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Abstract: Turbine blades must withstand severe loading conditions and damage can occur during
operation due to heat, pressure, foreign objects and hot gas corrosion, despite the protective coatings
applied onto the turbine blades. Instead of replacing the damaged components, maintenance, repair
and overhaul are key to extend the total service life. Besides welding, the repair of turbine blades by
brazing is an established repair process in the industry and involves many individual steps that often
require a high degree of manual work. In the present study, a hybrid joining and coating technology
was developed to shorten the state-of-the-art process chain for repairing turbine blades. With this
approach, a repair coating, which consists of a filler metal, a hot gas corrosion protective layer and
an aluminum top layer, is applied by atmospheric plasma spraying. The coated turbine blade then
undergoes a heat-treatment so that a brazing and aluminizing process is carried out simultaneously.
Due to diffusion and segregation processes, pores can occur in the heat-treated coating. In the present
study, a full factorial design of experiment was performed to reduce the pores in the coating. The
microstructure of the repair coating was investigated by optical- and scanning electron microscopy
(SEM), and the impact of the process parameters on the resulting microstructure is discussed.

Keywords: aircraft overhaul; high-temperature brazing; aluminizing; hybrid technology; protec-
tive coatings

1. Introduction

Thermal spraying is a high-performance process and is mainly used for producing
coatings that reduce wear, enhance corrosion resistance or act as thermal barriers [1].
Examples of the manifold use of thermal spraying include the coating of cylinder liners
in the automotive industry [2], the coating of calender rolls in the printing industry [3]
and the coating of turbine blades in the aviation and power plant industry [4-7]. Turbine
blades made of nickel-based alloys are mainly used in high pressure turbines in the
aviation industry and in power plants for stationary gas turbines. Given the severe loading
conditions encountered in these applications, efficient repair processes are of paramount
importance for these expensive components. Typical repair processes for turbine blades are
welding and brazing [8,9], and the main steps for repairing these are shown in Figure 1 [10].

The repair brazing process of turbine blades was the focus of the present study. In this
context, the following approach represent the state-of-the-art:

First, the worn blade is stripped down to the nickel-based base material and cleaned,
for example by fluoride ion cleaning (FIC). After inspection, localization and evaluation
of existing defects, the repair filler metal is applied to the areas to be repaired. This is
done manually with pastes using a dispensing needle, brush or spatula. Other filler metal
application options are tapes, melt-spun foils or filler metal moldings. Due to the materials
used, the brazing process is carried out in a vacuum furnace, while the brazing temperature
is above the melting temperature of the filler metal. Wetting of the substrate material
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occurs, and the molten filler metal fills the gap to be brazed by capillary effects. The
filler metal composition depends on whether the blades are made of monocrystalline
or polycrystalline alloys. Nickel-based repair filler metals for polycrystalline turbine
blades exist of two different powders, a nickel-based alloy and an additive alloy which
does not melt during brazing. In addition, melting point depressing elements, such as
boron and silicon, are added to the filler metal. Nickel-based brazing alloys without
boron and silicon are used for single-crystal and directionally solidified alloys because the
borides and silicides precipitates accumulate in the nickel matrix rather than at the grain
boundaries, as in polycrystalline materials, thus degrading the mechanical properties [11].
Binary (NiMnsy4) and ternary (NiMnySi, and NiMny5Sip) alloys were developed for
high-temperature vacuum brazing of 300 pm wide gaps in single-crystalline nickel-based
superalloys [12]. Compared to TLP (transient liquid phase) technologies, which achieve
epitaxial solidification of single-crystalline alloys only by long dwell times (several hours)
and high temperatures, epitaxial healing of cracks can be achieved within a few minutes
with the above alloys. After the vacuum brazing process, excess filler metal is removed by
machining or grinding. If necessary, cooling air holes are added after the grinding process
or reinserted by laser.

. Welding/cladding
Removal of coating
« Deep cracks
+ excavations

< |
T eennng /

Brazing

* Micro cracks
+ Surface defects

Figure 1. Conventional process chain for repairing turbine blades [10].

