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The study aims to investigate the effect of Al,03
and Al additions to Nickel-base superalloys as
a coating layer on oxidation resistance, and structu-
ral behavior of nickel superalloys such as IN 738 LC.
Nickel-base superalloys are popular as base materi-
als for hot components in industrial gas turbines such
as blades due to their superior mechanical perfor-
mance and high-temperature oxidation resistance,
but the combustion gases’ existence generates hot
oxidation at high temperatures for long durations of
time, resulting in corrosion of turbine blades which
lead to massive economic losses. Turbine blades used
in Iraqi electrical gas power stations require costly
maintenance using traditional processes regularly.
These blades are made of nickel superalloys such as
IN 738 LC(Inconel 738). Few scientists investigated
the impact of Al,Os or Al additions to Nickel-base
superalloys as coating layer by using the slurry coat-
ing method on oxidation resistance to enhance the
Nickel-base superalloy’s oxidation resistance. In this
study, IN 738 LC is coated with two different coating
percentages, the first being (10 Al+90 Al,03) and the
second being (40 Al+60 Al,03). Scanning Electron
Microscope (SEM) and X-Ray Diffraction (XRD)
were performed on all samples before and after oxi-
dation. According to the results, SEM images of the
surface revealed that the layer of the surface has
a relatively moderated porosity value and that some
of the coating layers contain micro-cracks. The best
surface roughness of specimens coated with 60 %
alumina+40 % aluminum was 5.752 nm. Whereas,
the surface roughness of specimens coated with
90 % alumina+10 % aluminum was 6.367 nm. Results
reveal that alloys with both Al,0s; and Al addi-
tions have reported a positive synergistic effect of
the Al,O3 and Al additions on oxidation resistance.
Moreover, the NiCrAl,03 thermal coating has good
oxidation resistance and the effective temperature of
anti-oxidation is raised to 1100 °C in turn reducing
the maintenance period of turbine blades

Keywords: slurry, coating, aluminizing, turbine
blades, oxidation, IN 738 LC, superalloys, surface
roughness
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1. Introduction

Ni-based superalloys have been chosen to operate at high
and elevated temperatures [1,2]. Therefore, it should be
enabled to maintain its hot corrosion, oxidation resistance,
and strength to work at such high-level temperatures. In
this consideration, alloying components such as (Al, Nb, Cr,
Ti, Ta, W, Mo, Co) were added to the Ni matrix to improve
the aforementioned characteristics of Ni-base superalloys.
Among all other components, Al has a significant impact by
constituting coherent precipitates (NisAl (‘phase)), which
improves mechanical characteristics [3, 4]. Furthermore, Cr
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and Al can form protective oxides that enhance oxidation and
hot corrosion resistance [5]. Though Al concentration in Ni-
base superalloys has many benefits, high Al concentration in
Ni-base superalloys can decrease the solubility of Cr in the Ni
composite, resulting in a decrement in mechanical characte-
ristics and hot corrosion resistance [6, 7]. In this respect, uti-
lizing Coatings rich in Al may be a useful approach to prevent
the bad impacts of Al in the bulk of Ni-base superalloys while
improving corrosion and oxidation resistance. Nickel-base
superalloys are popular as base materials for hot components
in industrial gas turbines such as blades or vanes due to
their superior mechanical performance and high-temperature




oxidation resistance [8]. On the other hand, the combustion
gases’ existence generates a harsh environment, as well as hot
oxidation, which is inevitable when alloys are utilized at high
temperatures for long durations of time [9]. Two approaches.
Introducing a fair percentage of titanium, aluminum, and chro-
mium, as well as minimal quantities of hafnium, zirconium, and
yttrium to the alloy, can be used to enhance the mechanical and
oxidation resistance of superalloys, the operational life of super-
alloy elements at high temperatures [10, 11]. Another method
is to use various surface treatment techniques to coat the alloy
with a protective layer. Pack cementation, plasma spraying,
slurry process, and chemical vapour deposition are just a few of
the coating methods that can be proposed [12, 13].

