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Abstract: To keep up with the times, speed is one of the features of the turbofan engine, and this
means operating under harsh conditions of high temperature and pressure. This is why engine parts,
especially the high pressure turbine blades (HPT- Bs), often suffer from damage due to high
temperature, high pressure, foreign bodies (FOD) impact and other factors. This study aims to apply
a new thermal barrier coating (TBC) to increase HPT-Bs service cycles, reduce replace and maintain
cost so preserve natural resources for future generations. To achieve this, a thermal spray method
was used to apply NiCrBSi (as bond coat) and Ni based reinforced with tungsten carbide (WC) (as
top coat) as composite TBC system with thickness 200-300 um, onto nickel based alloy substrate under
conditions selected using the Taguchi program. By the microstructure, micro-hardness, thermal
cycling and hot erosion tests, the TBC layer performance was investigated. Moreover, results were
studied and discussions using a SEM, Optical microscopy and XRD analysis.

Keywords: flame thermal spray (FTHS); high pressure turbine blades; nickel based alloy; thermal
barrier coating; taguchi method; thermal cycling test; solid particle erosion (SPE)

1. Introduction

High operating temperature above 1000 °C is necessary to increase advanced gas turbine engines
efficiency, but at the same time thermo-mechanical stresses form in the rotor blades located in the
first stage of high pressure turbine module because of high pressure and high temperature [1].
Generally, defects formed at the leading edge (LE), the trilling edge (TE), or the tip of the blade when
exposed in service to thermal cycling and hot erosion especially in dusty environment. Figure 1
shown most defects that determine by visual inspection of HPT-B in the core of engine by borescope
tool [2]. Selection ways and materials able to withstand in such these corrosive and harsh
environments have prompted many theoretical and practical research studies to work on finding
fundamental solutions to this issue [3,4].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Defects of HPT-Bs.

Nickel based alloys are widely used in the aerospace engines industry to make turbine blades,
discs and other hot section engine parts because their properties that meet the operating condition of
the aircraft engine from temperature above the 900°C, rotational speed more than 10,000 RPM,
average time (hr) between overhaul more than 10 000 hr, and an Oxidizing/Corrosive environment.
Where Nickel based alloys consist of a FCC matrix y-Ni with coherent intermetallic precipitates,
carbides, borides, and other phases dispersed such as the gamma prime, y'. Generally, different
elements are adding for this alloys, such as, Cr and Al to increase oxidation resistance. Co, Mo, and
W improve the strength at great temperatures. C provide creep strength. Inconel 718 is one of these
alloys has been extensively used as gas turbine blades due to its excellent thermal-mechanical
performance. To increase performance reliability and durability of the nickel-based alloys in harsh
environment, a thermal barrier coating (TBC) is usually applied to avoid the blade damage [5].

Generally, a typical TBC system have thicknesses arrange between 100 and 500 pm is consisting
two layers of a topcoat (TC) made of ceramic or composite materials and a bond coat (BC) made of
metallic materials. TBCs can be deposits by wide range of techniques such as EB-PVD, thermal spray
techniques (e.g. HVOF, APS, FTHS.. .etc.) [6-12].

Flame thermal spraying (FTHS) is an effective surface engineering technology that can improve
the wear, corrosion, and fatigue resistance in ceramic, metals, polymers components. It applied as a
new coating or repair of damage parts. In FTHS insert the feedstock coating materials (powder or
wire) in a combustion area (flame, plasma, arc) where it is melted, after that compress air atomize it
through nozzle toward substrate surface as illustrated in Figure 2 [10,13]. Although the
microstructure of this technique have low bond and more porosity than other techniques. It is
considered easy, cost effective, and widely use in industrial applications, also improve adhesion and
reduce porosity can achieve by proper design of experiment (DOE). Many researcher use DOE
approaches such as Taguchi method which consider an important optimization process that can
provide high quality coatings with fewer experiments [14,15].
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Figure 2. Flame thermal spray system.

