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Abstract

In this work, iron aluminide coatings (FeAl and Fe3Al) were developed on carbon steel
substrates using the laser cladding process with mixtures of elemental iron and aluminum
powders, aiming at protecting anodic pins in Soderberg electrolytic cells against oxidation
and corrosion at high temperatures. These components operate under atmospheres rich
in CO;, alumina dust, and intense thermal cycles. The influence of processing parameters
on the microstructure, phase formation, and mechanical properties of the coatings was
investigated. X-ray diffraction confirmed the formation of the FeAl phase with a B2
ordered structure, while the expected D03 ordering in FezAl was not detected, likely
due to crystallographic texture effects. Microstructural analysis, optical and scanning
electron microscopy, revealed dense coatings with good metallurgical bonding to the
substrate and low porosity, being the conditions of 3.5 kW with 3 mm/s resulted in the
best quality coatings. The FeAl coatings exhibited microhardness values of approximately
400 HV, whereas the Fe3Al coatings showed values around 350 HV, indicating a significant
improvement compared to the carbon steel substrate. These results demonstrate that laser
cladding is an effective technique for producing iron aluminide coatings with potential
application for corrosion and wear protection of anodic pins in Soderberg electrolytic cells.

Keywords: laser cladding; iron aluminides; intermetallic coatings; Soderberg anodes;
protective coatings

1. Introduction

Iron aluminides are promising materials for surface protection in aggressive environ-
ments due to their excellent oxidation resistance, mechanical strength, and thermal stability,
which are attributed to the formation of a stable alumina layer.

Ordered intermetallic compounds constitute a unique class of metallic materials that
form long-range ordered crystalline structures. These ordered intermetallics generally
exist in relatively narrow compositional ranges with simple stoichiometric ratios and high
thermal stability [1-3]. Owing to their low cost and excellent oxidation resistance, iron
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aluminide intermetallic compounds have been widely studied since the 1930s, when their
excellent oxidation resistance was first noted [4]. Among the aluminides of the FeAl system,
FeAl and Fe3 Al have been investigated the most recently [5,6]. FeAl alloys can be described
as a family of substitutional solid solution alloys that are ordered at low temperatures and
disordered at high temperatures. In 1932, Bradley and Jay [7] reported the presence of two
types of ordered structures, B2 (FeAl) and D03 (Fe3Al), in binary FeAl alloys. Liu et al. [8]
presented the ductile behavior of iron aluminides in dry oxygen. The reaction of Al atoms
with water produces hydrogen atoms, which are responsible for the low ductility of FeAl-
based intermetallic alloys in moisture-containing atmospheres. Generally, increasing the Al
concentration decreases the density of materials and increases the oxide protective layer at
high temperatures [4,9-11].

Historically, iron aluminide coatings have been produced by conventional methods
such as diffusion aluminization, thermal spraying, sintering, dip casting, surface coating,
and thermochemical techniques. However, these methods have significant limitations:
high porosity, excessive thickness, low adhesion, high dilution, poor chemical homogeneity,
and difficulty in precisely controlling the microstructure [10,12]. From the 1990s onwards,
advanced processing techniques began to be studied, such as physical vapor deposition
(PVD), chemical vapor deposition (CVD), reactive vaporization, modified pack cementation
aluminization, and more recently, laser metal deposition (LMD) and laser cladding.

Laser cladding is a process by which a new layer of material is deposited on a substrate
by laser melting powders deposited on a substrate to modify surface properties as well
as repair and manufacture parts [13-16]. Among the above laser material processing
technologies, laser cladding has attracted extensive research interest over the past 30 years.
Laser cladding is a type of coating technology that uses a focused or defocused high-power
laser beam to locally melt a thin surface layer of a material onto a substrate. Process
parameters, such as laser power and scanning speed, are controlled to achieve the required
thickness with minimal dilution of the substrate. Coverage of large areas is possible
through the formation of adjacent individual tracks. Substrate melting is well controlled
to complete metallurgical bonding at the interface so that substrate dilution is minimal,
allowing the newly formed layer to retain the original composition and properties of the
added materials.