To protect the turbine blades against hot gas corrosion and oxidation, a MCrAlY
coating (M = Ni and/or Co) is applied either by atmospheric plasma spraying (APS), high
velocity oxygen fuel spraying (HVOF), vacuum plasma spraying (VPS) or electron beam
physical vapor deposition (EB-PVD). The turbine blade is then subjected to an aluminizing
process to further increase the hot gas corrosion resistance, which can be attributed to
the formation of the 3-phase (NiAl) [13]. This repair process is expensive and consists of
several process steps. In earlier works, it is shown that the repair process for turbine blades
can be shortened by using a two-stage hybrid joining and coating technology [14,15]. The
idea of this hybrid technology is as follows:

The material structure of a high-pressure turbine blade is nickel-based, starting from
the base material over the brazing alloy to the hot gas corrosion protective layer. The
alloys are metallurgically compatible and can be matched to each other, especially the
brazing alloys) and the hot gas corrosion protective systems. In addition, both systems
are processed by powder metallurgy, which in turn suggests a common coating onto the
turbine blade by thermal spraying.

In this hybrid technology the worn turbine blade receives a thermally sprayed repair
coating consisting of the nickel-based filler metal, the hot gas corrosion protective layer
(NiCoCrAlY) and finally an aluminum layer. The coated turbine blade then undergoes
a heat-treatment combining brazing and aluminizing at the same time. This two-stage
hybrid technology has both technical and economic advantages. The advantage is that
large areas of the parts to be joined or repaired can be coated by thermal spraying in a near
net shape manner and so that there is no need for grinding excess filler metal. Another
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advantage is that the aluminizing process can be carried out without a pack cementation
or a special aluminizing furnace with a hazardous atmosphere.

The combination of thermally sprayed filler metal application together with the hot gas
corrosion protective coating and the integration of the brazing process into the aluminizing
process hold out the prospect of an innovation with considerable process chain shortening,
which is relevant not only for turbine blade repair but also in principle for the high-quality
repair of thermally, tribologically and/or corrosively highly stressed components with high
added value (e.g., wind turbine, machine tool, printing machine as well as rail vehicles).
The principle of this hybrid technology is shown in Figure 2.

State of the art:

Filler metal ]
application Brazing MCrAlY-application Aluminizing

Shortened process chain:

Brazing/

Repair Coating aluminizing

1st stage 2nd stage

Figure 2. Principle of the coating and joining hybrid technology, recompiled from [15].

For these studies Inconel 718 flat specimens were used as the base material. Inconel
718 was selected as a reference material because the properties of this nickel-alloy are
well known and widely investigated [16-19]. The filler metal used was a NiCrSi-alloy
(Ni650, also known as B-Ni5) and has the advantage that it consists only of three alloying
elements. Silicon in this filler metal is the melting point depressant. NiCoCrAlY as the hot
gas corrosion protective coating is state of the art. Two approaches were considered: The
first one was to carry out the combined brazing/aluminizing process in a pack cementation.
To get a microstructure nearly free of pores in the filler metal, a tailored temperature-time
regime was used with a total duration of 36 h. The second approach was to avoid the
pack cementation and the aluminum layer, which is at least responsible for the formation
of the NiAl-phase (3-phase), was applied by thermal spraying as well and the time for
brazing and aluminizing could be reduced to less than 30 min. However, the resulting
microstructure of the brazed/aluminized coating still contains single areas of pores in the
filler metal, which are caused due to diffusion- and segregation processes as well as the
Kirkendall effect [20].

The microstructure of thermally sprayed coatings and their properties are influenced
substantially by the spraying conditions and the materials used (substrate and coating
materials). The microstructure also contributes to the character and properties of the
coating-substrate system. Depending on the process used, thermally sprayed coatings
have lamellar structures and are porous, heterogeneous and anisotropic. Furthermore, not
completely melted and oxidized particles can occur in the layer [21].

