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After 80 h of milling the elemental powders, mechanical alloying of Al90Fe5Nd5
produces a nanostructured composite, which consists of nanocrystals of fcc-Al and some
Al11Nd3 precipitates, embedded in an amorphous matrix. This composite has a Vickers
hardness of 2.8 GPa and is thermally stable up to about 340◦C. Above this temperature
it decomposes into Al11Nd3 and Al10Fe2Nd phases.
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1. Introduction

In the last twenty years, high strength amorphous Al alloys have been de-
veloped by non-equilibrium techniques [1, 2]. In some Al-TM-RE (TM = Transition
Metal, RE = Rare Earth) alloys, the strength has been improved by the partial
crystallisation of amorphous precursors which gives rise to nanostructured com-
posites consisting of Al nanocrystals embedded in a remaining amorphous matrix,
with ultimate tensile strength reaching 1550 MPa [1].

Amorphous and nanocrystalline states in the Al90Fe5Nd5 alloy have been ob-
tained by melt spinning and gas atomisation processes and widely studied by the
authors [3–6]. The Al90Fe5Nd5 amorphous melt spun ribbon evolved with thermal
treatments, as determined by DSC, through three exothermic reactions [3]: the
primary crystallisation of fcc-Al phase from the amorphous matrix at around 230◦C
forming a nanostructured state; the precipitation of a metastable ternary phase and
the equilibrium Al11Nd3 phase at 355◦C; and the transformation of the metastable
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ternary phase into the equilibrium Al10Fe2Nd phase at 540◦C. Al90Fe5Nd5 powder
produced by means of gas atomisation also resulted in an amorphous state that ac-
counted for up to 42 % volume fraction of the batch [4]. With thermal treatments,
the atomised powder evolved to the equilibrium state through three exothermic
reactions, in a similar way as the melt-spun ribbon. In this case, however, reactions
occurred at slightly different temperatures: 240◦C, 360◦C and 530◦C. From those
studies the results showed that both materials, melt-spun ribbons and gas atomised
powder presented a high thermal stability up to about 240◦C for the amorphous
state and up to 360◦C for the nanostructured state. Both materials also presented
a high hardness: 2.1 GPa and 2.8 GPa for the as-spun ribbon and as-atomised
powder, respectively.

In the present work, the effect of mechanical alloying on Al, Fe and Nd ele-
mental powder mixtures, in the atomic fraction of 90-5-5 has been studied and the
results compared with those of amorphous and nanostructured Al90Fe5Nd5 alloys
previously obtained by melt-spinning and gas atomisation.

2. Experimental procedure

Mechanically alloyed Al90Fe5Nd5 at.% powder was produced by milling the
elemental powders under argon atmosphere in a SPEX 8000 high-energy shaker
mill using hardened steel vials and balls. The ball-to-powder weight ratio used was
15 : 1 and 1–2 wt.% of stearic acid was added to minimise the agglomeration of
powder. The powder was studied after 3, 6, 9, 12, 20 and 80 hours milling.

The evolution of the mechanically alloyed powder was followed by X-ray dif-
fraction (XRD), using CuKα radiation and silicon as a reference element. The
change of fcc-Al crystallite size with milling time was determined by measuring the
Bragg (111) and (200) peak widths at half the maximum intensity and applying the
Scherrer formula [7]. The thermal stability of the mechanically alloyed powders was
examined by differential scanning calorimetry (DSC) at a heating rate of 20◦C/min
under pure argon flow. Milled powders were also submitted to heat treatments at
350 and 450◦C for 1 hour. Structural characterisation was performed by scanning
electron microscopy (SEM) equipped with an energy dispersive analysis unit (EDS)
and transmission electron microscopy (TEM). Vickers microhardness was measured
on polished powder particle cross-sections by applying a load of 25 g for 15 seconds.

3. Results and discussion

The XRD patterns of the mechanically alloyed powders are illustrated in Fig. 1.
It can be observed that the patterns from powders milled for short periods of time,
up to 12 h, only present peaks from the fcc-Al phase, which become broader with
increasing milling time, indicating crystal deformation and grain size refinement.
In the sample milled for 20 h, the fcc-Al peaks become narrower and increase
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Fig. 1. XRD patterns of Al90Fe5Nd5 powder, milled for 3, 6, 9, 12, 20 and 80 h.

in intensity. In addition, new peaks, belonging to the equilibrium Al11Nd3 phase,
appear. The narrowing of the fcc-Al peaks, that is indicative of an increase in
fcc-Al phase grain size estimated as about 20 nm [7], could be related with some
dynamic recovery often found in alloys presenting a low melting point [8–13]. After
80 h milling an amorphous halo appears and the fcc-Al peaks become broader,
the fcc-Al grain size being estimated in about 10 nm [7]. These X-ray diffraction
results suggest that partial amorphisation of the Al90Fe5Nd5 alloy was obtained by
milling.

