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Abstract: In this paper, 20 pm and 40 pum thick aluminide coatings were deposited on MAR-M247
nickel-based superalloy through the chemical vapor deposition (CVD) process in a hydrogen protec-
tive atmosphere for 4 h and 12 h, respectively, at a temperature of 1040 °C and an internal pressure of
150 mbar. The effect of aluminide coating thickness on the high-temperature performance of the MAR-
M247 nickel-based superalloy was examined during a fatigue test at 900 °C. After high-temperature
testing, the specimens were subjected to fractographic analysis to reveal the damage mechanisms.
No significant effect of coating thickness was found since the material exhibited a similar service life
throughout the fatigue test when subjected to the same stress amplitude. One should stress that the
coating remained well adhered after specimen fracture, confirming its effectiveness in protecting the
material against high-temperature oxidation.
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1. Introduction

The demand for materials that can withstand extreme conditions has steadily increased
in modern industries, especially in the aerospace and power-generation sectors [1]. Nickel-
based superalloys, such as MAR-M247, have emerged as essential materials for components
operating at high temperatures due to their excellent mechanical properties, thermal
stability, and resistance to creep and oxidation [2]. MAR-M247, a second-generation nickel-
based superalloy, is primarily utilized in turbine blades, combustion chambers, and other
critical engine parts where performance at temperatures exceeding 900 °C is mandatory.
This superalloy is characterized by its complex microstructure, consisting of a gamma ()
matrix reinforced with a significant volume fraction of gamma prime (y’) precipitates, as
well as various carbides and solid-solution-strengthening elements such as aluminum,
titanium, and tantalum [3]. These microstructural features provide MAR-M247 with the
necessary strength and stability required for high-temperature applications. However,
even with these inherent properties, the surface of MAR-M?247 is susceptible to oxidation,
hot corrosion, and thermal fatigue when exposed to harsh operational environments. To
enhance the high-temperature performance and longevity of MAR-M247 components,
protective surface coatings such as aluminide coatings are often employed [4].

Aluminide coatings are widely used to improve the oxidation resistance and thermal
stability of nickel-based superalloys [5]. These coatings function by forming a diffusion
layer on the substrate enriched with aluminum, which subsequently develops a protec-
tive alumina layer on the surface during high-temperature exposure. The formation of
this stable oxide layer serves as a barrier against oxygen diffusion and aggressive envi-
ronmental attack, significantly improving the material’s resistance to oxidation and hot
corrosion [1,4]. Aluminide coatings can be deposited through various techniques, including
pack cementation [6,7], chemical vapor deposition (CVD) [2,8], and slurry methods [9,10],
each allowing for control over the coating’s composition and thickness. The thickness
of the aluminide coating is a crucial parameter that influences the protective capability
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and mechanical performance of the coated superalloy [11]. While thicker coatings might
offer enhanced oxidation resistance due to a more substantial alumina layer, they can also
introduce detrimental effects such as increased thermal stress, potential spallation, and
changes in the load-bearing capacity of the component. Conversely, thinner coatings may
not provide sufficient protection against oxidation and other forms of degradation, leading
to the premature failure of the superalloy substrate [12].

