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1. Introduction

Damage to the parts that operate at high temperatures exceeding 1000 °C is a common issue, particularly in gas
turbine engines. In these engines, thermo-mechanical stresses occur in the rotor blades of the high-pressure turbine
blades (HPTB) unit due to the combination of high pressure and high temperatures. Damage occurs at the leading
edges (LE) or trailing edges (TE) or the blade tips during service [1, 2]. The causes of turbine blade damage can
be categorised into three main factors: operational, environmental, and impact-related. Operational factors include
extreme temperatures, high pressures, and hard landings. Environmental factors may involve hot or polluted intake
air. Impact-related damage can result from foreign object damage (FOD), such as dust and organic materials like
birds, as well as engine debris, referred to as known object damage (KOD). Fig. 1 illustrates the most common
defects identified during HPT inspections using a borescope [3].

44


jasn.uotechnology.edu.iq
mailto:mae.22.028@grad.uotechnology.edu.iq
http://creativecommons.org/licenses/by/4.0/

A. Z. Dahesh et al. Journal of Applied Sciences and Nanotechnology, Vol. 5, No. 4 (2025)

HPTB of the CFM56-72B engine
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Figure 1: Defects of HPTB.

Crucial materials used in aircraft engines, particularly for components such as turbine blades, discs, and other
components in the hot core of the engine, are Ni alloys as shown in Fig. 2. Their properties make them well-suited
for the demanding conditions of aircraft engines, which include high operating temperatures, high rotational
speeds, and maintenance intervals averaging more than 3000 cycles, all while enduring oxidizing and corrosive
environments [4, 5]. These alloys contain a face-centred cubic (FCC) y-Ni matrix that contains cohesive mineral
precipitates, borides, carbides, and other phases, including gamma prime (y'). Various elements are added to
improve the performance of the alloy: chromium and aluminium enhance oxidation resistance; cobalt,
molybdenum, and tungsten increase high-temperature toughness; and carbon boosts creep resistance. One notable
example of such an alloy is Inconel 718, which is widely used in the manufacture of turbine blades due to its
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exceptional thermo-mechanical properties. To further enhance the reliability and durability of nickel alloys in
severe environments, a protective coating layer is typically applied to prevent damage to the blades [6].

Low-pressure compressor
Ti or Ni alloy

Combustion chamber

Fan blades |

Turbine blades M Ti alloys
Ni alloy M Iron-based alloys
Al alloys
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' High-pressure compressor

Fan case Ti or Ni alloy

composite

Figure 2: Materials used in General Electric's (GE's) turbofan engine for the Boeing [7].

In high-temperature applications, coatings typically have a 100-500 pum thickness and are applied in two coating
layers. The top coating (TC) can be made of ceramic materials, such as YSZ (yttria-stabilised zirconia), or
composite materials that include nickel with reinforcements like WC (tungsten carbide) or Al,O3 (alumina). The
bonding coating (BC) is generally composed of metallic materials, such as NiCrAlY or NiCoCrAlY alloys [8-11].

