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Aluminide intermetallics with superior mechanical and thermal properties can be produced using various
techniques. Laser-remelted coating surfaces provide lower porosity and superior adhesion to the substrate.
In the present study, Fe and Al powders were sprayed on the 316L stainless steel substrate using high-
velocity oxygen liquid fuel (HVOLF) technique. The produced composite coating was subjected to laser heat
treatment for the remelting of the coating layer. HVOLF Fe/Al coating, the remelted coating and the
substrate were exposed to isothermal oxidation tests at 950 �C for 5, 25, 50 and 100 h. Before and after the
oxidation tests, the samples were characterized using x-ray diffraction, scanning electron microscopy
(SEM) and SEM elemental mapping analysis. Fe and Al were alloyed with the substrate via laser melting,
and thus, an alumina-forming surface layer was obtained. Besides, the surface hardness of the substrate
was increased by the remelting process. After the oxidation tests, the obtained results showed that the laser-
remelted coating exhibits better oxidation performance compared to the substrate material and HVOLF Fe/
Al coating with the effect of the formation of the protective alumina oxide layer.

Keywords Fe/Al composite, FeAl, HVOLF, intermetallic,
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1. Introduction

Thermal spray coatings are widely used in machine
components to prolong their lifetime. Thermal spray family
involves many methods such as plasma spray (PS), high-
velocity oxygen fuel (HVOF), flame spray and electric arc
spray (Ref 1-3). HVOF is a very popular technique for metallic
powder deposition in the thermal spray family. Recently, liquid
fuel has started to be used instead of gaseous fuel to increase
the quality of coatings. The usage of liquid fuel in HVOF
technique provides higher kinetic energy and a denser coating
structure (Ref 4, 5). Denser coating structures are desired in
high-temperature conditions as porosity and gaps in the
structure act as internal oxygen reservoirs. In HVOF deposition
technique, there are many process parameters for improving the
coating microstructure such as feedstock powders, fuel type,
the oxygen–fuel gas ratio, the carrier gas, gun design and
distance. Sprayed powders� velocity and their in-flight particle
temperature can be improved by changing these parameters.
Cabral-Miramontes et al. (Ref 6) investigated the distance
parameter�s effect on HVOF CoNiCrAlY coatings. They
determined that modifying the distance between the gun and
the substrate affected some properties such as oxides, porosity,
unmelted particles and contamination in the coatings�
microstructure. Song et al. (Ref 7) compared the oxidation

performance of HVOLF NiCr coating by changing the ratio of
oxygen/fuel stoichiometry. The altered parameters affected the
oxidation performance of NiCr coatings due to the variation in
the porosity and oxide content. As the microstructural proper-
ties alter depending on the spraying parameters, the oxidation
performance of coatings also changes. In the production of a
high-quality coating, parameter optimization requires good
experience and time. From this perspective, other techniques
may be tried to improve coating properties as well. In order to
improve the coating structure, the remelting process may be
applied on coating surfaces using flame, furnace, electron beam
or laser beam (Ref 8-12). Laser surface remelting can be widely
used for improvement of materials� surface properties such as
microstructure, homogenization, repairing of cracks or densi-
fication of the coating layer (Ref 13-15). In particular,
microstructural properties, defects and corrosion resistance in
metal matrix composite (MMC) coatings can be modified by
the usage of laser treatments (Ref 16). Splats forming during
thermal spraying can be removed by remelting or partially
remelting effect. Similarly, porosity or discontinuous openings
can be decreased fully or partially.

High-temperature oxidation is a very destructive degrada-
tion mechanism for metallic parts. At elevated temperatures, if
metallic material does not form a protective oxide layer on its
surface, it loses too much base mass. Unstable and fast-growing
oxides do not provide a protective effect to the base metal. Fast-
growing oxides generally break down very quickly and show
rapid growth. After they are spalled from the base metal, they
grow again rapidly. Aluminide coatings provide a protective
oxide scale under oxidizing ambients. FeAl intermetallic has
low cost and low density. It can be used in high-temperature
applications due to its high corrosion resistance, high melting
point and high creep resistance (Ref 17). Fe-Al intermetallics
form stable aluminum oxide (a-Al2O3) on their surfaces by
selective oxidation of aluminum, which has a positive contri-
bution to oxidation and corrosion behaviors at high tempera-
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tures (Ref 18). The formation of the alumina layer on the
surface of metal provides a good barrier against oxygen
penetration, and thus, the formation of other faster-grown
oxides is retarded.

