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a b s t r a c t

Structural stability of glassy Al85Ni10La5 as-atomized powder was investigated after ball-milling using
differential scanning calorimetry, X-ray diffractometry, and transmission electron microscopy. Fcc-Al
nanocrystals were found after ball-milling. The crystallization behavior upon thermal treatment depends
on the deformation level. This is ascribed to a shift in the composition of the residual amorphous phase
towards higher contents of Ni and La during ball-milling.
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. Introduction

Al-based amorphous alloys with Al concentrations of 80–90 at.%
ave attracted much attention due to their mechanical proper-
ies, especially the high strength combined with a good ductility
hich is superior to that of conventional high-strength aluminum

lloys [1,2]. The mechanical properties of partially crystallized
morphous alloys with nanometer-sized Al crystals could be
ven improved [3,4]. For Al–RE–TM type amorphous alloys
RE: rare earth elements, TM: transition metals) with amor-
hous/nanocrystalline composite microstructure the strength was
hown to increase up to 1560 MPa [5]. The nanocrystals can be pro-
uced either by heat treatment [6] or by plastic deformation [7–13],
.g., cold rolling [7], nanoindentation [8], high pressure torsion [9],
qual channel angular pressing [10], ball-milling [11] and extreme
ending [12,13]. It is yet unclear whether the underlying mecha-
ism for stress-induced crystallization is thermal or athermal.

This work reports the structural changes of helium-atomized
l85Ni10La5 amorphous powder during plastic deformation by
all-milling at different temperatures. The structural changes are
ompared to those observed after thermal treatment.
. Experimental

The alloy with nominal composition Al85Ni10La5 was synthesized in an alumina
rucible by induction melting under argon atmosphere, using pure elements of Al
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(99.98%), Ni (99.7%) and La (99.7%). The melt was heated up to approximately 1200 ◦C
and was subsequently atomized by Nanoval G.m.b.H. using the “Nanoval” process
[14] and helium gas. The plastic deformation of as-atomized powder was performed
by ball-milling at three different temperature ranges (−80 ◦C < T < −50 ◦C; room tem-
perature; 80 ◦C < T < 100 ◦C) using a Spex Mixer Mill 8000. Six samples were prepared
using different ball-milling times of 60 min, 120 min, 240 min, 600 min, 1200 min
and 6000 min.

Differential scanning calorimetry (DSC) was carried out in a Perkin-Elmer Pyris-
1 under a stream of argon gas during continuous heating at different heating rates
ranging from 5 K/min to 80 K/min. After the first run on the as-atomized or ball-
milled powder, the sample was cooled down to 50 ◦C and then heated up again
with the same heating rate. The second run in which the sample was already fully
crystalline served as the baseline which was subtracted from the corresponding
first-run data. Kissinger analysis was applied to determine the activation energies
of phase transformations in the as-atomized and ball-milled powders.

Scanning electron microscopy (SEM) was done using a Zeiss 1540EsB
CrossBeam® workstation containing an ultra-high resolution GEMINI® field emis-
sion column. The structure of the powders was proven by X-ray diffraction (XRD)
in a Bruker D8 Advance diffractometer using Cu K� radiation. The software “X’Pert
HighScore Plus” was used to determine the crystallite size from the XRD patterns.
The volume fraction of the Al nanocrystals was roughly estimated by determination
of the areas under the reflections of the Al crystals and the total area of the pattern.

3. Results and discussion

The microstructures of the powder particles in the as-atomized
state and after ball-milling to 1200 min are shown in Fig. 1a and b,

respectively. The powder particles in the as-atomized state have a
spherical shape and a smooth surface. Small particles of the order
of 0.2 �m in size are attached to the surface of powder particles
with particle diameter of several micrometers. The mean particle
diameter was determined to d = 11 ± 1 �m [10]. During ball-milling,
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Fig. 1. Scanning electron micrograph of Al85Ni10La5 in the

he size and shape of the particles changes drastically. The par-
icle size was found to increase during ball milling to 1200 min
y about one order of magnitude followed by a decrease in par-
icle size on subsequent milling (not shown here). Furthermore,
he surface of the particles has got rough compared to the as-
tomized particles pointing to severe plastic deformation of the
ndividual particles joint together by a cold welding process during
all-milling explaining the increase in particle size. The decrease in
article size beyond 1200 min is ascribed to embrittlement due to
he precipitation of fcc-Al nanocrystals and the related change in
omposition of the residual amorphous matrix.

The DSC signal measured during continuous heating of the
owder in the as-atomized state and after ball-milling at room
emperature to different times using a heating rate of 20 K/min
s shown in Fig. 2. The DSC curve of the as-atomized powder
eveals a pronounced glass transition at Tg = 253.5 ◦C (Tg: glass tran-
ition temperature). The pronounced glass transition points to the
lassy nature of the as-atomized material. As a function of the ball-
illing time the effect of the glass transition vanishes. This might be

ue to a fragile-strong glass transition in accordance to Louzguine
t al. [15] who observed the disappearance of a glass transition in
l–Y–Ni–Co–Sc glasses with increase of the Sc content.