Scientific literature shows a predominant focus on the use of conventional nickel- or
cobalt-based superalloys for protective coatings [17-19]. These materials are employed due
to their exceptional resistance to corrosion, heat, and creep in aggressive environments,
such as those found in the aerospace, nuclear, marine, and oil and gas industries. Laser
coatings of iron aluminides (FeAl) could replace or offer a lower-cost alternative for these
same applications; however, the literature on them remains scarce. Abboud et al. [20] were
the first to investigate in situ laser cladding of iron aluminide. The one-step process (single
tracks) used by these authors provides speed and flexibility and opens the possibility of
rapid prototyping. These authors also observed the growth of epitaxial columnar grains at
the interface between the coated layer and the substrate, as well as equiaxed grains at the
top of the layer, suggesting significant heat transfer by radiation and convection in the final
phase of solidification. Bax et al. [21] studied entire coatings by employing overlapping
strips. These authors reported that a five-layer sample was completely free of defects.
However, the larger samples contained one or two smaller cracks.

As previously mentioned, one of the striking characteristics of iron aluminides is their
excellent oxidation resistance at high temperatures due to the formation of a protective alu-
mina layer that permits their use in aggressive environments. These properties make these
iron aluminides promising as corrosion protection coatings on anode pins for Soderberg
technology, as also studied by Kovrov et al. [22].
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In recent years, laser cladding has advanced significantly as a promising technique for
intermetallic deposition due to its ability to generate refined microstructures, low dilution,
high adhesion, high cooling rate, and precise control of process parameters [14,23,24].
Recent studies have applied laser cladding to the production of FeAl, Fe3Al, and reinforced
FeAl composite coatings, demonstrating substantial improvements in microhardness, wear
resistance, and thermal stability [25-27]. However, several challenges remain, such as
aluminum loss through evaporation, the difficulty in obtaining single-phase B2 and D0;
phases, the formation of residual stress cracks, intense crystallographic texture that hinders
phase identification by XRD, and a scarcity of studies dedicated to single-phase coatings
produced exclusively from elemental Fe and Al powders [22].

Given the properties of iron aluminides, the objective of this work is to investigate
the possibility of producing single-phase coatings of iron aluminides (FeAl and Fe;Al)
on carbon steel substrates via laser cladding via mixtures of elemental iron and alu-
minum powders. The microstructure and microhardness profile of the deposited layers
were characterized.

2. Materials and Methods

Low-carbon steel bars (AISI 1020) with dimensions of 50 mm X 150 mm x 10 mm
were used as substrates for depositing iron aluminides. Before the laser coating process,
the surfaces of the bars were cleaned with alcohol. Aluminum (Al, 98.7% purity) and
iron (Fe, 99% purity) powders, purchased from Hogands (Hoganids, Zweden), were used.
The powders were classified by a set of vibrating sieves to ensure a particle size in the
range of 70 pm to 150 um. The morphology of the precursor powders was characterized
by Scanning Electron Microscopy (SEM) as shown in Figure 1. The aluminum and iron
powders were mixed and homogenized in a stainless-steel cylindrical mixer at a speed of
3 rpm for 3 h. The mixtures were prepared with stoichiometric atomic ratios corresponding
to FeAl (33 wt.% Al) and FezAl (14 wt.% Al).

SElI  30kV WD11mm  SS44 x160 100um
MACKENZIE 0000 25 Aug 2021
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Figure 1. Images obtained by SEM of (a) iron and (b) aluminum powders used in the mixtures to
obtain the tracks of iron aluminides (FeAl and Fe3Al) via laser cladding.

The deposition process was carried out using a direct diode laser (Coherent, Luebeck,
Germany) with a wavelength of 1080 nm and a Gaussian beam profile. The beam has
a rectangular shape of 2 X 12 mm at the output, being guided by an optical assembly
composed of a collimating lens, a focusing lens, and a shielding lens. The laser output
power was adjusted on the equipment’s control panel and confirmed by the internal optical
monitoring system calibrated by the manufacturer. The process was conducted under a
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controlled atmosphere, using 99.999% Argon inert gas as both a shielding gas and a carrier
gas for the powder, ensuring stable conditions during fusion and minimizing aluminum
oxidation. Deposition was performed by laser incidence onto a powder bed. Figure 2
shows the device used to standardize the deposition of the powder mixture before laser
cladding. It consists of a metal plate with a rectangular groove (100 mm x 7 mm X 2 mm),
in which the powder was uniformly distributed to ensure constant volume and reproducible

conditions in all tracks analyzed.