Rather than replacing damaged components in gas turbine engines, such as blades, which can be costly and
consume significant amounts of energy and environmental resources, these blades can be repaired and reused by
employing efficient repair methods that maintain the blade's required standards, including dimensions, functional
properties, and residual stress issues. Some of these repair methods include fusion welding [12], additive
manufacturing [13, 14], and thermal spray [15]. Fiebig et al. attempted to repair HPTB by spraying different
coating materials, e.g., Ni-based coating (IN718, IN738) and Ti-Al-Cr-Nb coating via cold spray (CS) and Vacuum
Plasma Spray (VPS) methods. Results revealed that deposition coatings by the CS process are considered a
challenge because of the high residual compression stresses formed in the coating layers. As well as the application
of coating via VPS needs to have appropriate heat treatment (HT) along with it to create a coating with dense
microstructure [16]. Nicholas et al. reformed HPTB of ENG via merged techniques: braze and Atmospheric
Plasma Spray (APS), based on some steps: firstly, cleaning the damaged region, secondly, applying filler material
(Ni650) using the brazing technique. Secondly, the application (MCrAlY) as BC and the Al layer as TC via the
APS technique. Finally, the coated samples were specifically HT to ensure the best distribution among the coating
layers, along with the IN718 substrate. They relied on a process of optimisation dependent on the DOE program
to determine the best factors for spray coating materials with a diverse grain size. Based on SEM findings, it was
found that the oxide percentage increases as the grain size decreases below 63 um, and voids increase as the grain
size increases above 63 pum. The latter problem can be treated via HT [17]. Letang et al. repaired the affected
region in unserviceable HPTB by spraying a powder that has a chemical composition similar to that of the
workpiece via a High Velocity Air Fuel (HVAF) technique. They concluded that the quality of the coating process
is directly dependent on factors related to the spraying process itself, including the spray rate, nozzle-to-substrate
distance, nozzle size, and coating powder size. They also concluded that the spray distance played a key role in
determining the properties of the coating layer, including porosity and resulting oxides [18]. Donnini et al.
reviewed a landmark study on the repair of nickel-based alloys, such as Inconel 718, used in turbine applications,
using conventional welding methods, such as high-energy welding (laser or electron beam). Although these
methods are effective in repairing damaged parts at high speed, several factors, including the varying chemical
composition of the weld materials and substrate, lead to crack formation in the heat-affected zone (HAZ) of the
processing area. This remained a significant problem in welding processes [12].
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Among various coating methods, and with the help of many effective auxiliary techniques, such as Taguchi design
[19] or appropriate heat treatment [20], Flame thermal spraying (FTHS) is considered a reliable and effective
technique for depositing hard coatings. This method produces coatings with low porosity, free from cracks, good
resistance to thermal shock, and effective protection against wear and erosion, all in a cost-effective manner when
compared to other more expensive and complicated techniques like cold spray, plasma spray, HVAF, and additive
manufacturing (AM). Fanicchia et al. applied bond coating BC and top coating TC using two different processes:
FTHS and APS. In their work, a comparative study was conducted between these coating processes. By examining
the characteristics of the final resulting coating, porous and oxide content, micro-hardness, and thermal shock
tests. They inferred that although the microstructure of coating formed by the FTHS process contains porosity and
harmful oxide, it remains less complicated and less costly, and produces a layer with thermal shock resistance
higher by 80% than the APS process, and this refers to the efficiency of FTHS in preparing these layers [21].
Frunzaverde et al. concluded from their work that using FTHS along with HT (e.g. remelting) contributed to
reducing the FTHS disadvantages represented by high porosity. They deposited NiCrBSi powder as BC, followed
by NiCrBSi mixed with 20% (WC-Co) as TC. Then, the coatings were exposed to the flame of oxygen-acetylene
to remelt them to ensure complete interdiffusion between TC/BC and BC/substrate layers. According to the results,
this study achieved coating with good hardness that serves a protective function against wear and corrosion factors
[15].

In addition to various HPTB repairing methods, the selected materials for the repair process are a subject of
scientific and industrial fields. These materials include cermet [20], superalloys [22], ceramic [23], and
intermetallic [24]. Chaudhary et al. reported that ceramic coating materials, such as yttria-stabilised zirconia
(YSZ), performed as thermal insulation coatings when applied to HPTB. They often do not adhere effectively to
the substrate and thus peel off easily when subjected to thermal shock testing. This is due to differences in
mechanical properties and coefficients of thermal expansion (CTE) of the two coating materials. For example, the
CTE of nickel-based alloys is approximately 14 x 10-6 °C, while that of ceramic materials is lower. Therefore, the
use of metal matrix composites (MMCs), which include metal alloys reinforced with ceramic particles, as coating
materials can provide better compatibility with the metal substrate [25]. The promising solution for reducing
thermal expansion mismatch between coating layers is the use of metal matrix composite (MMC) coatings. Rashidi
et al. mixed 60% tungsten carbide (WC) with Ni-based powder to prepare a composite coating, which was applied
by FTHS. Depending on characteristic tests such as optical microscopy and SEM, and mechanical tests such as
Vickers hardness and wear tests. A cohesive layer with strong adhesion, less porosity, and acceptable wear
resistance was acquired. They found that the addition of WC as a hard phase, together with other hard phases such
as borides and carbides, led to an improvement in the mechanical properties of the coated samples [26]. Harith et
al. showed that adding tungsten carbide and cobalt in specific proportions to nickel to fabricate a composite coating
and spraying it onto an IN718 substrate by thermal spraying helped improve the erosion resistance of the coated
sample [27]. This study aimed to use the same coating process and materials to repair damaged turbine blades.
Using flame thermal spraying technology, two layers were applied: the first was a nickel alloy powder (NiCrBSi)
used as a bond layer, and the second was a composite coating (Ni-WC) as a top layer. The optimum thermal spray
parameters were determined using Minitab to obtain a dense coating with minimal gaps and high adhesion strength.
The results were analysed and discussed using optical microscopy (OM), energy-dispersive X-ray spectroscopy
(EDS), and scanning electron microscopy (SEM).

