 and 1603 K, respectively;
more than two times the eutectic temperature in the La-rich side,
794 K), indicating a low stability of the liquid in this compositional
range. The liquidus temperature profile needs to be considered as
one indicator before the selection of the alloys.
It is important to point out here that the calculation of the
�* parameter is complicated (many approximation are made) and
can be attained only for binary [38,39] and ternary systems [40].
On the other hand, the calculation of the �·�e criterion is easier
and can be carried out for more than 3 elements. This criterion is
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Fig. 2. The final �·�e criterion map in comparison with literature data [32,41] and
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Fig. 3. The final �·�e criterion map for the Al–La–Ni system with the selected
compositions. The binary eutectic compositions [34,45,46] are also indicated.

Fig. 4. XRD results for the ribbons of the selected compositions.
utectic compositions [34,45,46]. The maximum value for the criterion is indicated
y the scale beside the graph; higher values are represented by brighter regions that

ndicate compositional regions with high glass-forming ability. The circles indicate
Tx regions found experimentally by Inoue et al. [32].

imited because considers by definition that intermetallic compo-
itions present the same glass-forming ability, what is not verified
xperimentally [8].

.2. Al–La–Ni system

Fig. 2 presents the results for the �·�e criterion applied to the
l–La–Ni system together with literature data [32,41]. The bright-
st spots indicate compositions with the highest �·�e value. The
a55Al25Ni20 alloy [41] is reported to be the best glass former in
his system with a critical diameter of 3 mm and it is located very
lose to the composition with the maximum value for the �·�e
riterion (La56Al26.5Ni17.5). Regions of �Tx have been measured by
noue et al. [32] and the extension of the supercooled liquid region
ncreases in the direction of the maximum �·�e values as shown
n Fig. 2. This trend is expected if one assumes that the �Tx val-
es are directly proportional to the glass-forming ability. A large
alue for �Tx indicates that the supercooled liquid can spans over
wide temperature range without crystallization and hence has a
igh resistance against nucleation and growth of crystalline phases
42,43]. Additionally, Fig. 2 shows that the region with best glass-
orming ability in the Al-rich corner [32,44] is located on the � = 0.1
ine as was mentioned before.

The compositions selected to check the reliability of the GFA
rediction by the �·�e criterion are indicated in Fig. 3 together
ith the binary eutectic compositions [34,45,46]. The XRD results

or the ribbons produced by melt-spinning are displayed in Fig. 4.
nly Ni75La11Al14 shows a fully crystalline structure, and the others
xhibit two broad maxima characteristic of an amorphous struc-
ure, with only some small sharp crystalline peaks of relative low
ntensity being superimposed. These peaks could not be identi-
ed unambiguously but exhibit some similarity in the 2� positions,
hich indicates that they might be related to the same crystalline
hase. Considering that these compositions are located in different
ompositional regions suggests that these peaks could correspond
o some complex oxide(s).
The DSC curves obtained for the ribbons are showed in Fig. 5 and
he results combined with the values for �Tx, Trg and the �m param-
ter are summarized in Table 1. The curve for the La11Al14Ni75
lloy is not showed in Fig. 5 because no crystallization peak was
bserved. The maximum �Tx, Trg and �m values are obtained for

Fig. 5. DSC results for the ribbons analysed using heating rate of 40 K/min (the
curve for the La11Al14Ni75 alloy is not showed because no crystallization peak was
observed). The arrows indicate the glass transition temperature (Tg) and the crys-
tallization temperature (Tx), respectively.
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Table 1
Results of the DSC analysis for the ribbons at heating rate of 40 K/min. Tg and Tx were defined as onset temperatures and Trg = Tg/Tl [1], �Tx = Tx − Tg [2] and �m = (2Tx − Tg)/Tl

[3].

Alloys Tg (K) Tx (K) �Tx (K) Tl (K) Trg �m � min*�e

La65Al17.5Ni17.5 446 ± 2 468 ± 2 22 ± 2 821 ± 2 0.54 0.60 0.053
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La56Al26.5Ni17.5 475 ± 2 554 ± 2 79 ± 2
La55.5Al19.5Ni25 450 ± 2 487 ± 2 37 ± 2
La36Al41Ni23 603 ± 2 642 ± 2 39 ± 2
La11Al14Ni75 – – –

he La56Al26.5Ni17.5 alloy, which at the same time presents the high-
st value for the �·�e criterion. The values for �Tx, Trg and �m were
9 K, 0.59 and 0.79, respectively, and they are the highest measured
o far for this system. All the other alloys present relatively high
alues for the combined �·�e criterion, exhibiting a distinct cor-
elation with the �Tx values. Yet, despite this obvious agreement
f the supercooled liquid region and the �·�e value, a clear trend
etween the �·�e values and Trg and the �m parameter cannot be
stablished. The La36Al41Ni23 alloy exhibits a relatively high value
or the �·�e criterion (0.064) compared to the other alloys studied
n this work but it exhibits low values for the Trg and �m with 0.47
nd 0.53, respectively.

On the Ni-rich side of the ternary phase diagram, La11Al14Ni75
as a relatively high value for the combined criterion (0.058)
ut does not exhibit any glass transition or crystallization peak
uring the DSC run and consequently is fully crystalline as XRD
dditionally proves (Fig. 4). This discrepancy is due to the fact
hat this composition is located near solid solution region, where
he combined �·�e criterion is not effective as discussed before.
nother point is that the Ni solid solution region presents very
igh liquid temperatures (Tl), as was indicated for this alloy with
l of 1566 K and can be verified in the binary phase diagrams
45,46]. This indicates low liquid stability, i.e. low glass-forming
bility.

Proportionality between the �·�e criterion and the �Tx val-
es was verified by examining the literature and experimental
ata, with larger values indicating wider supercooled liquid region
indows. A similar relation between �Tx values and the factors

onsidered in the �·�e criterion, namely the electronegativity dif-
erence and the atomic size was reported by Fang et al. [47]. They
howed that �Tx values are proportional to these two factors and
urthermore to the valence electron difference, with a good corre-
ation being established between calculated and experimental �Tx

alues for Fe-, Pd- and Mg-based alloys [29,47]. Considering that the
arger the �Tx value the higher the critical diameter for amorphiza-
ion, one can conclude that the La56Al26.5Ni17.5 alloy possesses the
ighest GFA in this system. This agrees well with previous reports

or Al–La–Ni and Al–La–(Ni, Cu) alloys in the literature [32,41,43].

. Conclusions

The compositional regions indicated by the �·�e criterion as
ood glass-forming regions in the Al–La and Al–La–Ni systems coin-
ide with the best glass formers verified in the literature and in the
urrent experiments.

New glass-forming compositions were found in the Al–La–Ni
ystem and a clear correlation between �Tx and the �·�e values
as verified. The La56Al26.5Ni17.5 alloy presents the highest �Tx, Trg

nd �m found for this system so far.

Although the �·�e criterion could predict the best glass formers

erified in the Al–La and Al–La–Ni systems, the results demon-
trated that it can not be considered alone to describe the GFA in
hese systems. Considerations as liquidus temperature profile and
he cluster formation need also to take into account.

[

[

[

798 ± 2 0.59 0.79 0.069
813 ± 2 0.55 0.64 0.064

1276 ± 2 0.47 0.53 0.064
1566 ± 2 – – 0.058
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