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The early stages of devitrification of Al89Ni6La5 metallic glass were investigated using
three-dimensional atom probe. Even in the as-quenched amorphous state, nanometer-sized
fluctuations of Ni and Al were observed. The Al-rich fluctuations act as nucleation sites for the
crystallization at 443 K in which �-Al clusters with a number density up to 5�1023 m−3 nucleate
and grow to nonspherical, 12 nm large crystals. �-Al particles are almost pure in Al and are
surrounded by a La-rich shell. It is concluded that La segregation controls the growth and limits the
size of the �-Al nanocrystals. © 2008 American Institute of Physics. �DOI: 10.1063/1.2897303�

Aluminum-based glasses containing transition metals
and rare-earth elements such as nickel or lanthanum promise
excellent mechanical properties such as outstanding
strengths and corrosion resistance and are therefore of prac-
tical interest.1,2 The yield strength is significantly increased
by partial crystallization of faced centred cubic �fcc� Al
nanocrystals embedded in the amorphous matrix.3 The high
number density ��1021 m−3� of nanocrystals originates from
nuclei present in the as-quenched glass.4 The stability of the
Al-based amorphous phase as well as the pathway of crys-
tallization are sensitive to the composition of these
alloys.4–7Although nucleation and growth processes of Al
nanocrystals have been investigated in several previous
studies,8–12 there is still a lack of understanding of the under-
lying processes. Both structure and local composition of
amorphous and partially crystallized alloys have been ana-
lyzed by various scattering methods7,13 and atom probe �AP�
tomography,10,11 where the latter technique is particularly
suitable to study and analyze features on the nanometer
scale.

We report on AP tomography measurements of the ele-
ment distribution in amorphous Al89Ni6La5, both in the melt-
spun �quenched� state and during primary crystallization in
order to elucidate the early stages of crystallization and the
role of the solute elements for nanocrystallization. Amor-
phous Al89Ni6La5 ribbons of about 2 mm width and 30 �m
thickness were produced by single-roller melt spinning with
a peripheral wheel velocity of 40 m /s. Differential scanning
calorimetry of this material with a heating rate of 20 K /min
indicated first crystallization at 458 K.7 In order to observe
the early stages of crystallization, the amorphous specimens
were annealed at 443 K for 20 min and for 2 h. Details of
specimen preparation will be described in Ref. 14. AP analy-
ses were performed with a CAMECA three-dimensional
�3D�-AP.15 Additional information about the microstructure
of the as-cast and the annealed material was obtained by
transmission electron microscopy �TEM� and x-ray diffrac-
tion �XRD�.

The amount of nickel in the as-quenched state as well as
after heat treatment was found to be higher ��8.3 at. % �
than the nominal composition, whereas the measured con-
centration of La ��3.5 at. % � was lower as evaluated by
3D-AP. These differences most likely arise from macro-
scopic fluctuations of concentration within the ribbons, e.g.,
between wheel and air side.

XRD analysis of the as-melt spun Al89Ni6La5 ribbon re-
veals the featureless broad diffraction curve typical for amor-
phous solids �not shown�. To further exclude the presence of
small volume fractions of localized crystallites, TEM analy-
sis at various locations of the ribbon was carried out. None
of the diffraction patterns, one given in Fig. 1�a�, indicated
the presence of a crystalline phase. In contrast to diffraction,
3D-AP revealed many small compositional heterogeneities.
Applying a cluster identification module16 to reconstructed
volumes shows small Ni-rich areas �Ni atoms marked as bold
points in Fig. 1�b��. Al-rich areas are also present but not as
clearly visible as the Ni-rich areas since the concentration
changes are smaller. Figure 1�c� shows the concentration
depth profiles of Al, Ni, and La along the axis of the cylinder
with 1.5 nm diameter marked in Fig. 1�a�. La is randomly
distributed. The mean chemical composition of the Ni-
enriched areas �in at. %� is 85.7Al–11.5Ni–2.8La, with a
maximum concentration of Ni up to �25 at. %. The Al level
varies from 70 to �95 at. %. This shows that compositional
fluctuations of two elements already exist in the as-cast ma-
terial. The mobilities of both Al and Ni in the solidifying
melt are obviously high enough to allow for such fluctua-
tions, whereas the La atoms are quenched in on random po-
sitions. Similar compositional fluctuations were recently ob-
served by AP analysis in several other as-quenched glasses
including Al87–Ni5–La7–Zr1 �Ref. 17� and Al–Ni–Yb.10

