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D-GUN SPRAYED Fe-Al SINGLE PARTICLE SOLIDIFICATION

KRYSTALIZACJA POJEDYNCZEJ CZASTKI Fe-Al NANIESIONE]J METODA DETONACYJNA

Some Fe-Al particles less than 50 um in diameter were deposited onto the steel substrate by means of the D-gun spraying.
A solidification mechanism of an individual particle is described. The particle subjected to the description contained nominally
63 at.% Al. The description was preceded by the TEM / SAED analysis of both the Fe-Al coating and Ni-20Cr interlayer. The
whole number of the analyzed particles was partially melted during the deposition. The solidification products like: amorphous
phase sub-layer, oscillatory sub-layer which contains two types lamellae distributed alternately and typically non-equilibrium
phase sub-layer were revealed. In the micro scale, solidification was considered as a process which occurred in two directions:
towards the substrate and towards the non-melted particle part. Both solidification processes underwent the positive thermal
gradients. The boron addition was localized within the eutectic precipitates pushed and then rejected by the solid/liquid interface
of the solidifying non-equilibrium phase. The proposed model is a general one and therefore can be applied to other systems
description.

Keywords: Fe-Al coating, Ni-20Cr interlayer, rapid solidification, D-gun spraying, boron localization, competitive growth
of phases

Czastki proszku Fe-Al mniejsze niz 50 um w $rednicy zostaly osadzone detonacyjnie na podtozu stalowym. Opisuje si¢
mechanizm krystalizacji pojedynczej czastki. Czastki poddane opisowi zawieraly nominalnie 63 at.% Al. Opis poprzedzono
badaniami struktury metodg TEM / SAED dotyczacymi zaréwno powloki Fe-Al jak i miedzywarstwy Ni-20Cr. Wszystkie ana-
lizowane czastki byly czg¢sciowo nadtopione podczas osadzania. Zidentyfikowano produkty krystalizacji takie jak: podwarstwe
amorficzng, podwarstwe oscylacyjng zawierajgca periodycznie ulozone ptytki dwu faz oraz podwarstwe zawierajacq faze typowo
nieréwnowagowa. W mikroskali proces wzrostu faz jest analizowany jako zachodzacy w dwu kierunkach: w strone podloza i
w stron¢ niestopionej czesci czastki. Obydwa procesy wzrostu zachodzily w obecnos$ci dodatniego gradientu temperatury. Bor
dodany do powloki zostal zlokalizowany w eutektyce odepchnietej przez front krystalizacji fazy typowo nieréwnowagowe;j.

Proponowany model ma charakter ogdlny i moze by¢ zastosowany do opisu innych systeméw.

1. Introduction

The Fe-Al type protective coatings deposited onto the
steel substrate evince very useful properties like good
micro-hardness, adhesion, resistance to corrosion at high tem-
perature, low porosity, resistance to abrasive wear, good lu-
bricating abilities and tightness, [1-13]. However, industrial
application the Fe-Al type coating is limited due to the poor
ductility and fracture toughness. One of the possible way to
improve these two properties is the grains boundaries strength-
ening by the addition of boron and zirconium. Moreover, men-
tioned elements improve the coating adhesion, [14].

Therefore, the microstructure analysis is required to de-
termine the localization of boron and zirconium. Usually, it
is satisfactory to deliver the TEM, SAED and X-ray (EDX)
examinations, [15-17]. However, the detailed study of the coat-
ing formation is also necessary. The microstructure formation
within the Fe-Al type protective coating with the boron and
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zirconium addition was already studied in the macro scale,
[14]. Alas, there are no investigations on finer scale, that is,
on the interplay between two neighbouring Fe-Al particles.
Especially, the model for solidification of partially melted in-
dividual particle does not yet exist in the literature of the
subject.