Protection coatings through slurry are frequently utilized
in superalloys to safeguard against oxidation at high-tem-
perature because this method is a cost-effective and effi-
ciently managed surface safeguard strategy that co-deploys
elements in components that have complex shapes and even
porous structures for multi-component coatings [14, 15].
Seeking modern base substances and coatings for high-per-
formance gas turbine engines is a significant step. Many
developments in nickel-based superalloys are based on in-
creasing the research area of thermal barrier coating (TBC)
systems. Furthermore, the processing methods can offer the
necessary coating characteristics for engine parts with com-
plicated forms, like blades, turbine vanes, etc.[9].The study
scope of electrodeposition has not been realized to a wide
extent as an alternative to traditional strategies of generating
bond coats as well as their effectiveness in increasing the life
cycle. Due to their ability to create dense, adherent scales for
AlyO3, Alumina coverings are commonly utilized as overlays
and as a connection cover for TBCs on hot-gas turbine blades
and other parts [16, 17]. At the present time, the running
temperature of gas turbine engines is being raised in order to
enhance their performance [18]. The availability of Al at the
interface with the metallic coating for corresponding protec-
tion was depends on the formation a thin layer of Al,O3 [6].

2. Literature review and problem statement

The increased demand for high performance gas turbine
engines has resulted in a continuous search for new base
materials and coatings. With the significant developments in
nickel-based superalloys, the quest for developments related
to thermal barrier coating (TBC) systems is increasing rap-
idly and is considered a key area of research [19]. Gas turbine
blades must be satisfying a life-time that reaches as high as
25000 h and, due to the fact that they have to withstand
a variety of the degradation types (like the thermo-me-
chanical fatigue, creep, corrosion and oxidation) take place
throughout service exposure to the aggressive environments,
super alloys, or high efficiency alloys, are utilized as materials
for making them up. Gas turbine blades for the land base po-
wer plants are constituted fundamentally of the Nickel-base
super alloys, due to the fact that Ni has the ability for retain-
ing higher strength levels at high temperatures compared to
others. Slurry aluminide coating is considered one of the most
excellent coating materials as absorbed from to enhance hot
corrosion resistance for high temperature applications [20].

In [21], the authorslooked into hot corrosion in the
components of the gas turbine and came to a conclusion that
it is one of the major causes of failure in gas turbine engines.
For avoiding catastrophic failure, the hot corrosion should be

completely avoided or recognized early, and the ultimate
failure regarding turbine blades might be caused by a combi-
nation of the hot corrosion and an additional failure mecha-
nism (for example, fatigue). While in [22], the researchers
discovered that the Ni-based super alloy IN738 had higher
creep resistance; nonetheless, the resistance to the oxidations
is allo researchers that examined the behavior of Ni-based
super alloys. Because of the low chromium content and high
tungsten content, CM 247LC is easily corroded. In compari-
son to IN738LC, CM 247LC has larger cracks.

Vanadium is a trace element widely distributed in the
Earth’s crust. The anthropogenic sources of vanadium include
fossil fuel combustion and wastes including steel industry
slags. In fact, hot corrosion is a limiting factor for the life of
components for gas turbines. Vanadium that is present in
the fuel makes the corrosive by forming low melting point
chemical compounds. In the vanadium environment there
were fewer cracks and often no cracks than in the chloride
environment and several cracks were found in coated sam-
ples. Coated MCrAlY IN738LC has a longer life compared
to uncoated MCrAlY IN738LC It is found that heating of the
coatings at 1100 °C leads to a diffusion redistribution of the
elements over their thickness and the formation of a layered
quasi-two-phase structure of Cr (in case Ni80Cr20 alloy) or
Cr and Fe (in case Ni60Cr15 alloy) solid solutions in NiAl
with different Al (Al-rich) and Ni (Ni-rich) saturations [26].
Also, the EDS data regarding a hot corroded CM2471C super
alloy in a vanadium environment at 900° Celsius indicates
larger levels of O, Ni, Na, Co, W and low amounts of Al, Cr, V
and S. EDS data indicates larger levels of Na, O, S and Ni and
low amounts of Cr, Co, Ti and Alin a hot corroded IN738LC
super alloy in an environment of chloride at 900 °C. However,
in [27], Spark plasma sintering regarding a multi-layer ther-
mal barrier coating on Inconel738 super alloy was investigated
by the researchers: They discovered a nano-structured Yttria —
Stabilized Zirconia (YSZ) coating on an Ni-based super al-
loy (INCONEL738) with functionally-graded structure using
spark plasma sintering (SPS). Under a vacuum atmosphere,
a stack layer of INCONEL738/NiCrAlY powder/Alumi-
num foil/NiCrAlYYSZ powder/YSZ powder has been Spark
Plasma Sintering (SPS) in a graphite die at a 40 MPa (8 Pa)
applied pressure. In addition, sintering was carried out at
a temperature of 1040 °C. Also, the TBC was prepared using air
plasma spray (APS) process for comparison purposes. In spite
of that, A metallographic analysis, hardness and strength mea-
surements were carried out using the small punch test to locally
study the mechanical properties of the coating surface [28].