The heat release of the first and second exothermal reactions
ecreases with increasing ball-milling time and completely van-
shed after ball-milling to 6000 min while the third and fourth peak
ncreased. This is ascribed to the deformation-induced precipita-
ion of fcc-Al crystals and the related change in composition of the
esidual amorphous phase which crystallizes differently from the

ig. 2. DSC curves of Al85Ni10La5 powders ball-milled at room temperature to dif-
erent times.
mized condition (a) and after ball-milling to 1200 min (b).

as-sprayed powder. The energy gain due to the transformation from
the metastable phase to the final crystallization products Al3Ni and
Al11La3 is obviously lower than the gain from the amorphous phase
to the final products.

The peak temperature Tp at which the maximum heat release
occurred in the DSC curves changes with heating rate. Thus, the
activation energy E related to the crystallization of the fcc-Al was
deduced directly from the values of Tp of the first exothermal reac-
tion by Kissinger analysis [16] shown in Table 1. The activation
energy for the precipitation of fcc-Al was found to decrease from
295 kJ/mol for the as-atomized powder to 240 kJ/mol for the spec-
imen ball-milled to 6000 min. This decrease in activation energy
indicates a decrease in the stability of the amorphous phase.

In order to assign the exothermal reactions to crystallization
products we performed XRD measurements after each of the ball-
milling times. The XRD patterns of the material in the as-atomized
state and after different ball-milling times are shown in Fig. 3. The
XRD pattern of the as-atomized material reveals a broad maximum
at 2� ≈ 37◦ with a shoulder at 2� ≈ 44◦ pointing to an amorphous
structure. We fitted the spectrum of the as-atomized powder by
two Gaussian functions according to Louzguine and Inoue [17] and
deduced from the fit to the shoulder a coherency length of 1.9 nm by
the use of Scherrer’s equation. The coherency length is assigned to
nuclei of fcc crystals. Nanocrystals of about the same size have been
found in several Al-based amorphous alloys. Strunz et al. detected
heterogeneities with size of 1.1 nm in amorphous powders of the
same alloy [18]. Sahoo et al. [19] found nanocrystals smaller 2 nm
in size in amorphous Al89Ni6La5 alloy by means of small angle neu-
tron scattering (SANS). Louzguine and Inoue [17] deduced from
the shoulders in the X-ray spectra of their Al-based amorphous
materials fcc-Al nanocrystals of 2.5–2.7 nm in size.

It is obvious from Fig. 3 that the shoulder at about 44.0◦ moves to
smaller angels (2� ≈ 43.5◦) after ball-milling to 1200 min and then

goes back to about its original value (2� ≈ 44.4◦) after ball-milling
to 6000 min. These shifts in the peak shoulder reflect two different
mechanisms acting on the nuclei during ball-milling causing an
increase and subsequent decrease of the mean atomic distance in

Table 1
Activation energy of crystallization of Al85Ni10La5 powder ball-milled to different
times.

E (kJ/mol)

As-atomized 295 ± 11
BM 30 min 275 ± 14
BM 60 min 286 ± 11
BM 240 min 276 ± 13
BM 600 min 248 ± 14
BM 1200 min 240 ± 13
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precipitation of fcc-Al in amorphous Al-based matrix.

The influence of temperature on the precipitation of fcc-Al is also
reflected in the DSC curves measured after ball milling to 120 min at
different temperatures (see Fig. 6). First, the heat release assigned to
ig. 3. XRD pattern of Al85Ni10La5 powder in as-atomized condition (bottom), after
all-milling to 1200 min (middle) and after ball-milling to 6000 min.

he nuclei. The details of this shift needs however to be clarified by
urther studies.

The XRD pattern of the powder ball-milled to 1200 min reveals
eflections of low intensity at 2� = 38.5◦ and 2� = 44.8◦ which we
ssigned to the 1 1 1 and 2 0 0 reflections, respectively, of the fcc-Al
hase. The intensity of these peaks increased during ball-milling to
000 min. Furthermore, reflections at 2� = 65.3◦ and 2� = 78.5◦ are
ow clearly visible. These maxima are assigned to the 2 2 0 and 3 1 1
eflections of the fcc-Al phase. This is in qualitative agreement with
he results obtained after high pressure torsion of the same powder
here fcc nanocrystals have been detected by means of energy dis-
ersive diffraction of X-rays [9]. The size of the Al-nanocrystals was
etermined by fitting a Gaussian to the 1 1 1- and 2 0 0-reflections
nd by the use of Scherrer’s equation taking into account the intrin-
ic line width. The crystallite size of the specimen ball-milled to
200 min is 11 ± 1 nm while the size of the specimen ball-milled
o 6000 min is 12 ± 1 nm. Within the experimental uncertainty the
rystallite size is therefore the same for the two milling times while
he volume amount increases from ∼3% to ∼6% by increasing the

