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Abstract: Inconel738 is a nickel-based super alloy widely used in manufacturing
gas turbines, particularly in the manufacture of blades that are in direct contact with hot
gases during their operation. As a result, these blades are subjected to high
temperatures, significant static and dynamic stresses, erosion and/or hot corrosion
which can be very severe. The use of coatings is one of the most effective strategies to
protect materials against corrosion and increase the wear resistance of materials. In this
study, B-Ni-Al coatings were sprayed onto an Inconel738 substrate using a wire flame
spraying process and characterization of coating has been made.

Keywords: Nickel-based super alloy, wire flame spraying, XRD diffraction,
microhardness, microstructure.

1. Introduction

Gas turbines are complex machines in which mechanical and thermal effects
strongly interfere, at high stress levels for long operating times. To tackle this
problem, specific materials of high technological degree have been developed,
capable of satisfying these extreme loading conditions, among them nickel
super alloys.

Nickel super alloys have good mechanical resistance at high temperatures.
The latest developments in these materials seem to indicate that the exceptional
level of performance they achieve will no longer be significantly improved with
new compositions.
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The only limited gains that can be achieved are through the deposition of
coatings. Among these, we identify thermal spraying which allows the
formation of protective coatings against wear, temperature, corrosion, etc. [1-8].

Thermal spraying is a method of surface treatment by coating combining
various techniques, namely oxyacetylene flame spraying [9-13], high-velocity
spraying (HVOF) [14-20], electric arc spraying [21-23], atmospheric plasma
spraying [24-28] and the cold spray process [29]. The different thermal spraying
processes are defined mainly by the energy source used (combustion, electric
discharge). The process is conditioned by thermal and/or kinetic transfers
between the sprayed material and the enthalpic source used. The kinetic energy
is communicated to the particle by the speed and viscosity of the projecting gas
mixture. The coating construction results from the stacking of the particles on
the substrate. The balance between the kinetic and thermal energy of the
particles is therefore paramount to the quality of the coating. The coating is
mainly characterized by the adhesion to the substrate, the porosity levels, and
the oxide content. In general, the higher the particle velocity, the better the
adhesion and the lower the oxide content of the coating [30].

In recent years, a lot of development and research work has been done in the
field of thermal spray coating applied on nickel super alloys to improve the
surface properties.

According to Sushila Rani et al. [31], a gas turbine blade failure occurs due
to the combined effect of surface degradation caused by overheating, oxidation,
hot corrosion, and degradation of the highly oxidized coating. M. F. O.
Schiefler Filhon et al. [32] studied the influence of spraying parameters. The
variation of spray parameters had a great influence on the quality of X46Cr13
stainless steel coatings. This fact could be demonstrated by the large variation
obtained in terms of microstructural characteristics, mechanical properties, and
corrosion performance. Xueyuan Gong et al. [33] studied the microstructure
evolution of a NiAl coating and its underlying single crystal super alloy
substrate by EB-PVD. The deposited NiAl coating displayed a columnar
microstructure with a preferred orientation (110). Kirkendall voids were formed
in the NiAl coating, indicating the different diffusion coefficients of the
elements in the coating and the substrate. Equiaxed B-NiAl grains were
developed in the inter-diffusion region after diffusion annealing at 1100 ° C for
10 h, which showed different orientations of crystalline grains in the coating
and substrate.

M. Kopec et al. [34] concluded that the aluminized layer can significantly
improve the creep performance of nickel super alloy. It has been shown that the
application of such a layer can effectively protect the raw material from
processes such as oxidation, hot corrosion, or wear, and thus prolong its service
life. TF An [35] focused on the effect of alumina formation and transformation
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on the oxidation behavior of a nickel-based super alloy with an aluminide
diffusion coating. This coating improved the oxidation resistance. The oxidation
kinetic curve of the nickel-based super alloy at 1000°C was slightly higher than
that at 1050°C within the first 100 hours. This abnormal phenomenon is
attributed to the high amount of W and Mo (about 12%). The growth stress was
characterized by the formation of convoluted scales.

The B-NiAl coatings have been widely used as metal protector coatings to
protect the underlying super alloy from high-temperature oxidation. D.B.
Miracle [36] presented a critical review of the physical and mechanical
properties of NiAl.