Figure 2. Device used for standardized deposition of a mixture of iron and aluminum powders to
obtain iron aluminide (FeAl and Fe3Al) tracks via laser cladding.

The process was carried out under the power and scan speed conditions provided
in Table 1 (Tracks 1 and 2 were used only for equipment testing). The laser power was
limited due to the risk of damage to the equipment lenses caused by the high reactivity of
the aluminum powder.

Table 1. Power and scanning speed values used to obtain the tracks of iron aluminides (FeAl and
Fe3Al) via laser cladding.

Track Aluminides Output (kW) Scan Speed (mm/s)
3 Fe3Al 35 3
4 FesAl 3.5 3
5 FeAl 3.5 3
6 FeAl 35 3
7 Fe;Al 45 3
8 Fe3Al 5.5 3
9 Fe3zAl 6.5 3

10 FeAl 4.5 3
11 FeAl 5.5 3
12 FeAl 6.5 3

The samples were sectioned transversely (perpendicular to the laser scan direction)
for metallographic analysis. The samples were sanded and polished with a colloidal silica
suspension. Next, they were subjected to chemical attack with a solution of 40 mL of
HNO;3, 60 mL of CH3COOH, and 20 mL of HCl, applied by immersion for 5-10 s at room
temperature, according to procedures usually employed for the microstructural revelation
of Fe—Al based coatings.

Microstructural analysis was performed on an OLYMPUS BX60 microscope (Tokyo,
Japan) coupled to an image capture analyzer. SEM observations were made on a Jeol
JSM-6510 microscope (Tokyo, Japan). This equipment is coupled to a Thermo Scientific
Ultra Dry Energy Dispersive X-ray Spectroscopy (EDS) detector (Waltham, MA, USA) for
chemical composition analysis. Vickers microhardness measurements were performed on
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an Emco-test DuraScan 70 automatic tester (Zwick Roell, Ulm, Germany). A load of 1 N
was applied for 10 s.

The phases present in the coatings were identified using a X-ray diffraction Rigaku
Dmax instrument (Tokyo, Japan) with Cu-K« radiation (A = 1.5406 A), with a scan speed of
0.02°/s, and an angular range (26) from 10-80°.

3. Results

A laser was applied to the mixture of iron and aluminum powders, employing simple
tracks with various powder compositions, laser powers, and scanning speeds, as shown in
Figure 3. Most tracks deposited by the laser cladding process were free of cracks. However,
in some depositions, cracks were observed along the entire thickness of the layer. In
addition, the surfaces of the deposited layers were oxidized, resulting in the formation
of alumina (Al,O3). However, slight sanding indicated that the material below the oxide
layer was completely metallic and free of any oxides. The cross-section of one of the tracks,
as observed via SEM in Figure 4, displayed deposition regions of the iron aluminide, the
heat-affected zone, and the substrate. The height in the central region of the coating was
approximately 800 um, and the depth of the heat-affected zone was approximately 1.65 mm.
The next section contains the results and discussion of the analyses performed on the laser
cladding coatings in the two compositions of iron aluminides: FeAl (33 wt.% Al) and Fe3Al
(14 wt.% Al).

Figure 3. Images of iron aluminide tracks deposited via laser cladding: (a) Fe3Al track 4 and (b) FeAl
track 6.

-
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Figure 4. Cross-sectional SEM micrograph of the iron aluminide coating deposited by laser cladding,
illustrating the coating—substrate interface in track 4.
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3.1. Microstructure Characterization

Figure 5 shows a micrograph obtained by optical microscopy of track 4 with a FeAl
composition. Note the presence of columnar grains from the interface region with the
substrate and that no secondary phase appears in the cross-section. After laser fusion of
the powder mixture, the grains solidified directionally from the substrate. According to
Song et al. [28], columnar grain growth from a substrate can be attributed to the temper-
ature gradient in this region. This solidification may have generated a crystallographic
texture consistent with the nonappearance of some diffraction peaks of the FezAl phase,
which was also proposed by Bax et al. [21]. The region farthest from the substrate, near the
top of the trail, presented a microstructure with equiaxed grains. Variation in the grain size
and shape was expected and occurred due to variation in the cooling rate from the surface
to the molten zone core. This finding agrees with that observed by Sharma et al. [29]. The
optical microscopy micrographs of the other tracks (7, 8, and 9) with higher powers (4.5,
5.5, and 6.5 kW) revealed microstructures similar to those observed in tracks 3 and 4.