In case of a combined brazing and aluminizing process, the heat treatment parameters
additionally influence the microstructure of the coating. Thus, the influences of both the
spraying and the heat treatment parameters on the resulting microstructure of a repair
coating were investigated in the present study.

2. Materials and Methods
2.1. Materials

The substrate to be coated consisted of flat Inconel 718 specimens (30 mm x 30 mm X
2 mm). First, the specimens were blasted with EKF54 fused corundum (grain size from
250 to 355 um). Thereafter the samples cleaned with isopropanol in an ultrasonic bath and
subsequently coated using thermal spraying. Starting from the base material, the first layer
is the filler metal (B-Ni5) with a thickness of 250 um, followed by the MCrAlY layer with a
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thickness of 300 pm and finally an 80 pum thick aluminum layer. The chemical compositions
of the materials used are shown in Table 1.

Table 1. Chemical composition (in mass%) of the materials employed.

Material Inconel 718 Ni650 (B-Ni5) MCrAlY
Ni 56.5 71.0 47.5
Co 19.0 23.0
Cr 19.0 17.0
Si 10.0
Al 0.5 12.0

Y 0.5
Fe 18.0

Nb + Ta 5.1

Ti 1.0

2.2. Coating Equipment

The coating of the Inconel 718 flat specimens was carried out by atmospheric plasma
spraying. The coating parameters are listed in Table 2. For all experiments, the power of the
plasma plume was kept constant. As the traverse velocity and the powder feed rate were
variable parameters, cf. Table 2, the overrun was adjusted such as to keep the thickness of
the individual layers constant as well.

Table 2. APS process parameters (Delta torch) used in the thermal spray process.

Parameter Value
Current/A 390
Argon flowrate/ L-min ! 40
Hydrogen flowrate/L-min~! 10
Nozzle distance/ mm 130
Traverse velocity/m-s~! 0.9-1.8
Spray angle/° 90
Powder size Ni650/ um <106
Powder size MCrAlY/um —75+ 38
Powder size Al/um —90 + 45
Powder feed rate/g-min~! 25-50

2.3. Heat Treatment

The coated Inconel 718 flat specimens were heat treated in a high vacuum furnace.
The pressure in the furnace chamber was about 10> mbar. The samples were heated at a
rate of 20 K/min up to the given brazing temperature. The brazing temperatures were 1090
and 1190 °C and the brazing dwells were 5 and 15 min, followed by free cooling under
vacuum. This heat treatment represents a conventional standard brazing process.

2.4. Design of Experiments

The main objective of the present study was to reduce the pores in the repair coating,
especially in the filler metal layer. Given the various parameters that influence microstruc-
tural evolution, a design of experiments (DOE) approach was employed. Specifically,
five parameters were selected: Powder particle size (P) of the filler metal, powder feed
rate (F), traverse velocity (V), brazing temperature (T) and brazing dwell (D). Each of the
parameters was assigned a high (+) and a low (—) level value, and this resulted in a 2° = 32
full factorial DOE. The parameters, their units and the highs and lows are shown in Table 3.
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Table 3. Process parameters used in the DOE.

Parameter Unit High (+) Low (-)
Powder particle size p pum —106 + 63 <63
Powder feed rate F g-min ! 50 25
Traverse velocity \% m-s~! 1.8 0.9
Brazing temperature T °C 1190 1090
Brazing dwell D min 15 5

The process parameters can be divided into two groups. The first group with the
parameters P, F and V can be assigned to the coating, while the parameters T and D refer to
the heat-treatment, which is the second group. Due to these two groups of parameter sets,
the full factorial DOE can be divided into two sub DOEs. For the coating part, there are
23 = 8 sets and 22 = 4 for the heat-treatment part. Regarding the as-sprayed samples, there
is a total number of 40 samples to be investigated. Figure 3 illustrates the DOE.

Coating parameters Heat-treatment para. Formed microstructure
No. P F Vv No. T D No.

