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Abstract—In this work, Inconel 738LC is coated with coatings 

with nano Yttria Stabilized Zirconia (YSZ) with different 

percentages of Carbon Nano Tubes (CNTs) which were done by 

using the technique of the plasma thermal spray. YSZ coating 

with different percentages of CNTs (100% nano YSZ, 96% nano 

YSZ + 4% CNTs, 94% nano YSZ + 6% CNTs, and 92% nano 

YSZ + 8% CNTs), adopting the plasma spray technique. The 

behavior of the Inconel 738LC alloy with and without artificial 

ash (67% wt. H2SO4 and 33% wt. V2O5) at different 

temperatures (650 oC, 750 oC, 850 oC, and 950 oC) was 

investigated. The cycles of hot corrosion and oxidation were 

achieved in an electric furnace for 10 cycles of 5 h each. At the 

completion of each cycle, the weight changes were measured and 

recorded. The Search Engine Marketing (SEM) and X-

RayDiffraction (XRD) achieved for all the specimens were noted, 

prior and post the corrosion. 
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I. INTRODUCTION 

Gas power plants in Iraq represent an important resource 

of electrical energy. To ensure the highest performance and 

efficiency in these plants, numerous components and units 

must, of necessity, correctly work together. The gas turbine 

is the principal unit, the very heart as it were, containing a 

large variety of highly advanced materials called superalloys, 

which can resist extreme thermal and chemical 

environments [1]. The nickel-based superalloys display Face- 

Centered Cubic (FCC) solid solutions (γ) with sufficient 

quantities of Al and Ti, in order to produce the Ni3(Ti, Al), 

fcc γ' precipitate, and M23C6/M6C carbides that are present 

at the grain boundaries [2, 3]. 

Turbine blade failure actually stops the turbines from 

working, producing a power plant outage that can stretch 

from one to four weeks or even longer at times, depending 

upon the amount of damage done and the technique adopted 

to restore the machine back to normal running, all causing 

severe financial losses [4]. A few of the causes that lead to 

failure, either rapidly or slowly, are the hot exhaust gases, 

high pressure, high speed and the presence of heavy fuel 

contaminants. The most dominant reasons for failure induced 

by the high temperatures and presence of dangerous 

pollutants include Hot Corrosion (HC) and erosion 

corrosion [5]. For hot corrosion to occur no electrolyte 

environment is required; it takes place because of the 

deposition of impurities and salts like sodium sulfate and 

vanadium oxides [6] Sodium sulfate (Na2SO4) ranks among 

the common categories that play a direct part in the corrosion 

of molten salt, and is produced through the interaction 

between sulfur and sodium chloride during the process of 

burning the fuel oils. Both species were found present as 

contaminants in the burning air and fuel. Vanadium, an 

impurity present in fuel oil, can cause huge corrosion 

problems due to the formalization of V2O5, the melting point 

of which is 670 °C [7–9]. High temperature coatings can raise 

the corrosion resistance of the Ni-based superalloys. Hence, 

the NiBSs find extensive use in gas turbine blades [10, 11]. 

In fact, TBC is a kind of ceramic coating that is spread onto 

the constituents or elements that comprise a system to ensure 

the highest protection possible, against the most intense and 

extreme operating temperatures. A TBC, therefore, is 

composed of a metal bond coat, metal substrate, and a 

ceramic top coat. Under harsh and severely intense settings 

of working conditions, the intermediate bond coat (MCrAlY) 

plays a pivotal part in the adherence of the ceramic top coat 

and thus raises the resistance to attack, normally induced by 

the molten salt and oxygen [12–14]. 

As they are well known for their remarkable mechanical 

properties, CNTs are widely used to create aluminum-based 

composites; the CNTs have been found to function as bridges 

across the voids and cracks, and are distributed uniformly in 

the aluminum matrix [15]. 

Due to these good qualities the coatings are deposited via 

the plasma spraying technique onto most materials that act as 

the substrate, and which possess a similar melting point, such 

as metal alloys, ceramics, and cermet. Indeed, the TBCs 

sprayed with plasma have low thermal conductivity values 

and exceptional chemical stability, even when the 

temperatures increase to high levels [16–18]. 

II. EXPERIMENTAL WORK 

Specimens were collected by cutting the turbine blade 

represented Inconel 738LC to the specific dimensions of 

20×15×3.5 mm of length, width and thickness, respectively. 