Figure 5. Micrograph obtained by optical microscopy of track 4 with an Fe3 Al composition, showing
the presence of columnar grains from the interface region with the substrate.

Figure 6 shows a micrograph of the laser cladding region of Fe3 Al in track 4 observed
via SEM, with the corresponding image obtained with the aluminum standard. The uniform
distribution of aluminum within the coating confirmed the absence of a second phase. The
chemical analysis of the aluminum content at five points from the top of the layer to
near its interface with the substrate revealed values very close to each other, with an
average aluminum content of 12.6 wt.% (23 at.%). A small loss of aluminum in the powder
(14 wt.%) occurred due to laser melting. This slight loss of aluminum that occurred in the
two compositions studied was also reported by Abboud et al. [20] and Chen & Wang [30],
who attribute this phenomenon to the high reactivity and volatilization of aluminum
during localized laser heating. This analysis could also not decisively verify the formation
of the crystalline structure DO;. However, some of the aluminum was lost during the
process. Chen and Wang [12,30] reported that phase D03 could be suppressed because
of aluminum dilution in the substrate and rapid solidification. According to Zhong and
Liu [14], the high cooling rates achieved by laser cladding (103 to 105 K/s) imply that the
ordered structure DO; would not necessarily be present at room temperature. Analysis by
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X-ray diffractometry and determination of the chemical composition were not sufficient to
determine the existence of this phase.

A

Fe Al

Point  (tos) (at%)

1 75.81 24.19

2 72.97 27.03

3 74.25 25.75

4 73.57 26.43

Figure 6. (a) Scanning electron microscopy (SEM) image of the region coated with laser cladding
on track 4 of FezAl. (b) SEM image obtained with the aluminum standard via energy dispersive
spectroscopy (EDS).

Figure 7a shows a micrograph of the laser cladding region of FeAl on track 6 observed
by scanning electron microscopy (SEM). This uniform distribution of aluminum within the
coating confirms the absence of a second phase. The chemical analysis of the aluminum
content at five points from the top of the layer to near its interface with the substrate
revealed values very close to each other, with an average aluminum content of 29.1 wt.%
(46 at.%). Like for the alloy with Fe; Al stoichiometry, there was a small loss of aluminum in
relation to the amount of aluminum prepared in the powder (33 wt.%) due to laser melting.
Figure 7b shows a micrograph obtained by optical microscopy of track 6 with the FeAl
composition. This figure shows an enlarged region of the track presented in Figure 7a.
This micrograph shows the presence of columnar grains from the interface region with the
substrate and equiaxed grains in the region closest to the top of the deposited track. As
previously mentioned, in the track deposited in the Fe; Al composition, the grains solidified
directionally from the substrate because of the temperature gradient in this region. The
region farthest from the substrate, near the top of the track, presented a microstructure
with equiaxed grains of smaller size.

SEI  25kV WD34mm  SS53 1mm

MACKENZIE 0000 03 Mar 2022 e e W Y.
(a) (b)

