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The worldwide requirements for reducing the energy consumption and pollution have increased the
demand of new and high performance lightweight materials. The development of nanostructured Al-
based alloys and composites is a key direction towards solving this demand. High energy prices and
decreased availability of some alloying elements open up the opportunity to use non-conventional ele-
ments in Al alloys and composites. In this work the application of Nb in rapid solidified Al-based alloys
and Al alloys matrix composites is reviewed. New results that clarify the effect of Nb on rapid solidified Al
alloys and composites are also presented. It is observed that Nb stabilises the icosahedral Al-Fe/Cr clus-
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Quasilsrystals ters, enhances the glass forming ability and shifts the icosahedral phase decomposition towards higher
Composites temperatures. Nb provides higher corrosion resistance with respect to the pure Al and Al-Fe-RE (RE: rare

earth) alloys in the amorphous and crystalline states. The use of Nb as a reinforcement to produce new Al
alloy matrix composites is explored. It is observed that Nb provides higher strength, ductility and tough-
ness to the nanoquasicrystalline matrix composite. Nb appears as a new key element that can improve

several properties in rapid solidified Al alloys and composites.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Aluminum is the second most used metal in the world. Its light-
weight and good combination of properties allows it to be used in
several industrial sectors. The worldwide requirements for reduc-
ing the energy consumption and pollution have increased the de-
mand of new and high performance lightweight materials. The
progress in manufacturing technologies and the development of
nanomaterials gives the opportunity of exploring the use of new
alloying elements and reinforcement particles in composites.

Nb is not a common element used in the commercial Al alloys.
However, some reports can be found in the literature of its use as
an alloying element in Al alloys and their composites. Three main
aims were found for its use: (1) for producing amorphous Al-based
alloys [1-7], (2) for producing nanoquasicrystalline Al-based alloys
with enhanced stability [8-13], and (3) as reinforcement or alloy-
ing component of reinforcement compounds in Al matrix compos-
ites [14-16]. In the following sections these three groups of studies
are reviewed and new results are presented. In the section corre-
sponding to the amorphous alloys the discussion addresses the role
of Nb in the icosahedral clusters in Al-Fe base liquids and the
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improvement in the corrosion resistance of the rapidly solidified
alloys. In the nanoquasicrystalline alloys section the discussion fo-
cuses on how Nb improves the stability of the quasicrystalline ico-
sahedral phase. Finally in the section corresponding to the
composites new results are reported introducing a new aim for
using Nb as a reinforcement phase. Nb particles are added to a high
strength nanoquasicrystalline Al alloy to balance the strength, duc-
tility and toughness producing an innovative type of composite.

2. Nb in amorphous Al-based alloys

The first ductile amorphous Al alloys were obtained in 1988 in
the systems Al-Fe-Gd and Al-(Y,La)-TM (TM: transition metals) by
Shiflet et al. [17] and Inoue et al. [18] respectively. Subsequently,
many authors explored several Al-based alloy systems in order to
find other ductile amorphous alloys. Years later, Inoue [19] pub-
lished a review paper that reported several amorphous Al-based al-
loys produced by rapid solidification. However, there was no
mention of any amorphous Al alloy containing Nb. In 1997 Aude-
bert et al. [1] reported the first Al-Fe-Nb alloys containing an
amorphous phase. Later, it was found that the partial substitution
of Ni by Nb also improves the glass forming ability (GFA) of the Al-
Ni-RE (RE: rare earths) alloys [6].

Chemical composition ranges with high GFA in Al alloys sys-
tems are normally away from the eutectic composition, as it was
described by Bechet and Regazzoni [20]. In particular the Al-rich
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corner of the Al-Fe-Nb system has the Al-Fe binary eutectic at 99,
1 at% Al and a peritectic reaction with >99 at%Al for the AlI-Nb bin-
ary system. The richest Al content intermetallics in those systems
are the AljsFey (~76 at%Al) and the AlsNb (75 at%Al). The glass
forming range (using melt-spinning technique) was determined
to be between 90 to 86 at%Al with (Fe/Nb)=2-4 [1]. This glass
forming range is between the eutectic and the stable intermetallic
compositions. A similar situation is also observed in the AI-Ni-RE
systems [19].