Once these specimens were cut, they were ground with SiC 

grinding papers. Next, alumina paste was used to polish them, 

and making the chemical composition for the specimens, as 

shown in Table 1. As displayed in Table II,  the specimens 

were coated with an intermediate coating layer termed the 

bond layer, and the thickness layer 150… Next, the 

specimens were coated with an outer ceramic layer made 

nano Yttria Stabilized Zirconia (YSZ) up of having different 

weight percentages from the Carbon Nano Tubes (CNTs). 
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Table 1. Chemical composition for Inconel 738LC specimens 

Elements Wt. (%) 
Ti 3.2 
Cr 15.7 
Fe 0.07 
Co 8.1 
Nb 0.8 
Mo 1.8 
Ta 1.5 
W 2.5 
Ni Bal 

LEC 3.4 

 

The plasma spraying technique involved the use of a 

special of spraying unit (semi-automated), and the coating 

was accomplished by atmospheric plasma; the coating 

materials were combined in a ball mill once the bond layer 

coating was sprayed on the specimens whose surfaces were 

prepared prior to this step. 

The fuel contaminations were prepared by mixing 67% wt. 

of Na2SO4 and V2O5. The hot corrosion weight change tests 

were then performed at (650 oC, 750 oC, 850 oC, and 950 oC, 

respectively), prior to and post coating the specimens with the 

contamination, by ash (67% wt. Na2SO4 and 33% wt. V2O5). 

 
Table 2. Chemical composition of bond layer 

Elements Wt. (%) 

Ni 3.2 

Cr 21 

Al 18 

Y 0.5 

Co Bal 

 

III. RESULTS AND DISCUSSIONS 

From Fig. 1 the SEM of the coated specimens are shown; 

with 100% YSZ (A), 96% wt. YSZ-4% wt. CNTs (B), 94% 

wt. YSZ-6% wt. CNTs (C) and 92% wt; YSZ-8% wt. CNTs 

(D); These images show that the coating layers are relatively 

high in porosity; the different coating layers show differences 

based on the degree of porosity. 

Microcracks may be present, initiated by the thermal 

stresses produced during coating process. When porosity and 

microcracks are present, they prove to be detrimental to the 

coating properties. The SEM micrographs clearly showed 

partially melted and unmelted particles or particle clusters, in 

almost all the coating layers. 

Agglomeration of the CNT particles or other particles in 

nanoscale may be the cause for the poor or partial melting. 

Voids may be produced during the plasma spray process, 

as indicated through the SEM images. These voids result 

from a sequence of the plasma torch moving back and forth. 

They may be highly detrimental to the corrosion protection 

behavior as they could open a path for the passage of oxygen 

into the substrate. This action was used to analyze the SEM 

images, and thus assess the porosity percentage of the coating 

layer.  

During the plasma spraying process, the pores and micro- 

cracks can arise from a variety of sources, for instance, the 

entrapped gases, incomplete filling in the splats which 

showed quick solidification, and the shrinking of the splats 

during the latter process, and so on. The porosity of the 

plasma sprayed coatings can range from below 2% to an 

excess of 20%, depending on the coating process parameters, 

as well as the properties of the coating powders utilized.  

Specimens coated with 96% wt. YSZ-4% wt. CNTs (B), 

YSZ-6% wt. CNTs(C), and 92% wt. YSZ-8% wt. CNTs (D), 

possess a relatively lesser degree of porosity. The splats are 

smaller in size, and irregular in shape. These images indicate 

that the coatings have displayed lesser degree of porosity, as 

well as fewer microcracks. 

 

 

 

 

 
Fig. 1. SEM showed that the specimens coated with 100% wt.YSZ (A), 96% 

wt. YSZ-4% wt. CNTs (B), 94% YSZ-6% wt. CNTs (C), and 92% wt. YSZ 

-8% wt. CNTs (D). 

 

From Fig. 2 the weight change per unit surface area is 

evident as a function of time, and expressed in the number of 

cycles for the bare specimens. The curve shows clearly that 

the maximum weight gain occurs at 950 ℃, which is possibly 

due to the high oxidation rate at this temperature. With the 
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increase in time, the thickness of the oxide layer also 

increased, i.e., the stresses in the layer increased because of 

the cracks and voids that were present. 

 

 
Fig. 2. Bare base alloy oxidation behavior at 950 ℃ temperature at 

different times. 

 

 
 
Fig. 3. The relation between weight change and different temperatures at 

the present artificial ash, after 50 h for coated. 

 

In Fig. 4 the XRD results of the specimens exposed to 

oxidation reveal that at 650 ℃, 750 ℃, 850 ℃ and 950 ℃ 

for 50 h, are listed. The oxides formed include NiO, TiO2, and 

spinel phase NiCr2O4. All these oxide types are the pores 

which do not adhere very well to the base metal surface, and 

hence they are not the protective oxide layer. The Cr2O3 

which was visible at the interface between and the alloy 

matrix was a layer abundant in nickel oxide. When the Cr2O3 

sub-layer was continuous, an outer NiO scale was formed, 

with an interior layer, which sometimes appeared porous in 

nature, composed of NiO, and included the NiCr2O4 islands. 