Usually, coating is partially melted because the tem-
perature distribution inside the coating is not homogeneous,
[18-19]. In the current paper, an attempt is made to show that
the non-homogeneous temperature field exists in the micro
scale, that is, inside a single particle. Thus, it is assumed
that the particles are partially melted only, Fig. 1c, then sub-
jected to the rapid solidification and different phases can be
precipitated as some sub-layers situated across a given Fe-Al
particle, Fig. 1d. The heterogeneity of temperature field inside
a single particle results from the shock which appears at the
substrate/particle interface when the particle is sprayed, Fig.
la, Fig. 1b. The emitted heat is transferred into two direc-
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tions: towards steel substrate and towards non-melted part of
particle, next to the air.

a) b)
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substrate

———

€y phase sublayer
non—melted part of particle v B o

) d)
melted part of particle ;

Fig. 1. D-gun spraying shown sequentially: a/ the Fe-Al particle
moves towards the steel substrate, b/ the particle beats the sub-
strate, ¢/ the particle becomes flattened and partially melted, d/ some
sub-layers appear due to rapid solidification

€, amorphous sublayer
oscillatory sublayer

2. Experiment

The Fe-40A1-0.05Zr at% + 50 ppm of B — powder made
by Vacuum Inert Gas Atomization (VIGA) in CEA — Greno-
ble, France, with grain sizes ranging from 5 to 45 um was
used as a coating material, Fig. 2.
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Fig. 2. The Fe-Al particles used in the D-gun spraying

The D-gun spraying of the Fe-Al coating was preced-
ed by the D-gun deposition of the Ni-20Cr interlayer which
is responsible for a satisfactory coating / substrate adhesion,
Fig. 3.

Fig. 3. Fe-Al coating and Ni-20Cr interlayer as deposited by the
D-gun spraying on steel substrate; the marked S1, S2 - diffusion
zones are: S1=Fe/Ni/Cr, S2=Fe/Al/Ni/Cr

A localization of Zr and B was first studied within the
Ni-20Cr interlayer, Fig. 4.

M13

Fig. 4. The Ni-20Cr interlayer with distinguished areas subjected to
the STEM study

The M1 area was localized in the steel substrate. Howev-
er, the EDX analysis confirms the following distribution within
the M11, M12 and M13 areas, Fig. 5-7.

Fig. 5. The EDX analysis of the Ni-20Cr interlayer; Zr, Fe, B, Cr,
Ni in the M11 area

|
BEEE

Fig. 6. The EDX analysis of the Ni-20Cr interlayer; Zr, Fe, B, Cr,
Ni in the M12 area
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Fig. 7. The EDX analysis of the Ni-20Cr interlayer; Zr, Fe, B, Cr,
Ni in the M13 area

There are not significant segregations of boron/zirconium
within the studied areas according to the performed EDX
analysis.

Additionally, the X-ray studies were applied to the Fe-Al
sprayed coating, Fig. 8.
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Fig. 8. X-ray identification of the Fe,B, Fe,Zr and Fe,¢Zr¢ intermetal-
lic compounds within the sprayed Fe-Al coating (colours of a given
compound description correspond to the piques colour)
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According to the result shown in Fig. 8, the Fe,B inter-
metallic compound can be expected in the Fe-Al coating. On
the other side, the Fe,B compound is known as the eutectic
phase within the Fe-B phase diagram for stable equilibrium.
Therefore, the STEM analysis was performed in order to find
some precipitates which can contain the Fe,B intermetallic
compound, Fig. 9-12.

The first area evinces the following distribution of the
analyzed elements, Fig. 10.

A, - z.2
Fig. 9. First area of the Fe-Al coating subjected to the STEM analysis;
arrows show the cellular structure

Fig. 10. Distribution of the B, Zr, Fe and Al within the analyzed
area
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According to the performed analysis there is not a signif-
icant segregation of Zr, Fig. 10b. However, B is located just
ahead of the interface of cells, Fig. 10a. Cells are visible not
only in Fig. 9, but in the Fig. 10c and Fig. 10d as well.

\..f

Fig. 11. Second area of the Fe-Al coating subjected to the STEM
analysis; arrows show the cellular structure
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The second area evinces the following distribution of the
analyzed elements, Fig. 12.

According to the performed analysis there is not a signif-
icant segregation of Zr, Fig. 12b. However, B is located just
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ahead of the interface of cells, Fig. 12a. Cells are visible not
only in Fig. 11, but in the Fig. 12¢ and Fig. 12d as well.