Understanding the impact of aluminide coating thickness on the high-temperature
performance of MAR-M247 is essential for optimizing the protective capabilities of these
coatings. This understanding involves a comprehensive evaluation of how different thick-
nesses influence the mechanical behavior, oxidation resistance, and fatigue life of the
superalloy under operational conditions. Fatigue performance, in particular, is a critical
consideration, as components often undergo cyclic loading at elevated temperatures, which
can exacerbate the initiation and propagation of cracks [13]. The interplay between the
coating thickness, the diffusion of elements within the superalloy, and the formation of
thermally grown oxide (TGO) layers can significantly affect the initiation and growth of
fatigue cracks [14]. Thus, a systematic investigation of aluminide coatings with varying
thicknesses can provide valuable insights into optimizing coating parameters for enhanced
high-temperature performance. A thicker coating generally offers better protection against
oxidative and corrosive environments, as it acts as a more substantial barrier to external
aggressive species, reducing the rate of degradation of the substrate [15]. However, ex-
cessively thick coatings can have detrimental effects on the fatigue life of nickel-based
superalloys. Thick coatings may introduce significant stress concentrations at the interface
due to thermal mismatch and differential thermal expansion between the coating and
the substrate, especially during thermal cycling, which is common in high-temperature
applications [16]. This mismatch can lead to the development of interfacial cracks or delam-
ination, which act as sites for crack initiation, adversely affecting fatigue performance [17].
Conversely, thinner coatings may not provide adequate protection against environmental
factors, resulting in surface oxidation, corrosion, and the eventual degradation of fatigue
properties due to surface-initiated cracks. Ideally, the coating thickness should be optimized
to balance between providing sufficient environmental protection and minimizing adverse
mechanical effects.

Previous studies, summarized in review paper [4], have primarily focused on the fun-
damental aspects of aluminide coatings and their general benefits in protecting superalloys.
However, a detailed investigation into the specific influence of coating thickness on the
high-temperature behavior of MAR-M247 remains limited. In particular, the relationship
between coating thickness, fatigue behavior, and microstructural stability at elevated tem-
peratures requires further exploration. Understanding the interaction between the coating
and the underlying superalloy during service conditions is crucial for predicting long-term
performance and reliability.

This study aims to address these gaps by systematically evaluating the high-temperature
performance of MAR-M247 with aluminide coatings of varying thicknesses. Through a
combination of experimental fatigue testing and microstructural analysis, this research
seeks to elucidate the effects of coating thickness on the mechanical properties and durabil-
ity of the superalloy at elevated temperatures. The findings are expected to contribute to
the optimization of coating strategies for MAR-M247 and similar nickel-based superalloys,
ultimately leading to improved performance and the longevity of critical components
in high-temperature applications. By providing a deeper understanding of the role of
aluminide coating thickness, this research will support the design and engineering of
advanced materials capable of meeting the stringent demands of the modern aerospace
and energy industries.
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2. Materials and Methods
2.1. Material and Coating Deposition

In this paper, casted, coarse-grained MAR-M?247 with the chemical composition pre-
sented in Table 1 was used. In order to further enhance its high-temperature performance,
the CVD process was performed using optimized parameters [2] (Table 2). The specimen
surface was machined before deposition. Coatings were deposited using a low-activity
aluminum process on Ion-Bond setup (Ion Bond Bernex BPX Pro 325 S, IHI Ion bond AG,
Olten, Switzerland). There was no additional heat treatment, as the deposition temperature
of 1040 °C falls within a range suitable for solution heat treatment.

Table 1. Chemical composition of MAR-M247.

C Cr Mn Si W Co Al Ni
0.09 8.80 0.10 0.25 9.70 9.50 5.70 Bal.
Table 2. CVD process parameters [2].
Coating Thickness Deposition Time Deposition Temperature Internal Pressure Protective Atmosphere
" i ot 1040 °C 150 mbar Hydrogen

2.2. Experimental Testing

High-temperature fatigue testing was performed at 900 °C using an MTS 810 testing
machine (MTS System, Eden Prairie, MN, USA) equipped with a high-temperature MTS
extensometer (Figure 1a,b). Fatigue tests were force-controlled under a zero-mean-value,
constant stress amplitude with a frequency of 20 Hz in the stress amplitude range from
400 MPa to 520 MPa. The geometry of the specimens is presented in Figure 1c. Temperature
stability was monitored and controlled using a bicolor infrared pyrometer (Fluke Process
Instruments, Everett, WA, USA). Cyclic loading was initiated after 0.5 h once the testing
temperature was reached. During this time, the testing machine was operated with force
control to maintain a force near 0 kN in order to reduce the thermal expansion effects on
the material’s behavior during testing. The microstructural characterization and chemical
composition analysis were undertaken on grounded and mechanically polished cross-
sections of coated specimens using a Hitachi 2600 N scanning electron microscope with
an Energy-Dispersive Spectroscopy (EDS) attachment (Oxford Instruments, Oxford, UK).
The coating’s phase composition was analyzed by the grazing incidence X-ray diffraction
(GI XRD) technique based on Co Ka1 radiation (A = 1.78892 A), using a Rigaku Ultima IV
system with a parallel beam mode of radiation.

