metals

Article

Characterization of Iron Aluminide Diffusion Coatings
Obtained after Friction Surfacing

Norberto Martins !

, Ana Paula Silva !, Gilmar Cordeiro da Silva !, Italo Bruno dos Santos !,

Carlos Eduardo dos Santos 2, Fernanda Troysi 3 and Pedro Brito 1'*

check for
updates

Citation: Martins, N.; Silva, A.P;
Cordeiro da Silva, G.; dos Santos, [.B.;
Santos, C.E.d.; Troysi, E; Brito, P.
Characterization of Iron Aluminide
Diffusion Coatings Obtained after
Friction Surfacing. Metals 2023, 13,
461. https://doi.org/10.3390/
met13030461

Academic Editor: Aleksander

Lisiecki

Received: 23 December 2022
Revised: 2 February 2023
Accepted: 13 February 2023
Published: 23 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Graduate Program in Mechanical Engineering, Pontifical Catholic University of Minas Gerais,
Av. Dom José Gaspar 500, Belo Horizonte 30535-901, MG, Brazil

Federal Center for Technological Education of Minas Gerais, Av. Amazonas 5253,

Belo Horizonte 30421-169, MG, Brazil

Faculty of Sciences and Technology, Federal University of Goias, Rua Mucuri, Parque Itatiaia,
Aparecida de Goiania 749687-55, GO, Brazil

*  Correspondence: pbrito@pucminas.br; Tel.: +55-(31)-3319-4911

Abstract: Iron aluminides are considered as candidate materials for high temperature applications
for their excellent high temperature corrosion and oxidation resistance. In the present work, iron-
aluminide coatings were developed by friction surfacing (6351 aluminum alloy deposited on a
low-carbon steel substrate) followed by a diffusion heat treatment. The initial coatings were found to
be geometrically homogenous and adhered well to the steel substrate. The heat treatment process
was carried out at 550 °C for 48, 72 and 96 h and the resulting coatings were characterized in terms
of microstructure, chemical composition, hardness distribution and phase composition. After heat
treatment, the coating/substrate interface morphology was modified and presented patterns typical
of Fe-Al intermetallic formation, as well as a substantial increase in hardness (>900 HV) relative to
the initial as-deposited condition. With the diffusion treatment, initially Fe; Als was found to develop
in the coatings, which was converted into FeAl, after longer exposures.
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1. Introduction

Iron aluminides (Fe-Al) are alloys with potential use in high temperature applications
due to their low cost, density and excellent resistance to oxidation and corrosion. The
oxidation resistance of iron aluminides depends on the formation of a stable x-Al,O3
oxide scale on the metal surface, which acts as a diffusion barrier preventing further
reaction between the potentially hazardous environment and the underlying metallic
substrate [1]. Indeed, materials based on the iron-aluminum system (or its coatings)
have been investigated as candidate materials in supercritical water nuclear reactors,
environments containing liquid metal such as the heat exchange fluids found in nuclear
energy facilities or concentrated solar energy plants [2-5]. The relatively limited ductility of
iron aluminides [6], however, limits manufacturing options, which has prompted research
in the use as coatings by various different methods such as: High-Velocity Oxy Fuel (HVOF)
spraying [7], cold spraying [8,9], pack aluminizing [10], among others [11].

The friction surfacing process (or friction stir surfacing) is a solid state joining method
applied for development of both similar and dissimilar coatings, that has aroused increasing
interest from the scientific community in the last decades due to the growing demand for
specialized coatings in critical applications [12-16]. In the friction surfacing process, illus-
trated in Figure 1, a rotating, consumable metal rod is forced onto a flat metallic substrate.
Friction between the contact surfaces causes an increase in temperature and plastic defor-
mation of the metals at the consumable rod tip, leading to the formation of a characteristic
flash. Liu et al. [17] followed the temperature evolution during FS experiments involving
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deposition of stainless steel coatings on mild steel and showed that during the initial contact
temperature increases rapidly before stabilizing in a quasi-steady state. After the initial
vertical plunge, linear motion of the consumable rod relative to the substrate allows the
formation of a longitudinal deposit [18]. During the process a number of mechanical and
metallurgical phenomena are known to take place. Fukakusa [19] originally proposed that
the coating material is transferred due to shearing along rotational contact plane formed
between consumable rod and deposit. The process results in intense plastic deformation
at high temperature and elevated strain rates leading to a fine-grained recrystallized mi-
crostructure [20,21]. In the absence of fusion during metal transfer, the friction surfacing
process is an interesting possibility for joining dissimilar materials considered otherwise
metallurgically incompatible because of differences in thermal or physical properties, such
as e.g., iron and aluminum alloys [22].
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Figure 1. A schematic illustration of the friction coating process applied to the deposition with the

identification of the main process parameters.