Finally; IN-738 LC super alloys with slurry coating method
used AlyO3 or Al additions on oxidation resistance required
more investigation at high oxidation temperature for enhance-
ment NiCe-Al,O3 oxidation resistance. Therefore, it presents
research looked into superalloy IN-738 LC of these various tur-
bine blades which used in power electric generation with en-
hancement the oxidation resistance at high temperature (1000
and 1100 °C)of the blade by coated it with a protective coat-
ing layer. While, effect of Al,O3 and Al additions on oxidation
resistance. Additionally, two coating ratio of aluminized coat-
ing (10 Al+90 Al,O3) with that of the (40 Al+60 Al,O3).

3. The aim and objectives of the study

The aim of the study is to use the slurry coating method
to applicate the coating layer for IN-738 LC super alloys with



slurry coating method used Al,O3 or Al additions on oxidation
resistance required more investigation at high oxidation tem-
perature for enhancement NiCe-Al,O3 oxidation resistance.

The following objectives have been set to achieve the aim:

— studying the structural behavior of the coating layer
during isothermal cyclic oxidation;

— studying the effect of AlyO3 and Al additions on oxida-
tion resistance;

— comparing the oxidation resistance of the aluminized
coating (10 Al+90 Al,O3) with that of the (40 AI+60 Al,O3)
coating.

4. Materials and methods

The slurry coating method was used to applicate the
coating layer (AlyO3) in an attempt to enhance NiCeAl,O3
oxidation resistance. In the current study, the oxidation
behavior at high temperatures with and without coatings
was investigated. Furthermore, the primary objective of this
research is to methodically analyze and evaluate oxidation
resistance at the high temperature in superalloy IN-738 LC
of these various blades. Superalloy was tested for high tem-
perature cyclic oxidation.

This section involved two parts; the first part described
several investigation tests that carried out on samples like:
chemical composition analysis, optical microscope analysis,
XRD, FE-SEM, EDX, AFM, X-Ray Diffraction(XRD) SHI-
MADZU LabX XRD-6000 Japan, the field emission scan-
ning electron microscope (FE-SEM)SU9000 is HITACHT's
new premium SEM, Energy Dispersive X-Ray(EDX)X Pert?
MRDMalvern Panalytical’s Materials Research Diffractome-
ters (MRD), Atomic Force Microscopy (AFM) Atomic Force
Microscopy, Park, NX10, Koreahardness and coating thick-
ness. The second part describes specimens preparation meth-
od for Slurry coating, Al powder is used in coating process.

The substrates employed in this research were nickel-
based superalloy IN-738LC melted by the Institute of Chung
Shan Science and Technology. Table 1 shows the chemical
composition analysis of the used IN 738 LC.

Table 1 illustrates a very small difference between the
chemical properties of the IN-738LC superalloy sample
experimental and the standard composition. For the applica-
tion of the coating layer, the slurry technique was used.

Utilizing a wire cutting machine with sizes of
(20x15%2.5 mm) for prepared the test sample which collec-
ted from Baghdad gas electrical power plant supplied turbine
blades, as shown in Fig. 1.

The samples are then cleaned with SiC (silicon carbide)
papers (180, 220, 320, 400, 600, 800, 1000, 1200, 1500, 2000,
2500 um) respectively from rough to smooth, then polished
on very smooth surfaces. This is done through the use of a
polishing machine model (MP-2B grinder- polisher).