SEM observations of samples milled for 3 h showed some unalloyed Fe particles,
whereas for longer milling times powders presented full homogenisation. Analysis
performed by EDS showed that the nominal alloy composition was obtained in all
samples.

TEM investigation of sample milled for 80 h showed the presence of a nano-
composite structure. Figure 2 presents an example where nanocrystals of about 10
to 20 nm can be observed. The corresponding electron diffraction patterns allow
the identification of fcc-Al and Al11Nd3 intermetallic compound, as was expected
from the X-ray diffraction patterns.

In order to examine the thermal stability of the mechanically alloyed Al90Fe5-
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Fig. 2. (a) TEM micrograph and (b) corresponding diffraction patterns of Al90Fe5Nd5
powder milled for 80 h.

Nd5 powders and their phase transformations during heat treatments, samples were
submitted to DSC studies. Figure 3 illustrates the DSC traces of the as-milled 80 h
powder, which shows three exothermic peaks. The first one is broad and overlapped
with the second one and takes place at 340◦C, with a heat released of 18 J/g. The
second peak is larger, with a heat released of 50 J/g, and occurs at around 380◦C.
A small peak at higher temperature, 540◦C, can also be distinguished. Comparison
with the three transformation peak temperatures also shown in Fig. 3 of the cor-
responding ribbon, that occurred at 230, 355 and 540◦C [3], and atomised powder
that occurred at 240, 360 and 530◦C [4], shows the absence of the exothermic peak
between 220 and 240◦C in the mechanically alloyed material. In melt-spun ribbons
and gas-atomised powder, the first exothermic peak corresponded to primary crys-
tallisation of the amorphous precursor, forming a nanocomposite of fcc-Al nano-
crystals in a remaining amorphous matrix. This nanocomposite structure is already
formed in the material after 80 h milling and this is the reason why the exothermic
peak associated with its formation is not observed in the as-milled material. To
estimate the volume fraction of the remaining amorphous phase present in the
material milled for 80 h, the heat released in the exothermic transformation that
occurred at 340◦C, 18 J/g, was compared with the heat released by the ribbon,
about 100 J/g, that was wholly amorphous [3]. From this comparison, it follows
that volume fraction of amorphous phase in the MA material was about 20 %. This
amount of heat released is close to that released by the size fraction of 25 to 50 µm
in the helium-atomised powder [4].

To identify the phase transformations that take place during heating, milled
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Fig. 3. DSC traces of Al90Fe5Nd5 alloy. (a) 80 hours mechanically alloyed powder, (b)
gas-atomised powder [4], and (c) melt-spun ribbon [3].

Fig. 4. XRD patterns of Al90Fe5Nd5 powder milled for 80 h and thermally treated for 1 h
at 350 and 450◦C.

samples were submitted to thermal treatments for 1 hour at 350 and 450◦C, i.e.
above first and second exothermic peaks. The corresponding diffraction patterns
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Fig. 5. Vickers hardness versus milling time
of as-milled Al90Fe5Nd5.

are shown in Fig. 4. XRD of the sample milled for 80 h and heat treated
at 350◦C shows an increase in the intensity of the fcc-Al and Al11Nd3 peaks
with respect to the as-milled condition shown in Fig. 1. After the 450◦C
heat treatment, the ternary equilibrium
Al10Fe2Nd phase [4] was also present.
This indicates that the first exothermic
peak is due to the appearance and
growth of Al11Nd3 together with the
growth of fcc-Al, while the second exo-
thermic peak corresponds to the forma-
tion of the ternary Al10Fe2Nd phase. No
sign of the metastable ternary phase,
which appears during the evolution of
the ribbon [3] and atomised powder
[4] towards the equilibrium Al10Fe2Nd
phase, was detected in the mechanically
alloyed powders.

Vickers microhardness values of
milled powders are shown in Fig. 5. As can be seen, hardness increases with milling
time. Hardness value of the powder milled for 80 h (2.8 GPa) is similar to that
of as-atomised powder particles in the size range of < 25 µm in diameter [4].
This hardness is higher than those reported in the literature for other nanostruc-
tured materials, i.e. 2.4 GPa for Al-Y-Ni [14] and 2.7 GPa for Al-Ni-Mm (Mm =
Mischmetal) [15].

4. Conclusions

Mechanical alloying for 80 h of Al, Fe and Nd elemental powders to form
Al90Fe5Nd5 alloy produced, without thermal treatments, a nanocomposite struc-
ture that consisted of fcc-Al nanocrystals and some Al11Nd3 intermetallic phases in
an amorphous phase. The crystallisation path of this amorphous phase is slightly
different from that followed by melt spinning ribbon and gas atomised powder of
the Al90Fe5Nd5 alloy. The differences result from the fact that with mechanical
alloying only partial amorphisation is obtained and this amorphous phase has a
different composition from the fully amorphous phase obtained by melt spinning.
The hardness of the nanocomposite alloy obtained by mechanical alloying is similar
to that of the helium atomised powder particles in the size range of < 25 µm.
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