Because of these positive characteristics, the friction surfacing process has been contin-
ually developed in recent years, with variations such as Friction Stir Forming, Friction Stir
Deposition and Lateral Friction Surfacing [16,23,24]. However, the literature on friction sur-
facing of intermetallic alloys in general or iron aluminides is scarce. Recent investigations
have reported the use of friction surfacing (and friction stir processing, an analogous tech-
nique) to manufacture composite Al-alloy coatings reinforced with Ni and Zr aluminides,
resulting in improvements of mechanical properties, corrosion and wear resistance [25-27].
Considering iron aluminide coatings developed by friction surfacing specifically, probably
the first work was reported by Udaya Bhat et al. [28] who submitted an Al-alloy coating
deposited onto a steel substrate to short-term annealing at 700 °C and analyzed the sub-
sequent intermetallic phase formation. A similar processing route was later employed by
Troysi and Brito [29], who analyzed the electrochemical corrosion behavior of an Fe, Als
coating on mild steel substrate which was obtained by friction surfacing followed by a
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diffusion treatment. More recently, Silva et al. [20] analyzed dynamic recrystallization in
iron aluminide coatings obtained by direct deposition of a cast intermetallic Fe-Al-C alloy.

In the present investigation, we sought to develop iron aluminide coatings on a
conventional low-carbon steel substrate by combining friction surfacing of an Al-alloy
followed by a diffusion heat treatment [28,29]. The main contribution of this work is the
analysis of the substrate/coating interface over time, since diffusion across the interface
can alter microstructure and properties of the iron aluminide coating, which is important to
be considered for high temperature applications. By applying the friction surfacing process,
relatively thick (>1 mm) coatings can be obtained, while avoiding some of the problems
associated with conventional spraying or welding techniques such as solidification induced
cracking, dilution, residual stresses, among other issues [13,18].

2. Materials and Methods
2.1. Materials

To carry out this research, hot-rolled AISI 1020 steel sheets were acquired (0.193 wt.% C-
0.530 wt.% Mn-0.131 wt.% Si), with dimensions (length x width x thickness) of
100 x 50.8 x 6.35 mm and consumable rods of AA6351 aluminum alloy (0.167 wt.%
Fe-0.652 wt.% Mg-0.606 wt.% Mn), with 15.875 mm in diameter and 100 mm in length, in
the extruded condition. The chemical composition of the materials used in the experiments
was determined by X-ray fluorescence (Rigaku ZSX Primus II equipment, The Woodlands,
TX, USA). Before friction surfacing, the AISI 1020 steel sheets were mechanically ground
and exhibited an average surface roughness Ra equal to 3.05 £ 0.059 um. The AA6351
consumable rods were heat treated for solubilization and homogenization at 450 °C for one
hour. In addition, the consumable rod faces were prepared by turning in order to ensure a
flat surface and uniform contact with the substrate during processing.

2.2. Friction Surfacing Procedure

The deposition process was carried out in a ROMI Discovery 560 machining center
with a maximum 11 kW power output that supports rotation speeds up to 10,000 rpm.
The deposition parameters were based on previous investigations in which the same
experimental setup was used [30,31], with a rotation speed of 2500 rpm, forward speed (or
feed rate) of 150 mm/min and ratio between the forward (horizontal) and vertical motion
of 0.5. This procedure is necessary in non-dedicated equipment that lack control of the axial
force exerted by the consumable rod during deposition, and the ratio of 0.5 was employed
based on previous analyses which revealed this condition allowed for superior adhesion
between the Al-alloy coating and low carbon steel substrate [32]. The total coating length
was of 50 mm, with an initial dwell time of 20 s in which the consumable rod is plunged into
the substrate to a depth of 2 mm. During deposition, temperatures were monitored with
the assistance of a FLIR infrared camera, that allowed acquisition of the peak temperature
in the analyzed field of view. The camera was kept at a 0.8 m distance from the experiment
and was calibrated for operation in a temperature range of —20 to 1200 °C. After friction
surfacing, coated samples were submitted to a diffusion heat treatment to obtain an iron
aluminide coating from the original Al-alloy deposit. The temperature selected for analysis
was 550 °C, just below the 554 °C solidus temperature of the AA6351 alloy. The times
selected for diffusion were 48, 72 and 96 h, based on previous studies concerning diffusion
of Al coatings on steel substrates [29,33].