In the present study, the main purpose is to improve the
high-temperature oxidation resistance of 316 L stainless steel
using coating and remelting processes. 316 L stainless steel
substrate was firstly coated with composite Fe/Al powders, and
secondly, coated surfaces were remelted by laser to form an
aluminum-containing alloy. Fe and Al powders were not
subjected to the powder preparation processes such as gas
atomization or mechanical alloying. In addition, the parameters
of HVOLF spraying were not optimized. With the laser melting
process, such negativities were eliminated and a dense coating
structure was obtained quickly and practically. The substrate,
HVOLF Fe/Al coating and remelted Fe/Al coating were
subjected to isothermal oxidation tests in order to compare
their oxidation resistance.

2. Experimental Study

Commercially available AISI 316L stainless steel material
was used as the substrate material. The chemical composition
of 316L stainless steel is shown in Table 1. The substrate
material is rich in Fe, Cr and Ni elements.

The substrate material was grit-blasted using alumina
particles (40 ± 5 lm, 2.5 bar) before HVOLF coating process.
Fe (50% at., Nanokar, 120 lm) and Al (50% at., Nanokar,
100 lm) with 99.9% purity powders were mechanically mixed
for 2 h. The mixed powders were sprayed on a substrate using
HVOLF (Oerlikon Metco WokaStar-610-Sz) technique.
HVOLF coating process parameters are shown in Table 2.

Fe/Al-coated substrate was subjected to the laser remelting
process (Alpha laser, AL-300). Laser remelting parameters are
given in Table 3.

Isothermal high-temperature oxidation tests were carried out
on the substrate, Fe/Al coating and the remelted coating at
950 �C for 5, 25, 50 and 100 h using the electric furnace
(Protherm PLF 130/12) in the ambient atmosphere. The
graphical illustration of the experimental procedure is presented
in Fig. 1.

XRD analysis (Rigaku, Cu-Ka radiation) was performed on
the samples before and after the oxidation tests for the phase
characterization. In addition, the microstructures of the samples
were examined with SEM (Tescan MAIA3) and EDS mapping
analysis. Oxide layer thickness belonging to the oxidized
samples was measured using Image Pro Plus 6 software
program. Ten measurements taken from five SEM-BSE
(backscattered electron) images were used for the calculation
of the average oxide thickness. Porosity measurement was
taken using Image J software program. Similar to oxide
thickness, ten measurements taken from five SEM-BSE images

were used in the calculation of the porosity content�s percent-
age. The hardness measurement depending on the distance
from the surface was taken under 100 g load and 15 s using
Vickers Microhardness Tester (Qness, Q10).

3. Results and Discussion

3.1 The Characterization of as-Sprayed and as-Remelted
Fe/Al Coating

The cross-sectional SEM and elemental mapping images
belonging to the as-sprayed Fe/Al composite coatings are
shown in Fig. 2. As shown in the figure, the coating thickness
is about 250 lm. The Fe/Al composite coating has a uniform
microstructure as shown in Fig. 2. The elemental distributions
by weight of Fe and Al are close to each other in the coated
structure. This can be understood from the spectrum data.
While dark colors represent Al, gray colors belong to Fe
elements. It is seen that there is almost equal elemental
distribution. The coating also contains a small amount of
porosity and oxide based on the production technique. The
porosity content of the coating was measured as 1.8%
according to the cross-sectional SEM image analysis results.
This may be a high value for HVOLF coating technique due to
the non-optimized coating parameter. Chmielewski et al. (Ref
19) produced a Fe/Al composite coating using an arc spray
technique. According to their SEM and optical microscopy
images, the coating structure has higher oxide and porosity
compared to this study due to their production technique.

