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Abstract

Metallic alloys can form multi-layer structures during the process of their synthesis. Such
structures can be synthesized by direct components interaction, electrolytic deposition, mag-
netron sputtering, etc. The work to be presented describes the production of multi-phase
structures of Al-Fe binary system in the result of two kinds of experiments of direct compo-
nents interaction. First, the mechanochemical synthesis of alloys from the powders mixtures
(Al4Fe) was carried out. Second, the direct interaction between solid Fe and liquid Al was
performed. In spite of the methods difference, similar structures of alloys were obtained. Typ-
ically, the AlsFes phase is formed as an intermetallic layer on the surface of Fe substrate or
Fe powder particles. The core-shell structure is obtained in both the powder particles and Fe
rods in a short time interval due to the intensive reactive diffusion of Al into Fe.
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1. Introduction

Multi-phase Al-Fe alloys and coatings containing
intermetallic compounds can show unique physico-
chemical and mechanical properties as well as high
corrosion resistance. These materials are used as in-
termediate connection pieces for aluminum and steel
tubes in the nuclear industry and missile production.
Al-Fe layers are good protective coatings for screw
gears and conveyor belts in furnaces working at high
temperatures. The synthesis of Al-Fe multi-phase al-
loys is carried out by a direct components interaction
in the combinations solid-solid [1-4] or solid-liquid [5],
deposition from saturated vapour [6], magnetron sput-
tering [7], etc. Also, multi-layer alloys can be pre-
pared using non-metallic intermediate media — e.g.,
molten salts [8] or liquid pastes containing Al powder
[9].

Powders and bulk samples synthesized by direct
Al-Fe interaction can show two or more intermetallic
compounds (IMC) in metallographic specimens. Com-
positions and properties of these multi-phase systems,
as well as diffusion peculiarities in multi-layer struc-

tures, have been partially investigated in the papers
[10-13].

Thin multilayer structures (e.g., in Al-Sc binary
system) were studied by the authors [14]. The pe-
culiarity of this system was a temporary coexistence
of almost all the intermetallics and two-phase regions
during the process of the mutual diffusion of the ini-
tial thin Sc layer and the Al substrate. The Sc coat-
ing on Al was obtained by the electrolytic deposition
from the molten salt containing Sc. Also, the core-
shell inner structures of the IMC particles were studied
[15]. The multi-layer structures mentioned above can
be prepared using special small additions (like Ti in
Al-Sc alloys).

Here, the authors investigated the mechanochem-
ical synthesis of multi-layer Al-Fe powders produced
by the two experimental techniques. The procedure in-
cluded low-frequency oscillations of the initial powder
mixture (Al, Fe) with simultaneous induction heat-
ing. Besides, separately (as the model experiment)
the direct interaction in the system (solid Fe — liquid
Al) was studied to observe the formed IMC sequences
and to compare them with those obtained in oscilla-
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tion cladding procedure for the Al-Fe powder system.
Al-Fe intermetallic powders with the specific core-shell
structure can be used for a synthesis of composite
materials with the copper matrix. One can assume
that such composites show high mechanical and tri-
bological properties mainly due to the Al-Fe-Cu sin-
tering.

The next considered question was how similar
structures could be produced by the two methods:
simple direct interaction in (solid Fe — liquid Al) sys-
tem and the mechanochemical interaction of powder
particles (Fe, Al after short final heating). The mi-
crostructure characterization of synthesized particles
was mainly carried out by SEM.

2. Experimental

Mechanochemical treatment of powders was car-
ried out as follows. The Al and Fe mixture was filled
into the special cylindrical steel container. The spher-
ical powder particles were between 1-100 pm in diam-
eter. Typically, the diameter of Fe particles was much
larger than that of Al ones. The container was filled
with the protective atmosphere (nitrogen or argon)
and subjected to longitudinal oscillating movement
with an amplitude of 10 mm and a frequency of 30-50
Hz. The height and inner diameter of the container
named as cladder were 200-250 mm and 20-30 mm,
respectively.