1.0 + + + 1 + + 7 » 1.1 v 12 »13 »1.4
20+ + - \ 2 + - 21 22 23 24
3.0 - - - 3 - + 31 3.2 33 3.4
4.0 + - - . 4 - - 4.1 4.2 43 4.4
5.0 - + + : : 5.1 5.2 5.3 5.4
6.0 - + - etc. : 6.1 6.2 6.3 6.4
7.0 - - - etc. 7.1 7.2 7.3 7.4
8.0 - - - 8.1 8.2 83 8.4

Figure 3. Schematic illustrating the DOE approach employed.

2.5. Characterization of the Coatings

For the characterization of the samples, metallographic cross sections were prepared.
The microstructures of the coated and heat-treated specimens were investigated by light
optical and electron microscopy. An Axioplan 2 microscope (Zeiss, Oberkochen, Germany)
was used for the light optical microscopic images and a field emitter scanning electron
microscope (FE-REM SUPRA 40 VP, Zeiss, Oberkochen, Germany) with an energy disper-
sive X-ray spectrometer (EDX) was used for the determination of the element distribution
within the specimens. The porosity was determined by digital analysis using the software
Image] [22].

3. Results and Discussion

Figure 4 depicts the analysis of the amount of pores in the filler metal in the state
as-sprayed (green columns) and after the combined brazing/aluminizing process (yellow
columns). The average porosity in the as-sprayed-state samples is 5.3% % 0.8%. In the
brazed/aluminized samples, the porosity shows larger variation. The highest porosity is
17.6% (sample 1.2), and the lowest porosity is 2.2% (sample 4.3). Nevertheless, most of the
porosity is within the range of 2.9% to 6.6%. It is obvious that there are large fluctuations
in the porosity when the coarse powder is used (samples 1.1 to 4.4), where the average
porosity is 6.0% =% 3.7%. In contrast, the average porosity of the fine powder (sample 5.1 to
8.4) is 4.2% == 0.8%. The average surface roughness of the samples was R, = 12.97 um +
2.44 ym and R, = 65.86 um + 11.03 um.
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20 Porosity in filler metal B as-sprayed

brazed/aluminized

Porosity in %

V]

10 1112 13 14 20 2122 23 24 3031 3233 34404142 43445051525354606162636470717273 748081828384

Sample No.

Figure 4. Porosity in filler metal for different samples in the as-sprayed condition and after the
heat-treatment process.

Figure 5 shows cross sections of two representative as-sprayed samples with coarse
(Figure 5a) and fine (Figure 5b) filler metal powder along with a higher magnification detail
(Figure 5c¢). Starting from the base material (Inconel 718), the thermally sprayed filler metal
(B-Ni5), the hot gas corrosion protective layer and finally the aluminum are marked in the
applied order. The boundary between the filler metal and the MCrAlY layer is difficult
to recognize but can be observed in a SEM micrograph based on the distribution of the
alloying elements (Figure 5d).

Al

MCrAlY

- Filler metal

Mgy 200 ym Inconel 718 g

MAG:125% HV: 15 kV WD: 8.3 mm px: 0.61 um s 2000

Figure 5. Optical micrographs and EDX data from cross sections of as-sprayed samples: (a) coarse
powder, (b) fine powder, (c) fine powder (enlargement), (d) element distribution (EDX).

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

The applied coating with the coarse filler metal powder (Figure 5a) shows a lamellar
micro-structure, which is typical for an APS process and is slightly different to the mi-
crostructure obtained when using the fine powder. The fine powder particles easily oxidize,
and the formed oxides are distributed in the coating, which can be seen in the enlarged
section (Figure 5c, dark grey areas). For further discussion of the results, the two cases are
considered separately.

3.1. Fine Powder

Figure 6 shows the cross sections of two brazed and aluminized samples, with two
extreme sets of parameters where the fine powder was used. In the first set, all parameters
have high values (sample 5.1, Figure 6a), whereas in the second set, all the parameters have
low values (sample 8.4, Figure 6b).
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Aluminized layer
(B-Phase, NiAl)

MCrAlY
Filler metal
Inconel 718
Parameter set: Parameter set:
F (+)1 V (+)! T (+)’ D (+) F (_)1 V (_)1 T (_)1 D (_)

Figure 6. Optical micrographs from cross sections of brazed /aluminized samples (fine powder): (a)
parameter set 1, (b) parameter set 2.