Figure 3 shows the SEM microstructure, elemental line and
point analyses of the laser melted zone and the substrate
belonging to the laser-remelted coating. After the laser melting
process, coating porosity significantly decreased and the
coating layer adhered in a more compact form on the substrate.
The elemental line analysis and the contrast difference in the
SEM image show the interface of the substrate and the laser-
remelted zone. The laser-remelted zone is slightly darker than
the substrate due to the elemental contrast difference. Accord-
ing to the elemental line analysis, the remelted layer has higher
Al and Fe concentration and lower Ni and Cr concentration as
compared to the substrate. The elemental distribution (wt.%) of
the coating changed significantly due to the diffusion of the
elements between the substrate and the coating. According to
Fig. 3, Al slightly oxidized and vaporized during the laser
process and thus decreased as compared to Fe, Ni and Cr
concentration. The interdiffusion zone (IDZ) is not visible in
the SEM image, yet it can be detected by elemental line
analysis. In this region, which has a thickness of about 30 lm,
elemental concentration change is observed. The formation of a
thin alumina layer is shown in Fig. 3. This also provides an
advantage against oxidation prior to oxidation tests.

In the literature (Ref 20, 21), powder mixtures of Ni and Al
were sprayed on a substrate using cold spray technique after the
ball milling process. The produced coatings were subjected to
post-treatment for the formation of intermetallic phases, and
local Ni-Al intermetallic phase formations were achieved.
Wang et al. (Ref 22) studied the effect of heat treatment on the
formation of FeAl intermetallic phase in the cold sprayed iron/
aluminum composite coating. FeAl intermetallic phases were
formed at 900 �C, while Fe, Al and Fe2Al5 phases were
detected at 600 and 700 �C. With increasing temperature, the

Table 1 Chemical composition of commercially available
AISI 316L stainless steel

Fe Cr Ni Mo Mn Si C P S

Balance 16-18 10-14 2-3 2 1 0.03 0.045 0.03
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proportion of intermetallic phases increased as the liquid
aluminum surrounded more iron. Instead of these processes,
aluminum-containing alloy formation was achieved by laser
remelting process. Similar to this study (Ref 23), Al was
deposited on the steel substrate using thermal spray technique,
and then, the remelting process by CO2 laser beam was applied
on the Al-coated steel. FeAl, Al2O3 and FeSi2 phases were
detected by XRD after the remelting process. In our study, Fe/
Al-coated layer causes the formation of Fe3Al intermetallic
phase with a lower Al content after the laser remelting process.
Similarly, Al2O3 phase formation was detected in this study.

Before and after the remelting process, the variation of
hardness depending on the distance from the surface is shown
in Fig. 4. The hardness values of Fe/Al coating are lower than
both the substrate and the remelted coating due to free Al and
Fe particles. Chmielewski et al. (Ref 19) obtained 230-265 Hv
values after arc spray Fe/Al coating. This may be related to the
low speed of the spraying process enabling higher alloying
effect between Al and Fe particles. In this study, the as-sprayed
coating structure does not include local intermetallic formations
and it is not rich in oxide by contrast with their study. Thus, the
hardness of as-sprayed coating value is lower in this study.
After the remelting process, the substrate and Fe/Al particles
were alloyed with the effect of laser melting. The hardness
values of the remelted layer increased about threefold compared
to Fe/Al coating. It is thought that the increase in the remelted
coating is related to the distortion of the c lattice due to the high
atomic radii of Al compared to the other elements in the lattice

and also the formation of Fe3Al intermetallic phases. The
hardness values do not show a significant change until the
interdiffusion zone (IDZ). The hardness value of IDZ decreased
by about twofold compared to the remelted layer.

3.2 High-Temperature Oxidation Behavior of 316L Stainless
Steel

The XRD patterns belonging to 316L stainless steel before
and after 50-h oxidation tests are shown in Fig. 5. The oxide
phases are Cr2O3, Fe2O3, Fe3O4 and spinel (Fe, Ni)Cr2O4. The
substrate includes enough Cr content for the formation of a
protective Cr2O3 layer. However, Cr2O3 did not provide a good
barrier against oxidation due to the effect of high temperature
and long oxidation period. The XRD analysis result shows that
the cations of other elements except for Cr diffused outwards
and reacted with oxygen and the oxide layer. As a result,
chromium oxide, iron oxides and spinel oxides are formed on
the surface.