2. Used Materials

The specimens used in this study were Inconel 718 alloy, consisting of flat specimens with dimensions (1x1x
0.04) cm. To improve the surface roughness, the samples were scratched with fine silica. Following, they were
cleaned in an ultrasonic bath using isopropanol. This study utilised two types of powders as repair and protection
materials, as shown in Fig. 3a, b. The first powder, referred to as BC, was made up of NiCrBSi (brand name 10009
Eutalloy, USA) with particle sizes ranging from 20 um to 97.2 pm. The second powder, known as TC (top coating),
comprised Ni-WC (brand name 10112 Eutalloy, USA) with particle sizes ranging from 42.86 um to 93.31 um.
The chemical compositions of the used materials are presented in Table 1.
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Table 1: Chemical composition (%) by weight of substrate and powder of coating.

Materials Ni Cr Al Fe C Hf B Si w
Inconel718 Base 17.12 05 185  0.07 - 004 031 ;
(substrate)

NiCrBSi (BC) Base 130 032 36 - - 1.1 5.07 -

Ni based-WC(TC) Base  5.11 0.21 3.2 0.11 0.1 0.07 221 27.1

3. Experimental Procedure

3.1. Flame Thermal Spraying (FTHS) Technique

The coating used for protection and repair purposes was applied by flame thermal spraying. A SuperJet Eutalloy
spray gun (SuperJet Eutalloy, Castoline Eutectics) was automatically supplied with a gas mixture consisting of
oxygen at 0.5 bar and acetylene at 0.7 bar, as shown in Fig. 4. The spray gun is mounted on the x-axis, assisted by
a ball-bearing trowel for horizontal back-and-forth movement. The sample to be coated is held on the y-axis by a
clamp and a ball-bearing trowel for vertical movement. The movement of the gun and sample is automatically
controlled to ensure a uniform coating process. After the oxygen-acetylene gas mixture is burned (the flame
temperature reaches 3000 °C), the coating particles supplied through an orifice at the top of the spray gun are
heated to temperatures close to their melting point and then sprayed at high speed by hot compressed gases. These
particles exit the nozzle and collide with the substrate surface. These thermal collisions continue until the coating
layer is deposited. Fig. 5 shows coated and uncoated samples.

Figure 4: Set up of FTHS rig.
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Figure 5: Photograph images for specimens a) uncoated, b) coated.

3.2. Numerical Optimisation via Taguchi

Previous studies and tracking experiments indicate that producing high-quality thermal spray coatings requires a
suitable design of experiments (DOE). One useful tool for this is the Minitab software for DOE. In these
experiments, spray parameters such as standoff distances SOD, mm), transverse velocity TV, mm/min), and feed
rates FR, g/min) are selected at various levels, as detailed in Table 2. The chosen spray parameters are then
organised at different levels using the Taguchi L9 (3%) orthogonal matrix, as shown later in the results section.

Table 2: Factors and levels of the Flame thermal spraying technique.

. Levels
Parameter Units Code 1 5 3
SOD (Standoff distance) mm A 100 125 150
TV (Traverse Velocity) mm/min B 100 200 300
FR (Feed Rate) g/min C 10 20 30

Prior research has determined that medium spray distances ranging from 100 mm to 150 mm are optimal for
depositing high-quality, low-porosity coatings. A study by Miftah et al. demonstrated a decrease in adhesion
strength when the standoff distance exceeded the intermediate range of 200 mm to 300 mm [28]. Additionally,
Mrdak et al. found that using standoff distances below the medium range from 80 mm to 120 mm led to less
effective layer formation [29].

Where the S/N equation used in this research is the bigger is better, as shown in Eq. (1):

1
In this study, the response variable is denoted as Y (the depth of diffusion), and n represents the number of
replications of the experiment, which is set as three replications.

3.3. Devices Used in Microstructural Characterisation

The depth and thickness of the coating diffusion were measured using a 40X magnification optical microscope,
using a MEIJI Techno microscope. A scanning electron microscope equipped with energy-dispersive X-ray
spectroscopy (EDX), specifically the Thermo Scientific™ Axia ChemiSEM™, was utilised to evaluate the surface
morphology and cross-section of the coatings. This analysis aimed to investigate the porosity, interface area, and
chemical composition of the coated samples.
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3.4. HPTBs Repair

The FTHS process was used to repair a turbine blade that had a tip crack. To facilitate this process, an artificial
crack less than 0.05 cm was created in four samples measuring (2 x 2 x 0.04) cm, designed to mimic the shape of
the blade tip. To repair the HPTB, the crack area at the blade tip was first cleaned. Following this, two layers of
coating were applied using FTHS along with the optimal parameters. A spray nozzle with a diameter of 0.5 mm
was used to concentrate the coating materials in a narrow area. To protect the remaining parts of the turbine blade
during the spraying process, a piece of alumina was employed as a shield, as illustrated in Fig. 6.

e.
Figure 6: a) samples before repair, b) samples after repair, ¢c) HPTB after repair, d) protective shield Alumina,
e) using the FTHS technique for repair.