Fig. 12. Distribution of the B, Zr, Fe and Al within the analyzed
area

3. Model for a single particle solidification

The elements distribution shown in Fig. 10 and Fig. 12
is dealing with the boron, zirconium, aluminum and iron lo-
calizations analyzed in the macro scale. The observations in
the macro scale confirm also the variety of different struc-
tures which are the result of solidification, Fig. 9, Fig. 11.
Such a structural analysis is well known, [5], [14], [15], [20].
However, the structure resulting from solidification in the mi-
cro scale was not yet analyzed, [14]. Therefore, an attempt is
made in the current model to deliver the description of the
structure formation within the single Fe-Al particle subjected
to solidification during the detonation spraying.

An analyzed particle contained nominally Ny = 0.63,
[mole fr. Al] and a small addition of boron and zirconium.
The distribution analysis, Fig. 10, Fig. 12 confirms significant
segregation of boron just ahead of the interface of some cells
which are the result of solidification. Therefore, the current
model for a single particle solidification (solidification in the
micro scale) is connected additionally with the boron behavior
during the sub-layers formation (discussed in Fig. 1d).
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Fig. 13. A separated area which corresponds to the single Fe-Al
particle deposited by the D-gun spraying; OG = non-melted part of
a particle, N = a typically non-equilibrium &y — phase sub-layer,
CC = columnar structure of the periodically situated inter-metallic
phases (FeAl + Fe,Als) due to the oscillatory mode of solidification,
A = g4 amorphous phase sub-layer, substrate = a steel substrate
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First, the model requires to do an adequate separation
(within the Fe-Al coating morphology) of the area which nom-
inally corresponds well to the deposited single Fe-Al particle.
Such an area is shown in Fig. 13.

An identification of the phases contained in the consid-
ered sub-layers, Fig. 13., was done by means of the TEM
study, Fig. 14, Fig. 15.

Fig. 14. Identification of some sub-layers phases: a/ey — phase, b/ey
— phase

Fig. 15. Identification of the phases (FeAl + Fe,Als) within the CC
— sub-layer

A single particle transforms its kinetic energy into the
heat during the deposition on the steel substrate. Finally, a par-
ticle becomes partially melted, then subjected to rapid solid-
ification. Therefore, a non-equilibrium solidification and for-
mation of some meta-stable phases is expected.

The heat transfer occurs in two directions: towards the
non-melted part of a particle (next to the air) and towards the
substrate. The heat output is significant across the substrate,
while the air is not a good thermal conductor. Therefore, so-
lidification occurs under two positive thermal gradients in two
directions with different average rates. Thus,

GAO >> GN and VAo >> VN (1)

where,

Gao — positive (average) thermal gradient at the solid /
liquid interface for the €4 - amorphous phase and the (FeAl
+ Fe,Als) — phases formation, Fig. 16,

Gy — positive (average) thermal gradient at the solid /
liquid interface for the £y — non-equilibrium phase formation,
Fig. 16,

vao — solidification rate for the €4 — amorphous phase
and the (FeAl + Fe;Als) — phases formation, Fig. 16.,

vy — solidification rate for the £y — non-equilibrium phase
formation, Fig. 16.

a) directions of both:the s/l fronts movement
and activity of positive temperature gradients

non —melted part of particle; N, =0.63

Ex
€, i ,7/ FeAl and Fe, Al

b) amorphous € , and periodically situated FeAl and Fe,Als phases

resulting from oscillation and €, — a non — equilibrium phase

Fig. 16. Model for single particle deposited by D-gun spraying,
a/ directions of oriented growth accompanied by the adequate thermal
gradients; b/ phases as the solidification product

The identified phases within the sub-layers visible in Fig.
16b were expected according to the localization of the nominal
Al-solute concentration, Ny, in the phase diagram for stable
equilibrium, Fig. 17.

10

1157

Fig. 17. Localization of the nominal Al-solute concentration
Ny = 0.63 [mole fr.] in the Fe-Al phase diagram for stable equi-
librium, [21]

The phase diagram shown in Fig. 17 is useful in expla-
nation of the formation of all the phases visible in the single
particle deposited by D-gun spraying, Fig. 16. At first, a mod-
el for the typically non-equilibrium &y — phase formation is
delivered, Fig. 18.

Fig. 18. Field for the appearance of the non-equilibrium gy — phase

The equilibrium solidus line (dashed green line) for the &
— phase formation is shifted to a new position (dashed violet
line) due to the rapid solidification. The equilibrium liquidus



line is shifted to a new position (dashed blue line) due to the
same reason.