In Fig. 6, cross-sectional SEM images and elemental
mapping analysis results of the substrate material after 25-h
and 50-h oxidized are shown. After the 5-h isothermal
oxidation test, micro-cracks and a thick oxide layer (23.5 lm)
can be observed in the SEM image. Cracks were formed on the
upper layer of the formed oxide layer, while there was no crack
formation at the interface between the substrate and the oxide
layer. The oxide thickness increased with increasing oxidation
period and reached 33 lm at the end of the 25-h oxidation test.
Interestingly, no crack formation was observed in the oxide

Table 2 HVOLF spray parameter of Fe/Al coating

Powder carrier gas, N Fuel (kerosene) flow rate O2 flow rate Distance Gun speed

5, l/min 1.89, l/h 800, l/min 250, mm 10, mm/s

Table 3 Laser melting parameter of Fe/Al coating

Laser power Pulse frequency Pulse duration Spot diameter Scanning rate CO2 flow rate

212, W 16, Hz 6, ms 1, mm 2.8, mm/min 10, l/min

Fig. 1 Graphical abstract of the experimental procedure

3222—Volume 29(5) May 2020 Journal of Materials Engineering and Performance



layer. After the oxidation tests, many oxide layers belonging to
the substrate include cracks on the top oxide layer. This is
related to the low fracture toughness of iron oxide. However,
the oxide layer in 25-h oxidized sample does not include crack
formation, interestingly. This situation is also related to the non-
homogeneous oxide growth in the substrate material. In 50-h
oxidation test, the oxide layer begins to crack, completely.
Especially during the cooling, thermal stresses caused the
cracking of the oxide layer from the interface. After the 100-h
oxidation test, the oxide layer completely spalled from the
substrate. In fact, the oxide layer started to separate from the
substrate after 50-h oxidation. A new oxide layer formed on the
substrate with the increased oxidation time. According to the
elemental distribution results, the formed oxide layer composed
of Fe, Ni and Cr-based oxides. It is estimated in terms of
coincided elements that while Cr2O3 formed predominantly in
the inner oxide layers, (Fe, Ni)Cr2O4 spinel phases occurred in
the middle layer and Fe2O3 phases occurred in the upper
regions of the oxide layer until 50-h oxidation test. At the end
of 50-h oxidation test, the oxide thickness layer is about 42 lm
and the oxide layer included cracks at the interface. The
elemental distribution of the oxide layer is similar to the formed
oxide layer at the end of the 25-h oxidation test. The oxide layer
spalled from the spinel oxide layer after 100-h oxidation. The
separated oxide layer consists of Fe2O3, while the inner oxide
layer comprises (Fe, Ni)Cr2O4 and Cr2O3. This failure is
probably related to the thermal expansion mismatch and low
fracture toughness between the oxide layers. Both Fe2O3 and
spinel oxides have a high growth rate and low toughness. In
addition, these types of oxides include structures with pores

during high-temperature oxidation. These pores can be seen on
Fe2O3 layer in the SEM image belonging to 100-h oxidation. It
can be understood that both obtained oxide scales (Fe2O3 and
spinel) almost grow with equal ratio during the oxidation
period. The increased oxidation time causes higher stress in the
coating layer. Thus, delamination occurs inevitably at the end
of the oxidation test. It can be said that the breakaway oxidation
regime started after 50 h. The obtained results show that the
formed oxide layer and its growth behavior are not stable and
suitable for oxidation at 950 �C. However, Buscail et al. (Ref
24) studied the isothermal oxidation behavior of 316 L stainless
steel between 800, 900 and 1000 �C for 96 in ambient air.
Oxide scale phases were found to be Mn1.5Cr1.5O4 and Cr2O3,
while SiO2 was also observed as an internal oxide according to
the SEM images and EDX analysis. Therefore, the obtained
oxide scale thickness is lower than this study. FeCr2O4 and iron
oxide phases grow with higher rates compared to the Cr2O3

phase. In the present study, despite the presence of Cr in the
matrix, other unstable oxides formed on the surface, and thus,
higher oxide thickness was obtained.

Figure 7 shows the XRD pattern of Fe/Al coating after 50-h
oxidation. The XRD pattern of 100-h oxidized Fe/Al coating is
not included in Fig. 7 due to the complete spallation of the
coating layer from the substrate. The as-sprayed coating during
the deposition was oxidized a little; thus, it includes free Al and
Fe phases as well as their oxides in XRD pattern. After the 50-h
oxidation period, the coating layer almost completely oxidized
and it predominantly consists of Fe2O3. This is probably related
to early oxidation of Al in the coating layer.