For all coating specimens, a digital gage Type (TT260) is
used to determine the thickness of the coating layer. Table 2
shows the coating thickness applied on the samples.

a b

Fig. 1. Turbine blades: a — turbine blade;
b — prepared sample

Table 2
Coating Thickness
Coated Sample Thickness measured by digital
gage (um)
IN 738 LC (10 Al+90 Al,O3) 215
IN 738 LC (40 Al+60 Al,O3) 198

The device has £0.05 mF: +(1p+3 % H) m accuracy, where
H is actual thickness tested and F is ferrous, from the other
hand and according to this accuracy, measurements are taken
in three locations to obtain an averaged thickness, but this
device occasionally gives inaccurate readings, so SEM is used
to determine thickness in the majority of cases. Using the
Image J tool, two-dimensional SEM cross-sectional micro-
graphs were used to measure the coating thickness.

Table 3 shows roughness measurements of the surface
coating layer [15]. The specimens with the highest surface
roughness measured by a surface roughness tester type
(TR210) were IN 738 LC (10 Al+90 Al,O3) and IN 738 LC
(40 AI+60 Al,Os), respectively, while AFM (Atomic Force
Microscopy, Park, NX10, Korea) readings show that IN 738 LC
(10 Al+90 Al5O3) has the highest surface roughness.

Table 3
Coating Surface Roughness
Roughness | Average roughness
Coated Sample (um) by AFM(nm)
IN 738 LC (10 Al+90 Al,O3) 6.367 28.2
IN 738 LC (40 Al+60 Al,O3) 5.752 15.5

IN 738 LC (40 Al+60 Al,O3) sample had lower surface
roughness as measured by a surface roughness tester. Fig. 2
shows the atomic force microscope analysis results.

Slurry coating process has been used to reduce oxidation
occurred in turbine blade and includes coating materials and
coating process. After finishing of grinding, cleaning, polishing,
then, the powders (Al+Al,O3) were wetly mixed in two different
proportions, (10 Al+90 Al,O3) and (40 Al+60 Al,O3) by using
planetary automatic balls mill equipped with five steel balls
differ in diameter to mix and refine metal powder for 3 hours.

Table 1
Chemical Analysis of the Used IN 738 LC
Element Titanium | Chromium Iron Cobalt | Niobium Molybdenum | Tantalum | Tungsten | Nickel LEC
(Ti) (Cr) (Co) (Nb) (Mo) (Ta) (W) (Ni)
Wt. % 3.2 6.1 0.09 7.3 0.5 1.4 1.8 2.8 Base 3.1

Wt.: Weight Percentage



nm -0.01

Fig. 2. Atomic force microscope analysis: a — IN 738 LC
(10 AI4+90 Al,03); 6—IN 738 LC (40 Al4+60 Al,03)

Ethanol was used as a mixing medium of wet mixing. then
the binder was prepared and two types of binder were used
after conducting the contact angle test was concluded that
PVA is better than PEG (India). The 5 ml of PVA with an
initial concentration of PVA<4.0 M and a limited final pH
value of =8.0 is added to the powder mixed with the magnetic
stirrer device , then the sample is immersed in the mixture
and then the sample is dried. After the completion of coating
process all the specimens are put in vacuum furnace (Elec-
trical Tube Furnace Type MTI-(GSL1600X)) at 35 °C and
1000 °C for an hour once and for two hours again.

5. Result of study the thermally coated
by AlyOj3 using slurry coating

5.1. The Oxidation of coating layer at isothermal
oxidation

In order to study the oxidation resistance of Inconel 738
LC with and without coating, cyclic oxidation at high tem-
perature was carried out. The tests were carried for 1000 °C
at 55 oxidation at high temperature 1000 °C was carried
out at 55 hours in argon atmosphere, every 5 hours after
the oxidation for the tested specimens are weighted, where
the test are in air atmosphere. Specimens with and without
coating were accurately weighed. The oxidation resistance of
the specimens was tested by heating them in a furnace at test
temperatures and weighing them every 5 hours. And weight-
ing them and recorded the amount of the change in weight as
result of oxidation.