In the Al-Fe system, it is worth noting that the composition of
the Al-Fe metastable icosahedral phase (86 at%Al) is within the
glass forming range in terms of the Al concentration [21,22]. More-
over, Audebert et al. [2] reported the formation of an icosahedral
phase during the crystallization of the Al-Fe-Nb amorphous alloy.
Further studies on Al-Fe based amorphous alloys combining X-ray
diffraction and Mdssbauer spectroscopy led to suggest that the
existence of icosahedral clusters in the Al rich alloys of the Al-Fe
system would be stabilised by Nb increasing the GFA [7,23]. There-
fore, it is reasonable to think that local order of the amorphous Al-
Fe and Al-Fe-Nb alloys are very similar. This can be observed by
comparing the radial distribution function (RDF) of both amor-
phous phases. Taking into account that it is not possible to obtain
a fully amorphous AlggFe o (at% here after) sample by melt-spin-
ning, the RDF of this alloy was obtained by molecular dynamic sim-
ulation (MDS). The interaction between atoms has been modeled
using the potentials developed by Farkas [24] applying the embed-
ded atom method [25]. The simulation was performed following
the methodology used in an early work [26]. The RDF correspond-
ing to the AlggFe;Nbs alloy was obtained from the X-ray diffracto-
gram of a melt-spun amorphous sample. Fig. 1 shows the RDFs for
both alloys at room temperature. There is an excellent match be-
tween both RDFs. Both distributions show a split in the second
peak, which would be related to the icosahedral symmetry
[26,27]. The minor differences in the RDFs would be related to
the slightly larger Nb atomic size (rNb = 146 pm) against the Al
atomic size (rAl =143 pm). The results are a new evidence that
strongly suggests that the Nb dissolves in the Al-Fe liquid struc-
ture stabilizing an icosahedral local symmetry during the rapid
solidification process, which enhances the GFA. This is in agree-
ment with that was suggested in early works [7,23].

In addition to the high hardness values that amorphous Al-
based alloys have respect to crystalline Al alloys, probably the most
distinctive property of the amorphous phase is the excellent capac-
ity to develop protective oxide layers [19,28]. The first studies
found in the literature on corrosion behavior of amorphous Al
alloys were the reported by Yoshioka et al. [29] on amorphous
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Fig. 1. Radial distribution functions of amorphous alloys, AlgoFe;o (at%) obtained by
molecular dynamic simulation (MDS); and AlgoFe;Nbs (at%) obtained from the X-
ray diffractogram (XRD) of a melt-spun sample.

Al-TM films produced by physical vapor deposition. An extensive
study on the corrosion behavior of several AI-TM binaries and ter-
naries amorphous films in NaCl and HCl solutions were reported by
Hashimoto's group [29]. Probably the earliest reports found on cor-
rosion studies in amorphous Al-based alloys obtained by rapid
solidification are the works of Mansour et al. [30,31]. They studied
the corrosion behaviour of melt-spun amorphous Al-Fe-Ce alloys
in a 0.15 M-NaCl solution. They found that the passive range devel-
oped by the amorphous alloys was larger than the one developed
by the crystallised samples. The passive layer was formed mainly
by AlO,(OH), with minor contents of Fe and Ce. Ce and other rare
earths are used successfully for increasing the GFA of the Al-based
alloys produced by rapid solidification, thus in the literature the
majority of corrosion studies found are on amorphous Al-based al-
loys containing RE (e.g.: Ce, Gd, La, Y) [32-35]. Only one report on
corrosion studies has been found on amorphous Al alloys contain-
ing Nb [4]. The authors studied the corrosion behaviour in 1 M-
NaCl solution of a melt-spun amorphous Alg;Fe;oNbs alloy. It was
observed that the pure Al and the crystallised Al-Fe-Nb samples
have a passive range of 250 mV and 400 mV respectively, whereas
the alloy in the amorphous state showed a passive range of 2.3
times larger than in the crystalline state and a lower passive cur-
rent density of ~5 x 107 Ajcm?.