Fig. 2 SEM and elemental mapping images of as-sprayed HVOLF Fe/Al coating
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Figure 8 shows the SEM and elemental mapping analysis
images of Fe/Al coatings after the oxidation tests. In the first
stage, there was no crack or separation in the coating layer.
However, Fe/Al coating was completely oxidized due to free Fe
and Al. After 25-h oxidation, the coating layer was not

separated from the substrate, but it has started to spall. Besides,
inner oxidized regions can be seen in the substrate. After the
50-h oxidation test, the coating layer starts to crack from a few
regions as well as the interface due to the thermal expansion
mismatch and thermal stress. In 100-h oxidation period,

Fig. 3 SEM and EDS analysis of as-melted HVOLF Fe/Al coating

Fig. 4 Variation of hardness depending on the distance from the surface in Fe/Al coating and remelted coating
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sintering effect can be seen in the coating layer. The coating
layer completely spalled from the interface between the
substrate and the coating layer. This failure is especially related
to oxidation of free Fe and Al during the oxidation test. The
coating layer has become a ceramic coating layer rather than
metallic. Therefore, the important properties such as fracture
toughness and thermal expansion decreased and crack forma-
tions occurred. The remelting process before the oxidation tests
allowed the free Fe and Al to be alloyed with the substrate.

3.3 High-Temperature Oxidation Behavior
of Laser-Remelted Fe/Al Coating

XRD analysis results of as-remelted, 25- and 50-h oxidized
remelted Fe/Al coatings are shown in Fig. 9. The remelted
coating is composed of c-Fe and Fe3Al as well as Al2O3.
Alumina formation was observed due to CO2 gas usage during
the remelting process. The formation of the alumina phase is an
advantage due to the oxygen barrier effect prior to the high-
temperature oxidation test. This formation may have occurred
by the reaction of CO2 and Al. Additionally, Al oxidized at
relatively lower partial oxygen pressures and probably oxidized
slightly during the remelting process which is applied at high
temperatures. After the 25-h oxidation test, Fe3Al, Al2O3 and
Cr2O3 phases were detected according to the XRD analysis.
Fe3Al is the dominant phase instead of c-Fe with the effect of
high temperature, while alumina and chromia oxide phases
formed at the end of the 25-h oxidation test. Chromia phase
may have remained from the initial oxidation stage. After the
50-h oxidation test, matrix phases composed of Fe3Al and c-Fe
similar to the 25-h oxidation test as the formed oxide phases
only consist of alumina. In 100-h oxidation test, Fe3Al is the
matrix phase, while the alumina is the main oxide phase
according to the XRD analysis result. No other oxide formation
was observed except alumina.

Figure 10 shows the SEM images and elemental mapping
analysis results belonging to the laser-remelted coating after 5-,
25-, 50- and 100-h oxidation tests at 950 �C. The obtained

SEM and elemental mapping results show that the formed
oxide phase only consists of alumina. Oxide layer thickness
increased depending on time. After the 50-h oxidation test, the
increase in oxide thickness decreased further. Aluminum
presence can be seen in the substrate at the first stage, while
it is not visible on the substrate after the 5-h oxidation periods.
The formed alumina layer is compact and does not include
cracks for each oxidized sample. The oxidized samples do not
include an apparent inner oxide formation. In the oxidized
samples, no oxide traces are observed except for alumina up to
50 h. However, local small oxide traces can be seen in 100-h
oxidized sample. The formation of other oxides may be related
to the depletion of Al in the sub-layers.