The field between both solidus lines is an area of the
ey — non-equilibrium phase existence. The movement of the
equilibrium lines in the phase diagrams is well defined by the
Aziz’s theory, [22].

The intersection of the Ny — solute concentration with
the non-equilibrium liguidus line determines the beginning of
the solidification path, (yellow point). The supposed end of
solidification path is shown as the Ngx — point (yellow point).
Moreover, the Nx — point localization on liquidus line can be
precisely determined, [23].

The intersection of the Ny — solute concentration with the
non-equilibrium solidus line determines the 77, — tempera-
ture of the solid / liquid interface for the &y — non-equilibrium
phase formation (pink point). The intersection of the Ny —
solute concentration with the meta-stable part of the equilibri-
um solidus line (dotted/dashed line) determines the 77 — tem-
perature of the solid / liquid interface for the &£ — equilibrium
phase formation (pink point). It is evident that the following
inequality is satisfied:

Tiy > T; @)
If so, the ey — non-equilibrium phase is formed during solid-
ification instead of the & — equilibrium phase because the ey
— phase is the winner in the growth competition as it has a
higher temperature of its solid / liquid interface, [24].

Model for the gy — phase growth within the N — sub-layer,
Fig. 13, is connected with the activity of the Gy — thermal
gradient, Fig. 16a. The &y — phase is growing at the average
solidification rate equal to vy, Fig. 16a. The ey — phase ap-
pears according to the &y — phase field defined in Fig. 18 (on
the non-equilibrium solidus line).

The &4 — amorphous phase solidifies immediately as the
segregationless phase. It is possible when the partition ratio
becomes equal to unity, kK = 1. It means that the liquidus and
solidus lines make the superposition for the rapid solidifica-
tion, [22].

Usually, the solute segregation / redistribution occurs
during solidification, [25]. The adequate differential equation
which describes the solute segregation after back-diffusion is
as follows, [23]:

dN* (x;) (1 —k) NE(x; @)
dx T l+akx—x

3)

The Eq. (3) is a modification of the well known differential
equation, [26], written for the solidification during which the
back-diffusion does not occur (a = 0):

dN" (x;0) (1 —k) N*(x;0)
dx - 1—x

“)

where, @ — back diffusion parameter, [dimensionless], x —
amount of the growing crystal, [dimensionless], NL — solute
concentration in the liquid, [mole fr.].

The solution to Eq. (3) describes the solute concentration
changes in the liquid:

N (x;@) = No (1 + akx —x)*-Vi-ab )
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for which the solidification path situated on liguidus line is:

N() - N, K (58.)
Consequentially, the solute segregation at the moving solid /
liquid interface is:

NS (x;@) = k Ny (1 + akx — x)k-Did-ah ©)

for which the so-called “historical” solid / liquid interface path
(segregation path) situated on solidus line is:

k Ny — k Nk (6a)

Finally, the solute redistribution is given as, [23]:
N (x: X%, @) = [k + g (x: X°) g7 (X0, 0)| N- (r:0) ()

and the redistribution path is situated just between the solidi-
fication path, Eq. (5a) and “historical” solid / liquid interface
path (segregation path), Eq. (6a).

In the case of the segregationless formation of the amor-
phous phase, when the superposition of the liguidus and
solidus lines is required (k = 1),

a/ the solute concentration in the liquid does not change
(as it results from Eq. (5)),

N*(x;@) = No (8a)
b/ the solute concentration at the solid / liquid interface does
not change (as it results from Eq. (6)),
N¥ (x;@) = Ny (8b)
c/ the solute concentration in the solid does not change (as it
results from Eq. (7) for which (x;XO) =0 when k = 1),
NE (x;XO,a) — Ny (8¢c)
So, all three paths have been reduced to Ny solute concentra-
tion, (that is to the point). It means that the paths are equal
to zero. It can also be concluded that the segregationless /
redistributionless solidification (diffusionless solidification) is
the particular case of the solidification accompanied by seg-
regation / redistribution. Moreover, it can be concluded that
the Ny — point is the place of the amorphous phase formation
when k = 1, Fig. 19.

It can be assumed that the superposed liquidus and
solidus lines are additionally juxtaposed by the T (Np) line,
Fig. 19. The T (Np) line means the equality of the solid free
energy and the liquid free energy. So, it is assumed that the
Ty (Ny) is the highest temperature at which solid phase (amor-
phous phase) can form with the same solute concentration as
the liquid.

