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Abstract  

            In this work, Inconel 738LC is coated with two types of coatings, 

the first one is alumina with different percentages of carbon nano tubes 

and the second is nano yttria stabilized zirconia with different percentages 

of  CNTs which were done by using the technique of the plasma thermal 

spray.     

          Alumina coating with different percentages of  CNTs(100% 

alumina, 96% alumina +4% CNTs, 94% alumina +6% CNTs, and 92% 

alumina +8% CNTs), while the coating of nano ysz with different 

percentages of  CNTs (100% nano ysz, 96%nano ysz + 4% CNTs, 

94%nano ysz + 6% CNTs, and 92%nano ysz + 8% CNTs). 

       The behavior of Inconel 738LC alloy with and without artificial ash 

(of composition of 67% weight percentage vanadium pentoxide with 33% 

weight percentage sodium sulphate at different temperatures 650,750,850, 

and 950  has been studied. Cyclic hot corrosion and oxidation were 

achieved at electric furnace for 10 cycles of 5 hours for each cycle. 

Weight change has been measured after each cycle. SEM and XRD 

achieved for all samples prior and after corrosion. 

            The phases existing on the cyclic oxidation of the surface of the 

uncoated Inconel 738LC alloy for the most conditions of the test that 

noticed by XRD analysis are    ,          , and spinal phase 

       , while XRD analysis of bare specimens after hot corrosion 

reveals that the presence of oxides of V,Cr,Ni and spinal phases         

and          . 

     High temperature corrosion of Turbine blades is a serious theart to the 

efficiency of electrical gas power stations which lead to a huge econmic 

losses. 

       Turbine blades used in Iraqi electrical gas power stations need to 

expensive maintenance by traditional processes frequently. These blades 

are made of nickel superalloys as Inconel 738 low carbon, where this 

alloy which used as a substrate material in this research  to repair it's 

corroded surfaces. 



II 
 

The test of hot corrosion was conducted after achieving coating 

process, and SEM and XRD were done after corrosion for all specimens. 

The maximum value of the change in weight of the  bare specimens after 

time duration of 50 hours of corrosion test was at 950 ℃, which was 0.12 

mg/cm² in the case of corrosion without ash salts and 1.1 mg/cm² when 

artificial ash was added as a corrosion medium.  

This study shows that the coating layer provides a Inconel 738 low 

carbon substrate with protection against hot corrosion and erosion-

corrosion, as the weight change drastically decreased comparatively with 

the bare specimen. XRD of coated samples indicates that no oxides of 

base specimens. 

The highest conductivity was 15.28 W/(m.K) measured for specimen 

coated with 92% alumina + 8% carbon nanotubes. Microhardness 

measurement revealed that specimens coated with 92% ysz + 8% carbon 

nanotubes have the highest microhardness value that was 1280 Hv. The 

addition of carbon nanotubes increased the microhardness of the coating 

layer. 

The images of the surface, that created by scanning electron 

microscope showed that layer of the surface has relatively moderated 

porosity value and some of coating layers contain micro-cracks. The least 

surface roughness was 9.2 nm of specimens coated with 96% alumina + 

4% carbon nanotubes, while the highest porosity was 8.771% with the 

specimen of alumina  coating. 

 

 



 اٌخلاصت

بٕىعٍٓ ِٓ اٌطلاءاث ، الأوي هى الأٌىٍِٕب ِع ٔظبت  IN738LCفً هذا اٌعًّ ، ٌخُ طلاء 

ِع ٔظبت  اٌشروىٍٔب اٌّظخمزإٌبٔىي-ِخخٍفت ِٓ أببٍب اٌىزبىْ إٌبٔىٌت ، واٌثبًٔ هى طلاء اٌٍخزٌب

 ِخخٍفت ِٓ الأٔببٍب إٌبٔىٌت اٌىزبىٍٔت واٌخً حُ إخزاؤهب ببطخخذاَ حمٍٕت اٌزع اٌسزاري ببٌبلاسِب.

٪ 4٪ أٌىٍِٕب + 96٪ أٌىٍِٕب ، 100)طلاء الأٌىٍِٕب بٕظب ِخخٍفت ِٓ أببٍب اٌىزبىْ إٌبٔىٌت   

٪ 8٪ أٌىٍِٕب + 94و ٔىٌت   أببٍب اٌىزبىْ إٌب٪ 6٪ أٌىٍِٕب + 94، أببٍب اٌىزبىْ إٌبٔىٌت   

اٌشروىٍٔب اٌّظخمزإٌبٔىي ِع ٔظب ِخخٍفت ِٓ -، بٍّٕب طلاء اٌٍخزٌب(أببٍب اٌىزبىْ إٌبٔىٌت   

-طلاء اٌٍخزٌب ٪96، اٌشروىٍٔب اٌّظخمزإٌبٔىي -طلاء اٌٍخزٌب٪  100)أببٍب اٌىزبىْ إٌبٔىٌت 

اٌشروىٍٔب -طلاء اٌٍخزٌب 94، ت   أببٍب اٌىزبىْ إٌبٔىٌ٪ 4+  اٌشروىٍٔب اٌّظخمزإٌبٔىي

اٌشروىٍٔب اٌّظخمزإٌبٔىي -طلاء اٌٍخزٌب٪ 94و أببٍب اٌىزبىْ إٌبٔىٌت   ٪ 6+ اٌّظخمزإٌبٔىي 

 . (أببٍب اٌىزبىْ إٌبٔىٌت٪ 8+ 

ِٕخفض اٌىزبىْ بىخىد وبعذَ وخىد اٌزِبد الاصطٕبعً 738الأىىًٍٔ  حُ دراطت طٍىن طبٍىت 

٪ ٔظبت وسٍٔت ِٓ وبزٌخبث 33ْ ِٓ خبِض أوظٍذ اٌفبٔبدٌىَ ِع ٪ ٔظبت وس67)ِىىْ ِٓ 

درخت ِئىٌت. حُ حسمٍك  950و  850,  750,   650اٌصىدٌىَ (عٕذ درخبث ززارة ِخخٍفت 

 طبعبث ٌىً دورة. 5دوراث وً  10اٌخآوً اٌظبخٓ  والاوظذة اٌذورٌٍٓ فً اٌفزْ اٌىهزببئً ٌّذة 

 ٌدٍّع اٌعٍٕبث لبً وبعذ اٌخآوً. SEMو  XRDاخزاء حُ لٍبص حغٍز اٌىسْ بعذ وً دورة. وحُ 

غٍز اٌّطٍٍت لألصى ظزوف  IN738LCالاطىار اٌّىخىدة بعذ الأوظذة اٌذورٌت  ٌظطر طبٍىت 

، بٍّٕب ٌىؼف حسًٍٍ ,                   ,   هً  XRDالاخخببر اٌخً وؼفهب حسًٍٍ 

XRD  ٌٍعٍٕبث غٍز اٌّطٍٍت بعذ اٌخآوً اٌظبخٓ عٓ وخىد أوبطٍذV  وCr  وNi والاطىار 

        and         . 

ٌؼىً اٌخآوً إٌبحح عٓ درخبث اٌسزارة اٌعبٌٍت ٌزٌغ اٌخىربٍٕبث حهذٌذاً خطٍزًا ٌىفبءة ِسطبث 

 وبٍزة.ببٌغبس ِّب ٌؤدي إٌى خظبئز الخصبدٌت اٌىهزببئٍت حىٌٍذ اٌطبلت 

إٌى  اٌعزاق فً حسخبج رٌغ اٌخىربٍٕبث اٌّظخخذِت فً ِسطبث حىٌٍذ اٌطبلت اٌىهزببئٍت ببٌغبس

ِصٕىعت ِٓ طببئه  زٌغصٍبٔت ببهظت اٌثّٓ ِٓ خلاي اٌعٍٍّبث اٌخمٍٍذٌت بؼىً ِخىزر. هذٖ اٌ

 فً هذا اطبصوّىاد  ٍىت، زٍث حظخخذَ هذٖ اٌظب واطئت اٌىزبىْ IN738LC  إٌٍىً اٌفبئمت 

 اٌبسث لإصلاذ أططسهب اٌّخآوٍت.