The SEM image and the elemental analysis results of the
interface between the laser melted zone and the substrate after
100-h oxidation are given in Fig. 11. After the oxidation tests,
IDZ thickness is increased by about twofold with the effect of
high temperature. Al-rich phases (small dark gray colors) can
be seen in the remelted zone. In IDZ, Mo and Si can be seen
although there is no visible distribution in IDZ according to
spectrum 2. These elements are not obtained in the substrate
according to spectrum 4. Before the oxidation, N is not visible
at the interface yet it coincided with Al after 100-h oxidation.
This indicates the formation of AlN phases with the reaction
between Al and N in IDZ after the oxidation tests. This is
clearly observed in the mapping images and elemental spec-
trum 3 analysis. Similar phase formation was obtained by Liu
et al. (Ref 25). In short oxidation time, they detected pure Al
formation in IDZ between Ni-based superalloy and NiCrAlY
coating after 5- and 10-h oxidation at 1100 �C. After 25-h
oxidation, they detected AlN and TiN phase formations in IDZ.
Their suggestion about this formation is that N penetrates the
coating by the consumption of O with the effect of oxidation
and reacts with solid-soluted Al. This statement is also
acceptable for the current study. This formation causes the
early depletion of Al-rich phases. However, it did not show a
detrimental effect on the oxidation behavior of the laser melted
coating.

Fig. 5 XRD patterns of as-received and 50-h oxidized substrate material
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Fig. 6 SEM images of 5-, 25-, 50- and 100-h oxidized 316L stainless steel substrate material

Fig. 7 XRD pattern of as-sprayed and 50-h oxidized Fe/Al coating
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After the oxidation tests, the changes in the oxide thickness
are given in Fig. 12. The increase in the rate of the oxide
thickness decreased with increased oxidation time in laser
melted coating. According to Pilling and Bedworth�s equation
(Ref 26), when the square of mass change in the surface area (x)
versus oxidation time (t) is plotted as a graph, the parabolic rate
constant (kp) can be calculated using the slope of this plot.
Similar to this approach, the thickness of the oxide layer (x) can
be used instead of the mass change in the surface area
according to the formula.

x2 ¼ kp � t þ C

where x is lm, t is h, c is constant and kp is lm
2/h. If the square

of the oxide thickness versus the oxidation time is plotted as a
graph, the parabolic rate constant can be calculated using the
slope of this plot. The parabolic rate constant gives an idea
about the growth rate of the oxide layer during the oxidation

tests. The obtained values can also be compared to each other to
estimate the lifetime of the samples depending on oxide
thickness. The parabolic rate constants of the oxidized substrate
and oxidized remelted-coating were obtained by the slope of
the square of the oxide thickness–oxidation time graph in
Fig. 12. For the Fe/Al coating, the parabolic rate constant was
not calculated because it was completely oxidized after the
oxidation tests. When the kp value of the substrate was
calculated, the oxide thickness of the substrate was taken until
50 h due to the spallation of the oxide layer in 100-h oxidation
test. The remelted coating has lower oxide thickness and kp
values compared to the substrate material as expected. The rate
constant of 316L stainless steel and the remelted coating is
found as 26.931 and 0.1638 lm2/h according to Fig. 12,
respectively. The remelted Fe/Al coating seriously improved
the oxidation performance of the substrate material when
considering the obtained kp values.

Fig. 8 SEM images of 5-, 25-, 50- and 100-h oxidized Fe/Al coating

Fig. 9 XRD patterns belonging to as-remelted coating, 25-, 50- and 100-h oxidized remelted coating
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Fig. 10 SEM and elemental mapping images of 5-, 25-, 50- and 100-h oxidized remelted coating

3228—Volume 29(5) May 2020 Journal of Materials Engineering and Performance



It is well known that oxides with lower standard Gibbs free
energy are highly stable. Oxidation occurs depending on the
elemental affinity to oxygen. If the formed oxides have high
stability, oxygen penetration proceeds slowly. According to
standard Gibbs free energy after oxidation, when considering
the elemental distribution of laser-remelted layer, first Al2O3,
then Cr2O3 and finally other oxides such as Fe2O3, NiO and
(Fe, Ni)Cr2O4 form. The reason for this is that Cr-O, Ni-O and

Al-O have phase diagrams that can be dissolved in each
proportion, in both liquid and solid states. The initial oxidation
stage is very important for a longer lifetime of alloys at high
temperatures. In this stage, fast-growing oxides such as spinels
can form and cause the earlier failure of the oxide layer (Ref
27). Using CO2 in the remelting process provided alumina
formation prior to the oxidation tests. It is supposed that when
Al content was depleted, Cr2O3 and other oxides form,

Fig. 11 Interface SEM, elemental point and mapping images of the substrate and the remelted coating at the end of the 100-h oxidation

Fig. 12 Graphs of the oxide thickness and square of the oxide thickness versus oxidation time belonging to the substrate and remelted coating
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respectively. The formation of other oxides is detrimental for
the oxide layer. Thus, 316L stainless steel did not provide a
continuous and stable oxide formation despite the high Cr
content.