Rso

+

Figure 1. (a) General view of the experimental setup; (b) enlarged view of the heated specimen

(9

during high-temperature fatigue testing; (c) engineering drawing of the specimen.
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3. Results and Discussion
3.1. Microstructural Characterization of the As-Received Material and Deposited
Aluminide Coatings

MAR-M247 was characterized by a coarse microstructure with equiaxed grains, as
presented in Figure 2. It is mainly composed of a gamma-phase, face-centered cubic (FCC)
structure, which acts as a matrix for the distribution of strengthening phases and provides
the alloy with ductility and toughness. It is usually solid-solution-strengthened by elements
like Co, Cr, Mo, W, and Nb. In the matrix, one can find gamma prime precipitates, such
as Nis(ALTi), and an ordered L122 structure, where Ni atoms occupy the face-centered
positions and Al or Ti atoms are at the corners of the unit cell [18]. The y’ phase is primarily
responsible for the high-temperature strength of MAR-M247, impeding dislocation motion
and thereby increasing creep resistance.

(b)
Figure 2. Microstructure of MAR-M247 under different magnifications: (a) 500; (b) 1000 x.

Depending on the deposition time, coatings of 20 um and 40 pm in thickness were
obtained after 4 h and 12 h, respectively (Figure 3). Both exhibited a two-layer structure
consisting of an outer layer (3-NiAl) rich in aluminum, providing excellent oxidation
resistance, and an inner diffusion zone (y’ + ) with a mixture of v’ (NizAl) and 3-NiAl
phases, offering a transition zone adhering strongly to the substrate [4]. The outer layer,
composed mainly of 3-NiAl, provides a continuous aluminum oxide film, and is responsible
for oxidation resistance [19]. In the interlayer zone, aluminum diffuses into the base
alloy, forming a gradient that ensures strong adhesion and minimizes thermal expansion
mismatches. One should mention that the CVD process leads to interdiffusion between
the coating and the substrate, creating a metallurgical bond that enhances mechanical
stability [20].

b

$3400 25.0kV 10.9mm x1.00k BSECOMP

(b)

Figure 3. Cross-sectional view of MAR-M247 with different coating thicknesses deposited: (a) 20 um;
(b) 40 pm.
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Based on Figure 3, one can conclude that deposition time significantly influences the
composition and structure of aluminide coatings on MAR-M247, particularly in the forma-
tion of the outer 3-NiAl layer and the inner diffusion zone (y” + $3). During aluminizing, an
extended deposition time allows more aluminum to diffuse into the substrate, promoting
the growth of a thicker 3-NiAl outer layer, which is crucial for oxidation resistance [2].
Simultaneously, prolonged deposition enhances the inward diffusion of aluminum and
the outward diffusion of nickel, leading to a more pronounced and thicker diffusion zone
where phases like v (NizAl) and 3 (NiAl) coexist [2]. This diffusion zone, enriched with
aluminum and characterized by the v’ + 3 structure, plays a critical role in accommo-
dating thermal stresses and enhancing the mechanical stability of the coating. However,
excessively long deposition times can result in overly thick coatings, which may intro-
duce brittleness or cause unwanted phase transformations, potentially compromising the
coating’s overall performance.