Choudhary et al. [16] reported ceramic coating materials like YSZ although its provide high
thermal barrier coating properties in harsh environments, it is still appearing mismatch with
substrate. Rachidi et al. [17] showed that composite TBCs applied by FTHS offered good abrasive
performances, due to hardness of carbides, and toughness of metal base. Fanicchia et al. [10] FTHS
appeared 80% increase in thermal cycling lifetime when compare with APS process, due to strain
performance of the applied TBCs.

Also, TBC of a HPT-Bs must have good hot erosion resistance in commercial or military A/C
engines. Most turbine blades suffer from erosion due to the collision of solid particles in dusty
environments during take-off or when the aircraft is close to land. Several studies refer that durability
of TBC in aero-engines can determine by solid particle erosion (SPE) as one of the major life-limiting
phenomenon [18-24]. Cernuschi et al. [25] have studied the effect of impact angle on the behavior of
APS TBC and EB-PVD TBC under erosion at 700 °C. Michael J. et al. [26] performed SPE of YSZ at
high temperature to study the effect of particle kinetic energy, impact angle, and temperature on
erosion rate of TBCs, using alumina as erodent particles.

The aim of this study is to verify if the applied the metallic powder NiCrBSi as bond coat and
composite coating Ni based-WC as top coat by FTHS process, using 9 runs depending on Taguchi
approach can provide effective TBC layer. Furthermore, micro-hardness, thermal cycling test, solid
particle erosion test of as-sprayed thermal barrier coating were study and results were analyzed by
SEM micrographs, energy dispersive X-rays spectrometry (EDS), and X-ray diffraction (XRD).

2. Materials and Methods

2.1. Materials:

The experimental samples were consisted of flat Inconel 718 samples (1 x 1x 0.04) cm. First, the
samples were sandblasted by using fine silicon carbide in order to increase the roughness of the
surface. Secondly, the specimens cleaned with isopropanol in an ultrasonic bath. Finally, Appling the
two coating layers using thermal spray process. Starting from the substrate material, the first layer is
the bonding coat (NiCrBSi) called 10009 Eut-alloy consist a particles size (20-97.2) um, followed by
the toping coat layer (Ni based-WC) called 10112 Eutalloy consist a particles size (42.86-93.31) um.
The chemical composition of the materials is shown in Table 1.
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Table 1. Chemical composition in (wt. %) of substrate and coating materials.
Materials Ni Cr Al Fe C Hf B Si W
In718 Base 10.5 0.3 0.5 16.7 04 13 0.6 -
NiCrBSi Base 14.94 0.21 3.95 - - - 5.33 -
Ni based-WC Base 3.9 0.3 22 11.8 01 - 3.5 31.5

2.2. Flame thermal Spray Process (FTHS):

Flame thermal spray deposition was performed using a 0.5 bar oxygen and 0.7 bar acetylene was
carried out by Super Jet Eutalloy (Super Jet Eutalloy, Castolin Eutectic) torch, as shown in Figure 2.
To produce high-quality coatings experiments of design (DOE) were designed as per Taguchi's L9
(3**3) orthogonal array and tests were conducted with different standoff distance (mm), transverse
velocity (mm/min), and feeding rate (g/min), as shown in Table 2. Uncoated and coated samples
shown in Figure 3 [27].

Table 2. FTHS process parameters and their levels.

Parameter Code Levell Level2 Level3
Stand-off distance (mm) A 100 125 150
Traverse Velocity (mm/min) B 100 200 300
Powder Feeding (g/min) C 10 20 30

Figure 3. Samples a) Before coating, b) after coating.

2.3. Optical, Microstructural, Thermal and Mechanical Tests:

The thickness and diffusion depth of TBCs of nine samples where measured by Optical
microscopy and taken at 40X magnification (using Meiji Techno Microscopes). A detailed analysis of
phases and their composition was made before and after coating by XRD (using Shimadzu XRD-
6000). The XRD diffractograms were smoothed and analyzed with Xpert HighScore Plus (Panalytical
Technologies Pvt. Ltd, Netherlands) software [28]. The voltage and the current were 40 kV and 100
mA respectively. The diffraction angle 20 was between 20° and 80°. SEM with EDX were used to
identifying the surface morphology of the coated samples at various magnifications, and studying
the porosity and interface area (using Thermo Scientific™ Axia ChemiSEM™).