Quenched-in Al nuclei were reported in Al–Ni–Y–Co glass.4

It was proposed that such fluctuations could act as nuclei for
primary crystallization during annealing.9 Hence, a large
number density of heterogeneities, in particular Ni-poor and
Al-rich regions, is expected to give rise to a high number of
�-Al nanocrystals. This means that slight decomposition
with respect to Ni and Al during solidification is crucial for
�-Al nucleation and not a deficiency of the quenching
procedure.
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Figure 2 shows 3D reconstructions of the atom positions
in a volume of the alloy annealed at 443 K for 2 h. For the
sake of clarity, only regions with more than 95 at. % Al and
with more than 10 at. % La are represented in Figs. 2�b� and
2�c�, respectively. The white space then corresponds to the
part of the amorphous matrix containing less than these lim-
its of Al or La. Irregularly shaped nonuniformities of the
atom distributions are visible. La and Al agglomerates are
correlated with each other, whereas Ni agglomerates are an-
ticorrelated to Al. Specimens aged at the same temperature
for just 20 min show a slightly less pronounced
agglomeration.

TEM and XRD analyses of samples annealed for 20 min
or 2 h revealed that the Al-rich agglomerates observed by

3D-AP in Fig. 2�b� are clustered fcc �-Al nanocrystals of
nonspherical morphology.14 Even after 2 h of annealing at
443 K, no evidence for the presence of crystalline phases
other than �-Al was found by TEM and by XRD. This is in
accordance with the literature since Al3Ni and Al11La3 de-
velop in the second crystallization stage at higher tempera-
tures only.9

Composition, size, and number density of �-Al clusters
are derived from 3D-AP experiments. Again, �-Al clusters
are defined as regions where the concentration of Al exceeds
the given limit of 95 at. %. The composition as well as the
number density ��5�1023 m−3� of �-Al nanocrystals is in-
dependent of annealing time, whereas the mean size of �-Al
nanocrystals increases from about 6.4 nm after 20 min to
about 12 nm after 2 h of aging. These values are averages
over a rather wide size distribution of the irregularly shaped
particles. This indicates that nucleation of the �-Al particles
occurs quickly, i.e., in less than 20 min. Since Ni-enriched
areas and �-Al clusters are anticorrelated, nucleation of �-Al
takes place in the Ni-depleted regions, after which �-Al
nanocrystals grow upon annealing.

According to Fig. 2, La-rich regions are correlated with
�-Al nanocrystals. As demonstrated in Fig. 3, this is due to
the presence of a La-rich shell around the �-Al nanocrystals,
containing more than 12 at. % of La. Figures 3�a� and 3�b�
show a two-dimensional �2D� section of the atom positions
of Al in �-Al and La in La rich regions inside a volume of
the glass annealed at 443 K for 2 h. It is clearly visible that
�-Al nanocrystals are surrounded by a La shell of a few
nanometers width. Analysis of further 2D sections through
the analyzed volume confirms this picture. This result is in
accordance with a previous study based on small-angle neu-
tron scattering suggesting that such a core-shell structure
could exist in the annealed Al89Ni6La5 glass.7 The neutron
scattering data obtained from this glass aged up to 453 K

FIG. 1. �Color online� As-quenched Al89Ni6La5 metallic glass: TEM se-
lected area diffraction pattern �a�, elemental 3D-AP mapping of Ni atoms in
a 11�11�12 nm3 volume �b�. The bold dots in �b� represent Ni atoms in
Ni-enriched regions defined by the criterion xNi�10 at.%. Concentration
depth profiles of all alloy constituents �c� along the axis of the marked
cylinder in b. Arrows show where the Al concentration is above the average
of 89 at. %.