Alumina acts as a very well oxygen barrier for metallic
components. The formation of the alumina layer is particularly
desirable for metallic materials to provide protection against
high-temperature oxidation. Thus, aluminide intermetallic
materials are widely used at high temperatures. However,
alloys with high Al content cannot be useful in some conditions
due to the early spallation of the alumina layer. Some alloying
elements suppress the metastable oxides and promote the
nucleation of the stable oxide. It is known that Cr has an
alumina-forming effect in alloys (Ref 28, 29). Alumina-forming
austenitic (AFA) stainless steels are popular against high-
temperature oxidation. Its composition range is close to that of
the sample produced in this study instead of Nb (Ref 30). For
instance, AFA 316 SS contains 3.482% aluminum as weight as
well as Fe, Ni and Cr (Ref 31). Al has the highest affinity to
oxygen among the elements present in this alloy. Under high-
temperature condition, selectively oxidized Al forms Al2O3

layer and it protects the alloy against oxidation. In this study,
the same effect was obtained by the remelted Fe/Al coating.
Another important effect of the alloying elements is the
facilitated phase transformation of alumina (c, d, h, a-Al2O3)
(Ref 32, 33). Metastable fast-growing oxides lead to the early
consumption of aluminum. It is known that void or cavity
formation can occur below the oxide scale after the oxidation of
aluminides such as FeAl and NiAl. Scale adherence was
affected negatively by these formations (Ref 34). The con-
sumption of the aluminum can lead to inward diffusion of Fe or
Ni elements due to the concentration gradient. The presence of
other elements plays a preventive role in the occurrence of this
phenomenon. Cavity or void formation was not detected after
the SEM examination in this study. Guilemany et al. (Ref 35)
produced HVOF FeAl coating using gas atomized Fe-40Al-
0.05Zr powders to investigate its high-temperature oxidation
performance for 4, 36 and 72 h at 900 �C. After the oxidation
tests, the oxide layer consists of h-Al2O3, Fe2O3 and FeAl
phases and there was no spallation or crack. In our study, no
oxide phase other than alumina was detected and the observed
alumina has alpha phase. The formation of h-Al2O3 in Fe-40Al
was related to the transformation temperature of alumina.
However, in the current study, remelting with CO2 provides a
faster transformation of a-Al2O3 which is more stable than
other transition phases. The formation of early alumina is
related to the low pressure. Similarly in another study (Ref 36),
FeAl coatings were produced using magnetron sputtering and
then oxidized at 1000 �C. The obtained results showed that h-
Al2O3 formation caused higher mass gain in the initial stage of
oxidation.

Xu et al. (Ref 37) investigated the isothermal oxidation
behavior of Fe-xAl (x = 10, 15 and 20, at.%) at 800 �C for
24 h. Alloys with 10 at.% and 15 at.% Al content formed a thin
alumina layer and a thick Fe2O3 layer, while Fe-20Al alloy
consisted of a single alumina layer. This result causes higher
oxide thickness and higher parabolic rate constant in alloys
with low Al content. Compared with the current study, alumina
was only formed as an oxide phase through the higher
oxidation temperature. This result can be related to the Cr
content of the substrate which facilitates the formation of
alumina and the use of CO2 laser beam that leads to earlier
alumina formation. Using another new production technique,

FexAly coating was deposited on 316L stainless steel by high-
energy micro-arc alloying technique which is a pulsed-arc
micro-welding (Ref 38). The coatings can be produced in a
very short time using this technique. After the oxidation tests,
the formed alumina layer provides an excellent oxidation
performance.

In the aluminizing process, porosity formation can be
observed between the aluminide layer and the oxide layer due
to the Kirkendall effect after oxidation (Ref 32). This formation
causes early damage in the oxide layer. The same effect can
also be seen between the aluminide layer and substrate material
due to the different diffusion coefficient of elements after the
homogenization heat treatment (Ref 39, 40).