Microhardness test for uncoated and coated three samples was done by means of Vickers
microhardness (using HVS-1000 Digital Micro hardness tester), the load used in this test was 9.8 N
and the time of holding was 15 sec. Three readings of each sample were measurement, and the
average of those measurements indicates the hardness value [29].

To evaluate the thermal shock performance of TBCs, a three samples with different thickness
(200, 250, 300) um have dimensions (1 x 1 x 0.04) cm were used in this test to measured how strong
the bond between the TBCs and the substrate by heating samples to 1100°C for 25 min in a furnace,
followed by cooling in water for 10 S at ambient temperature then sample dried as shown in Figure
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4. The weight of the samples was measured after each cycle. The thermal shock test was terminated
when observed signs of failure in the TBC. Removing more than 10% of TBC material from substrate
in this test that detect by visual inspection test considered failure. At the end the effect of thermal
cycling test on the microstructure of TBC was study by a scanning-electron microscope (SEM) [30,31].

S5

Figure 4. Thermal cycling test, a) heating in furnace at 1100 °C, b) removing the sample after 25 min of heating,

¢) cooling in water.

Moreover, using locally manufacture SPE unit in Ministry of Industry and Minerals/General
Company for Steel Industries by following ASTM G76 standard, Figure 5a. Test was carried out from
room temperature up to 1050 °C [32-34]. The particle impingement angle is controlled via the
specimen holder's orientation, at 30°, 60° and 90°, SoD was kept constant at a 150-mm during test.
Referring to SEM image in Figure 5b, irregularly shaped Silica powder with particles size
approximately ranged between (160-430) um were used as the erodent material, feeding rate 10
g/min. Samples weights pre- and post-test were measured, a total duration period of SPE test was 20
min. Post-test surface morphology and cross section examination was conducted using SEM to
analysis and discussion test results.

3. Results and Discussion

Depending on experimental plan of Taguchi 9 runs is followed for the test and outcomes
obtained are tabulated for the various combinations of flame thermal spray parameters as shown in
Table 3.

Table 3. Taguchi Orthogonal Array (OA) Results.

Code A B C Traill Trai2 Trail3 Mean S/N

1 100 100 10 51 53 48 50.6667 34.09
2 100 200 20 66 64 61 63.6667 36.08
3 100 300 30 67 69 67 67.6667 36.61
4 125 100 20 47 48 44 46.3333 33.32
5 125 200 30 55 53 54 54.0000 34.65
6 125 300 10 64 58 60 60.6667 35.66
7 150 100 30 72 71 72 71.6667 37.11
8 150 200 10 66 68 65 66.3333 36.43
9 150 300 20 59 56 61 58.6667 35.37
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Figure 5. a) Air jet hot solid particle erosion test, b). Silica erodent powder used for SPE test.

Where Trial 1, Trail 2, and Trail 3 are diffusion depth in mm, and equation of single to noise ratio
used in this study is larger is better:

1
S/N = —10.log,o(sum (ﬁ) /n)

Where Y is a response variable (the diffusion depth) and n is the experiment number repetitions.
The results as appear in Table 3 that higher diffusion was obtained in the trail3 (i.e. standoff distance
(150 mm), transverse velocity (100 mm/min), and feeding rate (30 g/min).

Response table of signal to noise ratio (5/N) was used to indicate which major parameter need
control and which do not, that to achieve high quality TBCs, where the parameter with the greatest
difference in delta value (the delta value is the difference between the largest average S/N and the
lowest average S/N for each parameter) between all FTHS parameters has the biggest effect on the
response as shown in Table 4.
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Table 4. Response results of coating diffusion for the investigated parameters.