Based on EDS maps (Figure 4), one can observe that the concentration of aluminum
gradually decreases from the outer aluminide layer to the IDZ. This gradient is essential for
maintaining the protective oxide layer and facilitating the adherence of the coating to the
substrate [21]. Nickel concentration increases towards the IDZ. This region often consists
of mixed phases like y-Ni and (3-NiAl, forming a transition zone that enhances mechanical
bonding [22]. Chromium concentration is also notable in the IDZ, originating from the
MAR-M247 substrate. The element distribution in aluminide coatings on MAR-M247 is
governed by diffusion mechanisms, thermal processing, and the interaction between the
coating and the substrate materials. Aluminum diffuses inward from the coating, forming
a gradient that is essential for oxidation resistance [23]. This diffusion results in a transition
from high aluminum content in the outer layer to lower content in the IDZ. The gradient
of aluminum concentration from the outer aluminide layer to the interdiffusion zone is
crucial for both maintaining the protective oxide layer and ensuring strong adherence of the
coating to the substrate. In the outer aluminide layer, where the aluminum concentration is
highest, a dense and continuous aluminum oxide (Al,O3) layer forms when exposed to
high temperatures [24]. This oxide layer acts as a barrier, preventing further oxidation of
the underlying material. As the aluminum content gradually decreases toward the inter-
diffusion zone, the phase composition transitions, providing a buffer that accommodates
thermal and mechanical stresses between the brittle outer 3-NiAl layer and the more ductile
nickel-based superalloy substrate [25]. This gradient in aluminum concentration helps to
prevent the formation of cracks and delamination, which could compromise the coating’s
protective properties. Additionally, the interdiffusion zone, with its mix of v’ (NizAl) and 3
(NiAl) phases, ensures that the coating remains firmly anchored to the substrate, enhancing
the overall durability and effectiveness of the oxidation resistance [25]. Nickel and elements
from the substrate (such as chromium, cobalt, tungsten, tantalum, and titanium) diffuse
outward into the coating. This outward diffusion forms the interdiffusion zone, which
stabilizes the microstructure and enhances adhesion [26]. The interaction between diffusing
elements leads to the formation of intermetallic phases, such as y’-Nisz Al, MC carbides, and
other complex phases in the IDZ. These phases provide structural stability and mechanical
strength.

The XRD graph of the aluminide coating on MAR-M247 prominently features peaks
indicative of the 3-NiAl phase, which is crucial for oxidation resistance and mechanical
stability at high temperatures (Figure 5). This phase typically exhibits distinctive peaks
at 20 angles around 20.7° (110), 29.4° (200), 43.6° (211), and 63.0° (220), corresponding
to its B2 cubic crystal structure. The 110 peak is usually the most intense, reflecting the
high concentration and well-ordered nature of the 3-NiAl phase within the coating, which
serves as the primary barrier against oxidation. These sharp peaks indicate a predominantly
crystalline structure with few defects. The presence of such well-defined peaks for 3-NiAl
confirms the effective formation of the aluminide layer, which is critical for maintaining the
structural integrity and oxidation resistance of the underlying MAR-M247 substrate.
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Figure 4. EDS maps showing the distribution of specific elements.
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Figure 5. XRD phase analysis of coatings considering deposition time and corresponding coating
thickness: (a) 4 h—20 um; (b) 12 h—40 pum.

