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Abstract

This paper presents the results of a study on the application of a slurry method to produce aluminide coatings
on aircraft engine turbine blades. The coating was produced on ZS6K alloy blades by 1, 2 and 3 times spray
painting with intermediate drying followed by diffusion annealing in Ar atmosphere for 2, 4 and 6 hours at 900,
950 and 1000°C. The coatings were evaluated with consideration of thickness structure and aluminum content.
The results indicated that the use of single-painting did not allow - regardless of temperature and annealing
time - to obtain a uniform aluminide coating. The use of two-time painting and diffusion annealing at time 4
hours makes it possible to obtain coatings with a thickness of 60—80 pum containing 2630 wt. % of aluminum.
Three-coat painting makes it possible to obtain coatings close to 100 pm thick containing 28-32 wt. % of
aluminum.
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1. Introduction

Aluminide diffusion coatings are commonly used to protect the surfaces of aircraft engine turbine
blades against corrosion and oxidation (Swadzba et al., 1993). These coatings are most often applied
using methods pack cementation (Pauletti & D’Oliveira, 2018), vapour phase aluminizing (Jopek et al.,
2023) or chemical vapor deposition (CVD) (Kukla et al., 2021). In order to increase their heat resistance,
additional modifying elements are introduced, including: platinum (Swadzba et al., 2011), palladium
(Swadzba et al., 2013), zirconium and hafnium (Goral et al., 2021).

The disadvantage of these methods is the need to apply a coating on the entire surface of the blades,
including the roots), which makes their use in remanufacturing technologies difficult (Kwolek et al.,
2019). This disadvantage is avoided by the method developed since the 1970s, which involves applying
an Al-Si slurry on the surface of the turbine blade and then drying it and its diffusion heat treatment in
a protective atmosphere (Young & Dearmore, 1980). Rannou et al. (2014) showed that this method
allows for obtaining comparable oxidation resistance to gas methods. The introduction of silicon into
the slurry increases its resistance to hot corrosion (Kircher et al., 1994). Research is also being carried
out on other modifying elements, including: platinum (Mollard et al., 2015), yttrium (Zhang et al., 1999),
chromium (Grégoire et al., 2019) and germanium (Madloch & Galetz, 2017). Research is also being
carried out on combining the processes of galvanic deposition of modifying elements, e.g. chromium,
with the application of a slurry and diffusion heat treatment. Balashadehi et al. (2020) and Hatami et al.
(2022) proposed the application of the overaluminizing process of NiCoCrAlY coatings sprayed using
the high-velocity oxygen fuel (HVOF) method as an alternative to other commonly used aluminizing
methods, e.g. CVD (Goral et al., 2015). The application of the slurry method - due to low costs - has
also been extended to other materials: steels (Adigié et al, 2018), titanium alloys (McMordie, 1991)
especially TiAl intermetallic (Moskal et al., 2021) as well as niobium alloys (Li & Guo, 2023).
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Boissonnet et al. (2019) also indicated the possibility of using the slurry method to produce a complete
thermal barrier coating (TBC) system. Research is also being carried out on the use of quick methods
for obtaining an aluminide coatings from slurries (Kepa et al., 2021) e.g. by using a gas burner (Bauer
et al., 2020) as well as conducting reactive air aluminizing diffusion annealing (Sarraf et al., 2023).
However, conventional coatings obtained from Al-Si slurries still play the most important role in the
industry. Their current development is related to the use of liquid fractions that do not contain carcino-
genic chromium compounds (Kochmanska, 2017). Currently, there are no literature data on industrial
aluminization processes using commercial slurries under industrial conditions. In our research, we have
realized technological tests of aluminum plating using the slurry method for turbine blades of a small
turbine engine under industrial conditions.

2. Materials and research methodology

The industrial aluminization tests used a new type of Ceral10 Green slurry, which, unlike the orig-
inal Cerall0 slurry, does not contain carcinogenic chromium 6+ compounds. Due to the lack of infor-
mation on the exact composition of this suspension, and based on information on the original Ceral 10
suspension, it can be concluded that it is a mixture of powder of about 12% Si and Al (the rest). These
powders constitute about 50% by weight of the entire suspension. The process of applying the slurry
was carried out at Ultratech using designed equipment and know-how. Prior to spraying, the slurry was
stirred using a buttle roller for 2 hours to prevent sedimentation of the solid fraction. This process was
repeated before each subsequent spraying step of the slurry. Before application, the viscosity of the
suspension was measured. The substrate material used was a nickel-based superalloy of the ZS6K type,
with the following chemical composition (wt. %): 0.14 C, 10.2 Cr, 5.2 W, 4.7 Co, 3.7 Mo, 5.3 Al, 2.8
Ti, 1.5 Fe, with the balance being Ni. This alloy was used to manufacture the first-stage turbine blades
of a turboshaft engine designed for helicopter propulsion. Blades made of ZS6 alloy were used as the
substrate and placed on a designed stand. Painting was done manually using the spray method. As part
of the research plan, the suspension was spray-painted 1, 2 or 3 times, with intermediate drying at a
temperature of 150°C for least 15 minutes. Diffusion annealing was carried out in a specially designed
and constructed retort furnace at Ultratech Company. Diffusion treatment processes were performed at
three different temperatures and for 2, 4 and 6 hours at temperatures 900, 950 and 1000°C in protective
Ar atmosphere. During diffusion annealing, a diffusion aluminide film is formed due to the dorn diffu-
sion of Al and Si.