فً خٍّع اٌعٍٕبث بعذ  SEMو  XRDبعذ اٌطلاء وإخزاء   اٌخآوً اٌظبخٓ حُ إخزاء اخخببر      

طبعت ِٓ اخخببر اٌخآوً عٕذ  50اٌخآوً. وبْ اوبزِمذار ٌخغٍز اٌىسْ ٌٍعٍٕبث اٌغٍز ِطٍٍت بعذ 

فً زبٌت اٌخآوً بذوْ أِلاذ  2خُ / طُ  ًٍِ 0.12درخت ِئىٌت ، واٌذي وبْ  950اٌخآوً عٕذ 

 ضبفت اٌزِبد اٌصٕبعً وىطٍط حآوً.عٕذ ا 2خُ / طُ  ًٍِ 1.1اٌزِبد الاصطٕبعً و 

ِٕخفض اٌىزبىْ زّبٌت  738ٌظطر طبٍىت الأىىًٍٔ  حىضر هذٖ اٌذراطت أْ طبمت اٌطلاء حىفز

، زٍث أخفض حغٍز اٌىسْ بؼىً وبٍز ِمبرٔت ببٌعٍٕت بذوْ طلاء.  اٌظبخٓ واٌخعزٌتضذ اٌخآوً 

 اٌعٍٕت الأطبص. ٌٍعٍٕبث اٌّطٍٍت إٌى عذَ وخىد أوبطٍذ XRDحؼٍز 

٪ 8٪ أٌىٍِٕب + 92واط / )َ. وٍفٓ( حُ لٍبطهب ٌٍعٍٕت اٌّطٍٍت بـ  15.28وبٔج أعٍى ِىصٍٍت 

-٪ بٍّٕب طلاء اٌٍخزٌب92اٌّطٍٍت بـ  أٔببٍب ٔبٔىٌت وزبىٍٔت. أظهز لٍبص اٌصلادة  أْ اٌعٍٕبث

 1280٪ أٔببٍب ٔبٔىٌت وزبىٍٔت ٌهب أعٍى لٍّت صلادة واٌخً وبٔج 8  +اٌشروىٍٔب اٌّظخمزإٌبٔىي 

Hvٌٌطبمت اٌطلاء.ىزبىٍٔت إٌى سٌبدة اٌصلادة . أدث إضبفت الأٔببٍب إٌبٔىٌت ا 

ٌٍطبمت اٌظطسٍت أْ اٌطبمت اٌظطسٍت ٌهب اٌّبطر الإٌىخزؤً  أوضر اٌخصىٌز ببٌّدهز      

خؼىٔت  ألًِظبٍِت ِعخذٌت ٔظبٍبً وأْ بعض طبمبث اٌطلاء حسخىي عٍى ػمىق صغٍزة. وبٔج 

٪ أٔببٍب اٌىزبىْ إٌبٔىٌت ، بٍّٕب 4٪ أٌىٍِٕب + 96 ٕظبت ٌٍعٍٕت اٌّطٍٍت  بـ ٔبٔىِخز 9.2رٌٍظط

 . ٪ ٌٍعٍٕت  اٌّطٍٍت ببلأٌىٍِٕب8.771وبٔج أعٍى ِظبٍِت 
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Chapter One 

1.1 Introduction 

Gas power plants in Iraq represent important resource of the electrical 

energy. In these plants, a large number of components and units must work 

together correctly to introduce best performance and efficiency of the plant. 

The gas turbine represents the heart unit and the most important part, and it 

contains a wide verity of advanced materials which resist severe thermal and 

chemical environments which called superalloys. These superalloys suffer 

from surface degradation and need to maintenance frequently causing to stop 

the power plant for long periods especially when using conventional 

repairing methods which lead to disassembling the blades from the turbine 

and repairing the blades outside of the country in most cases. As mentioned 

above, turbine blades used in gas turbine engine generally made of 

superalloys. These Superalloys are among the most complex alloys ever 

created, incorporating a wide range of alloying elements and resulting in 

several phases with significant mechanical properties. The major phases are 

produced by a few essential alloying elements, but a range of adjunct 

elements, typically in tiny proportions, can modify and change the 

characteristics [1]. 

The most extensively used materials in turbine blades of jet engines, 

land-based turbine, and nuclear power reactors in Iraqi gas power stations are 

Ni-based alloys comprising chromium as a main constituent along with 

cobalt, aluminum, and titanium additions [2]. 
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 In addition, Co or Ni-based superalloys show a good resistance for 

creep and oxidation at high levels of temperatures. They have a lot of  

amounts of Cr in order to increase the alloy resistance for oxidation. The 

content of carbon of all of them is low. The nickel-based superalloys exhibit 

a  face centered cubic (fcc) solid solutions (γ) with enough amount of Al and 

Ti in order to form a    (     )  fcc γ' precipitate, and       /    carbides 

that located at the boundaries of the grains [3]. 

Just about all industrial electrical power on the planet is generated by a 

turbine that is powered by water, wind, gas combustion, or steam.  Inside a 

gas turbine, turbine blades are exposed to extremely harsh conditions. High 

stress and strain, high temperatures, and a potentially high vibration 

condition. All of these conditions can cause blade failure, which could result 

in a catastrophic turbine failure. Turbine blade failure causes the turbine to 

stop working, resulting in a power plant outage that can last anywhere from 

1-4 weeks or may be longer, based on the damage amount and the technique 

followed to get the machine back up and running, resulting in financial loss 

[4]. 

Hot exhaust gases, high pressure, high speed and the presence of heavy 

fuel contaminants all these lead to failure, whether fast or slow. The most 

prominent causes of failure due to high temperatures and the presence of 

dangerous pollutants are hot corrosion (HC) and erosion corrosion [5]. 

Hot corrosion (HC) is a problem and it invades the industry and costs 

countries huge amounts of money. It is a corrosion form that arises at high 

temperatures; it often occurs in special alloys called super alloys and depends      
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on the occurrence of several factors, including the composition of alloy, 

working conditions such as temperature, harmful contaminations. On the 

other hand HC doesn't need an electrolyte environment but it occurs due to 

deposition of impurities and salts such as sodium sulphate and vanadium 

oxides [6].  

Sodium sulphate (Na 2 SO 4) is one of the common categories that has a 

direct role in corrosion of molten salt, and it is formed by the reaction of 

sulphur and sodium chloride during the fuel oils burning processes. Both 

species were contained in the burning air and the fuel as contaminants. 

Vanadium is an impurity in fuel oil that can create major corrosion problems 

due to the      formalization, which has a melting point of 670°C [7,8]. 

Metallurgical and mechanical anomalies are related to the high 

operational temperature in an indirect way, and can be adjusted up to a 

certain point. As a result, blades must be protected from the extra heat and 

the induced thermal effect. This is accomplished through the employment of 

advanced cooling techniques and coatings. High temperature coatings can be 

improved corrosion resistance of Ni-based superalloys. Therefore, NiBSs are 

widely used for gas turbine blades [9,10]. 

Turbine blade coatings have certain appealing qualities, such as HC 

resistance and oxidation, as well as the ability to preserve strength, 

cohesiveness, and other qualities. High temperature corrosion type II, and 

oxidation at the range of temperatures  (600–850°C), I (750–950°C), and 

(950°C and higher value), respectively,  are the three types 

of high temperature corrosion stages. Overlay   coating, thermal barrier 
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coating (TBC) and diffusional coating, are the three types of high-

temperature coatings available [11]. 

