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Abstract
Particles of the Fe-Al type (less than 50 µm in diameter) were sprayed onto the 045 steel substrate by means of the detonation method.
The TEM, SAED and EDX analyses revealed that the Fe-Al particles have been partially melted in the experiment of coating formation.
Particle undergone melting even within about 80% of its volume. Therefore, solidification of the melted part of particles was expected.
Solidification differed significantly due to a large range of chemical composition of applied particles (from 15 at.% Al up to 63 at.% Al).
A single particle containing 63 at.% Al was subjected to the detailed analysis, only. The TEM / SAED techniques revealed in the solidified
part of particle three sub-layers: an amorphous phase, ε A , periodically situated FeAl + Fe2Al5 phases, and a non-equilibrium phase, ε N .
A hypothesis dealing with the inter-metallic phases formation in such a single particle of the nominal composition N 0 = 0.63 is
presented. At first, the solid / liquid system is treated as an interconnection: substrate / liquid / nonmelted particle part . Therefore, it is
suggested that the solidification occurs simultaneously in two directions: towards a substrate and towards a non-melted part of particle.
The solidification mechanism is referred to the Fe-Al meta-stable phase diagram. It is shown that the melted part of particle solidifies
rapidly according to the phase diagram of meta-stable equilibrium and at a significant deviation from the thermodynamic equilibrium.
Keywords: Theory of Crystallization, Rapid Solidification Process, Fe-Al Coating, Meta-Stable Phase Diagram, Amorphous Phase

1. Introduction
The DGS, HVOF and plasma spraying techniques applied to
production of coatings from powders offer practically unlimited
abilities in the establishing composition of a coating. A control of
the spraying parameters with the objective to obtain coatings with
unique exploiting properties like resistance to abrasive wear,
erosion, corrosion, high temperature corrosion or thermal shocks,
as well as good adhesion and low porosity was the subject of
number of works [1-6].
According to some considerations [4], [5], a temperature of
particles during the deposition does not exceed the melting point.

However, TEM, SAED and EDX analyses revealed that the
particles have been partially melted in the current experiment of
coating by the detonation method.
Therefore, a solidification process is to be considered for the
melted part of each particle. A solidification differs significantly
due to the large range of chemical composition of applied
particles (15 at.% - 63 at.% Al). A single particle containing 63
at.% Al is subjected to the detailed analysis, N 0 = 0.63 .
The particles of the Fe-Al type (63 at.% Al) and less than 50
µm in diameter can be partially melted because of an appearance
of a supersonic striking wave, [5], in front of which particles have
a powerful kinetic energy while moving with a stream of a high
pressure gas.
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2. Experiment
The TEM and SAED techniques revealed three sub-layers of:
an amorphous phase, ε A (A- area); periodically situated FeAl +
Fe2Al5 phases, (columnar morphology – CC area) and a nonequilibrium phase, ε N , (N – area), Fig.1. Additionally, nonmelted part of a deposited particle is also marked (OG – area).

substantially should improve the adhesion at the substrate/coating
boundary.
It is to be concluded that solidification occurs according to the
phase diagram of meta-stable equilibrium and in significant
deviation from the thermodynamic equilibrium.

3. Thermodynamic explanation
A mechanism of both amorphous (A) and periodical sublayers (CC) formations (by oscillatory mode) is explained in Fig.
4.

Fig. 1. TEM morphology of the analyzed particle with nominal
composition N 0 = 0.63 (63 at.% Al) showing different sub-areas
The stages of deposition are analyzed in Fig. 2.
Fig. 4. Hypothetical Fe-Al phase diagram, (in accordance to [7]),
developed for meta-stable equilibrium to show formation:
A–amorphous phase and oscillatory structure, O = FeAl + Fe2Al5

Fig. 2. Stages of the Fe-Al particle deposition; a/ cold particle
moves towards the substrate; b/ hot particle is in contact with the
substrate, c/ particle becomes partially melted due to the final
temperature (1500 0C) which results from a shock, d/ melted part
of particle is subjected to different types of solidification
It was an oriented solidification in two directions, Fig. 3.

Fig. 3. Solidification of a deposited particle: a/ directions of the s/l
interfaces movement and an activity of positive thermal gradients,
b/ particle morphology after solidification
The Al-solute diffusion from the melted part of particle
towards the substrate is expected during solidification. It