The powder mixture movement under these condi-
tions can be described by equations described in [16].
In fact, the powder mixture was subjected to recipro-
cating movement, but the frequency and other char-
acteristics of oscillations were essentially different for
cladder itself and (Fe, Al) powders. Due to the dif-
ference in movement speed and oscillation phase, the
Al and Fe particles contact each other both by side
and direct collisions. It was expected that sliding col-
lisions cause the coating of more hard Fe particles by
comparatively soft Al ones due to tangential tensions.
The direct mutual hits cause local plastic deforma-
tions, and the diffusion processes are intensified.

After 3-5min of the mechanical treatment the
powder mixture was heated by the inductor concen-
trically encompassing the container. Cladder oscilla-
tion was not interrupted during heat treatment to
avoid particles agglomeration and sintering. The heat-
ing temperature was set in the range of 720-900°C; the
exposure time at the defined temperature was about
20-30s. In this way, the Al-Fe alloy powders contain-
ing intermetallic compounds were produced for further
using as the premix for composite synthesis.

Besides, the special experiments including the di-
rect interaction of liquid Al and solid Fe were per-
formed. Metallic Al of 95-100g was melted in alu-
mina crucibles heated to the predefined temperature

within the interval (720-900°C) in air. After the pro-
cedure, the crucible was pulled out of a shaft furnace
and set on a fireclay stand. Simultaneously a cylin-
dric Fe rod of 2-3 mm in diameter was inserted into
Al melt in the crucible. It was observed that all the
liquid Al solidified in 30-60s depending on the initial
temperature. It was found that this time was enough
to form intermetallic layers on a rod surface. Further,
the character of intermetallics formation in both con-
sidered processes (powder mechanochemical synthesis
with heating and “macroscopic” direct Al-Fe interac-
tion) was investigated and compared.

Microstructure investigations were performed us-
ing Carl Zeiss EVO 40 scanning electron microscope
equipped by Oxford Instruments INCA X-Act EDX
detector. XRD studies were carried out using Shi-
madzu XRD 7000C diffractometer.

3. Results and discussion

The aim of the synthesis of layered powder parti-
cles consists of obtaining the specific core-shell struc-
ture including Fe core and intermetallic coating on its
surface. To realize such a synthesis, the procedure de-
scribed above was used. The Al powder (spherical par-
ticles of 1-5 pm in size) was intensively mixed with the
Fe powder spherical particles (about 40-100 pm in di-
ameter). In consequence, spherical Fe particles plated
by the layer of small Al particles were obtained. Melt-
ing of Al particles coating and further chemical in-
teraction between coating and substrate was caused
by short-time heating. A part of Al spheres inter-
acted with the Fe substrate and intermetallic layer was
formed. Another part does not react due to short-time
thermal treatment and settles on Fe particles surface
(Fig. 1a). The image of typical interacted particle is
shown in Fig. 1b.

As the result of phases compositions determina-
tion by SEM-EDX method (Fig. 1b) it was shown that
the particle core (light field) is pure Fe; the composi-
tion of the shell (grey field around the core) is varied
for different particles within the interval (at.%): Fe
— 23.0-30.0; Al — the balance. The lower limit of the
composition meets the homogeneity region of AlsFe
intermetallic phase [17]. The upper limit closely cor-
responds to the AlsFeo, IMC.

It was demonstrated by macroscopic modeling of
Fe-Al pair interaction that the exposure time of 20-30
s was enough to synthesize well-formed intermetallic
coating on the Fe rod surface. The results of the in-
teraction of Al bath with the Fe rod for different tem-
peratures are shown in Fig. 2a,b. One can see three
contrast fields on the intersection images: dark — Al,
gray — intermetallic compound, and light — metallic
Fe.

One can observe the similar character of Al-Fe in-
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Fig. 1. SEM images of: (a) residual aluminum particles on

the surface of multi-layer intermetallic particle observed

by SE detector; (b) cross-section of IMC particle observed
by BSE detector.

teraction for lower and upper limits of temperature
interval under consideration (720-900°C). The pecu-
liarities of IMC growth are also similar, but the thick-
ness of the intermetallic layer is increased at a higher
temperature (Fig. 2b). The composition of IMC layers
on the iron rod surface was measured by the standard
SEM-EDX method (at.%): Fe — 28.4; Al — the bal-
ance. The components composition meets the AlsFes
IMC taking into account the homogeneity region. This
composition is almost equal for all tested points of the
intermetallic layers in both samples. The AlsFe inter-
metallic compound was not observed in this case. The
IMC layer corresponding to the image in Fig. 2a at
higher magnification is shown in Fig. 3. One can see
that reactive diffusion occurs mainly from Al into the
Fe sample, but some amount of Fe penetrates into Al
matrix, and the intermetallic compounds are formed
in grain boundaries during the Al solidification.