The TBC is a type of ceramic coating that is applied to components or 

elements of a system to provide the best possible protection against the 

highest and most intense operating temperatures. When TBC is placed on 

particular components or parts, the heat that passes through it can be 

lowered, the system can be protected from damage, and the components' 

lifetime can be extended.  In addition TBCs are commonly used on gas 

turbine blades and vanes to offer thermal insulation, lowering temperature 

of metals  and thereby enhancing component longevity and durability and 

enhancing engine performance [12,13]. 

A metal bond coat, metal substrate, and a ceramic top coat make up a 

TBC. In harsh and extreme working  conditions settings, the intermediate 

bond coat (MCrAlY) plays an important role in the adherence of the top coat 

of the ceramic and provides improved attack resistance usually caused by 

molten salt and oxygen. TBC options include ceramic materials with small 

values of heat capacity and thermal conductivity [14]. 

TBCs are commonly prepared using two techniques: atmospheric plasma 

spray (APS) and electrical beam-physical vapor deposition (EB-PVD).  

TBCs produced via EB-PVD typically have columnar grains in the ceramic 

layer, whereas traditional TBCs manufactured using APS have a lamellar 

layer structure [15]. 
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Due to its flexibility, rapid deposition rates, and multifunctional features, 

plasma spraying is considered as one of the most extensively used thermal 

spraying methods. Plasma spraying is used to deposit coatings of most 

materials having a similar melting point, such as metal alloys, ceramics, and 

cermet, onto the substrate because of these good qualities. TBCs sprayed 

with plasma have a low  values of thermal conductivity and excellent 

chemical stability at the higher values of the temperatures [16,17]. 

A high-frequency arc is ignited between a copper anode and a tungsten 

cathode in the plasma thermal spray technique. The gas (He, H2, N2, or mixtures) 

flowing between the electrodes is ionized, resulting in a plasma plume several 

centimeters in length. The temperature within the plume will rise to 16,000 °K. 

Materials to be sprayed are injected as a powder outside of the gun nozzle into the 

plasma plume, where it is melted and hurled by the gas onto the substrate surface. 

Coating of the structural part of a power generation plant is motivated as follows 

[18] : 

 Enhancing corrosion resistance of component that, in turn, increases the 

lifetime of a component 

 Improving functional and mechanical performances by allowing higher 

operating temperatures 

 Increasing the capability of refurbishment and repairing 

 Reducing component cost by improving the functionality of a low-cost 

material with a protective coating.  
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Due to their exceptional mechanical properties, CNTs are used to fabricate 

aluminum-based composites, and it shows that the CNTs acted as bridges across 

voids and cracks and were uniformly dispersed in the aluminum matrix. The 

uniform dispersion of CNTs in an aluminum matrix also led to improvements in 

mechanical properties enhanced the wear resistance of composites by reinforcing 

them with 1 wt% CNTs. CNTs have remarkable properties in terms of mechanical 

strength, thermal conductance, and electrical conductivity. CNTs are the strongest 

materials ever discovered, with tensile strengths reported to be 50 times that of 

steel. They can also have conductivity 1,000 times that of copper [52zj]. 

Depending on their length and diameter, chirality, and orientations, CNTs exhibit 

almost five times elastic modulus (1TPa) and closely 100 times tensile strength 

(150 GPa) than those of high-strength steels. The unimaginable high strength of 

CNTs makes them potential reinforcement for the composite materials. Besides, 

the nanosized carbon tubes also provide superior dispersion strengthening to the 

composite structures [19]. 
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1.2 Aim of Present Work 

The present work focuses on :- 

1. To investigate oxidation and hot corrosion in artificial ash with the 

composition of 67% wt. Na2SO4 + 33% wt. V2O5 behavior of turbine 

blades that used in electrical power plants at multiple temperatures: 650, 

750, 850, and 950 ℃. 

2. Two  types of coating alumina (     ) with 4,6,8 wt% carbon nanotubes 

(CNTs) and the other is nano yittra stabilized zirconia (nano YSZ) with 

4,6,8 wt% carbon nanotubes (CNTs) which deposition by plasma spray 

process. 

3. To study hot corrosion and erosion behavior of coated specimens (by 

weight change) in an environment of artificial ash with the composition of 

67% wt. Na2SO4 + 33% wt. V2O5 at a temperature of 950 ℃. 
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Chapter Two 

Theoretical Part and Literature Review 

 

 2.1 Turbines 

     Industrial gas turbines (IGTS) are at the heart of many modern power plants and 

will continue to play a key part in the expansion of electric power capacity  [20].  

           Before researching explicitly with the oxidation and HC problems, it is 

rather necessary to have an overview of working system of gas turbines and the 

working environments of turbine blades [21]. 

            Gas turbine engines (GTEs) generate power by burning a fuel in a 

combustion chamber and driving a turbine with the fast-flowing combustion gases, 

the same way as the high-pressure steam powers a steam turbine (ST). A basic gas 

turbine (GT) has three major components: a combuster,  compressor, and power 

turbine as shown in Fig. (2.1). The Brayton cycle, air is compressed and combined 

with fuel and burned under a condition of constant pressure. To do the 

required  work, the heated gas is allowed to expand through a turbine. A working 

gas (air) is compressed by a high efficiency compressor and heated by the fuel's 

combustion energy at first. The working gas is transformed into a high pressure 

and high-temperature gas. Using the interaction between the blades and gas, the 

engine transfers the working gas energy into the blades rotating energy [22].  

          After leaving the combustion chamber, the hot exhaust gas passes through 

the turbine and impinges on the blades of the turbine. The consumed heat and gas 

expansion the last step are used for the power generation [21]. 
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Fig.(2.1):- Section of a stationary gas turbine. [21]. 

  

 

2.2 Operating environments of gas turbine blades 

       The contaminants present in the fuel and the air entering the turbine decide the 

environment within the hot gas path. The combusted gases entering the turbine 

have the potential to cause deposition, corrosion and erosion damage, depending 

on the contaminants within them. On the other hand,  gas turbines generally use 

large amounts of additional air for the combustion process, usage of poor-grade 

fuels presents the possible and significant erosive and corrosive damage to the 

blades of the gas turbine [23].  

      As a consequence, the requirements on turbine blade materials are more 

extreme. The materials need to have both good corrosion and oxidation resistance 

and decent mechanical properties, such as creep, fatigue, etc., so that they are able 

to operate well up to 1100°C under high stresses in the aggressive gases. Gas 

turbine blades will oxidize in the hot exhaust gases, but generally the oxidation rate 

below  900°C is not rapid enough service lifetime. However, the presence of salt 

makes the degradation of materials occurring much easier and  more rapidly, 

therefore it limits the component life. Normally after sodium sulfate forming, the 
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sodium sulfate will be carried by the hot exhaust gas and deposit on the hot section 

components, such as the turbine blades at temperatures below melting point of the 

salt, causing accelerated oxidation or sulfidation attack. The presence of other 

sulfates or alkali salts can decrease the melting point of the sodium sulfate, so that 

salt- induced hot corrosion can occur at much lower stages of turbine blades [24]. 

      In addition to the adverse effect of environmental factors on the material 

degradation, the cyclic operation way of gas turbines also influences the turbine 

blade material. Generally in gas turbines, components are often subjected to 

thermal cycles. Spallation usually takes place during the cooling stages of such 

thermal cycles, leading to damage of the protective oxides. When the alloying 

elements are depleted from the material due to the repeated oxidation and 

spallation, the components' mechanical properties will also be influenced [21]. 