In the high-temperature oxidation of iron aluminide mate-
rials, the coefficient of thermal expansion plays an important
role in oxide scale spallations. Thermal expansion mismatch
between metal and oxide layers leads to compressive stress
which can result in oxide spallation. The increased Al ratio in
FeCrAl alloy negatively affects the coefficient of thermal
expansion (Ref 41). This causes early spallation of the alumina
layer during the high-temperature oxidation process. The
increased Al ratio causes the formation of intermetallic phases
such as FeAl and Fe3Al to higher extents. Alloys with rare earth
element content may provide a lower Al consumption rate
during the oxidation (Ref 41). In this study, the oxide scale
spallation was not observed. It is supposed that the coating
layer mainly consists of Fe-Cr-Ni-Al elements, and Al ratio is
lower than the other elements. Thus, the thermal expansion
mismatch between the alumina and coating layer may be lower
than Fe-Al coatings.

The addition of rare earth elements has a positive effect on
the oxidation performance of Al- and Cr-based alloy. Selective
oxidation rate, cation grain boundary transport and scale
adhesion can be enhanced with the addition of a minor amount
of reactive element (Ref 42). Przybylski et al. (Ref 43) studied
the effect of Zr addition on high-temperature oxidation
behavior of Fe3Al. Zr addition enhanced the oxidation resis-
tance, provided better adhesion of the oxide scale and increased
the oxygen diffusion along the grain boundary as tetragonal-
ZrO2 formations provide higher anionic diffusion along
alumina grain boundaries. Similar to this study, Hotar et al.
(Ref 44) investigated Zr addition on Fe3Al alloy with respect to
oxidation performance. Yet oxidation performance was nega-
tively affected with the increased Zr content. The alloy with the
lowest Zr content exhibited better performance. Similarly, Xu
et al. (Ref 37) studied the addition of Y reactive element in Fe-
xAl (x = 10, 15 and 20, at%) alloys to see its effect on the
oxidation performance. Fe-xAl alloys without Y show lower
oxide growth at the end of the oxidation test. In the current
study, the produced coatings do not involve a reactive element.
It is supposed that the addition of a reactive element to Fe/Al
composite can improve the alumina scale adherence and the
coating can be more suitable for use at higher temperatures.
However, it should be deeply investigated.

4. Conclusion

In the present study, 316 L stainless steel substrate and
remelted Fe/Al coating were subjected to the isothermal
oxidation tests. The obtained results were summarized as
below:
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1. Composite Fe/Al powders were sprayed on 316L stain-
less steel substrate using the HVOLF technique and then
successfully remelted by the CO2 laser beam. The coat-
ing layer with Fe-Cr-Ni-Al content and very thin alumina
layer were obtained in a cheap and fast way.

2. The hardness values of Fe/Al coating were significantly
improved with the remelting process.

3. 316L stainless steel and Fe/Al coating were affected by
the high-temperature oxidation. The formed oxide scale
was significantly thickened due to the formed iron oxides
and spinel phases; in addition to this, crack formations
induced by oxidation were observed.

4. Fe/Al coating is completely oxidized, and initiation of
spallation and delamination was observed after 25-h oxi-
dation tests. A protective oxide scale was not observed at
the end of the oxidation tests.

5. Laser-remelted coating consisted of a thin alumina layer
at the end of the oxidation tests. The presence of a com-
pact alumina layer provided better oxidation performance.
The formed oxide layers did not spall or crack. The low
Al content in the remelted coating provides an advantage
in terms of thermal expansion mismatch. An effect simi-
lar to AFA steels was obtained on the surface.

6. AlN phases were observed in IDZ after the oxidation
tests. IDZ causes poor Al in the remelted zone due to the
formation of AlN phases. However, it does not show a
serious effect on the oxidation performance of the re-
melted coating.

As a result, laser-remelted Fe/Al coating improves both the
hardness and oxidation resistance compared to the substrate and
HVOLF Fe/Al coating. In future studies, the wear behavior of
remelted Fe/Al coating and effect of the addition of minor
amounts of reactive elements in laser-remelted Fe/Al composite
coatings and its effect on the hot corrosion and oxidation
performance of the coatings will be investigated.
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