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Mechanical alloying is an interesting method of direct synthesis of various kinds of compounds and preparation
of solid solutions using pure elemental powders by high-energy milling. In this paper, the modified process of
mechanical alloying, which was developed at UCT Prague, is applied for the synthesis of intermetallics. This process
— ultra-high energy mechanical alloying — uses extremely high ball-to-powder ratio (50–70:1), thus enabling very
high degree of deformation of the powders, as well as the friction. Due to these effects, the temperatures up to
700 ◦C can be probably achieved locally for a short period. It enables to initiate the same chemical reactions
between metallic powders as in self-propagating high-temperature synthesis. This study compares the ultra-high
energy mechanical alloying with self-propagating high-temperature synthesis in selected alloy systems (Fe–Al, Ni–
Ti, Fe–Al–Si) in order to explain the formation of intermetallics in this innovative process.
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1. Introduction

Mechanical alloying has been established as a process
for materials preparation in 1980’s. The process con-
sists in high energy milling of powder mixtures, where
the phase composition changes from individual elemen-
tal powders to solid solutions, chemical compounds or
amorphous materials [1–5]. Mechanical alloying is car-
ried out by high energy milling in various kinds of mills,
where the ball mill is the most common one. During
mechanical alloying, the following stages happen [3]:

• Joining of particles by plastic deformation. During
this stage, typical lamellar microstructure is formed
and powder particle size increases. Deformation
strengthening occurs as a result of plastic deforma-
tion.

• Crushing of particles. Due to deformation
strengthening, the ductility of the particles de-
creases and it leads to a fracture.

• Formation of solid solutions and intermetallics.
During milling, solid solutions or intermetallics
can occur. It is believed that the changes hap-
pen mostly due to high kinetic energy achieved by
milling, but the formation of intermetallics as a re-
sult of milling was not satisfactorily explained yet.

The process of mechanical alloying lasts very long, usu-
ally 20–100 h, which is also its main disadvantage.
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Authors developed the ultra-high energy mechanical
alloying process, which enables to obtain intermetallics
in 1–2 h [5]. It has been achieved by applying extremely
high ball-to-powder ratio (50–70:1), high rotational ve-
locity (minimum 400 rpm) and absence of any processing
fluids [6].

Previous research of the authors on self-propagating
high-temperature synthesis (SHS) of various inter-
metallics proved that the rapid reactions are initiated
at the temperature between 600 and 1000 ◦C, depending
on the alloy system. Below the initiation temperature of
the SHS reaction, the diffusion-controlled slow formation
of intermetallics has been found far below the initiation
temperature (e.g. at 500–650 ◦C in Ni–Ti system, where
SHS is initiated at more than 900 ◦C) during long-term
annealing after 24–48 h [7].

When one compares the mechanical alloying with high-
temperature synthesis of intermetallics, the conventional
mechanical alloying seems to be similar to the slow dif-
fusional formation of intermetallics, while the innovative
ultra-high energy mechanical alloying has some similari-
ties with SHS. Therefore, the hypothesis is that the for-
mation of intermetallics in mechanical alloying is driven
mainly by the increase of the temperature of the powder
during the process resulting from friction, rather than by
the transformation of the kinetic energy of the balls to
the deformation energy. This study compares the ultra-
high energy mechanical alloying with SHS in several al-
loy systems in order to explain the formation of inter-
metallics in this innovative process. For this purpose,
the alloy systems, where SHS reaction proceeds on the
interface between solid particles and melt (Fe–Al), two
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kinds of solid particles (Ni–Ti) and two solids and one
liquid phase (Fe–Al–Si) were selected in this work.

2. Experimental

In this paper, selected powder mixtures (Fe–Al, Ni–Ti,
Fe–Al–Si) were subjected to ultra-high energy mechani-
cal alloying under the conditions optimized in our previ-
ous paper dealing with the synthesis of intermetallics [6]:

• milling duration: 120–240 min,
• change of rotation direction each 30 min,
• rotation speed: 400 rpm,
• atmosphere: argon
• powder batch: 5 g
• ball-to-powder weight ratio: 70:1.

For the mechanical alloying, the following elemental pow-
ders were applied: iron (purity 99.9%, particle size <
44 µm, supplied by Strem Chemicals), aluminium (pu-
rity 99.7%, particle size < 44 µm, supplied by Strem
Chemicals), silicon (purity 99.5%, particle size < 44 µm,
supplied by Alfa Aesar), nickel (particle size < 10 µm, >
99.8% purity, supplied by Merck), and titanium (particle
size < 100 µm, > 99.5% purity, supplied by PENTA).
Milling was carried out without lubrication agent. For
the comparison, mechanical alloying was carried out in
the same mill with the addition of ethanol and also in
Retsch EMAX mill. This new kind of milling device was
designed to enable long-term operation without overheat-
ing of the batch. Therefore it is equipped with cooling of
the walls and elliptical design of the milling vessel, which
minimizes the sliding of the balls on the wall.

Phase composition was identified by X-ray diffraction
analysis (XRD) using a PANalytical X’Pert Pro X-ray
diffractometer.

3. Results and discussion

3.1. Fe–Al system

Fe–Al system represents the mixture of powders, where
the SHS reaction proceeds on the interface between solid
iron and molten aluminium when high heating rates are
applied [8]. Ultra-high energy mechanical alloying was
tested on three alloys (in wt%): FeAl25, FeAl35 and
FeAl55. Under the applied conditions (milling duration
of 2 h, rotational velocity 400 rpm, FeAl phase was suc-
cessfully prepared when the content of aluminium in the
powder mixture was 35 wt% (Fig. 1). Lower aluminium
amount (25 wt%) leads to the formation of disordered
solid solution of aluminium in iron, even though the FeAl
phase could be expected according to the equilibrium Fe–
Al diagram [9]. These results show that mechanical al-
loying strongly increases the solubility of aluminium in
iron from the equilibrium value of nearly 15 wt% to more
than 25 wt%. FeAl55 alloy (in wt%) was composed of ex-
pected Fe2Al5 phase with the admixture of FeAl3, same
as in previous experiments with SHS process [8].