Unfortunately, the corrosion studies in the literature were car-
ried out using different electrolytes, which makes the comparison
among alloys very difficult. Therefore, to compare the effect on the
corrosion behaviour when RE or Nb are added to an Al-Fe based al-
loys two melt-spun amorphous samples with compositions of Algg.
Fe;Nbs and AlggFesMMs (MM: Mischmetal, RE solid solution with
54 w%Ce and 24 w%La) were prepared. Crystallised samples were
prepared by heat treatment in vacuum (10~® mbar) during 1 h at
500 °C. The X-ray diffractograms taken with Cu Ko radiation are
shown in Fig. 2a. The amorphous phases show a pre-peak at ~21
and ~19° (260, Cu Ko) and a main peak at ~41.5 and ~38° for the
Al-Fe-Nb and Al-Fe-MM alloys respectively. The amorphous
peaks of the RE containing alloy is shifted towards low angles re-
spect to the one with Nb because of the larger atomic size of the
RE atoms (rCe = 181 pm) respect to the Nb atom (rNb = 146 pm).
The X-ray diffractograms of the crystallized samples show the
stable equilibrium phases, Al, Al;3Fe; and AlsNb for the Al-Fe-Nb
alloy, and Al, Al;1RE3 and the metastable Al;gFe,Ce phase for the
Al-Fe-MM alloy. The potentiodynamic polarization curves obtained
at 25 °C in 1 M-NaCl solution deaerated with Ar during 1 h, can be
observed in Fig. 2b.

c-RE o o: fec-Al o: Al Fe, t ALNb
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Fig. 2a. X-ray diffractograms of the amorphous (a-) and crystallised (c-) melt-spun
samples of AlggFe;Nbs (Nb) and AlggFesMMs (RE).
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Fig. 2b. Potentiodynamic polarization curves in 1 M-NaCl solution at 25°C and
0.5 mV/s of the amorphous (a-) and crystallised (c-) melt-spun samples of
AlgoFe;Nbs (Nb) and AlgoFesMMs (RE). The curve of the crystalline Al (c-Al) was
taken from Ref. [36].

Fig. 2b shows that the Al-Fe-Nb alloy, in both amorphous and
crystalline states, has a better protective passive layer than the
pure crystalline Al On the contrary, the Al-Fe-MM alloy only has
a better behaviour, when is in the amorphous state, than the pure
crystalline Al. When the alloys are compared in the crystalline
state, it is observed that the addition of Fe and Nb to Al chemically
enhances the pitting resistance of the electrochemically formed
passive layer. However, the addition of Fe and RE to Al deteriorates
the corrosion resistance of the AlO,(OH), passive layer normally
formed on pure Al. When both alloys are compared in the amor-
phous state it is observed that the corrosion resistance of the Al-
Fe-Nb is much better than the one for Al-Fe-MM alloy. Having
both amorphous alloys similar corrosion potential (~—800 mV
SHE), the Al-Fe-Nb has lower passive current density and shows
a higher pitting potential (95 mV SHE) than the Al-Fe-MM
(~—130 mV SHE).

Finally, two important effects of the Nb on Al-based alloys can
be observed: (1) Nb increases the GFA in Al-Fe and Al-Ni based al-
loys, and (2) Nb provides better corrosion resistance in 1 M-NaCl
solutions than the REs as alloying elements in Al-Fe based alloys.