2.3. Characterization Procedures

Microstructure characterization was performed by optical microscopy (OM) and scan-
ning electron microscopy (SEM) coupled with an energy-dispersive spectroscopy (EDS)
analyzer. The analyses were conducted on the coating cross-section, and sample prepara-
tion followed standard metallographic procedures, that involved grinding in SiC paper
followed by polishing in a diamond suspension down to a 0.25 pm finish. Etching of
the samples was accomplished by employing a 5%Nital solution. Further information
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regarding phase composition of the developed coatings was obtained by X-ray diffraction
(XRD). The XRD diffractograms were recorded using a Cu K« radiation source, operating
at 40 kV and 30 mA, with a step of 0.02° over a 26 range of 30 to 100°. The scan rate
utilized in the XRD tests was of 2° per minute. The mechanical properties of the coatings
were assessed in terms of Vickers microhardness profiles determined along the coating
cross-section. The measurements were performed using a Shimadzu (Kyoto, Japan) micro-
hardness tester, model HMV-2T with a load of 490.3 N (0.5 HV) and holding time of 20 s.
All hardness measurements were performed three times at equivalent distances form the
coating/substrate interface.

3. Results
3.1. Coating Deposition

The deposition process is analyzed in Figure 2, in which an overview of the as-
deposited coating is also presented, while the corresponding cross-section analysis is pre-
sented in Figure 3. The maximum temperature registered during deposition in Figure 2a—d
is indicated in the top left corner of each picture.
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Figure 2. Analysis of the deposition process and final coating: (a) initial contact between consumable
rod and substrate sheet, (b) flash formation at the consumable rod tip, (c) deposition, (d) retraction of
the consumable rod and cooling and (e) top view of the as-deposited AA6351 coating obtained after
friction surfacing on a AISI 1020 low carbon steel substrate.



Metals 2023, 13, 461

50f13

In Figure 2a, the initial contact between the consumable rod tip is visualized. The
thermographic data indicate that after this initial contact, in which the consumable rod is
slowly plunged vertically into the substrate, temperatures rise rapidly, and flash formation
can be noticed in Figure 2b. Once the downward vertical motion is completed, the actual
deposition takes place with a forward motion of 150 mm/min, which is illustrated in
Figure 2c. The average deposition temperature is close to 400 °C, in agreement with a
previous investigation [30]. Throughout the deposition process, the maximum temperature
is consistently observed at the tip of the consumable rod i.e., at the contact surface with
the substrate. After completing the 50 mm horizontal motion with a simultaneous 25 mm
downward plunge, the consumable rod is retracted as shown in Figure 2d. Because of the
higher thermal conductivity of the Al-alloy, after retraction of the rod, elevated cooling
rates take place in the coating and the maximum temperatures are now observed on the
surface of the carbon steel sheet. In Figure 2e, it is possible to notice that the coatings
are homogenous in terms of width, except for the initial portions of the deposit which is
formed during the initial vertical downward plunge of the consumable rod. In addition, it
is possible to notice a mechanically continuous coating/substrate interface, which is absent
of cracks or pores in its central section (shown in Figure 3). The characteristic undercut [18]
caused by the inhomogeneous pressure distributions during deposition associated with
flash formation at the consumable rod tip (Figure 1) is not analyzed in Figure 3.

AR T . Alalloy

Figure 3. OM cross-section analysis of the as-deposited coating (Nital 2% etch) revealing homogenous
hardness in the coating and hardening on the substrate side of the interface due to plastic deformation
during the deposition process.