Compared to Figure 5, on top of the coating a wide grey layer can be seen, which
indicates that the 3-phase (NiAl) is formed [15]. This is in accordance with the phase
diagram Ni-Al [23]. Nevertheless, the filler metal microstructures of the as-sprayed and
brazed /aluminized samples do not differ much. The key feature is the formed oxides in
the filler metal layer. These oxides reduce the flowability of the filler metal, and thus, the
coating parameters as well as the heat treatment parameters do not drastically influence
the microstructure of the filler metal.

3.2. Coarse Powder

Figure 7 shows the cross sections of brazed and aluminized samples with identical coat-
ing parameters (high values) but with different heat treatment parameters (sample 1.1-1.4).
It is obvious that the heat treatment now has an impact on the filler metal’s microstructure.
In contrast to the as-sprayed samples and the brazed/aluminized samples using the fine
powder, the boundary between the filler metal and the MCrAlY layer can clearly be recog-
nized. On top of the coating, the formed (3-Phase (NiAl) is visible. The most prominent
feature is the large defects within the coating. Based on the appearance in the micrographs,
these should be referred to as voids rather than as porosity. These voids can occur due to
segregation effects and diffusion processes. The latter are caused by local differences in
concentration. Another effect are volume contractions while the filler metal solidifies.

The filler metal layer contains brighter and darker regions. Depending on the heat
treatment parameters these are differently distributed. Figure 8 shows an SEM micro-
graph of the filler metal layer of sample 1.1 along with the element distribution of nickel,
chromium and silicon.
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Aluminized layer
(B-Phase, NiAl)

MCrAlY

Filler metal

Inconel 718

T(-).D(#)

Identical coating parameters: P (+), F (+), V (+)

Figure 7. Optical micrographs of cross sections of brazed/aluminized samples (coarse powder;
different heat treatment but identical coating parameters).

Comp. 1 inat% Comp.2inat%

Nickel 70.1 63.8
Chromium 5.0 23.0
Silicon 246 12.5
Iron 0.3 0.7

B o . .
R M - - o -
Dt (PR ey T SORT L ST RN R |

Comp. 2

Figure 8. SEM micrographs (back-scattered electron detector mode) including element distribution
of the filler metal layer.

Composition 1 is a nickel phase enriched with silicon, while composition 2 can be
identified as a chromium-rich nickel phase. Further, the EDX analysis shows that a minor
amount of iron (<1 at%) is present. During the heat treatment, iron from the Inconel
718 base material dissolves into the filler metal and is distributed throughout the filler
metal layer. In the ternary Ni-Cr-Si and the binary phase diagram of the system Ni-Si,
several solid solutions can be formed [24-26]. The silicon rich phase (composition 1) is
formed inside the filler metal and can be attributed to the eutectic composition in the
binary system Ni-Si [26] and is typical for a conventional standard brazing process. Due to
diffusion processes, composition 2 solidifies isothermally and is formed at the boundaries
B-Ni5/Inconel 718 and B-Ni5/MCrAlY. This indicates that the remaining liquid part of the
filler metal is enriched with silicon until the eutectic composition is reached [27]. A similar
state can be observed at samples 1.2 and 1.3, but this is not as pronounced as in sample 1.1.
and is attributed to slower diffusion. On the one hand, a shorter brazing dwell (sample 1.2)
diminishes the time for diffusion, and on the other hand, a lower temperature reduces the
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diffusion coefficient (sample 1.3). A shorter brazing dwell and a lower diffusion coefficient
led to the microstructure seen in sample 1.4. The boundary region of the isothermally
solidified composition 2 is not pronounced very well, and within the boundary regions,
the chromium rich and silicon rich phases are distributed equally. Although there are some
bonding defects, which are caused by the Kirkendall effect [20], less diffusion activity leads
to a microstructure with a reduced amount of pores or voids.