2.3 Turbine blade materials  

     The hot exhaust gas produces arduous operating conditions for the hot path 

components. The resulting problems, such as creep, mechanical fatigue, thermal 

mechanical fatigue, and also corrosion greatly limit the service life. Due to 

material degradation, periodic replacement of hot section components and more 

support services are required, both of which are very costly. In the selection of a 

turbine blades alloy, except for the consideration of mechanical properties, the 

resistance to the environmental corrosion is also one of the main important aspects 

to be considered. The alloys that work at higher level of temperature that mainly 

based on the transition metals, such as, nickel, cobalt, and iron, are widely used in 

the industrial applications because its oxidation resistance can be enhanced by 

addition of aluminum and chromium at specifics amounts to form a protective 

scale of oxide [25]. 
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 2.4 Superalloys 

 
      Super alloys are made up of various combinations of Cr, Ni, Fe, and Co, 

beside smaller amounts of Ta, W, Nb, Ti, Mo, and Al. The phrase "super alloy" 

refers to alloys with exceptional strength properties at high-temperature. Super 

alloys can be classified based on the presence of alloying elements, such as cobalt, 

nickel and iron, . The basic microstructure of the entire super alloy family is a face-

centered cubic (FCC) matrix with a number of distributed secondary strengthening 

phases. Both cobalt and iron are stabilized in super alloys by the presence of 

nickel, which keeps the FCC structure of crystal over the temperature range GTE. 

Major alloying elements found in iron-based super alloys include15-22 

Cr,  Cobalt-based super alloys contain up to 35 % of the nickel, 30-65%Co, 

and 19-30 % Cr as main alloying components. Up to 27 % Cr, 38-70 % Ni, up to 

20 % Co, Al, Ti, and other elements are carefully balanced alloying additions in 

nickel-based super alloys [26]. 

2.4.1 Iron-based superalloys (IBSs) 

Iron-base superalloys (IBSs) are created on the notion of mixing a closed-

packed FCC matrix with (in most cases) both precipitate-forming components 

which emerged from austenitic stainless steels and solid-solution hardening,. The 

austenitic matrix is made up of  iron and nickel, with at least 25% Ni required to 

keep the FCC phase stable. Superalloys based on iron are less expensive than 

superalloys based on cobalt or nickel. Iron-based superalloys are characterized by  

high temperature and room-temperature strength and resistance to creep  

,oxidation, corrosion and wear. Wear resistance increases with carbon content[27]. 
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2.4.2 Cobalt-based superalloys (CBSs) 

CBSs are less robust than nickel-based superalloys (NBSs), but they can 

withstand higher temperatures. They get the good strength from a dispersion of 

refractory metal carbides (metal and carbon combinations like W and Mo), which 

seek to accumulate near boundaries of the grains. This carbide network 

strengthens those boundaries, allowing the alloy to stay stable almost until the 

melting point.  CBSs typically contain high quantities of Cr, in addition to metal 

carbides and refractory metals, to increase their resistance to corrosion that occurs 

in the existence of hot exhaust gases. The atoms of Cr combine with atoms 

of oxygen to generate Cr2O3, a protective layer that protects the alloy from 

corrosive gases. Because CBSs are not as hard as NBSs, they are less susceptible 

to cracking due to thermal shocks than other superalloys. CBSs are thus better 

suited to pieces that must be machined or welded, such as those found in the 

combustion chamber's complicated design [27]. 

2.4.3 Nickel-based superalloys (NBSs) 

       High strength (creep strength, tensile strength, fatigue strength), high melting 

point, high temperature corrosion and toughness resistance, and ductility are all 

characteristics of Ni-base superalloys (NBSs). The high stability of FCC nickel 

matrix and the capacity to be strengthened by a range of direct and indirect 

techniques, are the main properties of nickel as an alloy basis. Furthermore, 

alloying chromium with nickel and/or aluminum improve its surface stability[ 

28,29]. 

    The most common application is the production of gas turbines for use in 

military and commercial aircraft, as well as power generating and marine 

propulsion. The gas and oil industries, submarines, space vehicles, nuclear 
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reactors, heat exchangers, chemical processes,  and electric motors,  all use 

superalloys [30]. 

2.4.3.1 Development of nickel-based superalloys 

       During  the past 70 years, optimization of chemical composition together 

with process development has enable the performance of the superalloys to be 

greatly improved. Several different processing methods have been developed since 

in 1940s for the turbine blades; the wrought materials were replaced by the 

introduction of cast materials, which later developed further using directional 

solidification, towards nowadays the single crystalline nickel-based Superalloys 

Fig.(2.2). Compared to polycrystalline nickel-based Superalloys, the fatigue life of 

the single crystalline alloys are improved due to the removal of grain boundaries. 

Nowadays , the superalloys (single-crystal type) are used in increasing amounts in 

turbine engine [31,32]. 
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Fig. (2.2): Comparison of microstructures and macrostructures in a) polycrystalline, b) 

directionally solidified and c) single-crystal turbine blades of Ni-base alloys [32]. 

 

2.5  Alloying elements role of Ni-based superalloys (NBSs) 

         NBSs often contain high levels of chromium, nickel, and cobalt, as well as 

modest levels of titanium, aluminum, carbon, tungsten, and niobium, and trace 

amounts of tramp elements (like  oxygen and sulfur). The chemical composition of 

these contributing elements has a significant impact on the properties of 

superalloy. Depending on the chemical composition and phases presence, a single 

element might be a substantial contribution or cause huge degradation in 

superalloy qualities. As a result, accurate control of alloying element quantities is 

critical in superalloys. Elements of  alloying are categorized according to the 

formed phases (carbide formers, γ' or γ'' formers,  carbon nitride formers, carbide 

formers, etc.) or their beneficial/disadvantageous effects resistance for 

oxidation/corrosion embrittlement increases, grain boundary refiners. [33,34,35].  
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Alloying elements roles extensively used in NBS are given in Table 2.1 [31]. 

Table (2.1): Role of some common alloying elements in nickel-based superalloys [31]. 

Alloying elements  Effects 

Ti, W, Mo, Cr, Co, Al Solid strengthening of γ 

Cr, Mo, W, Ti, Nb, Ta Solid strengthening of γ' 

W, Mo, Nb Lattice mismatch increase 

Cr, Co, W Lattice mismatch decrease 

Ti, Co, Mo Antiphase boundary energy increase 

Al, Cr Antiphase boundary energy decrease 

Cr, Al Oxidation resistance improvements  

Ti, Ta, Al Precipitate formers 

Co Precipitation modification 

B, c Grain boundary phases 

Al, Cr Surface protection 

Hf Grain boundary strenghting 
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2.6 Oxidation in Ni-base superalloys 

         Commercial high temperature alloys contain a number of alloying elements 

to attain desired mechanical properties. These alloying components have varied 

oxygen affinities and do not diffuse at the same rate in the alloy and oxide. As a 

result, the straightforward equations of the kinetic rate rarely apply, because alloy 

and scale compositions alter in a complex manner over time. The second 

component may penetrate the scale, altering its structure, or deposit under the 

main scale as oxide or metal. Additionally, in case of diffusion of the oxygen into 

the alloy, internal oxide precipitation of the less noble metal's oxide may occur. 

Chromium and aluminum are the important alloying elements for the material 

used in high temperature applications because the growth rates of Al and Cr 

oxides are slow and the formed scales are considerably more stable than the other 

oxides, such  as NiO[13 ].      

2.6.1  Oxidation in chromia forming Ni-base alloys 

            One purpose of addition of    to NBs is the formation of a protective 

      scale.      (Escolaite), subsequently referred to as chromia, is the only 

solid chromium oxide that is thermodynamically stable at high temperature.          

It has corundum structure, very low non-stoichiomerty and low ionic conductivity. 

