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CRYSTALLIZATION  BEHAVIOR  OF  AMORPHOUS
ALLOYS  IN  THE  Al-Ce-Ni  SYSTEM
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Abstract. This work involved an investigation of the crystallization process of Al90Ce5Ni5 amor-
phous alloy. Rapidly quenched amorphous ribbon was produced by melt-spinning and the struc-
tural transformations occurring during heating were studied using a combination of X-ray diffrac-
tion (XRD) and differential scanning calorimetry (DSC). Crystallization took place through a multi-
stage process. The first stage of transformation corresponded to the crystallization of the fcc-Al
phase, while the second and third exothermic transformations involved the crystallization of Al3Ni,
Al11Ce3, Al3Ce, AlCeNi and unidentified phases. The transformation curves recorded under iso-
thermal treatments at 150 °C and 305 °C indicated that crystallization occurred through nucleation
and growth, with diffusion-controlled growth occurring in the first crystallization stage and inter-
face-controlled growth in the third. The Avrami exponents suggested only crystallization of fcc-Al
phase, and simultaneous crystallization of intermetallic compounds and unidentified phases with
two- and three-dimensional crystallization.

1. INTRODUCTION

Since 1984, much attention has focused on Al–
rare earth (RE) alloys, particularly because of the
relatively high glass forming ability of some com-
positions and their special properties, which make
them suitable for high temperature applications [1].
Aluminum-based metallic glasses with high Al con-
tent in compositional ranges above 80 at.% Al,
combined with transition metal (TM) and rare earth
(RE) [2] i.e., Al-TM(Fe, Co, Ni)-RE(La, Y, Ce) [2-
4], have been studied intensively due to their me-
chanical properties, including tensile strength as
high as 1000 MPa, which is about double that of
conventional high-strength aluminum alloys. The
mechanical properties have been further improved
by partial crystallization of the amorphous struc-
ture, forming a homogeneous precipitation of na-
nometer-sized fcc-Al phase in the amorphous
matrix [5]. The mechanical properties of these

nano-amorphous composite materials have at-
tracted increased interest for their potential indus-
trial applications and as subjects to gain a funda-
mental understanding of the special structure-prop-
erty relationship of this new class of materials. In
this paper, we report on the crystallization behav-
ior upon annealing of amorphous Al

90
Ce

5
Ni

5
 melt-

spun ribbons, analyzed with a combination of DSC
and XRD.

2. EXPERIMENTAL DETAILS

Al
90

Ce
5
Ni

5
 alloy was prepared by arc melting of high-

purity Al, Ni, and Ce in an argon atmosphere. Amor-
phous ribbon was produced by a single-roller melt-
spinning technique under argon with a Cu–wheel
rotating at a velocity of ~54 m.s-1. The 2-3 mm wide,
30-40 µm thick as-quenched ribbon presented a
bending ductility of 180°. The amorphous as-
quenched and partially crystallized samples were



470 C. Triveño Rios, S. Suriñach, M. D. Baró, C. Bolfarini, W. J. Botta F. and C. S. Kiminami

Fig. 1. DSC-curves obtained at different continuous heating rates: (a) first crystallization peak, and (b)
second and third crystallization peaks.

examined by X-ray diffraction (XRD) using CuKα,
and by transmission electron microscopy (TEM).
Thermal analyses were performed in a Perkin–
Elmer DSC-7 calorimeter. Continuous heating stud-
ies were carried out in a heating range and rate of
2.5-40 K/min. Isothermal treatments consisted of
continuous heating at a rate of 100 K/min up to the
treatment temperature.

3. RESULTS AND DISCUSSION

Figs. 1a and 1b present the normalized thermo-
grams of as-quenched amorphous ribbon heated
at different rates (β = 2.5-40 K/min). Fig. 1a shows
the first crystallization peak when fcc-Al was
formed. Fig. 1b shows the second and third crys-
tallization peaks when intermetallic compounds,
metastable phase and additional fcc-Al phases
were formed. As can be seen, increasing the heat-
ing rate caused all the crystallization peaks to shift
to higher temperatures. Congruous with a previ-

ous study [6], the absence of T
g
 indicated that in

the entire Al-Ce-Ni system, the glass transition
phenomenon occurred only in the composition with
Ce content above 6.0 at.% and was independent
of the Ni content.