94

An addition of the meta-stable solidus lines (dashed lines) to
the Fe-Al phase diagram for stable equilibrium allows for
explaining the formation morphology of an oscillatory sub-layer
(periodical mode of lamellae growth as shown in Fig. 2, Fig. 3.)
However, the amorphous ε A sub-layer is formed at the A –
point (where solidus and liquidus lines superpose each over
other). Thus, the equilibrium partition ratio changes significantly
to reach its non-equilibrium value k3 ≡ kε → k A =
1 , Fig. 4.
The amorphous sub-layer appears first in the sequence at the
intersection of shifted (and superposed one on the other solidus /
liquidus lines) and the nominal content line, (A – point). The sublayer with periodic structure is formed as second in the sequence
just at the O - point. The oscillatory mode of the periodic structure
formation is defined by the ⇔ - double arrow. The O –point
results from the shift of liquidus line to the position required by
the A – point localization, Fig. 4.
The v AO - solidification rate, Fig. 3 is connected with the
formation of both amorphous sub-layer of the ε A phase, and
oscillatory sub-layer of the FeAl + Fe2Al5 phases. This rate is
associated with the positive thermal gradient, GAO > 0 , which is
also shown schematically in the Fig. 3.
The temperatures of the solid / liquid interface have been
defined in the Fig. 5. TA* is the solid / liquid interface temperature
for the formation of the amorphous phase sub-layer and TO* is the
solid /liquid interface temperature for the oscillatory sub-layer.
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Since TA* > TO* both sub-layers appear in the sequence as
discussed above. This criterion has been formulated by Umeda et
al. [8]. The criterion has already been applied to the description of
a diffusion interconnection formation, [9], during which different
times of birth for appearing inter-metallic phases were recorded.

The suggested deviation is described by the shift of both
liquidus and solidus lines to the new positions for which the
partition ratio satisfies inequality, kε < kεN < 1 , [10], Fig. 6.
As a result of the suggested shift the ε N - phase is the winner
in competition with the ε - phase according to the Umeda et al.
[8], criterion. Thus, the ε N phase is formed instead of the ε
phase.
A localization of the end of solidification path, N K , Fig. 5,
can be determined by means of the proper equation which results
from the theoretical description dealing with segregation
accompanying the solidification, [11].
N
=
N K (α , kεN , N 0 ) N=
N 0 (α kεN
L ( 1; α , kε , N 0 )

)

kεN −1
1−α kεN

(1)

x - amount of solidifying phase, ε N , dimensionless,

Fig. 5. Hypothetical modification of the Fe-Al phase diagram,
which shows the localization of amorphous phase (A – point) and
oscillatory phases formations (O – point) due to the structure
observation shown in Fig. 1

α - back-diffusion parameter, dimensionless,
N L - solute concentration in the liquid, shown on liquidus line.
All the phase diagrams predicted schematically, Fig. 4-6, can
be calculated using a professional program like the Thermocalc
Software. Such phase diagram calculated for the meta-stable
equilibrium is shown in Fig. 7.

Some parameters applied to the description of second part of
the discussed interconnection are:
vN - solidification rate, Fig 3., is connected with the formation the
non-equilibrium phase, ε N , in adequate sub-layer (N - area)
neighboring with the non-melted part of particle. GN is positive
thermal gradient associated with the v N solidification rate.

The result of experiment it suggests that the ε N phase sub-layer
was formed at the significant deviation from the thermodynamic
equilibrium, Fig. 6.

Fig. 7. Oscillatory mode of the FeAl + Fe2Al5 sub-layer formation
explained by Al-Fe phase diagram for meta-stable equilibrium

Fig. 6. Scheme of the Fe-Al phase diagram with the suggested
localization of the solidification path N 0 → N K for the nonequilibrium solidification of the ε N - phase

The Al-Fe phase diagram (shown in Fig. 7). explains the
oscillation observed in the CC – area visible in the particle
morphology, Fig. 1. The solidification forms Fe2Al5 phase
periodically to the FeAl phase as marked by the double arrow.
The phase diagram for the meta-stable equilibrium was
superposed over the phase diagram for stable equilibrium to show
the difference between solidification which can occur under both
discussed conditions, Fig. 8. The expected lower localization of
the meta-stable eutectic point, O, can be defined precisely. Alas,
the calculation of the phase diagram for meta-stable equilibrium
did not take into account the high pressure which was imposed in
the experiment with detonation method of deposition.
Therefore, the difference (in temperature) between
localizations of the stable eutectic point, E, and meta-stable
eutectic point, O, is given in the first approximation, only.
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Fig. 8. Superposition of the phase diagrams for meta-stable
equilibrium and for stable equilibrium, (dotted lines, [7])
The difference between E – point and O – point is about 17 K.
However, the displacement of the O – point (in concentration) is
also significant, Fig. 8. The double arrow marks the periodical
mode of structure formation observed within the so-called
oscillatory sub-layer shown in Fig. 2 as well as observed, Fig. 1.

4. Concluding remarks
The different solidification types observed within the melted
part of deposited particle have been described.
The amorphous sub-layer of the ε A - phase was formed with
the presence of the partition ratio which tends to unity due to the
rapid solidification imposed by the technology, Fig. 4, Fig. 5.
The sub-layer inside of which the ε N - phase was formed with
the deviation from equilibrium requires the partition ratio higher
than its equilibrium value and solidification path shown in Fig. 6,
is to be determined by means of equation (1).
The so-called oscillatory mode of the periodical formation of
the eutectic lamellae (predicted in Fig. 4, Fig. 5) was confirmed
by the thermodynamic calculation of the phase diagram for the
meta-stable equilibrium, Fig. 7, (Thermocalc Software – method).
The control of the Fe-Al coating properties is possible by the
creation different types of phases and different fractions of each
solidified phase.
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