The interaction in “macroscopic” Al-Fe system
(Figs. 2, 3) is similar for different initial temperatures

Fig. 2. SEM images observed by BSE detector show inter-
action between Fe rod and liquid Al after (a) 10-20 s at
720°C and (b) 20-30 s at 900 °C.

of liquid Al and leads to the formation of the AlsFe,
coating on the surface of Fe sample. It is known that
comparatively long exposure time of the solid Fe in
liquid Al can lead to the formation of two-phase lay-
ers containing the AlsFes and AlsFe intermetallics [5,
18]. Direct interaction between solid Fe and liquid Al
the AlzFe phase was not detected by the SEM-EDX
method in all the samples.

Considering the plating of Fe by the Al in a pow-
der mixture (like described above) one can see that
the quantity and composition of the synthesized IMC
depend on the process conditions, particle size ratio,
etc. The main aim of plating is the formation of core-
shell structure similar to shown above in Fig. 1b. The
inner structure of plated particles was analyzed. It was
found that there were fully plated particles with core-
shell structure and partially coated ones. Some por-
tion of Al-Fe alloy particles forming quite interesting
structures due to complicated interaction character
was found. The particles with discontinuous AlsFes
layers (gray fields) are shown in Fig. 4.
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Fig. 3. SEM image of sample using BSE detector shows the

interaction between iron rod and aluminum bath during

the Al solidification; solid-liquid contact duration was 10—

20 s (estimation), the initial liquid aluminum temperature

720°C. The AlsFez phase is imaged by gray strips on light

background — in Fe sample; gray strips on dark background
—in Al matrix.

Fig. 4. SEM image observed using BSE detector of AlsFes

particles of non-uniform morphology obtained by synthe-

sis of mechanochemical and thermal treatment of initial
powders.

Rarely, some particles consist of all the inter-
metallics and two-phase regions known for Al-Fe phase
diagram. All these regions are well seen in the metal-
lographic section (Fig. 5a). The linear EDX scanning
(Fig. 5b) shows the relative intensities of Fe and Al
spectra along the direct scanning line shown in Fig. 5a.
The sequence of numeric Fe concentration values along
the EDX scanning line for all the contrast layers (from
the darkest to the lightest) is the following (at.%, Al
— the balance): 31.0; 34.1; 39.0; 49.2; 77.7; 100.

The typical result of the XRD-analysis for synthe-
sized Al-cladded Fe powders is presented in Fig. 6.
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Fig. 5. (a) Multi-layer particle of Al-Fe powder imaged by
SEM using BSE detector; (b) Intensities distribution of Al
and Fe along the line marked in (a) as obtained by EDX.

4. Conclusions

Considering the interaction between the liquid
metallic Al and solid Fe under different conditions one
can conclude that IMC formation mainly depends on
the geometric shape of interacted particles, contact
time of Fe and Al phases, temperature, and other fac-
tors.

Essential similarities take place in components be-
havior for different “scales” of interaction. One can
find some common peculiarities when Al and Fe inter-
act in particle-particle “microscopic scale” and met-
als are in contact in rod-bath “macroscopic scale”.
In both considered cases, there was short-time con-
tact between solid Fe and liquid Al. The “geometry”
of experiments was different, but the time of mutual
exposure of Al-Fe pair at the predefined temperature
(720-900°C) was close for both cases: vibrational clad-
der and metallic aluminum in a crucible.
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Fig. 6. Diffractogram for a typical mixture of Al, Fe and their intermetallic compounds produced in cladding device. The
peaks of AlsFes are well seen. Also, a small quantity of AlsFe phase is present.

It can be seen that the more simple “macroscopic”

experiment is a good model of the interaction and re-
active diffusion occurring in more complicated “mi-
croscopic” one. In both kinds of experiments sub-
stantially similar results were obtained. The basic
IMC which forms the intermetallic layer in the Al-Fe
boundary is an AlsFes intermetallic phase.
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