The activation energy for crystallization of the
amorphous structure can be estimated under a
continuous heating condition, using Kissinger’s
model [7]. Fig. 2 shows that the Kissinger plot
R×ln(β/T

p
) versus (1/T

p
) yields straight lines with a

good fit. From the slope of the line, the activation
energy (E

a
) can be estimated for the crystallization

stages. Here, β is the heating rate, T
p
 the crystalli-

zation temperature peaks, and R is the universal
gas constant. An evaluation of the activation ener-
gies for the crystallization of each peak indicated
that the activation energy for the first peak of crys-
tallization, where fcc-Al phase forms, was approxi-
mately 250 kJ/mol. This value, although lower than
those of the other peaks, was higher than that of
inter-diffusion in pure Al (~145 kJ/mol) [8], suggest-
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ing that diffusion of the solute elements (Ni and
Ce) is involved in this nanocrystallization process,
in which the solutes are completely ejected from
the crystallites into the amorphous matrix [9]. The
higher values of the activation energy of the sec-
ond and third crystallization peaks, ~391.6 and
304.4 kJ/mol, respectively, corresponded to the
formation of residual fcc-Al and polyphase crystal-
lization. The higher values of the activation ener-
gies suggest a higher thermal stability of the corre-
sponding phases than that of the fcc-Al phase.

Fig. 3 presents the XRD patterns of the as-
quenched and annealed ribbons. The heat treat-
ment was applied at 150 °C for 30 min, correspond-
ing to the first crystallization peak. The XRD pat-
terns indicate amorphous structure for the as-
quenched ribbon and formation of fcc-Al phase by
crystallization in the first stage. The considerable
enlargement of the fcc-Al peaks indicates that a
small amount of either Ni or Ce was retained in
solid solution in the Al phase. However, the aver-
age crystalline size, estimated by the Scherrer for-
mula [10] with full width at half maximum of the
(111) fcc-Al diffraction peak, was smaller than 10
nm. This size estimation is congruent with the value

of 10 nm for the first hour of annealing at 150 °C
reported previously for Al

90
Ce

4
Ni

6 
alloy [11]. The

inset in Fig. 3 shows a thermogram obtained in
isothermal mode for the as-quenched ribbon at 150
°C. A monotonically decreasing exothermic DSC
signal typical of grain growth [12] was not observed.
However, a bell-shaped DSC signal, which was not
well defined in the initial stage, indicated that the
crystallization transformation occurred by an fcc-
Al nucleation/growth process. The fact that the iso-
thermal thermoanalysis indicated that released was
lower (-16.5 J/g) than that released during isoch-
ronic heating corroborates the mechanism of grain
nucleation and growth. Asymmetric isothermal ther-
mograms such as the one shown in the inset in
Fig. 3 are usually [13] related to diffusion-controlled
growth in alloys with primary crystallization.

Fig. 4 presents XRD patterns for the as-
quenched and annealed ribbons. The heat treat-
ment was applied for different lengths of time at
305 °C, corresponding to the second and third crys-
tallization peaks. The inset in Fig. 4 shows a ther-
mogram in the isothermal mode of the as-quenched
ribbon at 305 °C. The thermogram shows two exo-
thermic reactions, indicating the occurrence of two

Fig. 2. Activation energy (Kissinger) plots for the temperatures of the three peaks (T
p
).
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Fig. 3. XRD patterns of the as-quenched and annealed ribbon. The heat treatment was applied at 150 °C
for 30 min, corresponding to the first crystallization peak. The inset shows a thermogram of the as-
quenched ribbon isothermally treated at 150 °C.

clearly distinguishable crystallization stages. The
XRD patterns indicate formation of fcc-Al phase
for treatment times varying from 5 to 12 min. The
average crystallite size estimated by the Scherrer
formula [10] from (111) fcc-Al peak was smaller
than 15bnm.

After longer treatment times (> 12 min. for sec-
ond crystallization, inset in Fig. 4), the XRD pat-
terns reveal low intensity, broad diffraction peaks
corresponding to the first traces of Al

3
Ni, Al

3
Ce,

Al
11

Ce
3
, and AlCeNi intermetallic compounds and

unidentified phases precipitated from the residual
amorphous matrix. The isothermal thermogram
indicates that this second crystallization stage in-
volved a small amount of released (about -11.4
J/g) similar to that occurring in second stage crys-
tallization under continuous heating (about -9.1
J/g), suggesting that this stage is governed by the
nucleation/growth mechanism characteristic of in-
termetallic compounds. The slightly larger amount

of heat released, in this case, may have been due
to the nucleation activation energy of the interme-
tallic compounds, to which the contribution of nucle-
ation activation energy is much smaller than growth
activation energy [14].

After even longer treatment times (16 min and
20 min at the third crystallization stage), the XRD
patterns show the formation of a larger volume frac-
tion of fcc-Al and unidentified intermetallic com-
pounds. Therefore, this crystallization stage was
governed mainly by the growth mechanism of uni-
dentified, fcc-Al and intermetallic crystallites. The
nucleatiion of new crystallites from the residual
amorphous phase it is small amount and completed
within a very short period of time. This behavior
was confirmed by the isothermal thermogram (in-
set in Fig. 4), which shows a well defined bell-
shaped DSC signal for the third crystallization
stage, which is typical of a nucleation/growth
mechanism, and by the slightly higher heat released
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in those transformations (-44.8 J/g) than that re-
leased during continuous heating (-41.6 J/g).