The uncoated IN 738 LC alloy and alloy with coverings
is shown in Fig. 3 in the kinetics of oxidation. The maximum
oxidation rate at 1100 °C was the uncoated alloy. The weight
gain in both coatings in IN 738 LC (10 Al+90 Al,O3) and
in IN 738 LC (40 Al+60 Al,O3) is not significantly different
at 1100 °C. At 1000 °C, however, the oxidation percentages
of the alloy IN 738 LC were higher than that for IN 738 LC
(40 AI+60 Al,O3). A substantial mass loss at 1000 °C affected
the uncoated alloy.

For kinetical identification in dry air in the temperature
range of 1100 °C for 55 hours in the 5-hour cycle specified
weight variations of the uncoated IN 738 LC alloy have been
recorded as a function of time, according to Fig. 3, in dry air.
The initial kinetic is quick, but with time the rate of weight
change is gradual. The kinetics may be explained by consid-
ering the constant time or growth rate (n). Growth rate (n)
can be determined using the equation below [17, 19]:

W/A=kt", (1)

where AW/A is the specific change in weight, & is the rate
constant, ¢ is the oxidation time, and 7 is the growth-rate
time constant.
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Fig. 3. Parabolic fitted results of specific weight
change vs. time plotted for uncoated and
coated IN 738 superalloy with Al+Al,03 diffusion
coating after cyclic oxidation in air at temperatures
between 1100 °C for 55 hrs at 5hrs

The kp value is then squared to give kp in units of
(mg®cm™) /hr, as displayed in the expression below:

(AW/A)2=kpt. (2)

It should be noted that the other values of n and kpin this
research are determined by employing the same procedure as
mentioned above. Data from the experiments revealed that
a parabolic oxidation rate (kp) obeys an Arrhenius equation
of the form:

kp=koexp(=Q/RT), (3)

where kp denotes the parabolic oxidation rate, k, denotes
the pre-exponential factor, Q denotes the activation energy,
T denotes the temperature, and R denotes the universal gas
constant (8.33 J/K-mol).

If n is greater or less than 0.5, the kinetic oxidation
doesn’t follow the simple parabolic model, meaning that oxi-
dation rates are faster. The parabolic rate is exceeding 7>0.5,
for example, while 7 is greater than 0.5, the parabolic rate is
less than parabolic (sub-parabolic). Table 4 shows n values
and parabolic oxidation rate constants kp for cyclic oxidation.

Table 4

n values and parabolic oxidation rate constants kp
for cyclic oxidation

Alloy n values kp (mg*cm™)/sec.
Uncoated 0.6505 6.94-10711
IN 738 LC (10 Al+90 Al,O3) 0.368 1.00-10-10
IN 738 LC (40 Al+60 Al,O3) 0.3457 0.7-10°10

5. 2. Effect of Al,O3 and Al additions on oxidation re-
sistance

The results show that sub-parabolize mechanisms (short
circuits) can be found. An oxide layers cracking, which sud-



denly increases the surface area in contact with oxygen and
speeds up the oxidation kinetic, may explain the difference
between the theoretical value n=0.5 as indicated in a previ-
ous study [20, 21].

Following oxidation, Fig.4 demonstrates the uncoa-
ted alloy’s cross-sectional morphology. Due to its low Al
content, the uncoated alloy does not compose a protective
AlO3 scale. The surface at 1000 to 1100 °C was instead
mixed with NiO and CryO3, and Al only forms inner oxide
during the oxidation process.

Fig. 4. Scanning Electron Microscope micrographs of the
coated specimens with (10 Al4+90 Al,O3) Diffusion Coating
after Oxidation: @ — 20 um in magnification;

b — 10 ym in magnification

EDX analysis results of the coated specimens with
(10 Al+90 Al,O3) propagation coating after the cyclic oxi-
dation are depicted in Fig. 5.SEM micrographs of the coated
specimens with (40 Al+60 Al,O3) propagation coating after
the cyclic oxidation are demonstrated in Fig. 5.
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Fig. 5. Scanning Electron Microscope micrographs of the
coated specimens with (40 Al+60 Al,O3) Diffusion Coating
after the Cyclic Oxidation: a — 20 ym magnification;

b — 10 ym magnification

5.3.Two ratio of aluminized coating for oxidation
resistance

Fig. 6 depicts the EDX analysis results of the coated
samples with (40 Al+60 Al,O3) propagation coating after
cyclic oxidation. Fig. 7 SEM micrographs of the uncoated
specimens after the Cyclic Oxidation, while Fig. 8 displays
the EDX analysis results of the uncoated specimens after the
cyclic oxidation.