The aim of the research was to determine the influence of technological factors on the microstruc-
ture and thickness of the obtained coatings. Microstructure tests were performed using a Hitachi S-3400
scanning electron microscope equipped with an attachment for chemical composition analysis. Thick-
ness measurements were determined as the average value of 4 measurement points on the blades cross-
section.

3. Results

3.1. Microstructure of coatings

The analysis of the observation results showed that the applied manufacturing process parameters
had a significant impact on the quality of the coating, in terms of thickness, aluminum content and
continuity and uniformity of the coating:

* Group I - coatings with a compact, continuous structure, evenly distributed over the blade cross-

section, but varying in thickness depending on the parameters (Fig. 1a),

* Group II - coatings characterized by a complete lack of continuity, composed of single islands

formed on the surface (Fig. 1b),

* Group III - intermediate coatings, with a continuous structure, but with a sinusoidal thickness

(Fig. 1¢).
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Fig. 1. Examples of three groups of types of aluminide coatings obtained during experimental processes using slurry method:
a) group L, b) group 1, c) group III.

3.2. Effect of annealing time

In the first stage, the effect of annealing time on the microstructure and thickness of the resulting
films was evaluated. The use of a short annealing time of 2 hours did not allow to obtain a homogeneous
coating, which could be classified in groups II and III. There was no significant effect of the number of
paintings on the thickness of the coating, which after diffusion treatment did not exceed 36 um and the
Al content did not exceed 29 wt. % (Fig. 2). This indicates that a 2h diffusion annealing time regardless
of the number of slurry layers applied (1-3) does not achieve the required quality of the aluminide coat-
ing Increasing the annealing time to 4 hours resulted in a gradual increase in the thickness of the alu-
minide coating with the number of paintings (1x - 28, 2x - 71 and 3x - 104 um, respectively) as well as
the aluminum content (1x - 26 wt. %, 2x - 30 wt. % and 3x - 32 wt. %, respectively) (Fig. 2, Table 1).
A continuous coating was obtained only for at least two paintings. In the case of the longest annealing
time - 6 hours - single painting did not allow to obtain a homogeneous coating. The use of double paint-
ing resulted in a homogeneous coating with a thickness of 67 um I content of 30% by weight. Increasing
the number of painting to 3 resulted in an increase in coating thickness to over 100 um and Al content
above 30 wt. %. (Fig. 2, Table 1).
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Fig. 2. The influence of diffusion treatment time on thickness (a) and Al concentration (b) of investigated slurry aluminide
coatings.

Table 1. The influence of diffusion treatment time on thickness and Al content in investigated slurry aluminide coatings.

Number of Tlefusmil treatrr’;e'nt Coating total thick- | Error, | Al concentra- Error, Cgii:)t;;g
. emperature, ime, . o o
spraying oC b ness, um pm tion, wt. % wt. % (Fig. 1)
1 900 2 20.0 1.0 24.0 0.4 I
2 900 2 36.5 1.8 29.0 0.8 111
3 900 2 27.5 1.4 25.0 0.5 111
1 900 4 28.0 1,4 26.0 0.5 11
2 900 4 71.0 3.5 30.0 0.6 1
3 900 4 104.0 5.2 32.0 0.6 I
1 900 6 26.5 1.3 25.0 0.5 11
2 900 6 67.0 3.3 30.0 0.6 |
3 900 6 111.0 5.5 31.0 0.6 1
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3.3. Effect of annealing temperature

The results of the first stage of the tests showed that the minimum annealing time to guarantee
obtaining an aluminide coating is 2 hours and the number of paintings is at least 2. The results of thick-
ness measurements showed that after 1-time painting a homogeneous continuous coating was not ob-
tained, the thickness of which was small (from 20 to 30 um) and the aluminium content was low (21-26
wt. %) (Table 2, Fig. 3). Increasing the annealing temperature to 950°C resulted in an increase in the
thickness of the coating, respectively - for 2x-painting 68 pm and 3x-painting up to 95. The Al content
was respectively for 2x - 28 wt. % and for 3x-painting - 30 wt. %. Similar relationships were found for
coatings annealed at the highest temperature - 1000°C. For 2x-painting, a coating 57 pm thick containing
27 wt. % was obtained. The annealing at 1000°C of the coating obtained by 3x painting resulted in
a thickness of 95 um and an Al content of 28 wt. % (Fig. 3, Table 2). The results indicate that the number
of applied slurry layers rather than the annealing temperature has the most significant effect on the
thickness of the aluminide coating (Fig. 3a). However, a large effect was found in the case of changing
the aluminum content. A higher annealing temperature facilitates diffusion processes during annealing
and thus reduces the average aluminum content of the coating despite the same number of applied sus-
pension layers (Fig. 3b).