Level A B C

1 3559 34.84 35.40
2 3454 3572 3492
3 3630 35.88 36.12
Delta 1.76  1.04 1.20
Rank 1 3 2

Depending on Table 4, The standoff distance (A) had the highest delta value 1.76, and thus it is
the most significant parameter affecting the coating diffusion (Rank 1), while the transverse velocity
(B) has the least effect with delta value 1.04 (Rank 3). According to data mentioned in Tables 3 and 4
can describe the main effect plot for means that made by Minitab 18 software, as illustrated in Figure
6.

Main Effects Plot for SN ratios
Data Means

Stand off distance mm T. velocity mm/min Powder feeding g/min

36.57

36.0

Mean of SN ratios

35.01

34.5

100 125 150 100 200 300 10 20 30

Signal-to-noise: Larger is better
Figure 6. Diffusion depth Main effect plot for means.

It can be arrived that the optimal condition for diffusion is the combination of A3, B3, and C3.
for parameters A, B, and C, the increase of TBCs quality is observed when changing the level from 1
to 3. The depth of diffusion improves by more than 10 um as the SoD increases from 125 to 150 mm,
and by approximately 8 um as feeding rate increase from 20 to 30 g/min. Also, the diffusion increase
by more than 6 um as the T. velocity increases from 100 to 300 mm/min.

ANOVA (Analysis of Variance) is the statistical treated most commonly executed to study the
results of the experiment to appears the contribution effect of each factor[tag4], as illustrated in Table
5. Therefore, based on the S/N ratio and ANOVA analyses, the optimum conditions are the spray
distance at level 3, the transvers velocity at level 3, and the powder feeding at level 3. What this means
is, as this selected distance between nozzle and substrate, Transvers velocity, and powder feeding
allow for both the temperature and speed of shooted coating materials particles to produce high
volume fraction of melted coating powders and reduce oxidation products, therefore dense TBCs
layers form. So, a TBCs with higher quality will be produced, which is same to the results that
mentioned in other studies [35,36].

Table 5. Analysis of Variance for SN ratio.

Source DF  SeqSS AdjSS AdjMS F Contribution,%
Standoff distance mm 2 4.712 4.712 2.3561 1.26 37.64

T. velocity mm/min 2 1.879 1.879 0.9396 0.50 15.01

Powder feeding g/min 2 2.189 2.189 1.0943 0.59 17.4

Residual Error 2 3.737 3.737 1.8686 29.85
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Total 8 12.517 100

From Table 6, it is evident that experiments outcomes 1, 2, and 3 provided a diffusion efficiency
of 98.6%, 98.7%, and 99%, which is obviously closer to the predicted efficiency determined via
Minitab18 software using the Taguchi optimization method. All tests and assessments conducted in
this work were applied to the samples in the third experiment, which had a deposition efficiency of

roughly 99%.
Table 6. Confirmation Experiments under Optimal Conditions.
Exp. No A B C  Predicted diffusion depth Exp. Diffusion depth
1 3 3 3 72.4074 71.43
2 3 3 3 72.4074 72.01
3 3 3 3 72.4074 72.39

Samples and Cross section of sample after FTHS was represent in Figure 7a,b which illustrate
the shape and size of the diffusion area. Where a typical TBC layers formed, having both an
interdiffusion zone (IDZ) and an outer layer. The thickness and diffusion depth of the obtained TBCs
coating were measured by means of optical microscopy (40 X magnification), the average thickness
of result coatings was about 200-300 pm.

IN718 IDZ BC TC

Figure 7. a) Optimize Samples b) Diffusion depth of TBCs using optical microscopy.