3.2. High-Temperature Fatigue Testing

The S-N curves for MAR-M?247 with different coating thicknesses are presented in
Figure 6a. It can be observed that no significant effect of coating thickness was found since
the material exhibited a similar service life throughout the fatigue test when subjected to
the same stress amplitude. An enhanced service life of the 40 um coating was observed
for stress amplitudes equal to 450 MPa and 400 MPa; however, the differences were
relatively small. In order to compare the fatigue performance of NiAl-coated MAR-M247,
the hysteresis loops for different coating thicknesses and stress amplitudes were compared
(Figure 6b—e). For each condition, the first cycle, midlife performance, and last cycle were
investigated. It was found that the material’s behavior was reflected in the ratcheting
effect, characterized by a progressive, incremental inelastic deformation leading to a shift
in the stress—strain hysteresis loop along the strain axis [27]. The width of the hysteresis
loop observed for MAR-M247 with 20 um NiAl slightly increased in the following cycles
(Figure 6b), suggesting the occurrence of a cyclic plasticity effect [28]. Such behavior
was, however, not observed for MAR-M247 with 40 um NiAl subjected to the same stress
amplitude equal to 400 MPa (Figure 6d). For this coating, the width of the hysteresis loop
remained almost constant, which may be attributed to the higher stiffness of the thicker
coating. The high-temperature fatigue testing at a stress amplitude of 500 MPa did not
expose significant differences, except for the higher strain accumulation in MAR-M247
with the 20 um NiAl coating reflected by the shift of the hysteresis loop.
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Figure 6. (a) S-N curves for MAR-M247 with different coating thicknesses; hysteresis loops for coating
thicknesses of 20 um (b,c) and 40 pum (d,e) subjected to fatigue testing at stress amplitudes of 400 MPa
and 500 MPa, respectively.

The high-temperature fatigue performance of nickel-based superalloys with thermal
barrier coatings (TBCs) is a critical area of study in the aerospace and power-generation
industries due to the need for materials that can withstand extreme operating environments
while maintaining structural integrity and reliability. Nickel-based superalloys, such as
Inconel 718, René 88, and CMSX-4, are known for their exceptional mechanical properties,
including high strength, creep resistance, and oxidation resistance at elevated tempera-
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tures. However, when subjected to high-temperature fatigue conditions, these alloys can
experience significant degradation mechanisms that impact their long-term performance.
Therefore, TBCs are applied to protect the superalloy substrate from thermal stresses and
oxidative environments. These coatings play a crucial role in enhancing fatigue life by
reducing the thermal gradient and decreasing the metal temperature, thereby mitigating
the effects of thermal cycling. Bortoluci et al. [29] presented that the CMSX-4 Plus alloy
with a NiAl coating exhibited improved fatigue life as compared to the AM1, CMSX-4, and
Rene N5 alloys at 1000 °C. Barwinska et al. [5] reported improved fatigue performance and
oxidation resistance at 1000 °C in air for Inconel 740 with a NiAl coating. Sulak et al. [8]
found that Inconel 713LC with a NiAl coating was characterized by enhanced low-cycle
fatigue behavior at 800 °C. One should note that the application of TBCs also introduces
new challenges, as the bond coat can experience phase transformations, oxidation, and
interfacial degradation, which may act as crack-initiation sites under cyclic loading [30].
The fatigue performance of these coated systems is largely governed by the microstruc-
tural stability of both the superalloy and the coating system, where factors such as grain
boundary strengthening, phase stability, and resistance to oxidation at high temperatures
are critical [31]. Additionally, the mismatch in thermal expansion coefficients between the
ceramic topcoat and the metallic substrate can induce residual stresses, leading to coating
delamination or spallation under fatigue conditions [32].