The coatings also presented uniform hardness distributions, with an average hardness
value of 51.2 HV (£2 HV). On the steel side of the interface, it is possible to notice that ferrite
grains and pearlite colonies become compressed and elongated parallel to the interface
indicating that plastic deformation takes place in the substrate during deposition as has
been noticed in other solid-state joining processes such as explosion cladding [34]. Indeed,
hardness values increase in the steel in these highly deformed regions from about 160 HV
to 192 HV indicating that strain-hardening takes place. This increase in hardness can
be expected, since the deposition temperature was of approximately 400 °C, which is
not sufficient to cause recrystallization during the relatively short deposition time. Thus,
common features present in the heat-affected zone in conventional welding processes such
as the formation of acicular ferrite were not observed in the present investigation and are
consistent with the assumption that the process takes place entirely in the solid-state [18].
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3.2. Diffusion Treatment
3.2.1. Coating Microstructure

The effects of the diffusion treatment carried out at 550 °C can be observed in
Figure 4a,b which reveal, respectively, the characteristics of the coating/substrate interface
and microhardness profiles determined along the samples cross-section. Concerning the
near interface microstructure, it is possible to notice that the coating now exhibits what
appear to be intrusions into the substrate where previously an essentially planar interface
was observed. The development of such an interface in Fe and Al diffusion couples has
been previously reported in literature, e.g., by [35,36] and leads to an increase in the effec-
tive contact area between substrate. The sharp modification of the interface morphology
corroborates the sound mechanical integrity between substrate and coating obtained after
the friction surfacing process, as suggested by the defect-free interface depicted in Figure 4a.
In addition, no further signs of plastic deformation on the substrate side of the interface
can be observed in contrast to the results presented in Figure 3. Instead, the microstructure
consists now of equiaxed grains most likely a consequence of recrystallization followed by
grain growth during the prolonged heat treatment process.
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Figure 4. Cross-section analysis after heat-treatment at 550 °C: microstructure at the substrate/coating
interface of a sample treated for 96 h (a) and microhardness profiles according to heat treatment time (b).

The diffusion treatment also led to a significant hardness increase in the coating relative
to the initial as-deposited condition, with average hardness values of 959 + 37, 1010 + 24
and 1037 & 35 HV obtained after 48, 72 and 96 h, respectively, as shown in Figure 4b. The
elevated hardness values observed suggest the formation of Al-rich intermetallic phases
such as FeAls, FeAl, or Fe; Als in the coating [33,37,38]. For all heat treatment times, coating
hardness was found to be consistently superior to 900 HV, with an observable increase in
hardness for the longer diffusion times of 72 and 96 h in comparison to the 48 h treatment.
Furthermore, hardness in the coatings is relatively uniform, indicating homogeneity in the
eventual formation of intermetallic compounds through coating thickness. It is also noted
that the heat-affected zone on the substrate extends for approximately 0.15 mm.

An overview of the changes in chemical composition can be seen in Figure 5a—c,
which exhibit, respectively, EDS maps obtained after the 48, 72 and 96 h heat treatments.
The average composition value in the coatings close to the interface were 54.7 wt.% Al
and 42.9 wt.% Fe for 48 h, 55.1 wt.% Al and 43.4 wt.% Fe for 72 h and 55.4 wt.% Al and
41 wt.% Fe 96 h. No amounts of Al were detected in the substrate, and minor quantities
of C and Mn were detected in each sample, with no significant variations according to
diffusion time.
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Figure 5. Cross-section overview of the samples after heat treatment at 550 °C with EDS maps
showing an overall homogenous distribution of Al and Fe in the coating: (a) 48 h, (b) 72 h and
(c) 96 h (images obtained in BSE imaging mode).

The coating obtained with the 48 h treatment appears to be more chemically heteroge-
nous in comparison to the coatings obtained after 72 and 96 h, as can be seen by the Al-rich
regions identified in Figure 5a. In the 48 h coating, it is also possible to notice the presence
of horizontal cracks, parallel to the substrate. According to a previous investigation, these
are probably developed during sample preparation (cutting, grinding) [33] because of
the elevated hardness and brittleness of the intermetallic compounds that are expected
to be found in the coating—especially considering that no cracks were observed in the
coatings obtained after the 96 h treatment. With longer diffusion times, however, it is
possible to notice the presence of porosities in the coatings, which have been attributed to
the Kirkendall effect in previous investigations of diffusion involving Fe and Al [35,39].