2. Materials and Experimental Procedures

2.1. Materials Used

The substrate used in our study is the nickel-based super alloy / Inconel 738
which is used for the manufacture of the moving blade of a gas turbine, where
the detection of the chemical composition of Inconel 738 has been made by
using a portable analysis device Thermo scientific NitonXL 3t. The chemical
composition is shown in Table 1.

Table 1: Chemical composition of Inconel738(%weight)

Se Mo Nb Zr W Cu Ni Co Fe
'”?gge' 0.012 | 1.670 | 0.786 | 0.017 | 2.419 | 1.017 | 59.688 | 8.396 | 0.357

Mn Cr V Ti Al C B Ta
'”?gge' 0.078 | 16.023 | 0.043 | 3269 | 34 | 010 | 0001 | 1.75

The Ni-Al wire, whose chemical composition is shown in Table 2, has been
sprayed onto an Inconel 738 substrate using a wire flame spraying technique.

Table 2: Chemical composition of Ni-Al wire (% weight)

Al Si Fe Ni Cu Zr
98,034 0,641 0,727 0,351 0.215 0,032
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Prior to the coating process, the substrate surface has been sandblasted with
grains of sand type NK F080. The purpose of this step is to remove oxides from
the surface and create a roughness profile for a good adhesion of coating.

2.2. Processes and Coating Conditions

Ni-Al layers of 3 mm thickness have been deposited on Inconel 738substrate
using thermal spraying technique with Metco gun (Fig. 1). Oxyacetylene flame
was used in the case of wire flame spraying because of the high temperatures
offered by the combustion of these gases. The flame could be easily adjusted to
become an oxidizing, neutral or reducing flame. A neutral flame was obtained
by adjusting the acetylene flow rate. The coatings have been carried out at the
Industrial Equipment Maintenance Company M’sila (MEI), Algeria.

Figure 1: Operating diagram of a wire flame gun

The projection parameters are summarized in Table 3.

Table 3: Coating deposition parameters

Projection parameters

Acetylene pressure 7 kPa
Oxygen pressure 14.7 kPa
Alir pressure 33.6 kPa
Acetylene flow rate 39 L/min
Oxygen flow rate 44 L/min
Air flow rate 52 L/min
Wire diameter 3.2mm
Spraying distance 100-200 mm
Particle velocity 150 m/s
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2.3. Characterization Methods

The coated samples have been cut to a size of 15x10x2 mm?3 using a wire
cutter, mounted in a cold epoxy resin, polished with abrasive papers (roughness
from 200 to 5000), followed by a very fine finish polishing with an Al,Os
alumina powder having a grain size of 0.3um, suspended in water on a silk
cloth. Finally, the coated samples were cleaned in distilled water and dried in
hot air.

Several tests were carried out in collaboration with industrial Algerian
companies namely X-Ray diffraction analysis, micro hardness, and microscopic
examination for the characterization of the coating.

X-ray diffraction patterns have been recorded using a PANALYTIC X'PERT
PRO diffractometer equipped with a Ni filter and a copper anticathode using Ka
radiation of wavelength A = 1.5406 A. The working conditions are: U = 30 kV
and I = 25 mA, the sweep angle 26 = 10 — 80° with a speed equal to 0.05 °/s.
The samples have dimensions (10x10x2 mm?3).

Identification of the phases present in the compound has been done using
micro informatics with the help of X'Pert High Score plus software (JCPDS
files).

The Vickers micro-hardness measurement was performed on polished cross-
sections of coatings using a Tukon Microhardness 2500 Wilson Hardness under
a load of 25 g during 10 seconds. The measurement points in each zone of the
section are spaced at about 0.5 mm.

The deposited coating microstructures of the cross-sections of the samples
after etching in Nital 3% have been observed using optical microscopy
reflection OLYMPUS BH?2 in order to investigate the morphology of splatters,
porosity and micro cracks [37].