4. Results and Discussion

4.1. FTHS Parameters Optimisation via Taguchi

Nine testing operations were performed according to the proposed design, according to the Taguchi method, and
the depths of penetration in mm are Triall, Trial2, and Trial 3.

The results tabulated in Table 3 indicate that the greatest spread was achieved in round 7, characterised by an SOD
of 150 mm, a TV of 100 mm/min, and a FR of 30 g/min. It was observed that with the largest and lowest signal-
to-noise values, the disturbance rate was low.

To determine which parameters, require control to achieve coating with good properties, a response table of means
and signal-to-noise ratio (S/N) was utilised. The parameter with the largest difference in delta value, defined as
the difference between the highest average S/N and the lowest average S/N for each parameter, exerts the most
significant influence on the response. The results indicate that SOD (A) had the highest effect and delta value,
making it the parameter with the greatest influence on coating spread (ranked 1st). In contrast, TV (B) had the
least influence among the other parameters (ranked 3rd), as shown in Tables 4 and 5. Based on these results, Fig.
7 shows the mean and S/N plots generated using Minitab software.
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Table 3: Results of Taguchi Orthogonal Matrix (OA)-L9.
Code A B C Triall Trial2 Trial3 Mean SIN

1 100 100 10 51 53 48 50.66 34.09
2 100 200 20 66 64 61 63.66 36.08
3 100 300 30 67 69 67 67.66 36.61
4 125 100 20 47 48 44 46.33 33.32
5 125 200 30 55 53 54 54 34.65
6 125 300 10 64 58 60 60.66 35.66
7 150 100 30 72 71 72 71.66 37.11
8 150 200 10 66 68 65 66.33 36.43
9 150 300 20 59 56 61 58.66 35.37

Table 4: Response for means.

Level A B C

1 60.67 56.22 59.22
2 53.67 61.33 56.22
3 65.56 62.33 64.44
Delta 11.89 6.11 8.22
Rank 1 3 2

Table 5: Response for S/N.

Level A B C

1 35.59 34.84 35.40
2 34.54 35.72 34.92
3 36.30 35.88 36.12
Delta 1.76 1.04 1.20
Rank 1 3 2

From Fig. 7, the diffusion depth increased over 10 um when the SOD was raised from 125 mm to 150 mm.
Additionally, an increase in the FR from 20 g/min to 30 g/min resulted in an improvement of about 8 um in
diffusion depth. Furthermore, the diffusion depth also increased over 6 pum when the TV was increased from 100
mm/min to 300 mm/min. So, the optimal coating conditions were achieved by selecting the following parameters:
A3 (SOD = 150 mm), B3 (TV = 300 mm/min), and C3 (FR = 30 g/min), as appear in Table 6.

Main Effects Plot for Means Main Effects Plot for SN ratios Data Means
|_Stand off distance mm_| T. velocity mm/min | Powder feeding g/min & Stand off distancemm | T. velocity mm/min [ Powder feeding g/min
B0 g | b
36.0
@ 6251
c S
g / ® P
= %
Y5 600 S 35.5 1
5 g
L] 1
= 575 | s
35.0
550
345 —1 |
100 125 150 100 200 300 10 20 30 100 125 150 100 200 300 10 20 30

Figure 7: Diffusion main effect plot for: a) means and b) S/N.
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Table 6: Optimization of the experiments conducted via Taguchi.
Factor A B C

Level 3 3 3

The analysis of variance (ANOVA) combined with the Taguchi method is one of the most widely used statistical
techniques for studying experimental results and determining the impact of each factor. As illustrated in Table 7,
the results based on the Taguchi and ANOVA indicate that parameter A (SOD) has the greatest influence on the
diffusion value, with an effect of 37.64%. This is followed by parameter C (FR), which contributes 17.4%, and
parameter B (TV) with 15.01%.

Table 7: ANOVA for S/N ratio.