Figure 8 presents chemical composition of TBCs according to EDS analysis along with the typical
morphology of the surface and cross section of the TBCs as deposited composite coating-IN718 as
substrate depending on optimized spraying condition selected by DOE. It is evident that the layers
are deposited on the substrate continuously without interruption and without the presence of micro
and macro cracks on the interface, shown in Figure 8a. The layers are very dense and homogeneous
microstructure have aspherical particles with size range (300nm-1.6um), that indicated to completing
melting process for almost all coating materials and stacked on substrate in homogeneous manner
and porosity less than 4% (Figure 8b). The EDS analysis in Figure 8c (showing wt.% of each element)
indicates the presence of all coating elements as Ni, Cr, C, Fe, W and Si, except B element absent in
this test but it appears later in XRD results.
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I Site 1 (1470 507 counts)

Figure 8. Morphology of the TBC a) SEM of cross-section, b) SEM of the surface of the TBC c) EDS analysis of
TBC.

The XRD pattern in Figure 9a,b revealed that the coating consists mainly same phases that
revealed in raw materials but with more intensity with better distribution on substrate. As spray
TBCs layer formed on substrate consisted mainly of The structure of the primary solid solution vy -
Ni along with intermetallic compounds, carbides, and borides phases. Most these phases provide
high hardness such as; carbides e.g. WC, Cr2sCs as mainly amount and W2C, and Cr7Cs in minor
amount. Along with borides phases such as NisB, CrB. Moreover, intermetallic compounds such as
NisAl, NisNb, and NisSi cause in increase strength, oxidation and creep resistance of Ni matrix with
increasing the temperature [37,38]. Most these results were common for NiCrBSi and Ni based-WC
scales prepared by other thermal spraying methods (such as APS, HVOF), and laser coating [39,40].
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Figure 9. X-ray diffraction spectrum of: a) the substrate and coating materials before FTHS, b) TBCs layer.
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Microhardness testing was executed on samples before and after coating. the results in Figure
10 showed that the hardness of the IN718 sample was around 210 HV while the hardness of IN718
sample with TBC was 940 HV. This increase in surface hardness is related to the dense coherent
deposited layer on substrate which contain on hard particles of carbides mainly from WC particles,
and borides that distributed homogenously by FTHS due to optimum spray conditions chosen by
taguchi method [17,40].

1000
900
800
700
600
500
400
300
200
100

Microhardness (1LKg HV)

IN718 TBC

Figure 10. Micro-hardness test results of the uncoated and coated sample.

In thermal shock test used three samples, test was stopped once the TBC had spalled from the
sample. Thermal traces of the cycles for three samples are shown in Figure 11. In a manner similar to
results reported in TBC system by Mengchuan Shi et al. [41], the results in Figure 11a,b have indicated
there are a linear increase in pall off percentage and weight loss as the cycle number increased. The
beginnings of damage in all samples have occurred around the 100 cycle. At 600 cycles, the sample
with thickness 300um exhibited an approximately 1% failure, and the sample with thickness 250um
exhibited an approximately 5% failure, while the sample with thickness 200um exhibited a 9.6%
failure, which is close to the 10% threshold for the TBC failure criteria.
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Figure 11. Thermal cycling test results of the TBC a) Thermal cycling lifetime, b-d) Weight change as a function
of cycles number for TBC with different thickness, e) samples after 600 thermal cycle.

Previous studies have indicated that damage and failure of TBC were attributed to the combined
factors of thermal stress, due to heating and cooling cycle cause to thermal gradient between TBC
and substrate, and the harmly thermally grown oxides (TGO), these factors combined lead to initiate
and propagate of cracks in the TC then peel off of the coating [42]. Since, tensile stress generates in
BC/substrate during the heating cycle and compressive stress generate in the TC layer, and vice versa
in cooling cycle [16].

Figure 11c, the failure mechanism of thermal shock tested, conducted with a sample subjected
to 600 cycles, revealed that the spallation of the topcoat TBCs was mainly located at the edges. This
phenomenon is interpolated to the what known edge effect, where normally thermal stress is
concentrated at sharp edges, this effect was similar to the findings of Pourbafrani et al. [43].