At high temperatures( > 1000 ),       can be oxidized and transfer to the volatile 

      [36].  

            In Ni-base superalloys, initially Ni-containing oxides are formed together 

with       . Thus, before a continuous chromia layer is built up, a reaction 

between       and    , forming         spinels takes place [37,38].  
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    Since the cation diffusion is much slower through the         spinels than it is 

through    , the spinels can work as a barrier for an outward diffusion of    ions 

and the total    flux through the oxide scale will decrease. However, since the 

growth rate of    containing oxides is much faster than for      , a large amount 

        and     can form earlier to creation of a continuous layer of      . This 

occurrence is called "transient oxidation". The extent of the period for transient 

oxidation depends on the    content in the alloy and the oxygen pressure [21].      

2.6.2 Oxidation in alumina forming Ni-base alloys 

           In general, formers of the alumina have better resistance at high temperature 

than their chromia-forming counterparts due to the reactive species transport 

process through alumina is inherently slower than through chromia. Furthermore, 

alumina unlike       does not suffer from volatilization at the temperatures above 

1000 , and therefore alumina-forming alloys can be used at higher temperatures 

[39-41].  

         During the oxidation of alumina-forming alloys, like     ,      can be 

formed in different crystallographic phases. At lower values of temperatures or in 

the early oxidation stages, the metastable oxides        ,        and 

        are often formed. These alumina phases contain high concentrations of 

cation vacancies. After longer oxidation they can transform to        . Due to 

the nearly perfect stoichiometry ,         exhibits low diffusivities for cations 

and anions as well as being highly stable. Therefore the formation of mature 

        scales reduces the stable   alumina phase depending on temperature 

can be expressed as the following [42-44]: 
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      2.6.3  Kinetic Considerations 

              The oxidation kinetics of alloys and metals usually follow a series of 

reaction rates. The majority of reactions have a parabolic pace. A linear rate is 

followed by some of these reactions. Inverse logarithmic and logarithmic rates are 

examples of the other reaction kinetics [45].  

   2.6.3.1 Parabolic Kinetics 

   The reaction of oxidation is regulated by the ions diffusion through the 

oxide scale, which is regulated by the driving force derived from the chemical 

potential gradient when the oxide scale forms on the surface of a metal [46]. The 

following equation indicates parabolic oxidation [37]. 

  X
2
= k t                                                                                       (2.2) 

where   is the thickness of the oxide, t is the exposure time, and k is the linear rate 

constant; when   = 0,   = 0. 
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2.6.3.2 Linear Kinetics 

      The rate of oxidation normally stays constant with time increasing when the 

oxide scale that formed on the surface of metal delivers no protection barrier due to 

cracking of oxide and spalling, molten oxide, and volatile oxides products. The 

linear rate of  oxidation kinetic is obtained as follows [47]: 

                                                                                                                     (2.3)       

where   is the thickness, t is the exposure time, and kl is the constant of the linear 

rate; when   = 0,   = 0. 

2.6.3.3 Logarithmic Kinetics 

      When an oxide film forms on a surface of metal at very low temperatures 

values, the rate of oxidation usually follows an inverse or a logarithmic curve. The 

electric field across the oxide film acts as a driving force for oxidation process. 

The logarithmic rate is calculated as follows [48,49]: 

                                                                                                           (2.4)                          

where     and a are constants. 

       When a metal surface is uncovered to an oxidizing gas at a high temperature, 

corrosion can occur directly with the gas, without the requirement for a liquid 

electrolyte.Tarnishing,scaling,or high-temperature oxidation are terms usually used 

to describe this form of corrosion [47]. Temperature has a significant impact on the 

rate of attack. Due to transport of anion or  cation  through the scale, which 

performs as a solid electrolyte, the surface film thickens as a sequence of 
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interaction at the metal/scale  or scale/gas interface [50,51]. Figure  (2.3) shows 

oxidation Kinetics [45]. 

 

 

                Fig. (2.3): oxidation Kinetics [45]. 

 

     Process of ionic transport through the scale is the rate-controlling process 

for nonporous and continuous scales. the ionic defect structure, the thermodynamic 

stability, and certain morphological scale aspects generated are all important 

aspects in determining an alloy's environmental resistance [52,49]. 

           2.7 Hot corrosion (HC) 

           Hot corrosion (HC) can be defined as a degradation or deterioration of 

metals at high temperatures almost higher than 400
0
C where it occurs without the 

presence of moisture, water and any electrolyte but it occurs by the chemical 

reaction between the various impurities and the base metal material. In the 
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presence of molten salts, HC is a faster form of oxidation at high temperatures 

levels. HC has caused the failure of a number of technical systems that operate at 

high temperatures levels,  such as gas turbine, power plants, and incinerators 

[53,8].  

        In the presence of oxygen, any metal or alloy oxidizes to create oxides at 

high levels of temperatures. The oxides that have formed on the surface operate 

as a protective layer, preventing further oxidation by not allowing oxygen to 

permeate. When pollutants like chlorides,  sulfates, or vanadate are presented in 

the environment, they generate an eutectic mixture of low melting point that 

coats the surface in a thin layer of fused salt. It induces the production of a 

porous non-protective oxide scale, which enables aggressive species to enter the 

base metal and induce faster material degradation. This sort of attack is referred 

to as HC  [54,55]. 

Table 2.2 lists a number of oil-ash constituents and their melting points. It is 

clear from the table that the melting point of the ash salt deposit can vary widely, 

depending on composition [56]. 

According to the Na2SO4–V2O5 phase system Fig. (2.4), from 25 to 50 mol. 

% of V2O5, that is, 56 wt. % in Na2SO4 mixture, gives sodium metavanadate 

(NaVO3) as the major reaction product for a temperature range from 773 to 883 K 

rather than other possible products such as NaV3O8 or Na4V2O7.35. Consequently, 

the molten NaVO3 continues to react with the surface layer to form the final 

corrosion product in the interface between the top Na2SO4 + V2O5 layer and 

substrate coating [57]. 
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Table (2.2): Melting points of some ash constituent [56]. 

 Compound Melting point, °C 

Ferric oxide, Fe2O3 1565 

Ferric sulfate, Fe2(SO4)3 Decomposes at 480 to Fe2O3 

Magnesium oxide, MgO 2500 

Magnesium sulfate, MgSO4 Decomposes at 1125 to MgO 

Nickel oxide, NiO 2090 

Nickel sulfate, NiSO4 Decomposes at 840 to NiO 

Silicon oxide, SiO2 1720 

Sodium sulfate, Na2SO4 880 

Sodium bisulfate, NaHSO4 250 

Sodium pyrosulfate, Na2S2O7 400 

Vanadium trioxide, V2O3 1970 

Vanadium pentoxide, V2O5 645 

Sodium metavanadate, Na2O.V2O5 630 

Sodium pyrovanadate, 2Na2O.V2O5 640 

Sodium orthovanadate, 3Na2O.V2O5 850 

Nickel pyrovanadate, 2NiO.V2O5 >900 

Nickel orthovanadate, 3NiO.V2O5 >900 

Ferric metavanadate, Fe2O3.V2O5 860 

Ferric vanadate, Fe2O3.2V2O5 855 

Sodium vanadic vanadate,Na2O.V2O4.V2O5 625 

Sodium vanadic vanadate,5Na2O.V2O4.11V2O5 535 
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Fig. (2.4): Phase diagram of V2O5-Na2SO4[57]. 