Table 2. The influence of diffusion treatment temperature time on thickness and Al content in investigated slurry aluminide
coatlngs.

Number of Diffusion treatment Coating total E Al concentra- | Error, wt. C(:Zt;ng
spraying Temperature, °C Time, h [thickness, pm rror, pm tion, wt. % % (%“ig Il))
1 900 4 28.0 1.40 26 0.5 I
2 900 4 71.0 3.55 30 0.6 1
3 900 4 104.0 5.20 32 0.6 I
1 950 4 21.0 1.05 23 0,4 I
2 950 4 68.0 3.40 28 0.5 1
3 950 4 95.0 4.75 30 0,6 I
1 1000 4 25.5 1.28 21 0.4 111
2 1000 4 57.0 2.85 27 0.5 I
3 1000 4 95.0 4.75 28 0.5 I
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Fig. 3. The influence of diffusion treatment temperature on thickness (a) and Al concentration (b) in investigated slurry
aluminide coatings.

4. Discussion

An analysis of the literature data indicates that the primary topic addressed by researchers was the
modification of coatings produced by the slurry method with additional elements (Grégorie et al., 2019;
Madloch & Galetz, 2017; Mollard et al., 2015; Zhang et al., 1999) and their corrosion resistance
(McMordie, 1991; Rannou et al., 2014; Young & Deadmore, 1980) The only results presented by
Kircher et al. (1994) were conducted on pure nickel and not nickel superalloy. The most similar research
was carried out by Kochmanska (2017). The thicknesses of the coatings obtained by these authors were
much greater - they exceeded 300 um and silicides were observed in the microstructure of the coatings,
the amount of which in our coatings was small. However, this was due to Kochmanska (2017) use of
a slurry with higher Si content, higher temperatures (up to 1100°C) and the method of dipping into the
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slurry instead of painting. However, earlier studies conducted by these authors (Kochmanska &
Kochmanski, 2014) on the IN 617 alloy substrate indicated similar thickness (about 100 pm) and struc-
ture to that obtained during our study. The use of a protective atmosphere of argon in our study provided
protection against the formation of aluminum oxide on the surface reported by (Sarraf et al., 2023).

The results indicated that the use of single-painting did not allow - regardless of temperature and
annealing time - to obtain a uniform aluminide coating. The use of two-time painting and diffusion
annealing at time 4 makes it possible to obtain coatings with a thickness of 60-80 pm containing 26-30
wt. %. Three-coat painting makes it possible to obtain coatings close to 100 pm thick containing 28-32
wt. %. Significantly, the thickness distribution of the coating over the blade cross-section was relatively
small, which indicates that it can be used both in the aerospace industry, e.g. for regeneration of turbine
blades of turboprop engines, turboshaft engines as well as in the power industry during the overhaul of
gas turbine power blades.

5. Conclusions

Based on the results of the technology trials, the following conclusions can be made:

1) One-time spraying of the suspension does not allow to obtain a homogeneous, uniform aluminide
coating with a thickness of more than 40 um.

2) the diffusion annealing time should be at least 4 hours and the recommended temperature is 950—
1000°C.

3) Depending on the requirements for the thickness to be obtained, two or three spraying of the
suspension should be carried out, which after diffusion annealing makes it possible to obtain
a thickness of 60—70 and over 100 pum, respectively.

4) The applied suspension method - with the above recommendations can be used for the regener-
ation of aircraft engine blades and gas turbines.
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Dyfuzyjne Warstwy Aluminidkowe Wytwarzane Metoda Zawiesinowa na Lopatki
Turbin

Streszczenie

W artykule przedstawiono wyniki badan nad zastosowaniem metody zawiesinowej do wytwarzania powlok
glinkowych na topatkach turbin silnikéw lotniczych. Powloke wytworzono na topatkach ze stopu ZS6K metoda
1-, 2- i 3-krotnego malowania natryskowego z suszeniem posrednim, a nast¢pnie wyzarzania dyfuzyjnego
w atmosferze Ar przez 2, 4 i1 6 godzin w temperaturze 900, 950 i 1000°C. Powloki zostaly ocenione z uwzgled-
nieniem struktury grubosci i zawartosci aluminium. Wyniki wskazaty, Zze zastosowanie jednokrotnego malo-
wania nie pozwolito - niezaleznie od temperatury i czasu wygrzewania - na uzyskanie jednorodnej powtoki
glinkowej. Zastosowanie dwukrotnego malowania i wyzarzania dyfuzyjnego w czasie 4 godzin umozliwia uzy-
skanie powtok o grubosci 60-80 pm zawierajacych 26-30% wag. aluminium. Malowanie trzykrotne umozliwia
uzyskanie powlok o grubosci bliskiej 100 pm zawierajacych 28-32% wag. aluminium.

Stowa kluczowe: powtoki aluminidkowe, nadstopy niklu, obrobka dyfuzyjna, Ceral
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