3. Nb in nanoquasicrystalline Al-based alloys

Following the conclusions of an early work on the study of the
short range order of Al-Fe-X (X: Nb, Sb, RE) melt-spun alloys that
predicted that Nb would stabilize the icosahedral symmetry,
Galano et al. added Nb to the Al-Fe-Cr based alloys in order to sta-
bilise the quasicrystalline icosahedral phase [8,10,12]. The Nb was
added in partial substitution of Fe and Cr modifying the chemical
composition of the Algs(FesCr,); as AlgsFesCr,Nb,. The alloys were
produced by melt-spinning and showed a nanoquascrystalline
microstructure composed by nano-icosahedral particles embedded
in a fcc-Al matrix. The icosahedral particles were formed by the
four elements (Al, Fe, Cr, Nb) confirming that the Nb is dissolved
in the icosahedral symmetry. The stabilising effect can be analysed
by means of a simple geometrical model that takes into account
the space frustration of the icosahedral structure [37,38]

Fig. 3 shows a monatomic icosahedron, where the interatomic
distance between two neighboring atoms on the surface is about
5% larger than the distance between the surface atoms and the
central atom. Hence, the icosahedron does not consist of regular

Fig. 3. Monatomic icosahedron and its space frustration.

tetrahedra but of slightly distorted ones. This incompatibility of
global filling of space is called “space frustration”. When higher
shells of the icosahedron are filled up, the gap of packing is contin-
ually increased. While the icosahedral structure exhibit the lowest
energy at small cluster sizes, when the cluster reaches a critical
size due to the increasing space frustration the icosahedral struc-
ture becomes disadvantageous compared with fcc or hcp clusters
with the same number of atoms. In the case of alloys with small
concentrations of alloying elements of smaller or larger sized
atoms the space frustration should be reduced increasing the crit-
ical cluster size, leading in turn to the stabilisation of the icosahe-
dral clusters. Considering atoms as rigid spheres with the metallic
atomic radius and thus considering the aligned atoms s1, ¢, s2 in
Fig. 3 in an Al alloy, if the central site is occupied by a Fe atom
the distance “d” would be reduced by 5.94%, if occupied by a Cr
atom “d” would be reduced by 5.59%, and if the aligned atoms
are: Nb/Fe/Al or Nb/Cr/Al “d” would be reduced by 5.42% and
5.07% respectively.

All the alternatives suggested above reduce the icosahedron
space frustration in the order Al-Fe, Al-Cr, Al-Fe-Nb and Al-Cr-
Nb. Thus, in an Al-Fe-Cr-Nb alloy that counts with three alloying
elements the space frustration could probably be reduced even fur-
ther increasing the stability of the larger size icosahedral structure,
which is in agreement with what has been observed in early exper-
imental works [9,12].

Three melt-spun alloys were produced to observe the predicted
stability of the icosahedral phase with alloying elements. Fig. 4a
shows the X-ray diffractograms of the melt-spun AlggFe 4, Algs(Fes
Cry); and AlgsFesCryNb, alloys. The Al-Fe alloy shows the fcc-Al
peaks and non-well formed peaks of the icosahedral or the mono-
clinic Al;3Fe4 phases. Nevertheless, the studies by means of XRD
and Mdossbauer spectroscopy confirmed that for that composition

o fcc-Al  i: Icosahedral

t ALNb

Intensity (a.u.)

30 40 50 60 70 80 )
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Fig. 4a. X-ray diffractograms of melt-spun samples AlggFe 4 (Fe), Algs(FesCr,); (Cr)
and AlgsFe;CryNb, (Nb).
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Fig. 4b. DSC curves at 40 K/min of the melt-spun samples AlggFe 4, Alg3(FesCry);
and AlgsFe3CryNb,.

very small clusters of icosahedral symmetry would be formed
[7,21]. The Al-Fe-Cr and the Al-Fe-Cr-Nb alloys show the clear
presence of both fcc-Al and icosahedral phases. Differential scan-
ning calorimetric runs were done at 40 K/min under Ar flow in a
Pyris 1 Perkin Elmer calorimeter. In Fig. 4b that shows the DSC runs
it can be observed that the peak of the icosahedral phase transfor-
mation is shifted towards higher temperatures as suggested by the
previous icosahedral stability analysis. Moreover, it is observed the
transformation peak of the Al-Fe-Cr-Nb is delayed up to the melt-
ing of the alloy.