Figure 7. Micrograph of the laser-cladded region of track 6 (FeAl) observed by (a) scanning electron
microscopy (SEM) and (b) optical microscopy, showing columnar grains near the substrate interface
and equiaxed grains in the upper part of the deposited track.
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Similarly to the tracks with different Fe3 Al compositions, the variation in grain size
and shape occurred due to the varying cooling rates from the surface to the molten zone
core, corroborating the findings of Sharma et al. [29] and Song et al. [28]. According to
Abboud et al. [20], columnar grains grow epitaxially at the interfaces between the coating
layer and the substrate, and the presence of equiaxed grains at the top of the layer suggests
significant heat transfer by radiation and convection in the final stage of solidification. The
optical micrographs of the other tracks (10, 11, and 12) with higher powers (4.5, 5.5, and
6.5 kW) exhibit microstructures similar to those of track 6. A crack that runs through the
entire thickness of the trail is also visible in the center of this image. Cracks rarely occur
in some of the deposited tracks for unidentified causes. Bax et al. [21] also reported the
presence of cracks in the coating. Furthermore, these authors observed detached coatings
on the substrate in most cases. This detachment of the coating was not found in the present
work under any condition of deposition by laser cladding. Among the conditions evaluated,
a power of 3.5 kW associated with a speed of 3 mm/s resulted in the best quality coatings
with a more homogeneous microstructure and formation of intermetallic phases, free from
cracks. A laser power of 6.5 kW and a scanning speed of 3 mm/s is the best combination to
obtain a higher degree of B2 ordering. However, under these conditions, the contraction
during cooling from higher temperatures is greater, making the coating more susceptible
to cracking.

3.2. XRD Analysis

Figure 8 shows the X-ray diffractogram of the laser cladding of track 3 with an FesAl
stoichiometry of 3.5 kW and a velocity of 3 mm/s. This diffractogram indicates the presence
of the most intense peak generated from the diffraction of the (110) plane of Fe-ox with a
cubic crystal structure with aluminum in a solid solution, identified using PDF card 06-0696.
At this same angle, the diffraction of the (220) plane of Fe3Al with an ordered crystalline
structure D03 can occur, corresponding to PDF card 33-0397. This figure also includes
the characteristic diffraction positions of planes (111) and (200) of Fe3Al, with a D0s-type
ordered structure, whose peaks do not appear. This does not mean that the ordered phase
Fe3 Al has not formed. The relative intensities of peaks (111) and (200) of Fe3Al are low,
and the grains may still have preferential orientations in directions that do not favor the
diffraction of these planes. According to Bax et al. [21], the laser cladding of iron aluminides
induces a sharp cube-like texture, with the plane (100) parallel to the surface.

Feo (substitutional Al) — Track 3: Fe Al - 3.5 kW e 3 mm/s
(110) 1200 - Fe-a
1000 Fe-a Fe-a (substitutional Al)
\(110) /

& 8004 /

g8 i\

>

’§ 600

g

S

400

200

Figure 8. X-ray diffractogram of the laser cladding of track 3 with Fez Al stoichiometry, a power of
3.5 kW, and a scanning speed of 3 mm/s: (a) complete and (b) detailed at an angle 26 close to the
position of the peak (110).
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The details in Figure 8b compare the position of the peak for the (110) plane of the
solid solution o in the diffractogram of track 3 with the diffraction pattern of Fe-«, which
illustrates a shift in its position at 26 from 44.7° to 44.2°. The diffraction angle due to
aluminum in the substitutional solid solution in the central cubic crosslink of iron increases
the lattice parameter from 0.286 to 0.289 nm. In the formation of the ordered structure D03,
the lattice parameter calculated from the position of the peak (110) is 0.578 nm. Although
aluminum is in a solid substitutional solution in iron, X-ray diffractometry analysis could
not verify the presence of the ordered phase D03 in Fe3Al. The X-ray diffraction results
for track 4 were similar to those for track 3. From these claddings, a speed of 3 mm/s was
adopted for all the experiments to ensure a more homogeneous coating. The increase in
laser power to 4.5, 5.5, and 6.5 kW in the fusion of tracks 7, 8, and 9, respectively, did not
change the appearance and position of the peaks in the X-ray diffractograms from those
observed in track 3.