Fig. 4 also presents XRD patterns for the fully
crystalline ingot (cooled close to equilibrium) and
for the annealed ribbon. The heat treatment was
applied by continuous heating at 20 K/min up to
400 °C, which may have led to full crystallization,
according to the thermogram in Fig. 1b. The crys-
tallized ribbon showed a larger amount of crystalli-
zation of the unidentified phase, fcc-Al and inter-
metallic compounds. By comparison with the pat-
terns of the ingot, the ones corresponding to the
Al

11
Ce

3
 and unidentified phases were not observed.

The instability of the metastable Al
11

Ce
3
 phase

above 460 °C, with a stable microstructure com-
posed of fcc-Al, hexagonal Al

3
Ce and orthorhom-

bic Al3Ni, as well as some unidentified phases, have
been reported in the literature [15] for Al

85
Ce

5
Ni

8
Co

2

alloy, which is in agreement with our observations
in this study.

An alternative method to study the isothermal
crystallization kinetics is through the JMA model
[16], known by the Avrami equation: x = 1 – exp [-
(Kt)n], where K is a constant, x is the crystalline
fraction, and n is the Avrami exponent reflecting
the mechanism of nucleation and growth during
the phase transformation. The value of “n” for
steady-state mechanisms, over the range of 15 to
85% of transformed fractions [18], can be calcu-
lated from the slope of the straight line of the ln[ln(1/
(1-x(t)))] vs. ln(t) plot. The JMA plots in this study
did not show a linear relationship, implying that
multiple mechanisms may have been involved in
the amorphous-to-crystalline transformation. The
Avrami exponent, n, was 1.8±0.3 in the first crys-
tallization process. This value suggests that the

Fig. 4. XRD patterns of the as-quenched and annealed ribbon. The heat treatments were applied for
different times at 305 °C, corresponding to the second and third crystallization peaks, for the crystallized
ribbon at 400 °C and for the as-cast ingot cooled in conditions close to equilibrium. The inset in figure
shows a thermogram of the as-quenched ribbon isothermally treated at 305 °C.
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Fig. 5. Dark field TEM-images and corresponding selected-area electron diffraction patterns of ribbons
after isothermal annealing at: (a) 150 °C for 30 min, and (b) 305 °C for 16 min.

transformation in the intermediate stage was gov-
erned by two-dimensional diffusion-controlled
growth with instantaneous nucleation [18]. This
behavior agrees well with the shape of the asym-
metric isothermal curve shown in the inset of Fig.
4. However, the Avrami exponent, n, for the third
crystallization process was 3.4±0.5, suggesting that
the transformation in the intermediate stage was
governed by three-dimensional interface-controlled
growth with homogeneous nucleation at a constant
rate [18], which is also congruous with the shape

of the symmetric isothermal curve in the inset of
Fig. 4.

The formation of fcc-Al nanocrystals indicated
by the XRD pattern of the ribbon annealed at 150
°C for 30 min (Fig. 3) was confirmed by a micro-
structural examination using dark field TEM (Fig.
5a). The microstructure consisted solely of ran-
domly distributed fcc-Al nanocrystals with sizes of
about 10 nm embedded in the amorphous phase.
Also, the formation of fcc-Al, intermetallic com-
pounds and some unidentified phases, which was
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indicated by the  XRD pattern of the annealed at
305 °C for 16 min (Fig. 5b), was confirmed by TEM,
which revealed spherical-shaped nanocrystals
about 15±5 nm in size embedded in the residual
amorphous phase located between the crystallized
grains. The crystallized amorphous fraction corre-
sponded to 76±6% in an average of eight pictures.
In this case, the respective diffraction rings revealed
the presence of fcc-Al and unidentified phases. The
unidentified phases showed interplanar distances
unlike those of the fcc-Al phase.

4. CONCLUSIONS

The crystallization of the amorphous Al
90

Ce
5
Ni

5
 rib-

bon occurred through a multistage process. The
first stage of transformation corresponded to the
crystallization of the fcc-Al phase, while the sec-
ond and third exothermic transformations corre-
sponded to the crystallization of Al

3
Ni, Al

11
Ce

3
,

Al
3
Ce, AlCeNi and unidentified phases. The iso-

thermal treatments and the JMA analysis of the
transformation curves measured at annealing tem-
peratures of 150 °C and 305 °C indicated that crys-
tallization occurred through nucleation and growth,
with diffusion-controlled and interface-controlled
growth in the first and third crystallization pro-
cesses, respectively. The Avrami exponents for the
first and third crystallization processes were 1.8±0.3
and 3.4±0.3, respectively, suggesting only crystal-
lization of fcc-Al phase and simultaneous crystalli-
zation of intermetallic compounds and unidentified
phases with two- and three-dimensional crystalli-
zation, respectively.
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