According to the current model the &4 — amorphous phase
sub-layer is formed at the intersection of the Ny — solute con-
centration with the Ty — line, Fig. 19. In fact, the €4 — amor-
phous phase should be formed a little below the intersection
point, A, because a certain driving force is necessary to ensure
the solidification, [27]. In this case the superposed liguidus and
solidus lines with the A — intersection point are to be localized
below the T — line.
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Fig. 19. Juxtaposition of the non-equilibrium liguidus and solidus
lines (superposed each on the other for k = 1) by the T (Ny) — line
(as calculated by means of the Thermocalc Software); Ny is the nom-
inal Al-solute concentration of the D-gun deposited Fe-Al particle;
A is the point at which the €4 — amorphous phase can form within
the A — sub-layer selected in Fig. 13

A model for the alternately situated phases, (FeAl +
Fe,Als), which are visible in the CC — sub-layer, Fig. 13,
is connected with the oscillatory mode for a structure forma-
tion. The oscillatory mode for the structure formation is well
known, especially in the case of eutectic transformation, [28],
[29].

The partition ratio which was equal to unity, kK = 1, when
the amorphous phase was formed in the A — sub-layer, Fig. 13,
becomes less than unity, kK < 1, when the columnar structure
appears in the CC — sub-layer. The lamellae of the Fe,Als
phase are there situated alternately to the FeAl phase lamel-
lae. However, the Fe, Als phase appears as the non-equilibrium
phase due to the shifted solidus line, whereas the FeAl phase
forms instead of the &£ — phase, Fig. 20. The & — phase was
eliminated by the FeAl phase during oscillatory mode of the

Fig. 20. A part of the Fe-Al phase diagram; a hypothetical local-
izations of both 7y — functions are marked by the main lines; the
intersection of the Ny — nominal Al — solute concentration in the
considered single particle with the 7y — function delivers the point
at which amorphous phase formation is possible; the dotted lines are
the liquidus equilibrium lines of the Fe-Al phase diagram for stable
equilibrium; the dashed lines describe the diminution of the partition
ratio; the diminished partition ratio: k;; = O;/O determines the for-
mation of the meta-stable FeAl — phase and kps = (1 — 0,)/(1 - O)
determines the formation of the non-equilibrium Fe,Als phase

CC - sub-layer formation. Thus, the FeAl phase appears as
the meta-stable phase. It is evident that the &€ — phase field was
eliminated from the Fe-Al phase diagram and the &£ — phase
field was replaced by the FeAl phase field (in fact, the € —
phase was reduced to the A — point situated on the superposed

liquidus and solidus lines to form the amorphous phase in the
A — sub-layer). The amorphous sub-layer was formed first in
a sequence, (T > TZ‘)), Fig. 20.

The Nos marked in Fig. 20, is the Al — solute concen-
tration at the oscillatory point O, which corresponds with the
Ng — solute concentration at the eutectic point in the phase
diagram for stable equilibrium. The & — phase field is trans-
formed into the A — point and replaced itself by the FeAl —
phase field.

The model for the single particle solidification shown in
Fig. 16, is confirmed by some structural observations made in
the micro scale, Fig. 21, Fig. 22.

Fig. 21. Experimental confirmation of the model for partially melted
single particle solidification; OG — non-melted part of the particle de-
posited formerly (Lh.s. of the morphology); CC — alternately situated
(FeAl + Fe,Als) — phases; ex — some cells of the non-equilibrium &y
—phase; OG — non-melted part of the observed FeAl particle (r.h.s. of
the morphology); the &4 — amorphous phase of the observed particle
is not visible (covered up by the non-melted part of the formerly
deposited particle)

Fig. 22. The ex — sub-layer cross-section, (ex — sub-layer is shown
in Fig. 21, formerly named as the N — sub-layer, Fig. 13); some cells
of the ey — phase are well visible; every cell is surrounded by the
eutectic precipitate, e, in the micro scale (the phenomenon is identical
to that revealed in the Fig. 9 and Fig. 11 in the macro scale)
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Fig. 23. A part of the Fe-B phase diagram for stable equilibrium,
[21]

The appearance of the eutectic precipitate, e, in the
grooves between the ey — phase cells, Fig. 21, confirms
that the solidification path shown in Fig. 18, is as follows:
No — Ng, (Nx = Ng).