XRD results of specimens that are exposed to oxidation
at 1100 °C for a period of 50 hrs can be found in Fig. 9—-11.
The oxides constituted on the alloy’s uncoated surface are
pores that are badly connected to them Fig. 9. The surface
at 1000 to 1100 °C was instead mixed with NiO and CryO3,
and Al only forms inner oxide during the oxidation process.
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Fig. 7. Scanning Electron micrographs of the Uncoated
specimens after the Cyclic Oxidation:
a— 100 pm magnification; 6 — 10 um magnification
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samples after the Cyclic Oxidation (a); Amounts of the
calculated elements (b)
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Fig. 9. X-ray Diffraction Analysis Results of the Uncoated
Specimens after the Cyclic Oxidation
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The link between the layer and the substratum is strong for
coated samples and the thickness of all aluminum coatings is con-
sistent. The coatings do not include cracks or voids, Fig. 10, 11.

The Al concentration declines gradually from the cover
surfaces to the substrate, but drops sharply at the coat in-
terface. The composition of the cover is therefore a counter
spread process for the propagates of alloy components from
the internal to the external layer, as Al stays on the surface
and propagates into the substrate, as involved in the Mas-
salski analysis [29]. Additionally, slurry aluminide coatings
containing 1 wt. % in Si are very resistant to high tempera-
ture oxidation under both isothermal and cyclic conditions.
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Fig. 10. X-ray Diffraction Analysis Results:

a — Coated Specimens with (10 Al+90 Al,Q3) Diffusion Coating after the Cyclic Oxidation; b — peak list
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Fig. 11. X-Ray Diffraction Analysis Results:

a — Coated Specimens with (40 Al+ 60 Al,O3) Diffusion Coating after the Cyclic Oxidation; b — peak list




6. Discussion of study results of oxidation

7. Conclusions

Nickel-based superalloys have found extensive applica-
tions in gas turbine industries due to their excellent ther-
mo-mechanical properties. The corrosion of turbine blades
induced by high temperatures is an extreme danger to the
performance of electrical gas power plants, resulting in mas-
sive economic losses. Slurry coating process has been used
to reduce oxidation occurred in turbine blade and includes
coating materials and coating process

During isothermal cyclic oxidation, the aluminized coat-
ings create a highly thick and continuous AlyOj scale on top
of the coats.

Their effective temperature anti-oxidation is raised to
1100 °C and they have outstanding high temperature oxida-
tion resistance (Fig. 7, b, 8, b).

Therefore aluminized coatings for turbine blades produce
high resistance against oxidation at overheated condition.

The thermal coating has a good resistance to oxida-
tion because of exclusive a-Al;O3 production at 1100 °C,
due mostly to the presence of large amounts of alumi-
num (Fig. 9, b, 10, b).

However testing of coated turbine blades for other
application required a temperature more than 1100 °C.
Additionally, for future work, testing coating resistance for
other applications with other coating materials at over-
heated temperature conditions for improving such alloys
against oxidation.

1. Oxidation rates of Inconel 738LC specimens increase with
time and temperature as the oxide layer scales, becoming porous
and weakly adhering to the substrate’s surface. During isother-
mal cyclic oxidation, the aluminized coatings create a highly
thick and continuous Al,Os scale on top of the coats. Their
effective temperature anti-oxidation is raised to 1100 °C and
they have outstanding high temperature oxidation resistance.

2. Alloys with both Al,O3 and Al additions have reported
positive synergistic effect of the Al;O3and Al additions on
oxidation resistance. Slurry aluminide coatings containing
1 wt. % in Si are very resistant to high temperature oxidation
under both isothermal and cyclic conditions.

3. The oxidation resistance of the aluminized coating
(10 Al+90 Al,O3) was comparable to that of the (40 Al+
+60 Al,O3) coating. Furthermore, it still retained high oxi-
dation resistance at 1100 °C due to the makeup of Al,O3
scale and the coating contains a high percentage of Al. The
NiCrAl,O3 thermal coating has a good resistance to oxida-
tion because of exclusive a-Al,O3 production at 1100 °C, due
mostly to the presence of large amounts of aluminum.
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