Figure 9 shows the cross sections of brazed and aluminized samples (samples 4.1-4.4).
The coating parameters (feed rate and velocity) have low values and the heat treatment
parameters vary. In this case, the microstructures of samples 4.1 and 4.2 appear nearly
identical and are similar to samples 1.2 and 1.3 but without voids. Samples 4.3 and 4.4 are
identical to sample 1.4.

® Aluminized layer
' (B-Phase, NiAl)

MCrAlY

Filler metal

Inconel 718

T(-).DM®

Identical coating parameters: P (+), F (), V (-)

Figure 9. Optical micrographs of cross sections of brazed/aluminized samples (coarse powder;
different heat treatment, but identical coating parameters).

Regarding the set of parameters used for samples 4.1 to 4.4, the heat treatment also
influences the filler metal’s microstructure but with smaller impact. The data demonstrate
that the temperature is the key parameter that governs the filler metal’s microstructure. Due
to a lower temperature, pores or voids can be reduced. Additionally, a lower temperature
of the filler metal causes a higher viscosity, so that the flowability of the material is reduced,
and thus the segregation and diffusion processes are less pronounced than at higher
temperatures. For a homogenous distribution of the different phases in the filler metal,
additional to the heat treatment parameters, the coating parameters powder feed rate and
traverse velocity must be considered and must be set to low level values. The reason for
this phenomenon is not fully clear and has to be investigated in future works.

It should be noted at this point that this DOE is only used to obtain a microstructure
with the lowest possible porosity in the brazed joint. Since the void fraction ranges from
2.2% to 17.6%, further evaluation of the DOE in terms of the main effects of the parameters
on the average porosity and further interactions of the parameters with each other was not
pursued. Figure 10 illustrates this relationship based on the main effects of the parameters
F V, T and t on porosity.



Coatings 2021, 11, 725

10 of 11
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Figure 10. Main effects of the parameters F, V, T and t on the average porosity.

At first glance, changes in F, V and t have a large influence on the porosity, while the
influence of T is rather small. However, if the standard deviations of the mean porosity
are considered, no statement can be made about the influence of the parameters on the
target value within the error limits. Furthermore, diffusion, segregation, dissolution and
precipitation processes cannot be covered by this DOE, so that in principle the parameters
must be adapted for each material system by setting up a DOE.

The present study has demonstrated that it is possible to carry out a combined braz-
ing/aluminizing process using a dwell typical for standard brazing processes. This new
approach has both technological and economic advantages. Especially the expensive and
time-consuming conventional aluminizing process, which is usually carried out via pack
cementation or in a special aluminizing furnace with a hazardous atmosphere, can be
substituted. The developed hybrid technology has also the potential to carry out this repair
process in a continuous gas shielding furnace.

4. Conclusions

A combined brazing and aluminizing process for a thermally sprayed repair coating
for high pressure turbine blades was analyzed. The coating consisted of the filler metal, the
hot gas corrosion protective layer and an aluminum top layer. The focus was on the effect
of the spray process parameters and heat treatment on void formation within the coatings.
The main results can be summarized as follows:

1.  When using fine powder particles (<63 pm) of the filler metal, these oxidize easily,
and thus, flowability of the filler metal is reduced.

2. The oxidation of the fine particles dominates the microstructural evolution. In turn,
the effect of the heat treatment parameters on microstructure is only minor in this case.

3. For coarser grained powder particles, the effect of oxidation diminishes, and heat
treatment starts to have a significant impact on the resulting microstructures.

4. In case of the coarser powder particles, the voids in the coating can be reduced via
appropriate selection of heat treatment parameters. Specifically, the voids can be
reduced by selecting a lowering brazing temperature and/or shorter dwell periods.
This effect can be attributed to diminished diffusion and segregation processes along
with the higher viscosity of the filler metal.

5. Powder feed rate and the traverse velocity should be set to low values for obtaining a
homogeneous distribution of the formed phases within the brazed seam.
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