Finally, Nb is observed to stabilise the icosahedral particles in
the nanoquasicrystalline Al-Fe-Cr based alloys delaying the icosa-
hedral decomposition towards higher temperatures which contrib-
utes to retain the refined microstructure. As a consequence the
alloy retains a high strength at higher temperatures [11]. It is
worth noting that the large difference in the melting temperature
of the alloying elements (Al: 660 °C, Nb: 2469 °C) poses a challenge
for a large scale production. However, recently this alloy has been
produced by gas atomization and solid bars were extruded suc-
cessfully [13]. The extruded bars showed high strength at elevated
temperature as was previously determined on melt-spun samples
[11] which have a great potential for industrial applications.

4. Nb in Al-based alloy matrix composites

Composite materials are manufactured by blending two or
more different materials in order to obtain a combination of prop-
erties that cannot be reached solely by the alloys or the individual
components materials. The progress in engineering and technology
in the last decades open up unlimited possibilities for the modern
material science and development; materials can be designed, cus-
tom-made, depending on their applications. From the point of view
of this potential, the metal matrix composites (MMCs) fulfill all the
desired design concepts (high stiffness, strength and toughness) for
constructional or structural materials. When Al or Al alloys are
used as the matrix material the composite (AMC) match the basic
requirements of lightweight and strength in automotive, aeronau-
tic and aerospace industries. The common AMCs are composed by
a commercial Al matrix reinforced by micron size ceramic particles
(SiC, Al,0s3, TiB,, etc.). The progress in the manufacturing of nano-
structured materials and nanoparticles allowed a new area to be
developed; Al based matrix nanocomposites (AMnCs). The nano-
particles normally tend to agglomerate in micron size clusters
which makes it difficult to obtain an homogenous distribution in
the Al alloy matrix. Other route to produce AMnCs is using a high
strength nanostructured Al alloy matrix in combination with softer

micron size metallic particles in order to enhance the ductility and
toughness without problems of agglomeration and distribution. In
the present work micron size Nb particles have been used to im-
prove the toughness of a nanoquasicrystalline Al alloy.

In the literature few reports exist in which Nb is used in com-
posites for structural applications. The majority of them have the
aim to produce a very high strength material from two soft metals
processed by severe plastic deformation [14,16]. In the present
work a different approach is followed. To the best of the authors’
knowledge this is the first report in which Nb is used to produce
a composite material for enhancing ductility and toughness of a
very strong metallic nanostructured Al alloy.

Melt-spun ribbons of AlgsFe3Cr,Ti, alloy were produced in He
atmosphere with 20 um average thickness. The ribbons were
chopped in flakes of mm in length and mixed with 10 vol% of pure
Nb (99.7%) particles with average size of 100 um. The alloy powder
and the mixed powder were compacted at 375 °C under a pressure
of 320 MPa. The billets were extruded at 400 °C with an extrusion
ratio of 14. The microstructure of the melt-spun ribbons and the
extruded bars were characterized by XRD and scanning electron
microscopy. Compression tests on samples of 5 mm diameter and
10 mm in length were carried out at room temperature with an ini-
tial strain rate of 107351,

Fig. 5a shows the microstructure in the longitudinal section of
the nanoquasicrystalline extruded bar. The melt-spun flakes
compacted and aligned in the extrusion direction (ED) can be
observed in addition to the light grey intermetallic precipitates.
In Fig. 5b the Nb particles (light grey) can be observed in the lon-
gitudinal section of the composite extruded bar. The Nb particles
appear slightly deformed in the extrusion direction (ED). Fig. 6a
shows the X-ray diffractograms of the melt-spun ribbons and from
the cross section of both the alloy and the composite extruded
bars. The ribbons were obtained with a microstructure composed
of icosahedral particles embedded in a fcc-Al matrix. The diffracto-
grams of the extruded bars show additional peaks corresponding
to the Al3Ti and AlysFe; phases which would correspond to the
light grey precipitates observed in Fig. 5a. These intermetallics
would precipitate during the whole hot processing of compaction
plus extrusion.

Complementary, in order to compare the effect of Nb as tough
reinforcement in stronger and in softer matrix two additional bars
of pure Al powder (63 um average size) and pure Al with
10 vol%Nb powder were produced.