3. Results and discussion

3.1. XRD Diffraction

Fig. 2 shows the X ray diffraction spectrum obtained for the (Ni-Al) coatings,
performed by wire flame spraying process on an Inconel 738 substrate.
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Figure 2: X ray diffraction spectra of the (Ni-Al) coating, performed by wire flame
spraying process on Inconel 738 substrate
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The X-ray diffraction diffractograms show the main peaks characteristic of
the super alloy such as the y matrix (JCPDS n°96-901-3033) and the v’
precipitate phase (NisAl) (JCPDS n°0021-0008). The formation of the Yy’
precipitate phase is ensured by the reaction of the Nickel atoms with the
Aluminum atoms of deposits. The very strong coherence between y/y' confers a
very high hot mechanical strength of nickel-based super alloys. In addition,
peaks of iron carbide (FesC,) of monoclinic crystalline structure with crystalline
parameter equal to 11.5620 A (JCPDS N° 01-089-2544) are observed. The
formation of this carbide is ensured by the reaction of the iron atoms with the
carbon atoms. The carbide is responsible to increase coating hardness and wear
resistance.

3.2. Microhardness

Fig. 3 shows the micro hardness distribution in a cross-section of the coating
obtained by flame spraying of Ni-Al wire on Inconel 738 substrate. The curve
shows clearly that the coating is harder than the substrate. The nickel-aluminum
alloy coating has a small variation in micro hardness from the first measuring
point to the fifth point. The maximum is equal to 488HV at the 4" measurement
point and the minimum is equal to307HV at the first measurement point. Micro
hardness is very dependent on the nature and the distribution of the phases in
the coatings-substrate. The hardness of the substrate is almost stable along the
investigated area.
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Figure 3: (a) Distribution of the Vickers micro hardness values, measured in the cross-
section of the coatings / substrate domain and (b) histogram representation
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3.3. Coating Microstructure

The microstructure of thermally sprayed coatings, which results from the
solidification and sintering of the particles, often contains pores, oxides and
cracks.

Fig. 4 shows the cross-section view of the coating wire flame spraying (Ni-
Al) on substrate Inconel 738, which contains several dispersed phases: the
major phase y matrix, the y' precipitate phase (NizAl) deformed from different
directions with remarkable intensities and a small amount of carbides.

The presence of certain types of pores has been observed. The low particle
velocity of the thermal spraying flame process has the effect that the certain
particles are not well dispersed during the impact on the substrate. Therefore,
this phenomenon favors the presence of pores in the coating. However, no crack
has been revealed. The profile interface appears to adhere to the substrate.

Figure 4: Optical imaging of the samples investigated by using a metallographic
microscope: the selected pictures indicate the cross-section images taken from a limited
area of the transition domain between Inconel super alloy substrate and the Ni-Al
coating / substrate

4. Conclusion

Nickel-based alloys hardened by precipitation of the phase (y') used in the
blades of gas turbines are very complex materials. Exposed to high temperatures
during service, their high temperature strength and endurance are unmatched by
any class of alloy.
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Improving the performance of gas turbines is an important issue, which
requires identifying and understanding the deterioration mechanisms that take
place during their use. In the hottest parts of gas turbines (i.e. combustion
chamber), the materials used are subjected to high thermal and mechanical
stresses. This is particularly the case of turbine blades. The temperatures of use
are indeed, of the order of 800 °C. These stresses induce different types of
degradation. The most frequently encountered by turbine blades are erosion,
creep, fatigue, corrosion and oxidation.

In order to improve the high temperature durability of the turbine blades,
coatings are made by thermal spraying with flame - wire (Ni-Al), deposited
with the thermal spraying systems Metco.

From the characterizations by optical microscopy, micro-hardness
measurements and the X-ray analysis, the following main results have been
obtained:

e The presence of several distinct phases, which gives a heterogeneous

structure. The phases revealed have compound, and elemental types.
We can observe the presence of NizAl (y'), carbides, and the Nickel (y)
matrix.

e The adhesion of the flame wire coating is less acceptable, with the
existence of pores.

e The micro hardness of the wire flame coating is higher than that of the
substrate. This can be explained by the formation of the hardening
phase of NisAl with a significant increase of micro-hardness.

e We can confirm that wire flame spraying remains an effective solution
in ordinary industrial applications where there is no high precision
requirement to extend the life of the equipment without increasing the
cost of the latter.
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