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Abstract

Crystallization of amorphous Al-based alloys (Al–Y–Gd–Ni–Fe) was investigated by applying differential scanning calorimetry
(DSC), X-ray diffraction (XRD) and high resolution electron microscopy (HREM). It was shown that the crystallization in the examined
alloys proceeds in three stages (DSC maxima). The two first stages are attributed to formation of solid solution of fcc Al(RE) nanograins
in amorphous matrix. In the third stage the precipitation of ternary compound Al19Ni5RE3 of the orthorhombic Al19Ni5Gd3-type struc-
ture was observed. A partial substitution of Ni by Fe causes a change of stoichiometry and crystal structure of the ternary compounds:
Al8TM4RE (TM = Fe, Ni; RE = Y, Gd) of the tetragonal ThMn12 (Al8Mn4Ce)-type structure. A partial replacing of Y atoms by Gd in
the Al87Y5Ni8 based alloy shifts the Al(RE) nanocrystallization to lower temperatures. In contrast to this a partial replacing of Ni by Fe
shifts the nanocrystallization to higher temperatures.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In the last twenty years a variety of Al-based (Al–RE–
TM where RE = rare-earth element; TM = d-element)
amorphous alloys obtained by melt spinning have been
widely investigated [1,2]. Inoue et al. [3] and He et al. [4]
were the first who reported that different properties of
Al–Y–Ni amorphous alloys such as good ductility, tensile
strength, superior corrosion resistance, etc. are vastly supe-
rior to conventional Al-alloys [1,2]. Some of these alloys
have found practical application as new materials. A par-
tial devitrification of the Al–RE–TM metallic glasses pro-
duces high density (>1021 m�3) of Al nanocrystals and
different intermetallic phases embedded into amorphous
matrix. Many properties (especially mechanical) of these

nanocrystalline alloys are found to be superior to fully
amorphous alloys.

A variety of papers dealing with devitrification behavior
of the Al–RE–TM amorphous alloys appeared recently in
literature. A series of Al85YxNi15�x (x = 5, 7, 8, 10) glasses
have been investigated by Saini et al. [5]. The three-step
crystallization behavior has been found for x = 5 and 7,
while for those with x = 8 and 10 the crystallization occurs
in four steps. Fcc Al crystallizes primarily for alloys with
x = 5, 7 and 8 while for the highest Y content (x = 10) an
fcc unstable intermetallic phase with the lattice parameter
a = 1.542 nm was detected. The latter phase decomposes
into two phases – fcc Al and an unidentified intermetallic
compound with a primitive cubic structure. An increase of
Y content in Al–RE–TM alloy from 5 to 10 at.% leads to
an increase of the temperature of primary crystallization
from 508 to 565.5 K. These data [5] are in some disagree-
ment with the data of Gogebakan and Uzun [6] who also
investigated crystallization of Al85YxNi15�x (x = 5, 10)
glasses. According to their data the primary crystallization
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temperatures are lower and vary from 503 (for x = 5) to
525 K (for x = 10). They also reported three-stage crystalli-
zation for both alloys in contrary to the data of [5]. In the
earlier paper [7] it was reported that fcc Al crystallizes dur-
ing the first stage followed by the crystallization of Al3Ni
(for x = 5) and Al3Y (for x = 10) and an unidentified com-
pound in both cases.

Battezzati et al. [8,9] investigated the effect of rare-earth
element on devitrification behaviour of Al87RE6Ni7
(RE = La, Ce, Nd, Sm) alloys. Two crystallization mecha-
nisms have been found depending on a type of the rare-
earth element present in the examined alloy. Ternary alloys
with Sm, Nd, Y, Gd show three differential scanning calo-
rimetry (DSC) peaks. Al crystals precipitate on the first
stage of crystallization. The alloys with the early rare-earth
La and Ce undergo two stages of crystallization. Metasta-
ble intermetallic phases embedded into amorphous matrix
occur after the first stage of devitrification. According to
the recent data [10] for Al87La6Ni7 this metastable phase
has a primitive cubic structure. Substitution of 1 at.%
La by Ti or Zr suppressed primary crystallization of a
metastable intermetallic phase and caused precipitation
of Al nanocrystals from 10 to 30 nm in size [9]. The addi-
tion of Ti also causes a decrease of the temperature of pri-
mary crystallization. During further crystallization of
Al87RE6Ni7 alloys the Al–RE binary compounds (Al3RE
or Al11RE3) tend to crystallize prior than Al3Ni. Three
phases – Al, Al11Sm3 and Al7SmNi2 have been found to
occur in the fully crystallized Al87Sm6Ni7 sample [9].