The Nio layer stopped developing and the kinetics of 

oxidation barely displayed the growth of the Cr2O3 layer. 

When the spinel NiCr2O4 was introduced into the external 

layer, it caused a chemical reaction between the Cr2O3 and 

NiO layers. Some NiCr2O4 was produced by the oxygen 

moving ahead of the NiO front. In all the Cr alloys, (except 

for the most dilute ones) these NiCr2O4 islands continued to 

remain as a second phase in the scale, and their degree 

revealed the site of the original metal surface. Hot corrosion 

test performed was based on the change in weight; test results 

were obtained at different times with different temperatures; 

weight change is a good indicator to study the corrosion rates 

under equivalent conditions. 

Change in weight is measured per the corresponding time 

cycle. Fig. 3 indicates the hot corrosion behavior (weight 

change) in artificial ash having a composition of 67% wt. 

V2O5 and 33% wt. Na2SO4 at 650 ℃, 750 ℃, 850 ℃, and 

950 ℃. 

At 950 ℃, the specimen displayed much higher rates of 

weight gain, which continued until the last cycle. The weight 

change at 650 ℃ showed that the specimen had reduced 

drastically in comparison with the other temperature. The 

change in weight observed in the specimens, in presence of 

artificial ash, had increased, when compared with those of 

oxidation, without artificial ash salts. 

Fig. 5 appear many primary peaks (ZrO)2 in all the tested 

samples results, in addition to appearing (ZrO)2 (m) and 

(YVO)4. The reaction between sodium vanadate (NaVO)3 and 

yittrium oxide (Y2O3) produces yttrium vanadate ((YVO)4) 

and leads to the transformation of tetragonal zirconia to 

monoclinic zirconia. These results are in agreement with 

results reported by other researchers [19, 20]. 

Different forms of carbon (diamond and graphite) were 

found in some rested specimens. The CNTs reinforced 

coatings enhance resistance to corrosion significantly [21]. 

Sodium oxide was also noticed in XRD patterns in many 

phases; Na2S2O3, Na2SO4, and Na2S2O4. It presented as an 

outer layer of the specimens that covered with prior to 

corrosion test. Other phases and elements may present in a 

small amounts and these amounts cannot be detected by XRD. 

Absence of any oxides of base specimen’s results implies that 

the coating layer was successful to isolate the substrate from 

the surrounded corrosive environment.  

Furthermore, after HC test, the results of XRD revealed 

that no reaction product of Na2SO4 with (ZrO)2 could be 

observed. As a result, Na2SO4 had no influence on the YSZ 

coating. It appears that the molten (NaVO)3 simply improved 

mobility of atom and accelerated (enhanced) yttria depletion. 

Other researchers have corroborated this behavior as well. 

 

 
(A)                                                                                                                     (B) 
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(C)                                                                                                                 (D) 

 

Fig. 4. XRD patterns for specimens, 100% wt. YSZ (A), 96% wt. YSZ– 4% wt. CNTs (B), 94% YSZ- 6% wt. CNTs (C), and 92% wt. YSZ – 8% wt. 

CNTs (D) at 850 oC after 50 hours oxidation. 

 

 
(A) 

 
(B) 

 
(C) 
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(D) 

Fig. 5. XRD patterns of the specimens coated with 100% wt. YSZ (A), 96% wt. YSZ-4% wt. CNTs (B), 94% YSZ-6% wt. CNTs (C), and 92% wt. YSZ-

8% wt. CNTs (D) with h test at 950 ℃. 

 

IV. CONCLUSIONS 

Hot corrosion and oxidation rates of bare specimens 

increase with time and temperature as the oxide layer increase, 

becoming porous and weakly adhering to the substrate's 

surface. The greatest weight change take place at 950 °C and 

50 h. The results of XRD reveals the presence of oxides of Ni, 

Cr, and Ti and spinal phases NiCr2O4 and Ni(VO3)2 The 

micrographs SEM results showed that the surface layer that 

formed during corrosion is porous and cracked. All layers of 

coatings exhibit good hot corrosion resistance compared with 

uncoated specimen and less change in weight than that 

corresponding in the bare specimen. The addition of CNTs 

enhances the properties of the coating layer, such as porosity 

and voids are decreased. XRD results of coated specimens 

after hot corrosion indicate that no any oxide if base specimen 

this imply that the layer of coating was succeed to separate 

the substrate from the external and harm corrosive 

environment. 
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