After thermal cycling test the microstructure of cross-sections of the TBCs analysis by SEM to
identified locations of coating failure within the samples, as appear in Figure 12. Thermal cycling test
results of TBC with difference thickness indicated that the thermal cyclic lifetime of TBCs decreased
with the increase in TGO thickness [44]. At high temperature, harmful thermal growth oxide layer
formed by oxidation of the NiCrAlY cause in forming thermal stress at the interface of TC/TGO then
to spallation and failure the top layer of coating [45]. But by using Ni based-WC as TC which contain
phases like NisAl, NisSi and CrsCs can increase oxidation resistance of TBC, then limit oxide scale
[37,46-48]. So, the best longevity thermal shock resistance was observed in the TBC with thickness
300 um is about 89% greater than the sample with thickness 200um, with increasing the TBC
thickness, TGO thickness has decreased. Research study of Ashofteh A. et al [49] supported this
conclusion, too.

Figure 12. a) SEM and schematic representation behavior of TBC after thermal cycling. (b-d) Cross-sectional
morphologies of the three different thickness of TBCs after 600 thermal cycles b) 300pm, c) 250pum, d) 200 pm.
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Results of this test in this study obvious the average thermal shock life is about 600 cycles under
1100 °C (heating 25min/cycle) when use the optimized NiCrBSi (BC) and Ni based-WC (TC) as TBC
system. In experiments from the work of Pourbafrani et al, [43] the peeling off area was extended to
more than 20% of the noncommercial 7YSZ TBC area after 450 cycles under 1100 °C (heating
10min/cycle). Zhao Y. et al. [50] found that the 8YSZ TBCs had a lifetime of 166 cycles under 1100 °C
(heating 30min/cycle). Therefore, these results indicated that the optimized NiCrBSi (BC) and Ni
based-WC (TC) as TBC had a desirable thermal shock resistance and thermal shock life due to metal-
ceramic composite TBC have less mismatch with substrate when compare with ceramic TBC.

SPE test results are presented in Figure 13 which demonstrates the effect of the impingement
angle on the sample mass loss by erode material. They are indicating that the sample erosion rate
increases linearly with increase impact angle from 30° to 90°. At 30° sample exhibited 0.45 g/kg
erosion rate, at 60° an approximately 1.9 g/kg erosion rate, and at 90° erosion rate was 4.2 g/kg. This
is attributed to the lower particle energy transferred to the coating for lower impingement angles,
similar findings were reported by Satyapal M. et al. [51] and Dongyun S. et al. [52] where TBCs
suffered less weight loss during erosion test under a lower impact angle.

6

Erosion rate, E (g/kg)

0 10 20 30 40 50 60 70 80 90 100
Impact angle

Figure 13. Erosion rate of the TBCs at the different impact angles.

As mention in literature, the group of phase composite TBCs appear much lower SPE rates than
the group of ceramic TBCs. Because these materials with ionic and metallic bonds combined mode of
erosion mechanism (i.e. ductile and brittle), which are flexible and non-directional bonds, contribute
to increased toughness and rate of impact resistance with increasing temperature, thus leading to a
reduced erosion rate at elevated temperature [32,53]. The erosion rate is defined as weight loss of
eroded sample in g, to the mass of impacting particles in kg ratio [22].

Erosion rate, E = (weight loss of coating (g))/(weight of erodent used (kg))
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Figure 14. Cross section SEM results of eroded TBC a) 30°, b) 60°, and c) 90° impact angle.

The SEM-EDS analysis provide useful information about the erosion mechanism in the TBC
layers that done by silica particles with the irregular and sharp edges at high temperature (1050 °C).
The eroded samples’ cross section profiles in Figure 14 indicated increase reduction in the thickness
of TC layer is observed as impact angle increased, while the thickness of BC and substrate maintain
same during the SPE test at all impact angles. In Figure 15 depend on SEM-EDS investigations, the
micrograph of the TBC eroded surfaces indicates there are a craters, and lips/raised areas that are a
result of a repeated impacting silica particles sliding along the areas that rich in Ni (ductile SPE
mode). Moreover, micro- cracks, micro-cutting are still evident at the grooves (brittle SPE mode) due
to WC, W2C, and other hard phases that confirmed previous in XRD investigate. Praveen et al [21]
and Venkataramana et al [53] reported same observations in their studies. So, the combined ductile
and brittle mode of solid particle erosion mechanism can have observed in TC when composite
coating like NiCrBSi-WC applied as TC in this study.