In order to confirm the development of an intermetallic coating with the diffusion heat
treatment, phase analysis by XRD was conducted on the top surface of the coatings and the
results are presented in Figure 6. Given the relatively shallow X-ray penetration depth, the
results shown in Figure 6 do not provide direct information concerning phase composition
in the vicinity of the substrate interface or the overall coating. However, considering the
homogenous hardness and composition distributions verified in Figures 4 and 5, the XRD
data can be considered to represent at least in general the phase composition in the coating
(with the exception of possible local variations) The results clearly indicate that a change in
structure occurs after 72 h with no further transformations up to the 96 h. The free energy of
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formation (AGO, in cal/g.mol-Al) of different Fe-Al intermetallics was compiled by Kumar
and co-workers [10] as a function of temperature (T):

FesAl: —13,660 + 19T, 1)
FeAl: —11,580 + 1.14T, @)
FeAly: —9750 + 1.28T, 3)
Fe,Als: —9630 + 1.43T, ()

The AG? values obtained for Fe;Al, FeAl, FeAl, and Fe,Als at 550 °C are, respectively,
2037 cal/g.mol, —10,640 cal/g.mol, —8697 cal/g.mol and —8453 cal/g.mol. Hence, in
principle possible phases to be considered from this initial selection are FeAl, FeAl, and
Fe;Als and the best correspondences were found to be Fep Als for 48 h and FeAl, for the
remaining heat treatment times, as shown in Figure 6. Although a certain overlap exists
among diffraction angles of different Fe-Al phases, such as FeAl, and FeAl for instance [40],
the results are consistent with the expected phase composition according to the Fe-Al
phase diagram [41] and with the hardness values presented in Figure 4b. For instance,
Matysik et al. [38] provide a summary regarding hardness of Fe-Al compounds reporting
values between 900 and 1050 HV for FeAl, and between 950 and 1100 HV for Fe, Al5 (the
hardness of FeAl is relatively lower, approximately 660 HV [33]).

It is worth noticing that in the present case, superior average hardness values were
found for the longer diffusion times, which were associated with the formation of FeAl,,
even though Fe,Als; is expected to exhibit superior hardness in general. This can be ex-
plained by the fact that after 48 h diffusion, as shown in Figure 5a, the coating is still
chemically inhomogeneous and the Al-rich zones previously mentioned, might be as-
cribed to intermetallics with relatively inferior hardness, such as FeAl; (between 800 and
980 HV [38]). Such a development would be consistent with a formation sequence that
starts with Fey Als, followed by FeAls, FeAl, and finally FeAl (although in the present study
this last step was not achieved) as reported previously by Yang et al. [42] who investigated
intermetallic formation in roll bonded Al-steel sheets. Similar observations were made
by Naoi and Kajihara [43] who investigated reactive diffusion between Fe and Al and
concluded that Fe, Al; develops faster in comparison to FeAl, FeAl, and FeAl; for diffusion
conditions (time and temperature) similar to those employed in the present study.

1400 | ]
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1200 + — 72 hours
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— 1000 | ]
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c
>
g 800 FeAl, (131), (221) 1
S -
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£ 400f ﬂ )
I \
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0 Jm ez| 5( ! 1 A| " 1 1
30 40 50 60 70 80 90 100
20

Figure 6. XRD analysis of the coatings after heat treatment at 550 °C for 48, 72 and 96 h indicating a
conversion from Fe, Als to FeAl, with time.
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3.2.2. Coating-Substrate Interface Analysis

The results presented in Figure 5 suggest a sharp composition gradient near the
substrate/coating interface, which is further analyzed in Figure 7 in terms of EDS line scans
performed on sample cross-sections. The Fe concentration gradient (towards the coating)
was arbitrarily assigned a negative value while the Al concentration gradient (towards
the substrate) was considered positive. The Al concentration gradients were found to be
0.21, 0.05 and 0.07 um ! after 48, 72 and 96 h, respectively. In turn, the Fe concentration
gradients were —0.26, —0.05 and —0.08 um~ 1, after 48,72 and 96 h, respectively.
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Figure 7. Composition profiles (Al and Fe) across the coating/substrate interface after (a) 48 h,
(b) 72 h and (c) 96 h at 550 °C with the corresponding positions of the EDS scans (BSE imaging mode).