 

2.7.1 Characteristics of HC 

    HC is frequently classified into two types of attack: type I, and type II, high 

temperature and low temperature hot corrosion (HTHC, and LTHC), 

respectively. Various factors, such as thermo-mechanical condition, alloy 

composition,  temperature cycles, flux rate, and contaminant composition, 

velocity and gas composition, and erosion processes, can influence the formation 

of these two forms [58]. 
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2.7.1.1 Type I hot corrosion (HTHC) 

            This type is observed mostly within the temperature ranges between 850-

950   . HTHC starts from alkali metal salts, like        , which shows a very 

high thermodynamic stability, introduced  on the surface. The salt begins by 

attacking the protective oxide covering, then advances to the metal. As the 

chromium in the substrate material is depleted, the base material oxidation speeds 

up, and a forms a porous scale. In many cases, the macroscopic picture of HTHC is 

described by significant metal peeling and considerable changes in color (greenish 

tone, due to NiO production) in the area of rapid attack. Under the porous, non-

protective scale, the morphology of (type I) is defined by a depletion 

and sulphidation area. Oxide precipitates distributed in the film of salt are common 

in reaction products [58 ,8]. 

2.7.1.2 Type II hot corrosion (LTHC) 

            The  LTHC is detected within the range of temperature of 650-850 . In 

this type, the temperature is smaller  than the melting temperature of most salts , so 

the salts will  deposit on the oxide or metal surface and react to form base metal 

sulfates, and this leads  to local pitting. These sulfates then produce low melting 

point eutectic mixes with the alkali metal sulfates, preventing the formation of a 

protective oxide. Neither the incubation period nor chromium depletion 

or microscopic sulfidation are commonly reported in this type [58 ,59]. 

2.7.2 Mechanism of hot corrosion 

              To study the mechanism of corrosion in high temperatures it is necessary 

to know the reasons that lead to it. The direct cause of this type of corrosion is 

formation of a hazardous pastes that necrosis any oxide layer by making it porous 

and forming harmful brittle intermetallic compounds. This hazardous paste is 
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called sodium vanadyl- vanadate (Na2O.V2O4.5V2O5). Hence the beginning of the 

process of hot corrosion  is a formation of harmful paste [60,61]. 

            Vanadic corrosion occurs when the slugs containing vanadium, sodium and 

sulfur are deposited on the hot metal part at a temperature at which the slug is 

molten. Most of these contaminations are found in the heavy fuel used. Three 

elements of fuel, largely responsible for the corrosion and deposits, Sulfur is the 

most serious offender. Because the compound (Na2SO4) is engaged in the hot 

corrosion reaction, it is good to communicate the roles of sulfur 

and sodium together. The presence of sodium and sulfur from used fuel and the 

presence of oxygen lead to form sodium oxide      and sulfur oxides     and 

    as follow [50]: 

2Na + 
 

 
 O2 ↔Na2O …………………..(2.5) 

 S+ 
 

 
 O2 ↔SO ……..…………………. (2.6) 

 SO + 
 

 
 O2↔ SO2………………………(2.7) 

SO2 + 
 

 
 O2↔ SO3 ……………………..(2.8) 

Na2O+ SO2+ 
 

 
 O2↔Na2SO4………….(2.9) 

Na2O+ SO3 ↔Na2SO4……………….(2.10) 

Also the heavy fuel contains vanadium which reacts with oxygen to form some of 

vanadium oxides as follow: 

V+ 
 

 
 O2↔VO ……………………(2.11) 

2VO+  
 

 
 O2↔V2O3 .……………..(2.12) 
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V2O3+  
 

 
 O2↔V2O4    ..…………(2.13) 

 V2O4+ 
 

 
 O2↔ V2O5   ……………(2.14) 

   From the reaction of this harmful oxide (V2O5) and the presence of sodium 

sulfate (Na2SO4) as follows: 

Na2SO4 +6V2O5↔Na2O.V2O4.5V2O5+SO2+O2  ……………….(2.15) 

            Therefore the formation of harmful pastes sodium vandal -vanadate is 

completed. This harmful paste is the most important causes to accelerate the hot 

corrosion [50] : 

SO3+ Na2O.V2O4.5V2O5   Na2O.6V2O5 + SO2 ……………………(2.16) 

Na2O.6V2O5 + metal   metal oxide + Na2O.V2O4.5V2O5 …………(2.17) 

            The melting temperatures of the various compounds generated are essential 

because the existence of a liquid phase that promotes rapid attack and because the 

main ash elements of low-sulphur-high vanadium fuels contain sodium and 

vanadium oxides. These are depicted in Fig.(2.5), where a range of compounds are 

created between      and     , some of which have melting temperatures below 

the working temperature of turbines and boilers.   At 527°C, the eutectic generated 

by 5                 and sodium metavanadate           melts, and most 

of the compounds created by      and      melt below 675 . However below 

an atmosphere containing oxides of sulphur other compounds can from in an 

analysis of the (                 ) system, (e.g       ,        , 

          and             ) [62]. 
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Fig .(2.5): vanadium pentoxide –sodium oxide melting point diagram [62]. 

 

            The development of molten compounds of vanadate including V2O5-Na2O 

and/or V2O5-Na2SO4 systems has long been thought to be the cause of oil-ash 

corrosion. The oxide scales generated on the metal are fluxed away by molten 

vanadate compounds, generating fast corrosion attack. The mechanism 

of corrosion is essentially HC in an oxidizing atmosphere involving a fused salt. 

As the melt chemistry changes, the solubility of any oxide can alter in a fused salt 

[46]. Fig. (2.6) show the solubility of much different oxide in ash salts [37]. 
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Fig.(2.6): The solubility’s of several oxides in fused Na2SO4 at 927 °C [37]. 

2.8 Protection methods against hot corrosion 

2.8.1 Alloy selection 

       The chemical composition of superalloys and their thermomechanical 

history are intimately related to their resistance to hot corrosion. Many 

alloying elements  have a negative impact on the mechanical properties of 

the superalloys at high values of temperatures and its resistance to 

HC.  Vanadium, tungsten, and molybdenum, for example, are great for 

increasing mechanical properties, but their presence renders the alloy 

extremely vulnerable to HC [63,64]. 
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        The most efficient alloying element for increasing superalloy HC resistance 

is chromium. In NBSs, a minimum of 15wt % of Cr is most often required, while 

in cobalt-based superalloys, a minimum of 25wt % Cr is generally required  in 

order to get a good resistance for HC [65,63].  

      The good effect of chromium on the resistance of HTHC is commonly 

recognized by the  reaction of Cr2O3  to stabilize the melt chemistry, for example, 

by producing a stable solute of Na2CrO4, which prevents the protective oxide 

scale from reprecipitation/dissolving  [66]. 

      However, the high chromium content will result in the production of TCP 

phases, which will reduce the alloy's strength and ductility at high temperatures. 

Other alloying elements, including as lanthanum,, cerium, zirconium, scandium, 

and yttrium, have a considerable effect on the HC resistance of superalloys by 

improving the adhesion between the protective  oxide and alloy  [64]. 

       At least in terms of LTHC resistance, platinum, silicon and hafnium have all 

been found to be advantageous. Hot corrosion resistance was shown to be 

increased by aluminum, titanium, and niobium [67]. 

2.8.2 Fuel additives 

       The maximum impurity content allowed in the fuel is stated as 0.2-0.6 ppm 

(Na+K), 0.5 ppm V, and 1% S. When coating is placed to the blade and/or 

inhibitors are mixed with the fuel, these restrictions may vary [68]. 

       Fuel additives were created primarily to counteract attack of the vanadium 

pentoxide that takes place when residual fuel oils are used. One type of addition 

prevents the formation of a liquid phase at the working temperature by generating 

a stable vanadate with a higher melting point than the vanadium compounds 
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initially present [50].  