E W, Si, Hf
20k |

crater

Figure 15. a) EDS results of eroded surface of TBC at 90° impact angle, and (b-d) SEM result of eroded surface
of TBC at 30°, 60° and 90° impact angle, respectively.
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4. Conclusions

According to chemical, morphology, microstructure, thermal, and mechanical properties

investigation of deposition of NiCrBSi as bond coating (BC) and Ni based-WC as top coating (TC) on

IN718 substrate by flame thermal spray, and apply DOE by taguchi method, it can possible reach to

the following conclusions:

Flame thermal spray process was successfully employed to deposit atypical BC, and TC layers
as TBCs with thickness (200-300) pm on IN718 substrate that used for high temperature
application such as HPT-Bs in aircraft engines.

The matrix experiment under different flame spraying parameters confirmed that an
improvement of the diffusion depth and good metallurgical bond of flame sprayed coatings can
be made using the Taguchi method. The most influential parameter in the spray process was the
SoD, followed by powder feeding rate, then the T. velocity.

As for the optical microscope, SEM, and EDS tests of the surface and cross section, a typical
cohesion dense TBC layers formed with spherical particles of varying sizes from (300 nm to 1.6
microns). This shows the completion of the melting process for most of the particles of the
primary coating material and its spread and stacked on the surface in a homogeneous manner
with minimal pores and micro cracks. Also, XRD informed that TBCs consists mainly of y-Ni,
carbides such as Cr7Cs, Cr2Cs, and WC, borides such as NisB, CrB, in addition to intermetallic
compounds such as NisSi, NisAl, and NisNb. These phases were distributed homogenously in
the formed TBCs.

The microhardness tests carried out on uncoated and coated samples demonstrate that the
hardness increased more than 4 times due to the presence of WC hard ceramic particles in
coating, in addition to uniform distribution of carbides and borides compounds in the
microstructure of TBC by using FTHS process.

Evaluation thermal cycling behavior of TBC with difference thickness (200, 250, and 300) um
done by using a furnace test at 1100 °C. Under heating 25min/ water cooling 10 sec/ cycle
conditions the TBCs had a lifetime up to 600 cycle before spallation of TBC with thickness 200
pum reach 9,6% (10% failure criteria). In all cases, the failure modes of the TBC were segments
partial spallation started from the coating edge. Best performance was observed for the coating
with thickness 300 pum because increasing the thickness of TC layer and presence of y-Ni,
carbides such as Cr7Cs, borides such as CrB, and intermetallic compounds such as NisSi,
decreased the thickness of a harmly oxides layer that’s formed.

The SPE test were run at elevated temperature (1050 °C), where silica with size (160-430) um
was use as erodent particles, the total erosion time was 20 min, with a particle feeding rate of 10
g/min. The erosion rate of a TBC was evaluated at 30°, 60°, and 90° impact angle. Results indicate
that the flame thermal sprayed coating could protect the substrate at 30°, 60° and 90° impact
angles. The coating shows a lower material removal rate by the erosion at an impact angle of 30°
compared with 90° which is attributed to the pinning and shielding effect of the WC particles.
By SEM investigation it was observed increase reduction in the thickness of TC layer is observed
as impact angle increased, while the thickness of BC and substrate maintain same during the
SPE test at all impact angles. Moreover, combined erosion mechanism modes (ductile and brittle
mode) had been observed in TBC layer after SPE test.

In this study, it has been shown that apply a NiCrBSi (BC) and Ni based-WC (TC) as composite

TBC on IN718 superalloy substrate by flame thermal spray successfully provides a homogeneous

microstructure with lower porosity, high hardness, better adhesion, and a high thickness, founded to

work efficiently against thermal shock and hot SPE effects.
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