Gangopadhyay et al. [11,12] mixed rare-earth elements
in Al88GdxEr8�xNi4 (x = 0, 2, 4, 6, 8) and Al88LaxGd8�x-
Ni4 (x = 0, 2, 4, 5, 6, 7, 8) series alloys to investigate effect
of rare-earth atomic radius on devitrification behaviour.
The authors observed fcc Al nanocrystals on primary devit-
rification of the alloys containing smaller radius rare-earth
atoms, rRE 6 0.18013 nm. The completely crystallized
alloys contained fcc Al, Al3RE and Al3Ni phases. By con-
trast the alloys of the larger radius rare-earth atoms,
rRE P 0.1811 nm produced metastable intermetallic phases
during primary crystallization and the fully crystallized
glasses contained fcc Al, Al11RE3 and Al3Ni phases. The
authors concluded that the behaviour of the amorphous
Al–RE–TM metallic alloys to a larger extent depends on
the radius of the rare-earth atom.

A group of papers have been focused on investigation of
the influence of the other constituent of Al–RE–TM – 3d-
elements Fe [13,14], Co [15–18], Cu [19], Ti [9] and V, Cr,
Mn [16].

Li et al. [13] investigated several Al–Y–Fe glasses –
Al90Y5Fe5 (I), Al85Y7.5Fe7.5 (II), Al80Y10Fe10 (III) and
found that Al90(Y, Fe)2 (II) or Al70Y14Fe16 (I and II)
intermetallic compounds are formed after the first stage
of crystallization. In the fully crystallized alloy II which
proceeds in three stages two phases fcc Al and tetragonal
Al70Y14Fe16 have been identified.

DSC investigations of the Al88Y7Fe5 amorphous alloy
by Foley and Perepezko [14] show that the grain size of

the fcc Al nanocrystals formed in the first stage of crystal-
lization is of about 20–30 nm. These data are in disagree-
ment with the data of [13].

A partial substitution of Ni by Co in the Al–Y–Ni amor-
phous ribbons changed the course of crystallization. Some
alloys like Al90Y5Ni2.5Co2.5, Y90Y5Ni1Co4 [15] and Al85-
Y10Ni2.5Co2.5, Al83.3Y9.8Ni4.9Co2 [16] glasses crystallizes
in two steps while three other alloys – Al84Y9Ni5Co2 [17],
Al85Y8Ni5Co2 [16] and Al85Y5Ni8Co2 [18] were found to
undergo a three-step crystallization. The nanoscale Al par-
ticles are formed during primary crystallization. On the fol-
lowing steps of devitrification of the Al84Y9Ni5Co2 alloy an
unidentified intermetallic phase and finally Al3Y, Al9Co2

and a ternary phase Al16YNi2 were formed [17]. Similar
results have been reported for crystallization of Al85Y5-

Ni8Co2: 1st stage – fcc Al, 2nd stage – unknown phase,
3rd stage – Al3Y, Al9Co2, Al3Ni and an unknown phase
[18].

Latuch et al. [19] investigated the effect of substitution of
Cu by Ni in Al88Y3Ni9�xCux (x = 0, 2, 4, 6) amorphous
alloys. Three and four exothermal DSC peaks were
observed depending on alloy composition but Al nanocrys-
tallization occurred in all cases.

Some controversial data to those presented above were
reported by Latuch and Dmowski, who investigated crys-
tallization of Al85Y10TM5 (TM = Fe, Co, Ni, Cu) amor-
phous ribbons [20]. Three, three, five and two DSC peaks
have been observed for alloys with Fe, Co, Ni and Cu,
respectively. A mixture of initially crystallized phases with
predominant fcc Al phase was identified in all cases. The
other phases besides fcc Al have not been identified. After
the last crystallization effect the following phases have been
detected: fcc Al and Al3Y – in the the alloys containing Fe,
Co, Ni, Cu and also Al9Co2 and Al3Ni in the Co- and Ni-
containing alloys, respectively. Besides, the XRD spectra of
these phases show some extra lines from other unidentified
phases.

Precipitation of a metastable intermetallic compound
was suppressed by substitution of only 1 at.% of La by
Ti in Al87La6Ni7 amorphous alloy. Moreover, the nano-
crystalline Al was formed on the first stage of crystalliza-
tion [9].

The presented analysis of the literature data concerning
the crystallization of the Al–RE–TM amorphous alloys
shows that there is some disagreement in the data, espe-
cially those concerning the phases crystallized during the
second and the third stages. It seems that the influence of
the RE on devitrification of these alloys is more under-
standable in contrast to that of TM.

The purpose of the present work is to study the influence
of a partial substitution of Ni by Fe and Y by Gd on crys-
tallization of Al87Y5Ni8 amorphous alloys. Especially we
are interested in determination of the crystalline phases
formed in all crystallization stages. The studies are also
focused on the primary crystallization (nanocrystallization)
as this stage mainly determines the properties of the exam-
ined material. Our goal is to explain some described above
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