
A

p
[
c
a
©

K

1

i
i
s
q
b
t
e
a
h
o
fi
a

o
A

2

p
f
c
a

0
d

Journal of Alloys and Compounds 434–435 (2007) 215–216

Thermal evolution of nanoquasicrystalline Al93Fe3Cr2Ti2 alloy
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bstract

In this work, thermal evolution of bulk nanoquasicrystalline Al93Fe3Cr2Ti2 material, obtained by consolidation of nanoquasicrystalline powder

articles, is studied. The powder particles were obtained by gas atomization and the consolidation of the powders was achieved via warm extrusion
1,2]. The evolution of the microstructure during processing as well as with further thermal treatments was investigated. The consolidated material
ontains spherical particles of an icosahedral i-phase of around 200 nm in diameter. The quasicrystalline phase is detected even after 1 h at 500 ◦C,
nd afterwards, it evolves through a metastable Al6Fe phase to the equilibrium phases.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since the first synthesis of a quasicrystalline (QC) phase
n a rapidly solidified AlMn alloy in 1984 and its subsequent
nterpretation, great efforts have been devoted to the synthesis,
tructure, physical and chemical properties of QC alloys. The
uasicrystalline alloys are characterised by high hardness and
rittleness owing to the difficulty of dislocations movement in
he quasiperodic lattice without long-range-periodicity. How-
ver, if nanoscale QC particles are dispersed homogenously in
ductile matrix, the mixed phase alloy is expected to exhibit

igh strength combined with good ductility. Kimura et al. [3]
bserved that an icosahedral phase is formed in rapidly solidi-
ed Al–Fe–Cr–Ti alloys, which is promising for aerospace and
utomotive applications.

The aim of the present work is to study the thermal evolution
f a nanoquasicrystalline Al alloy with nominal composition of
l93Fe3Cr2Ti2 (at.%).

. Experimental procedure

The Al93Fe3Cr2Ti2 at.% powder was produced by helium atomization of

ure Al and Ti, and master Al–Fe and Al–Cr alloys. The powder was sieved into
our powder particle size fractions, <25, 25–50, 50–100, and 100–200 �m. The
hemical composition of the powder was confirmed by means of wet chemical
nalysis, as shown in Table 1.
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ure; X-ray diffraction

Cylindrical bars were prepared by extrusion of the sieved powder parti-
les with a horizontal extrusion press with a container diameter of 42 mm and
aximum available pressure of about 1300 MPa. The extrusion temperature was

00 ◦C, the extrusion ratio was 10:1, and the ram speed was 0.3 mm/s. Prior to the
xtrusion, the encapsulated powder batches were submitted to heating at 400 ◦C
or 15 min. The resulting bars were examined by means of X-ray diffraction
sing Cu K� radiation (XRD), and transmission electron microscopy (TEM).
o study the thermal evolution, the bars were heat treated in air for 1 h at 400,
00 and 550 ◦C.

. Results and discussion

Fig. 1 collects the XRD patterns, in the most representative
ange of 2θ between 35◦ and 50◦, of the as-extruded and the heat
reated bar processed with the 50–100 �m powder particle size
raction. In the as-extruded state, signals of �-Al and Al3Ti are
een, together with peaks in 2θ: 22.9, 41.3, 43.5, 61.6 and 73.7,
hich can be indexed as an icosahedral phase (i-phase) using

he indexation scheme for icosahedral quasiperiodic crystals [4].
he presence of the icosahedral i-phase in the Al93Fe3Cr2Ti2 as-
xtruded bar was confirmed by TEM. Selected area diffraction
atterns revealed the two-, three- and five-fold reflection spots
s can be seen in Fig. 2. Quasicrystals in this alloy have the
lear and characteristic spherical shape shown in Fig. 2, with a
iameter of around 200 nm.

The XRD patterns of the bar treated for 1 h at 400 ◦C are

ery similar to those of the as-extruded bar, with �- Al, QC
nd Al3Ti signals. After annealing at 500 ◦C, the XRD patterns
how �- Al, a clear decrease of the amount of quasicrystalline
hase, the presence of the Al6Fe phase, Al3Ti and small signals
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Table 1
Chemical composition of the powder fractions studied

Al (at.%) Fe (at.%) Ti (at.%) Cr (at.%)

Nominal 93 3 2 2
<25 �m 92.5 3.2 2.3 2.0
25–50 �m 92.4 3.3 2.3 2.0
50–100 �m 92.4 3.3 2.3 2.0

Fig. 1. XRD patterns of as-extruded and heat treated bars.

Fig. 2. As-extruded Al93Fe3Cr2Ti2 bar: quasicrystals and selected area diffrac-
tion patterns. TEM.
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f the equilibrium Al13Fe4 and Al13Cr3 phases. After the 550 ◦C
nnealing, neither the icosahedral phase nor the Al6Fe phase are
etected any more and, instead, only clear signals of equilibrium
hases are recognized: �- Al, Al13Cr2, Al13Fe4 and Al3Ti.

Other authors working on materials of same composition
btained by melt spinning [5] reported data from the as-spun
ibbons and after a heat treatment for 30 min at 550 ◦C. The
s-spun ribbon consisted of icosahedral particles embedded in a
-Al matrix, and a small fraction of metastable distorted Al13(Cr,
e)2–4 phase. After 30 min at 500 ◦C, they observed the equilib-
ium �-Al, Al13Cr2, Al13Fe4 and Al3Ti phases. In this work,
he extruded bars from gas atomised powder presented slightly
ifferences: in the as-extruded state �-Al, i-phase and Al3Ti are
bserved, and after 1 h at 500 ◦C the i-phase is still detected,
ndicating the high stability of this QC phase, and a metastable
l6Fe phase appears. After 1 h at 550 ◦C, the melt-spun ribbons

nd the extruded bars presented similar phases.

. Conclusions

Extruded bars obtained from nanoquasicrystalline Al93Fe3
r2Ti2 gas atomized alloy, in the powder particle size range
f 50–100 �m retain the nanoquasicrystalline phase, even after
thermal treatment of 1 h at 500 ◦C. Above this tempera-

ure the quasicrystals decompose to form more stable phases.
he microstructure evolves through a metastable Al6Fe phase

owards the equilibrium �- Al, Al13Cr2, Al13Fe4 and Al3Ti
hases in the range 400–550 ◦C.
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