FIG. 2. �Color online� Perspective representation of the
3D-AP reconstruction of atoms in Al89Ni6La5 metallic
glass annealed at 443 K for 2 h. �a� Ni, �b� Al, and �c�
La. Analyzed volume is 12�12�110 nm3 large. A
cluster-search module �Ref. 16� was used to show only
Al atoms in regions with more than 95 at. % Al �b� and
La atoms in regions containing more than 8 at. % La
�c�. Ni is shown without cluster selection since segre-
gation is clearly visible in the full data set.

FIG. 3. �Color online� Atom map �9�50 nm2� in a specimen aged at 443 K
for 2 h. Al atom positions in �-Al crystal �Al concentration �95 at. %� �a�.
La atom positions in the La-rich regions �La concentration �10 at. %� �b�.
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could be fitted by two distributions of spherical fluctuations
which were interpreted either as core-shell structures with
pure Al particles forming the core, or by two different par-
ticles that grow independently. The present investigation
demonstrates that core-shell structures actually exist.

Figure 4 shows AP concentration depth profiles of Al
and La taken along the axis of the cylinder of 1 nm diameter
marked in Fig. 3�a�. This cylinder cuts out a region of the
annealed material that contains some Al nanocrystals and
La-rich regions at their interfaces. The width of the �-Al
nanocrystal between two La-rich areas is approximately
5 nm, while the La-rich areas are 2.5 and 5 nm thick. In the
latter case, the La shells around two �-Al nanocrystals have
merged to one layer with a La concentration above 15 at. %.

The present investigations demonstrate that nanocrystal-
lization of Al and growth of these crystallites require the
rejection of La. The enrichment of La at the interface of
crystalline clusters indicates the low mobility of La in the
amorphous parent phase. This in turn hinders the growth of
the �-Al nanocrystals. The diffusion of alloying elements in
metallic glasses is known to be sensitive to the relative size
of the diffusing and the host atoms.18 The low mobility of La
can be explained by its larger atomic radius �0.1879 nm�
compared to Ni �0.124 nm� and Al �0.143 nm�. Thus, the
growth velocity and the final size of the �-Al crystals are
controlled by the diffusion of La into the amorphous matrix.
Regions where La shells around various �-Al nanocrystals

have merged should be even higher barriers for the growth of
these �-Al crystals.

In summary, the present 3D-AP investigation of the early
stages of crystallization of Al89Ni6La5 metallic glass demon-
strates that both minor components Ni and La have a crucial
influence on the evolution of �-Al nanocrystals in Al–Ni–La
metallic glasses. Even the as-quenched material shows inho-
mogeneities of the Ni and Al atom distribution on the nanos-
cale. The Al-rich regions act as nucleation sites of �-Al
nanocrystals during annealing in the temperature range of the
first crystallization step. During crystallization, La-rich shells
around �-Al particles build up when La atoms are rejected
from the growing crystals of almost pure �-Al. These shells
hinder further growth and, thus, limit the size of the �-Al
nanocrystals. Our investigation confirms the existence of
core-shell structures and proved this previously postulated
pathway of nanocrystallization.

The authors gratefully thank Dr. M.-P. Macht and Dr.
Ch. Abromeit for fruitful discussions.
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FIG. 4. �Color online� Concentration depth profiles of Al and La along the
axis of the cylinder of 1 nm diameter shown in Fig. 3�a�. The vertical
dashed lines indicate interfaces between �-Al crystal and amorphous phase.
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