illing time from 1200 min to 6000 min. It is generally accepted
hat formation of fcc-Al nanocrystals during plastic deformation
ccurs in or close to shear bands which typically have a thickness
f ∼10 nm. The distance between shear bands after simple defor-
ation is of the order of ∼1 �m [2]. The high volume fraction (6.1%)

f Al nanocrystals in the specimen ball-milled to 6000 min there-
ore suggests a large volume fraction of shear bands produced due
o multiple deformations during long ball-milling times. The rea-
ons for the weak dependence of nanocrystal size on deformation
evel is not quite clear. It might be the result of a fragmentation

echanism acting at high deformation levels as proposed in [20].
Fig. 4 shows the XRD pattern of as-atomized powder and of pow-

er ball-milled to 600 min and 1200 min thermally treated to 300 ◦C
ith 20 K/min. The maxima in the intensities of the as-atomized
owder can be indexed by the reflections of fcc-Al and by the
axima of an unknown metastable phase. Ball-milling to 600 min

eads to a relative decrease of the maxima of the metastable phase
hich completely vanish after ball-milling to 1200 min. This leads

o the conclusion that plastic deformation by ball-milling leads to a
hange in the crystallization behavior due to a shift of the composi-
ion of the residual amorphous matrix caused by the precipitation

f fcc-Al.

Ball-milling at temperatures between 80 ◦C and 100 ◦C for
40 min leads to an enhanced precipitation of fcc-Al nanocrystals
ompared to ball-milling at room temperature while ball-milling
Fig. 4. XRD pattern of Al85Ni10La5 powder in the as-atomized condition (bottom),
after ball-milling to 600 min (middle), and after ball-milling to 1200 min (top), each
after additional annealing by linear heating to 300 ◦C.

at temperatures between −80 ◦C and −50 ◦C for 240 min hardly
leads to the formation of fcc-Al precipitates (see Fig. 5). Though
all of the ambient temperatures are far below the crystallization
temperature, the precipitation process is affected in a way that
higher temperatures enhance crystallization while lower temper-
atures hamper crystallization of fcc-Al nanocrystals. Our results
therefore suggest a combined influence of temperature and plastic
deformation on crystallization. This interpretation is in qualitative
agreement with the finding of Lee et al. [21] who studied the influ-
ence of uniaxial pressure and plastic deformation of a Cu metallic
glass. They found that hydrostatic pressure reduces the activation
energy for nucleation while the shear stress lowers the activation
energy for the diffusion of a matrix atom to the nucleus. In ball-
milling experiments both hydrostatic pressure and shear stresses
act to the powder particles [22]. We therefore conclude that the
activation energies for nucleation and growth during ball-milling of
Al Ni La powder also decrease resulting in deformation induced
Fig. 5. XRD pattern of Al85Ni10La5 powder ball-milled to 240 min at low temper-
ature (LT; −80 ◦C < T < −50 ◦C, top), at room temperature (RT; middle), and at high
temperature (HT; 80 ◦C < T < 100 ◦C, bottom). The peaks marked by triangles are due
to ZrO2 weared from the container and the balls during low temperature milling.
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ig. 6. DSC curves of Al85Ni10La5 powders ball-milled at high temperature (HT),
oom temperature (RT) and low temperature (LT) to 120 min.

he precipitation of Al-fcc nanocrystals decreases with increasing
all-milling temperature. This means that the volume fraction of
cc-Al nanocrystals increases with increasing ball-milling temper-
ture in agreement with the results from XRD measurements (see
ig. 5). Furthermore, the effect of the glass transition is reduced
ith increasing ball-milling temperature.

. Summary and conclusions

Structural stability of Al85Ni10La5 as-atomized powder was
nvestigated in the as-atomized condition and after ball-milling
sing different methods like differential scanning calorimetry, X-
ay diffractometry, and transmission electron microscopy. Thermal

reatment of as-atomized powder to 300 ◦C causes the formation of
cc-Al and a metastable phase, while thermal treatment of powders
all-milled to times larger than 1200 min yields in the formation
f fcc-Al only indicating a shift in the composition of the residual
morphous phase towards higher contents of Ni and La and thus to

[
[
[
[
[
[
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change in the crystallization path. The formation of fcc-Al nanocrys-
tals and the destruction of the metastable phase during ball-milling
cause a gradual change of the DSC diagram. The decrease in activa-
tion energy and the gradual vanishing of the glass transition with
increasing ball-milling time indicate a decrease in the stability of
the residual amorphous matrix and, possibly, a fragile-strong glass
transition.
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