      The use of fuel additives to minimize vanadic corrosion in gas turbine 

and boilers  burning poor grade or residual fuels is one of the most popular 

strategies used to extend material lifetimes. At the operating temperature of 

turbine blades and the tubes of the industrial boiler, a commonly used additive 

(MgO) can create a stable vanadate        , which is solid in their nature at the 

working temperature [50]. 

2.9 Protective coatings 
. 

      Protective coatings are defined as a layer of material on the surface, either 

metallic or ceramic, or a mix of the two, capable of preventing or inhibiting direct 

contact between the potentially damaging environment and the substrate. Extreme 

conditions can result in material loss due to corrosion/oxidation processes, as well 

as a reduction in the substrate's mechanical properties due to harmful elements 

diffusing into the substrate at high temperatures [37,69].   

      When coatings are utilized at high temperatures, the goal is to prevent surface 

degradation or to thermally insulate the material from the heat. Coatings can 

significantly reduce the cost and increase the performance of structural 

components because surface degradation is typically the limiting factor. 

Oxidation,  corrosion, and solid particle erosion all contribute to surface 

degradation.To build an environmental barrier against additional HC attack 

and oxidation, these coating systems must rely on the durability and efficiency of 

metal oxide reaction products. Protective coatings react with oxygen in the air to 

generate dense and adhesive oxide scales that prevent harmful environmental 

species from reaching the substrate [70,71].  
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       Ceramic coatings as insulators and thermal barrier coatings have been 

increasingly significant in recent years for minimizing alloy degradation, notably 

in gas turbines. The many different forms of high-temperature coatings can be 

classified into three categories: overlay, diffusion, and thermal barrier coatings 

[37]. 

2.9.1 Diffusion coatings 

         Diffusion coating is a technique for surface modification that involves 

diffusing the coating species into the surface of substrate to generate a protective 

layer. Diffusion coatings are made up of a surface layer of a substrate 

alloy enriched with the oxide scale formers Cr, Al,Si, or a mix of these oxide scale 

formers. These elements combine with the substrate alloy's core ingredients to 

generate intermetallics with high amounts of oxide scale formers. Surface 

enrichment with Al, for example, produces nickel aluminide,      (the β phase in 

the   –    system), which is the key element of the coating in NBSs [72,73]. 

2.9.2 Overlay coatings 

         Overlay coatings (OC) are made by layering a corrosion-resistant alloy, and 

they are known as the MCrAlX series of coatings, where M refers to Ni, Fe, Co, or 

a mixture of these, and X stands for Si, Y, Ta, Hf, and so on. Because the 

coating composition is no longer controlled by diffusion processes, interaction with 

the substrate is normally low  or neglecting during coating. As a result, a larger 

range of compositions is possible. Overlay coatings, in general, are more resistant 

to corrosion and oxidation than diffusion coatings and can be employed at greater 

levels of temperatures. They can also be put in thicker and larger layers, potentially 

extending the coating's lifespan [74,75]. 
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2.9.3 Thermal Barrier Coatings 

        In a heat engine, thermal barrier coatings (TBC) are commonly an insulating 

layer of ceramic applied to metallic components [76].  

Between the bond coat and the topcoat, the bond coat creates the protective oxide 

scale [77,78].  

         TBCs are often used in non-rotating elements such transition 

ducts, combustion chambers, exhaust nozzles,  vanes, and afterburners due to 

ceramics' intrinsic brittleness [74]. 

          TBC coating system has four layers that are completely different from one 

another. TBC layers are divided into four segments: [11] 

1- Super alloy substrate  

2- Intermediate coating of aluminum  

3- Thermally Grown Oxide (TGO) 

4-  Final coating of ceramic. 

Typical systems, shown schematically in Fig. (2.7) [37]. 
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Fig. (2.7): Schematic diagram of a typical TBC [37]. 

 

       Thermal barrier coatings offer a number of advantages: lower flow of cooling 

within the metallic component, higher temperatures of the inlet gas, and lower 

temperature transients on the metal surface, thick coating with high velocity, 

covering a wide range of materials that can easily melt in the absence of 

decomposition, low cost recoating damaged regions, mechanically joining coating 

particles to the substrate, applicable either automatically or manually. All of these 

benefits can lead to increased efficiency, longer product life, and simpler designs 

[11,72].  

         NBSs, CBSs, and IBSs utilized in the hot portions of gas turbine engines are 

commonly coated with TBC systems. With NBSs having reached their optimum 

characteristics, applying these coatings to highly stressed components like blades 

of turbine remains one of the current problems in considerably increasing gas 

turbine performance [72].  

        TBC failure can occur when the bond coat, top coat, and substrate have 

different crystal structures, sizes, and coefficients of thermal expansion, causing 
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strain in the TBC. The top coat's thermal expansion coefficient is usually lower 

than the bond coat's or the alloy substrate. A well-constructed bond coat acts as a 

graded thermal expansion layer, reducing the strain generated by the mismatch in 

the thermal expansion, as previously stated. Inappropriately, thermal cycling in air 

magnifies the mismatch and increases strain due to oxidation-induced interfacial 

degradation. This strain leads to coating failure as a result of repetitive cycling
 

[79].  

          In order to extend the life of systems, there is a need in the overlay coating 

systems and art for thermal barrier coating systems that elements interdiffusion 

between the substrate and bond coat  [8076]. 

  2.9.3.1 Plasma thermal spray 

              The first plasma spray technology was patented in Germany in 1909, and 

the first installation for the structural plasma was created by two American 

businesses, Plasmadyne and Union Carbide, in the 1960s. Plasma-Technik AG was 

created in Switzerland in the middle of the 1970s, and roughly 20 years later, this 

company joined with U.S. The focus of study over the last ten years has been on 

one major sort of application of this technology: the use of plasma in a plasma 

spray process. The creation of arc plasma is the basis for the majority of 

commercial plasma installations and the notion of plasma guns [81]. These guns 

create plasma inside the walls of the cylinder nozzle's confined volume, where the 

cathode is situated; the cylindrical nozzle is also the anode [81]. 

    This type of structure is known as a plasma torch, and it operates by introducing 

a carrier gas (nitrogen and argon as primary gases, helium and hydrogen as 

secondary gases) between the anode and cathode [81,82].  

    Following the development of early plasma conditions, a "arc path" will form 

between the cathode and the anode, which will provide electric conductance for 
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heating gas. Plasma is propelled out the nozzle in the form of plasma jet, which is 

created by the passage of current (usually DC) [817,83]. 

       For diatomic gases, the main temperatures of developed plasma jets are in the 

range of 5000-8000 K, while for monatomic gases, they are in the range of 10000-

20000 K. (Ar,He). Controlling the plasma spray process, as well as its 

reproducibility and reliability, requires an understanding of the interaction between 

particles and plasma. Langmuir is the first who used the term "plasma" in 1928 

when attempting to describe the gas state in the positive column of a low-pressure 

gas discharge. Plasma is a partially or totally ionized gas in a quasi-neutral 

state[82]. 

        The process of plasma spray is presented by Fig.(2.8). As the plasma jet is 

formed, a powder through nozzles carried by the "carrier" gas is introduced into it 

[84]. 

      Powder particles that have been accelerated and melted leave the plasma jet as 

a stream of molten particle. The molten particles splatter across the surface of the 

substrate, where they cool and form a coating. Particles can be cooled and gathered 

as spheres as well. Every molten particle has a high push, resulting in a high coat 

bond strength [83,85]. 

       The plasma jet's primary role is to heat powder particles to their melting point 

and fasting them to their maximum speed. The entire coating formation spraying 

process can be separated into 3 sub processes: A, B, and C [85]. 
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A) The plasma jet's formation and interaction with the surroundings  

B) The entry powder into the plasma and powder interaction with plasma 

C) The forming coating process. 

Fig.(2.8): Schematic diagram of plasma spray process for forming a coating [81]. 