Since the boron was revealed in the macro scale just
ahead of the arrested solid / liquid interface of the ey — phase
cells, Fig. 10, Fig. 12, it is postulated that observed precipitate
is not only Fe-Al eutectic, Fig. 17, but Fe-B eutectic, Fig. 23,
as well. Both investigated eutectics have the similar temper-
ature for transformation ((e+Fe,Als) —1171°C, Fig. 17, and
(yFe+Fe;B) — 1174°C, Fig. 23). Thus, both eutectics were
precipitated practically at the same time. The eutectics were

200nm

FeAl+Fe2Als

Fig. 25. A boundary between the £4 — amorphous phase and alter-
nately situated (FeAl + Fe,Als) phases; the (FeAl + Fe,Als) phases
were followed the unidirectional solidification perpendicularly / radi-
ally to the g4 — phase surface with the heat transfer through the &4
— amorphous phase
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pushed by the solid / liquid interface of the ey — phase cells
during their solidification. The (e+Fe,Als) — eutectic is dom-
inant in this area and therefore was identified easily, Fig. 24.

The single particle morphology revealed in Fig. 25, con-
firms that the g4 — amorphous phase and alternately situat-
ed (FeAl + Fe,Als) phases appeared sequentially, because
T} > T}, as it results from the phase diagram shown in Fig. 20.

The subsequent observation of a single particle partially
melted during D-gun spraying is presented in Fig. 26. The
revealed morphology confirms the model shown in Fig. 16b.

200 nn t .
1

FeAl+Fe2Al5

Fig. 26. Morphology of the single Fe-Al particle as deposited by the
D-gun spraying; there are visible: the €4 — amorphous phase in the
A — sub-layer, the alternately situated (FeAl + Fe,Als) phases in the
CC - sub-layer, the ¢y — phase in the N — sub-layer and non-melted
part of the particle in the OG — sub-layer

The next observation of the single Fe-Al particle deposit-
ed by the D-gun spraying is presented in Fig. 27.

Fig. 27. A single Fe-Al particle as deposited by the D-gun spraying
on the steel substrate; nm1lmeans a non-melted part of the previously
deposited particle in its OG — sub-layer, &4 means the £ — amorphous
phase in the A — sub-layer, 1+ /2 mean the alternately situated (FeAl
+ Fe, Als) — phases in the CC — sub-layer, respectively, el +¢2 mean
(e+Fe,Als) and (yFe+Fe,B) eutectics as rejected by the solid / liquid
interface of the growing €y — phase, nm2 means a non-melted part
of the investigated particle in its OG — sub-layer and &y means the
& — non-equilibrium phase in the N — sub-layer
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Fig. 28. A diffusion joint a/ in the single Fe-Al particle deposited by D-gun spraying, b/ in the Ni/Al;Niy/Al;Ni/N¥/Al3Ni/Al;Ni,y/Ni
interconnection frozen during its isothermal solidification at T = 700°C, [32]; some intermetallic phases / compounds are localized in the
both morphologies; the axis is distinguished (dotted yellow line) in the asymmetrical joint created within the single Fe-Al particle; the frozen
— not yet solidified foil (with N¥ = 0.967 at.% Al) is visible in the middle of a symmetrical diffusion interconnection

The morphology formation in a single particle deposited
by the D-gun spraying is similar to the formation of the inter-
connection during diffusion soldering or brazing, [30]. How-
ever, the diffusion soldering / brazing occurs under isothermal
conditions, at the constant temperature, and two phenomena
are observed: dissolution and solidification, [31], [32]. The
morphology formation in a single particle occurs under two
different positive thermal gradients and temperature is varying
during solidification.

In the case of the single particle solidification a
meta-stable phase appears similarly to the diffusion solder-
ing during which a meta-stable phase also forms, [33], [34].
Therefore, the current model for a joint formation during the
single particle solidification is similar to the model for joint
formation during diffusion soldering / brazing, [35].

It is to be emphasized that some intermetallic phases /
compounds are formed in both situations: during solidification
of the single particle deposited by D-gun spraying, Fig. 28,
and during solidification which occurs in the interconnection
produced isothermally by the diffusion soldering / brazing,
[30].