The actual values of the concentration gradients at the interface ought to be considered
critically since they are also a reflection of the EDS spot size resolution. However, in
qualitative terms it can be seen that relatively steeper gradients are present in the initial
stages of the diffusion process, with a larger difference in the Al and Fe concentration
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gradients (in terms of absolute values) after 48 h compared to the other heat treatment
times, suggesting an initial transient diffusion behavior. This finding is consistent with the
observations of Kobayashi and Yakou [33], who revealed transient behavior for shorter
diffusion times in Fe-Al diffusion couples. For the 72 and 96 h treatments, on the other
hand, the concentration gradients across the interface are significantly reduced and the
values for Al and Fe are practically equivalent. It appears, therefore, that after 48 h at
550 °C the system transitions to a steady-state diffusion behavior, with a constant diffusion
flux across the interface and similar Fe and Al composition gradients.

It can further be observed that the concentration gradient across the substrate/coating
interface appears to be related to the phase composition in the coating. For the 48 h diffusion
time, according to the XRD results presented in Figure 6, the steeper Fe and Al concentration
gradient reflects the changes in composition across substrate and a (mostly) Fe, Als layer,
while the lower concentration gradients observed after 72 and 96 h reflect the boundary
between the substrate and a FeAl, layer. Considering that after 72 h the phase composition
in the coating remains stable as does the average chemical composition in the coating
(Figure 5b,c), and the composition gradients across the substrate interface, it appears that
the diffusion coatings might remain stable at the investigated temperature of 550 °C.

The interface microstructure of the sample treated for 96 h was further analyzed by
SEM/EDS, and the results are presented in Figure 8. The labels “A”, “B” and “C” indicate
the location of EDS spot measurements and the corresponding relative compositions of
Fe/Al are shown in Table 1. With this higher magnification image, it is possible to notice
the presence of a thin (~5 to 10 um) layer at the interface (spot B) with a lower relative Al
content compared to the remainder of the coating. Because of the reduced thickness of
this layer, it was not detected on the composition gradients shown previously (Figure 7).
From the composition analysis presented in Table 1, it is unclear whether an intermetallic
compound with elevated Fe-content is formed, or if the layer corresponds to solid solution
of Alin Fe.

Figure 8. Detailed cross-section analysis of the substrate/coating interface by SEM/EDS after heat
treatment at 550 °C for 96 h (BSE imaging mode): coating (spot A), interface layer (spot B) and
substrate (spot C).

Table 1. Composition of EDS spots indicated in Figure 8 (values in relative weight percentage).

Spot Fe (wt.%) Al (wt.%)
A 45.30 56.7
B 83.10 16.90

C 100.00 0.00
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A number of small pores (<5 um) could be detected in the layer, as indicated by the
arrows in Figure 8. These are similar in morphology and size to Kirkendall pores detected
in previous investigations [35,44] and are significantly smaller compared to the pores that
can be seen in Figure 5b,c. Concerning the origin of these larger porosities, a second
possible cause is the change in phase composition observed in the coating, from Fe,Als
to FeAly, which corresponds to an increase in mass density with the diffusion process by
the incorporation of Fe. The specific weight of the initial Al-alloy coating is approximately
2.7 g/cm?, which increases to 3.96 g/cm? with the formation of FeyAls and subsequently
to 4.80 g/cm? with the conversion to the FeAl, structure. In either case, it is clear that
while extending heat treatment times leads to homogenization of the coating, physical
deterioration is observed with an increase in the amount of porosities and the consequences
for further applications of such coatings remain to be investigated.

4. Conclusions

In the present investigation, Al-alloy (6351) coatings were deposited on low carbon (1020)
steel by the friction surfacing process. Subsequently, heat treatments led to the formation of
intermetallic iron aluminide coatings and the following conclusions could be drawn:

1.  Coatings became chemically homogenous after 72 h of heat treatment at 550 °C.

2. The coatings evolved from the initial Al-alloy composition to Fe,Als after 48 h and to
FeAl, after 72 h, which remained unaltered up to 96 h of heat treatment.

3. Composition profiles and gradients across the substrate/coating interface remained
stable after 72 h diffusion.

4.  With prolonged heat treatment the development of porosities in the coating
was observed.

The influence of temperature on the diffusion behavior of the solid-state formed joint
was not analyzed in the scope of the present study. As such, further developments in the
field might benefit from investigations of the diffusion behavior over longer times, different
temperatures, as well as more detailed microstructure analyses of the intermetallic coatings.
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