Figure 9 shows the X-ray diffractogram of the laser cladding of track 6 with an FeAl
stoichiometry of 3.5 kW and 3 mm/s. This diffractogram shows the presence of the most
intense peak generated from the diffraction of the (110) plane of Fe-ox with a cubic crystal
structure with aluminum in the solid solution. As observed in the tracks with different
Fes Al stoichiometries, the diffraction peak of the (110) plane of Fe-« presents a displacement
due to the aluminum in the solid solution. In addition to this peak, a peak at 20 = 31.28°
occurred due to the diffraction of the (100) plane of the ordered simple cubic crystal
structure B2. The presence of the peak corresponding to the diffraction of the (100) plane
indicates the formation of the ordered structure B2. The absence of peaks (111), (210), and
(211) in the diffraction pattern may be caused by the crystallographic texture. The FeAl-B2
phase was also identified by Sharma et al. [29], with a network parameter calculated from
the peak position (220) of 0.2876 nm. According to those authors, the presence of the peak
(100) in the X-ray diffraction pattern and the high hardness values obtained exclude the
existence of single-phase Fe-« within the coating. According to Bax et al. [21], the FeAl-B2
phase has an accentuated cube-type crystallographic texture (preferred orientation) with
the plane {h00} parallel to the surface, favoring the appearance of the diffraction peak of

the plane (100).
3000
2800 | Fea (substitucional Al)
2600 -] (110)
1500 + Fe-o (substitucional Al) 2400 —— Track 10 - FeAl - 4.5 kW
(110) — 2200 Track 11 - FeAl - 5.5 kW
- / § 20004 Track 12 - FeAl - 6.5 kW
S . 1800
2 1000 5 1600
£ @
5 £ 1400 FeAl-B2
= = 1200 (100)
1000 |
504 FeAl-B2 o
(100) \‘ \ 600 “
| ALO I o 400 - \
[ [ Al 1 |
\ 273 )\ 23 200 Ji p
0= ,‘l,jwwM |W/ T 0 T e T J \If T
30 40 50 25 30 35 40 45 50
20 20

(a) (b)

Figure 9. X-ray diffractogram of the laser cladding with FeAl stoichiometry for (a) track 6 (3.5 kW)
and (b) tracks 10, 11, and 12, highlighting the relative increase in the intensity of the peak (100) of the
ordered phase B2 compared with the peak (110) of Fe-c.

The X-ray diffraction results of tracks 5, 10, 11, and 12 were similar to those of track 6.
Increasing the laser power to 4.5, 5.5, and 6.5 kW in the fusion of tracks 10, 11, and 12,
respectively, increased the diffracted intensity of the plane (100), indicating that the degree
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of order B2 increased with increasing laser power, a behavior widely reported in recent
studies [23,25]. Figure 9b shows the relative increase in the intensity of peak (100) of the
ordered phase B2 relative to peak (110) of Fe-o.. The ratio of peak intensities differs from
those in the powder diffraction file, which indicates that the coating has a preferential
orientation. These diffractograms also display peaks indicating the presence of residual
alumina (Al,O3) on the surface of the track. As previously mentioned, light sanding of the
surface is sufficient to strip this oxide layer.

The increasing intensity of this peak with increasing laser power also converges with
that observed by Song et al. [28], suggesting that higher energies promote greater atomic
mobility and favor ordering. In contrast, for FezAl, the D03 structure was not directly
detected via XRD, although microhardness values indicate its presence. This result partially
diverges from et al. [24], who reported explicit detection of the D03 phase, but is aligned
with Bax et al. [21], who demonstrate that intense texture can suppress characteristic peaks
of this phase. Thus, the results indicate that laser cladding favors the formation of ordered
phases, but identification via XRD strongly depends on the crystallographic orientation
induced by the process.

The results obtained in this study show strong preferential orientation in both FeAl
and Fe3Al tracks, evidenced by the disappearance or significant reduction in expected
peaks in the XRD patterns. This observation is consistent with the results of Bax et al. [21]
and Sharma et al. [29], who report that iron aluminide coatings produced by laser cladding
tend to exhibit a cube-like texture, with {100} planes parallel to the surface. In the case
of Fe3Al, the absence of the (111) and (200) peaks of the D03 phase is consistent with the
literature, which attributes this behavior to directional solidification and the rapid cooling
imposed by the process. However, unlike some studies that report multiple families of
preferential orientation, the samples produced in this study presented a more pronounced
and homogeneous texture, possibly due to the use of the standardized powder groove,
which ensures greater thermal uniformity during melting.