The Fe-Al single particle morphology, (micro scale), Fig.
28a, confirms that:

a/ the ey- non-equilibrium phase, Fig. 18, was growing
with the heat transfer through the non-melted part of the par-
ticle,

b/ the ey- phase was growing unidirectionally towards
the formed joint axis, Fig. 28a,

c/ the average solidification rate was equal to vy, Fig. 16,

d/the average positive thermal gradient was equal to Gy,
Fig. 16,

e/ the €4- amorphous phase, Fig. 18, was growing with
the heat transfer through the substrate,

f/ the £4- phase was solidified immediately due to the
diffusionless / segregationless mode of solidification,

g/ the solidification path, the solid / liquid interface path
and redistribution path, all together, were equal to zero, Eq. 8,

and situated at the intersection of the nominal solute concen-
tration in the single particle, Ny, with the superposed liguidus
and solidus lines, (k = 1), that is at the A — point for amor-
phous phase formation, Fig. 19, Fig. 20,

h/ the average positive thermal gradient was equal to G40,
Fig. 16,

i/ the columnar (FeAl + Fe,Als) phases were growing
with the heat transfer through the £4- amorphous phase,

j/ the columnar (FeAl + Fe,Als) phases were growing
unidirectionally towards the formed joint axis, Fig. 28a,

k/ the average solidification rate was equal to v, Fig. 16,

1/ the average positive thermal gradient was equal to G40,
Fig. 16,

m/ the solidification was occuring due to oscillatory mode
with k < 1, Fig. 20,

n/ the formed joint, Fig. 28a is asymmetrical structurally,
because G40 >> Gy and in the consequence v4o >> vy,
Eq. 1,

o/it is necessary to impose a certain pressure when the
diffusion interconnection is formed during isothermal solder-
ing, Fig. 28b,

p/ the pressure is generated by the shock when the single
particle beats the substrate, Fig. 1b,

1/ the growing cells of the ey- phase pushed both eutec-
tics, (e+FeyAls) + (yFe+Fe;B), then rejected them just at the
joint axis, Fig. 28a,

s/ the axis (yellow dotted line) divides the formed inter-
connection into two parts:

substrate/e,/(FeAl + Fe,Als) and
(yFe+Fe;B)/ey/mon-melted cap.

(8+F62A15) +

4. Concluding remarks

The phenomenological macro / micro modelling was ap-
plied to the Fe-Al coating in order to describe the solidifica-



tion of the partially melted single Fe-Al particle deposited by
D-gun spraying onto the steel substrate.

The proposed model for a single particle solidification al-
lows for considering the competition between growth of equi-
librium & — phase and non-equilibrium gy — phase. The ey —
phase is the winner in the competition, Fig. 18, and appears
within the single particle morphology. On the other side, the
proposed model for a single particle solidification shows that
the €4 — amorphous phase and alternately situated (FeAl +
Fe,Als) — phases appear sequentially.

The STEM analysis allowed for revealing a localization
of zirconium and boron in the macro scale, Fig. 10, Fig. 12.
However, the boron segregates significantly just ahead of the
interface of cells of the &y — phase, only. In the micro scale,
the boron precipitates are visible at the joint axis (when a
single particle is treated as a diffusion interconnection). The
beneficial activity of boron and zirconium for the Fe-Al alloy
is well known, [1], [3], [6], [14]. It is considered that boron
increases the mechanical properties of the Fe-Al alloys due to
its localization at the grains boundaries.

In the case of the analyzed single particle, Fig. 28a, boron
is also localized at the cells / columnar structure boundary, (N
/ CC). Therefore, it can be expected that the (yFe+Fe,;B)
eutectic improves significantly adhesion of the Fe-Al coating
to the steel substrate / Ni-20Cr interlayer system as it was
confirmed by mechanical properties investigation, [14]. On
the other side, it can be concluded that the exclusive presence
of the (e+Fe;Als) eutectic at the joint axis, Fig. 28a, is not
sufficient to ensure the good adhesion. Moreover, the exclusive
presence of the (e+Fe,Als) eutectic at the joint axis, can make
weaker a given a single particle treated as an interconnection.

The proposed model is a general one and therefore can
be applied to description of Ni/Al/Ni or Ti/Al/Ti multi-layers
formation as that observed during the self-propagating high
temperature synthesis (SHS).
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