10pm . WD 9.4mm

NONE COMPO 15.0kV X500

Fig. 5a. Back scattered electron image of the longitudinal section of the nanoqu-
asicrystalline AlgsFesCr,Ti, flakes extruded bar.
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Fig. 5b. Back scattered electron image of the longitudinal section of the composite
(10 vol%Nb particles and nanoquasicrystalline AlgsFesCr,Ti, flakes) extruded bar.
Arrow shows the extrusion direction (ED).

o o: Al tALTi i: Icosahedral phase|R-Nb (CS)
- R(CS)
6: Al ,Fe, Nb: Niobium As-spun R
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Fig. 6a. X-ray diffractograms of the as-spun AlgsFe;Cr,Ti;, ribbon (as-spun R), the
cross section of the alloy extruded bar (R(CS)) and the composite extruded bar (R-
Nb (CS)).
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Fig. 6b. Engineering stress-strain compressive curves at room temperature of

extruded bars of pure Al powder (Al), nanoquasicrystalline Alg;Fe3Cr,Ti, flakes (R)
and the composites contained 10 vol%Nb (Al-10Nb and R-10Nb).

Fig. 6b shows the compressive tests of the four extruded bars. It
is observed that both composites, having either a softer matrix or a
stronger matrix than the reinforcement metallic particles (Nb),
have higher compressive Yield stress and high ductility providing
higher toughness to the composites. In the case of the Al matrix,
the composite shows also higher strain hardening than the pure
Al, which is reasonable in view that Nb is a bcc metal which nor-
mally has higher strain hardening than the fcc metals. It is worth
noting that in the composite with the nanoquasicrystalline matrix
Nb particles provide higher ductility transforming the high
strength nanoquasicrystalline alloy in a strong and tough compos-
ite material. The higher ductility achieved for this composite can be
explained by the better plastic behavior of the pure metal (Nb) par-
ticles than that of the nanoquasicrystalline alloy matrix. This fea-
ture is very important for designing materials for applications in
machines and vehicles parts that work in very extreme conditions
and demand high security against catastrophic fractures.

5. Summary

The literature on the use of Nb in rapidly solidified Al alloys has
been reviewed and key experiments and simulations were per-
formed in order to clarify the effect of Nb in two types of Al alloys,
amorphous and nanoquasicrystalline.

The comparison between the radial distribution functions ob-
tained experimentally for an Al-Fe-Nb alloy and the one obtained
by molecular dynamic simulation of an Al-Fe alloy strongly sug-
gests and confirms previous evidences that the Nb is dissolved in
the icosahedral Al-Fe clusters in the liquid state and retained at
room temperature by rapid solidification.

The Nb is found to improve the glass forming ability of rapidly
solidified Al-Fe and Al-Ni based alloys. The Al alloys containing Nb
show higher corrosion resistance in 1 M-NaCl in amorphous and
crystalline state than, at least, the pure Al and Al-Fe-RE alloys.

On the basis of a very simple icosahedron space frustration
analysis it is predicted that the addition of small fractions of Nb
and Fe (and/or Cr) to the Al contributes to stabilise the icosahedral
symmetry from the liquid state. Icosahedral quasicrystalline parti-
cles can be formed and retained at room temperature with high
stability. When Nb is added in substitution of Fe and Cr the icosa-
hedral decomposition shifts towards higher temperatures, allow-
ing preserving a very refined microstructure at higher
temperatures. This fact leads to obtain a new nanostructured Al al-
loy which retains a high strength in a temperature range of (250-
450 °C) where the conventional Al alloys have poor properties.

Nb can be used to produce Al matrix composites. In the litera-
ture it was used to produce high strength metal-metal composites
by severe plastic deformation. Furthermore, it was proved that Nb
can be used to enhance strength, ductility and toughness of very
strong nanostructured Al alloys that cannot support severe plastic
deformation processes. These new composites can be manufac-
tured by a simple process of hot extrusion of mixed powders.

Finally, Nb appears as a new key element that can improve sev-
eral properties in rapidly solidified Al alloys and composites.
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