3.3. Microhardness

Figure 10 shows the typical microhardness profile of the substrate and the Fe;Al
composition tracks. Coordinate O (zero) is the interface between the substrate and the
layer deposited by laser cladding from the melting of iron and aluminum powders in the
stoichiometric composition of Fe3Al. The negative distance represents the penetration in
to the substrate, and the positive distance corresponds to the depth in the coating above
the interface. The hardness of the deposited layer is different from that of the substrate
(low-carbon steel). The higher microhardness in the coating at approximately HV0.1 = 350
indicates the possible presence of an intermetallic phase with an ordered structure DO03.
According to Bax et al. [21], high hardness values exclude the existence of single-phase Fe-o
within the coating. According to these authors, the texture may have caused the absence of
the characteristic peaks of the ordered structure D03 in the diffraction pattern.

The hardness of the deposited layer is different from that of the substrate (low-carbon
steel). The higher microhardness in the coating at approximately HV0.1 = 400 indicates
the possible presence of an intermetallic phase with an ordered structure B2. According to
Bax et al. [21], higher hardness values confirm the existence of the ordered phase FeAl-B2.

The microhardness profiles obtained show values consistent with those reported
for similar coatings in recent studies [23,27]. It was also observed that the tracks pro-
duced with higher laser power exhibited more uniform microhardness, indicating less
solidified heterogeneity. This behavior converges with the literature on laser cladding of
intermetallics, which demonstrates that higher energy input rates favor more homogeneous
microstructures. However, unlike some studies that report a reduction in hardness due to
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excessive substrate dilution, in the present study the values remained stable, suggesting
that controlling the powder bed thickness was effective in minimizing dilution.

Vickers Microhardness (HV ;)

450
®  FeAl compositions
® FezAl compositions - =
400 o "
™ | ]
[} [ ]
350 4 e
u
LN |
300 4 o
°
° oo’ *
il °
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Figure 10. Typical microhardness profile of the substrate and iron aluminide tracks with FeAl (track
6) and Fe3Al (track 4) compositions. The coordinate 0 (zero) corresponds to the interface between the
substrate and the deposited layer.

4. Conclusions

This study evaluated the obtaining of single-phase coatings of iron aluminides FeAl

and Fe3Al on a carbon steel substrate via laser cladding using elemental powder mixtures.
Based on the detailed microstructural characterization and evaluation of the mechanical
properties, the following is concluded:

X-ray diffraction analysis of the iron aluminide Fe3Al track revealed a shift in the peak
(110) position at 26 from 44.7° to 44.2°, indicating the presence of aluminum in the
solid Fe-ox solution, which was homogeneously distributed. However, the presence of
the ordered D03 phase in Fe3Al was not directly identified with X-ray diffractometry
analysis a fact attributed to the strong crystallographic texture generated by rapid
solidification, its presence is strongly indicated by the microhardness values achieved
(approximately 350 HV0.1), distinct from the substrate.

The micrograph of the Fe3Al iron aluminide tracks shows the presence of columnar
grains from the interface region with the substrate, driven by the local temperature
gradient, without the precipitation of secondary phase in the cross-section. This
solidification condition may have generated a crystallographic texture consistent with
the nonappearance of some diffraction peaks of the ordered D03 phase in Fe3AL
X-ray diffraction analysis of the FeAl iron aluminides revealed the presence of the
ordered structure B2. An increase in the laser power to 4.5, 5.5, and 6.5 kW in the
fusion of the tracks increased the diffraction intensity of the (100) plane. This indicated
that the higher heat inputs favor a great degree of ordering of the B2 structure. The
grain morphology exhibited typical behavior, with columnar grains at the interface
with the substrate and equiaxed grains in the upper region of the track. The average
microhardness of ~400 HVO0.1 confirms the obtaining of the B2 intermetallic phase.
At 3.5 kW and 3 mm/s, coatings showed homogeneous microstructure and crack-free
intermetallic phases, while 6.5 kW at the same speed promoted higher B2 ordering but
increased susceptibility to cracking due to greater thermal contraction.
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e  The coatings produced demonstrated promising potential for application in anodic
pins of Soderberg-type electrolytic cells, combining high hardness and microstructural
stability. For industrial validation, it is recommended to carry out complementary
corrosion, oxidation, adhesion and wear tests. As only small tracks were tested in
this work, future studies should address automated deposition and detailed coating
thickness measurements.
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