Source DF  SeqSS Adj SS Adj MS F P Contribution%
SOD (A) 2 4.71 4.71 2.35 126 044 3764

TV (B) 2 1.87 1.87 0.93 0.50 0.66 15.01

FR (C) 2 2.18 2.18 1.09 059 0.63 17.40
Residual-Error 2 3.73 3.73 1.86 29.85

Total 8 12.51 100

DF: degrees of freedom, SS: sum, MS: mean squares (Variance), F: ratio of a source variance to error variance,
P < 0.05 determines significance of a factor at 95% confidence level

4.2. Coated Samples Characterisation

Fig. 8a and b displayed the coated samples along with their cross-sections. The typical coating layers, consisting
of an interdiffusion zone (IDZ), a bonding coating (BC), and a top coating (TC), are formed. The average total
coating thickness ranged from 200 um to 300 pm. The results from SEM and EDS are presented in Fig. 9. The
surface and cross-section of the coated sample are depicted in Fig. 9a and b. As observed, the coating layers were
applied to the substrate continuously and uninterruptedly, without any microcracks at the interface. This success
can be attributed to the optimal spraying conditions established following the Taguchi method. The coatings
exhibit high density and a homogeneous microstructure, with spherical particles ranging in size from 300 nm to
1.6 um. This finding confirmed the complete dissolution of most coating materials, which are deposited uniformly
on the substrate with a porosity of less than 4%. The EDS results indicate the presence of all coating elements, as
shown in Fig. 9c.

b IN 718 IDZ BC TC

-

1em ,
Figure 8: a) Optimise Samples, b) diffusion depth of the coating using optical microscopy.
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Figure 9: SEM images of coated samples: a) cross-section; b) surface; ¢) EDS results of the coating layer.

4.3. HPTB Repair

Cracking is a major challenge faced when repairing gas turbine blades using conventional methods like welding
and laser treatment, as illustrated in Fig. 10. This problem occurs when cracks appear after the repair material has
solidified. The rapid heating and cooling cycles create thermal gradients within the blade material. These gradients
induce stresses that can persist even after the material has solidified. If these stresses exceed the strength of the
material, cracks develop [30, 31]. EDS-SEM analysis results of the repaired HPTB showed high-resolution images
of the fracture area repaired by thermal spraying and the distribution of elements at specific locations (between
the blade area and the repair material), which helped in determining the quality and properties of the deposited

layers, in terms of the appearance of pores, microscopic cracks and oxidation products. Chemical composition of
the HBTB showed in Table 8.

N y

10: The structure of sém_pleé after repair by laser melting [30].
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Table 8: Chemical composition of the HBTB (substrate).

Materials Ni Cr Al Fe C Co B Si Y Ta Mo W

HPTB (substrate) Base 52 38 86 015 6.2 17 031 03 51 0.7 34

EDS analysis in Fig. 11a and b identified the chemical elements in the coating powder, as well as traces of Mo,
Co, and Ta, which likely diffuse from the substrate into the coating material. Also, in Fig. 11e, the layers of the
blade, BC, and TC, were displayed. The BC layer is a ductile material designed to protect the base material from
cracking or damage when the outer coating containing hardened tungsten carbide particles is applied. The nickel-
WC coating on the left side represents the functional surface, which acts as an erosion-resistant layer suitable for
high-temperature environments. The EDS-SEM results show that the repair material was applied in a compact,
layered manner within the crack area to ensure continuous alignment with the substrate structure. This approach
created a dense region free of cracks and pores. In conclusion, the flame thermal spraying process offers significant
advantages over traditional repair methods, such as ease of application and minimal thermal stress.

b

Figure 11: Microstructure of HPTB after repair, a) EDS of substrate/coating, b) EDS of blade, c) repaired
HPTB at crack area, d) SEM of repair HPTB, e¢) SEM of substrate/coating, f) SEM of blade.
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5. Conclusions

Experimental studies were carried out on samples coated with two layers as protective and repaired coatings. The
first layer, known as the bonding coating (BC), was made of NiCrBSi powder. The second layer, referred to as the
top coating (TC), consisted of Ni-WC and was applied to a nickel-based substrate using optimised flame thermal
spraying. A coating with a thickness of (200-300) pm was successfully deposited using the FTHS method. The
optimum FTHS parameters were selected according to the Taguchi method. They are as follows: SOD (150 mm),
FR (30 g/min), and TV (300 mm/min). The most influential parameter in the spraying process was SOD, followed
by FR, then TV. Based on optical microscope, SEM, and EDS tests, dense coating layers consist of a spherical
particle structure with sizes ranging from 300 nm to 1.6 um. FTHS processing is a promising method for repairing
compact layers with minimal voids and no cracks.
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