Fig. 1. XRD patterns of mechanically alloyed Fe–Al
powders (composition of powders given in wt%), dura-
tion 120 min.

The evolution of the phase composition of FeAl55 al-
loy with the mechanical alloying process duration is pre-
sented in Fig. 2. It was found that the Fe2Al5 intermetal-
lic phase is formed directly from iron and aluminium pow-
ders together with the FeAl3 phase. The same phases’
formation sequence has been observed previously for the
SHS process [8]. However, the FeAl ordered phase formed
without any transient phase in FeAl35 alloy (Fig. 1). On
the other hand, when the preparation of FeAl phase was
tested by SHS from iron and aluminium compressed pow-
der mixture, Fe2Al5, FeAl2 and FeAl3 phases arose as
transient phases and FeAl phase was obtained only in
a small amount [8, 10]. These phases are finally trans-
formed to FeAl after long-term annealing, but direct for-
mation of FeAl phase was found to be impossible [8]. It
shows that the mechanism of formation of intermetallics
in Fe–Al system during mechanical alloying is different
from the thermally activated reactions during annealing
of blended powders. It is probably caused by the fact that
in SHS the phases form mostly on the interface between
solid Fe and molten Al, while in mechanical alloying the
reaction proceeds completely in solid state.

Fig. 2. XRD patterns of mechanically alloyed FeAl55
powder mixture (composition of powders given in wt%)
vs. milling duration.
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3.2. Ni–Ti system

Ni–Ti system represents here a mixture of powders,
where the SHS reactions are initiated on between two
solid phases. The mechanical alloying of Ni–Ti powder
mixture results in formation of Ti2Ni phase which reacts
further with nickel in order to form NiTi phase (Fig. 3).
Because Ti2Ni forms preferentially, it retains partially
in the structure of the product. For the comparison, re-
search in reactive sintering revealed that the Ti2Ni phase
forms when the temperature exceeds 500 ◦C, while the
NiTi shape memory phase starts to form at the temper-
atures over 630 ◦C [7]. The SHS reaction is initiated at
the temperature of 882 ◦C, i.e. the α → β transforma-
tion temperature of titanium. Below the temperatures
500 and 630 ◦C, the formation of Ni–Ti phases was not
detected even after days of annealing [11]. From this
fact it can be presumed that the local temperature of the
powder during ultra-high mechanical alloying exceeded
these values and reaches minimum 630 ◦C. Since it is
possible to measure only the temperature of the milling
atmosphere and not the temperature of powders, the au-
thors are currently working on the indication of the tem-
perature by well-defined chemical reactions to determine
the maximum temperature during milling process and
to prove this hypothesis. However, when comparing the
expected temperature achieved by ultra-high energy me-
chanical alloying with the temperature reached on tools
by friction during dry machining [12], the expectation
might be realistic.

Fig. 3. XRD patterns of mechanically alloyed NiTi46
powder mixture (composition of powders given in wt%)
vs. milling duration.

3.3. Fe–Al–Si system

In a more complex alloy system, Fe–Al–Si, the ultra-
high energy mechanical alloying results in the mixture
of silicides (Fe3Si, FeSi) and iron aluminide (FeAl), see
Fig. 4. The phase composition is different from SHS
process, where the FeSi, FeAl and Fe3Al2Si3 were de-
tected [12]. In order to prove the effect of the friction
forces on our mechanical alloying process, the addition

of ethanol to the milling vessel as a lubrication agent,
and utilization of the Retsch EMAX mill were tested.
Results showed that no intermetallics were found after
4 h of milling, when ethanol was added. The milling in
EMAX mill under controlled temperature of the walls
also completely supressed the reactions leading to the
formation of intermetallics during 4–24 h milling process
(Fig. 4). This result proves the need of the increase of the
temperature as a result of the friction during mechanical
alloying.

Fig. 4. XRD patterns of mechanically alloyed
FeAl20Si20 powder mixture (composition of powders
given in wt%) after milling in conventional planetary
ball mill (Retsch PM100) without lubrication, with the
addition of ethanol and in Retsch EMAX mill, duration
240 min.

4. Conclusion

In this work, the innovative ultra-high energy mechan-
ical alloying process designed by the authors was com-
pared with self-propagating high-temperature synthesis
in selected systems (Fe–Al, Ni–Ti, Fe–Al–Si). There were
differences observed between the phases formed in these
particular processes. Based on the experiments carried
out in this work it can be concluded that:

• In the systems, where SHS reaction is initiated in
solid state, the mechanism of SHS and ultra-high
energy mechanical alloying is identical. In alloy
systems, where liquid initiates the SHS reaction,
significant differences were observed.

• The formation of intermetallics in ultra-high energy
mechanical alloying process is thermally activated,
as well as in SHS.

• When the friction forces, which lead to the heat-
ing of the sample, are minimized, the formation of
intermetallics is suppressed.

• The temperature achieved in this mechanical alloy-
ing process could exceed 600 ◦C.

Further experiments are planned to determine the maxi-
mum temperature of the powder during ultra-high energy
mechanical alloying by well-defined chemical reactions.
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