3.3. Fractographic Observations

The observations on the fracture surfaces of the tested specimens after the high-
temperature fatigue test showed no effect of coating thickness on fracture mode
(Figures 7 and 8). One should stress that the coating remained well adhered after specimen
fracture (Figures 7a and 8a), confirming its effectiveness in protecting the material against
high-temperature oxidation. Thus, the fracture mechanisms were mainly associated with
the performance of MAR-M27, which exhibits a complex and intricate array of features that
reflect the alloy’s response to cyclic thermal and mechanical stresses. The fracture surfaces
revealed a combination of oxidation-assisted damage (Figures 7a and 8a), intergranular
cracking (Figures 7b and 8b), fatigue striations (Figures 7c and 8), and areas of both ductile
and brittle fracture (Figures 7c and 8). Fatigue striations are prominent on fracture surfaces
and are characterized by regularly spaced, parallel lines that form perpendicular to the
crack propagation direction, indicating the progressive nature of fatigue crack growth
with each loading cycle. Intergranular cracking is another significant feature, particularly
prevalent in MAR-M247 at high temperatures, where cracks propagate along grain bound-
aries due to a combination of oxidation-induced embrittlement and the presence of brittle
phases. This intergranular failure is often exacerbated by the oxidation of grain boundary
carbides, such as MC—type carbides (primarily tantalum carbides), leading to weakened
interfaces and facilitating crack growth along these paths [33]. Additionally, transgranular
cracking can be observed, characterized by crack propagation through the grains, which is
typically associated with regions of high stress concentration or where the y” precipitates
have coarsened or transformed into less stable phases under thermal exposure, reducing
their strengthening capability [34]. The fracture surfaces may also exhibit ductile dimple
features, especially in areas of final overload, where the material undergoes localized plastic
deformation before ultimate failure. These dimples are indicative of microvoid coalescence,
where voids nucleate, grow, and merge under tensile loading, providing evidence of the
alloy’s ability to deform plastically despite challenging conditions. In contrast, regions
of brittle fracture display cleavage facets or the failure of gamma prime (y’) and gamma
(v) matrix interfaces, particularly if topologically close-packed (TCP) phases like sigma or
Laves phases form, which can embrittle the alloy and contribute to sudden fracture. The
presence of oxidation products such as alumina (Al,O3) scales is another crucial aspect
of fracture surfaces, often concentrated around crack-initiation sites or along crack paths.
These oxidation products indicate the role of high-temperature oxidation in accelerating
fatigue crack growth by causing localized embrittlement or by creating stress concentrations
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at the oxide-metal interface. The oxidation of nickel-based alloys results in the develop-
ment of a protective external layer of chromia, accompanied by the formation of alumina
beneath the surface, occurring both intergranularly and intragranularly [35]. Beneath this
layer lies a region that is weaker due to a depletion of y’ particles (typically Niz(AlTi))
and grain-boundary carbides (commonly Mj3Cg). The emergence of these internal oxides
within the subsurface is unfavorable and can significantly impair the mechanical properties
of nickel-based superalloys. These internal oxides formed at the grain boundaries may
be prone to cracking, leading to localized stress concentrations that facilitate early failure,
thereby diminishing the lifespan of the components [35].

(@)

(b)

(©)

Figure 7. Fracture surfaces of MAR-M247 with NiAl coating after fatigue testing at stress amplitude
equal to 400 Mpa. Three views: (a) detailed and (b) general sub-surface structure; (c) fractured view
of the middle part of the specimen.



Coatings 2024, 14, 1072

10 of 12

Figure 8. Fracture surfaces of MAR-M247 with NiAl coating after fatigue testing at stress amplitude
equal to 500 MPa. Three views: (a) detailed and (b) general sub-surface structure; (c) fractured view
of the middle part of the specimen.

4. Conclusions

In this paper, the effect of aluminide coating thickness (20 um and 40 pm) on the high-
temperature performance of an MAR-M247 nickel-based superalloy was examined during
a fatigue test at 900 °C. MAR-M247 with two coating thicknesses exhibited a similar service
life throughout the fatigue test cycles when subjected to the same stress amplitude. The
fracture surfaces reveal a combination of oxidation-assisted damage, intergranular cracking,
fatigue striations, and areas of both ductile and brittle fracture. Although no significant
differences in service life for either thickness were found, both remained well adhered
to the specimen after its fracture. Such behavior confirms the coating’s effectiveness in
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protecting the material against high-temperature oxidation. Therefore, the optimized CVD
process performed in a hydrogen protective atmosphere for 4 h and 12 h at a temperature
of 1040 °C and an internal pressure of 150 mbar could be successfully used for real-size
components to protect them against oxidation at high temperature. Furthermore, it is
suggested that coatings of lower thickness should be applied in order to reduce the cost of
the CVD process by limiting the coating deposition time to 4 h.
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