 

Plasma spraying has the following characteristics: [86]  

• Deposits ceramic, metals, or any mixture of these materials. 

• Forms fine, equiaxed grains with no columnar boundaries in 

the microstructures. 

• Produces deposits with the same composition regardless of thickness 

(deposition time length). 

• Has the ability to go from a metal depositing to a continuously shifting 

mixture of ceramics and metals (i.e. FGM). 

• Rapid rates of deposition (>4 kg/hr). 

• Create free-standing forms out of nearly any material or mix of materials. 
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      The advantages of plasma method :high temperature(10000K-15000K to 

max.30000K in convention sources), high power density, reduced processing time, 

rapid quench, clean sources, ideal for handling bio and hazardous wastes, single 

step process, high throughput, surface modification of rubbers, 

engineering polymers,, fibers and metals, as well as anti-stick coatings, provide 

exceptional corrosion and wear resistance. Plasma spray has a number of 

drawbacks. A heat source is required for a low-temperature procedure to enhance 

the surface of the substrate, which is commonly utilized for materials that cannot 

undergo reactions at atmospheric pressure [86-88]. 

2.10. Coating materials  

           Yttria-stabilized zirconia (YSZ) is typically a high-density ceramic in which 

the overall sample resistance is determined by adding the bulk resistance to the 

grain boundary resistance in series  [89].  

         The microstructure of YSZ coatings is complicated, with a variety of pores 

that reduce thermal conductivity dramatically.TBCs are made up of 7–8wt.% 

yttrium-stabilized zirconium (YSZ) oxide, which has high thermal stability, a low 

thermal conductivity (about 2.5 W/(mK)), great adhesion strength, and good 

thermal shock resistance [90]. 

        Because of its hardness, resistance against corrosion, excellent insulation, and 

ease of production and processes, alumina is one of the most extensively used 

oxides of ceramic, with applications ranging from high-temperature refractory 

materials to microelectronic and electrical insulators  [91]. 

        Furthermore, its coefficient of  thermal expansion is closer to that of metals 

than that of structural nitrogen ceramics like silicon nitride (l Iron =             , 

l        =            , l        =            ). As a result, if alumina's 
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mechanical properties are enhanced further, it's realistic to predict that alumina will 

be widely employed for engine parts. Aluminum oxide (Al2O3 or alumina) is a 

promising material for engineering applications due to its thermal and chemical 

stability and relatively outstanding strength electrical and thermal insulating 

properties, and abundant availability [91]. 

    Carbon nanotubes (CNTs), which are effectively long, thin graphite cylinders, 

were introduced in 1991 by Sumio Iijima of NEC using High Resolution Electron 

Microscopy (HREM). They have a diversity of interesting physical 

and chemical properties, including ultra-light weigh, high aspect-ratio, high 

thermal conductivity, strength, and electronic properties ranging from metallic to 

semiconducting. Like chicken wire, graphite is composed of layers of carbon 

atoms organized in a hexagonal lattice. CNTs are carbon allotropes with a 

nanostructure and L/D ratio greater than 1,000,000 [92,93]. 

        CNTs have a large surface area and aspect ratios, and an 

outstanding mechanical strength. CNTs have a tensile strength 100 times that of 

steel, and their thermal and electrical conductivities are comparable to copper. 

CNTs are good candidates as fillers in various polymers and ceramics to achieve 

desirable consumer products because of their unique features [93].  

CNTs can be thought of as a sheet of graphene wrapped into a tube with 

hemispherical caps on both ends. Graphite is shaped as a 2D sheet of carbon atoms 

stacked in a hexagonal array, unlike diamond, which has a 3D diamond cubic 

crystal structure In which each one of carbon atoms having four nearest neighbors 

grouped in a tetrahedron. Each atom of carbon is linked to three of its closest 

neighbors in this scenario. CNTs are made by rolling graphite sheets into cylinders. 
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Nanotube characteristics are determined by atomic arrangement (the way graphite 

sheets are rolled) as well as tube diameter and length [94]. 

Multi-walled and single-walled nanotubes are both possible. MWNTs 

(multi-walled nanotubes) are made up of concentric single-walled nanotubes 

(SWNTs as shown in Figure 2.9). Laser ablation, arc discharge, gas-phase catalytic 

growth from carbon monoxide and other sources of carbon, and chemical vapor 

deposition are among the primary synthesis methods for single-and multi-walled 

nanotubes. Given the use of CNTs as reinforcements in composites, which 

requires of a massive  production of CNTs at a low cost, gas-phase techniques such 

as chemical vapor deposition (CVD) provide the most potential for nanotube 

production optimization [95]. 

 

 

Fig.(2.9) : Carbon nanotubes,a:single wall CNTs, b:multi-wall CNTs [96]. 

 

 

Figures (2.10) and (2.11) show phase diagram between V2O5 and ZrO2 and phase 

diagram between Al2O3 and V2O5[97,98]. 
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Fig. (2.10): .ZrO2–V2O5 binary phase diagram[97]. 

 

Fig.(2.11): Al2O3–V2O5 binary phase diagram[98]. 
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2.11  Former studies     

        In 2004, Q.M. Wa et.al [99] studied behavior of hot corrosion Arc ion 

plating( AIP) NiCoCrAlY(SiB) coatings on NBSs. Arc ion plating was used to 

deposit NiCoCrAlY(SiB) coatings on the NIBSs DZ125 and DSM11 (AIP). 

Corrosion  behavior of bare alloys and protective coatings in molten Na2SO4+ 25 

wt. % K2SO4 at 900 °C in air was studied for 90 hours. After 5 hours of exposure, 

the DZ125 superalloy suffered catastrophic corrosion and a thick porous oxide 

scale (500–600 µm) formed on the alloy, intermingled with Ni3S2 and alloy 

particles. 

A moderate corrosion attack took place in the    -rich DSM11 alloy, while severe 

internal Al-rich oxidation took place inside the alloy. The HC resistance of the 

systems was increased with NiCoCrAlY and NiCoCrAlYSiB coatings due to the 

creation of an α -      scale. By stimulating the formation of a dense-continuous 

α -      layer in the first stage and improving the adherence of the oxide scale to 

the coating in the following HC process, the HC resistance of coatings with 

additions of Si and B can be increased.         

        In 2005, Xin Ren et.al [100] studied oxidation at high-temperature and HC 

behaviors of the     –     coating by LP-VCD and pack cementation 

techniques on a nickel-based superalloy. TGA, (SEM)/(EDS), XRD, and electron 

probe microanalysis (EPMA) were used to investigate the behavior of isothermal 

oxidation of the coating and cast alloy (CA) and at 1000 and 1100 °C, as well as 

their HC behaviors in the presence of a 75 wt% Na2 SO4 + 25 wt% K2SO4 film at 

900 °C. 



Chapter Two                                                         Theoretical Part 
 

42 
 

The findings revealed that NiCr–CrAl coatings had high oxidation resistance due 

to the development of α-     on the coated surface during the isothermal process 

at 1000 and 1100 °C, as well as outstanding HC resistance in sulphate melt. 

Furthermore, the CA was subjected to severe HC, which resulted in severe 

sulfidation and internal oxidation. The resistance of oxidation of the simple 

aluminide coating was better to that of the CA; however, after the HC test, the 

simple coating of aluminide was entirely destroyed and lost its protective activity. 

       In 2006, Xin Ren and Fuhui Wang [101] studied oxidation processes at 

high-temperature and HC behavior of a sputtered coating of          with and 

without aluminizing. Magnetron sputtering was used to deposit a nanocrystalline 

  –     –    –       layer on a NBSs. SEM/EDS, TGA, EPMA , and XRD 

were used to examine the  behavior of isothermal oxidation of the coating 

without  and with aluminizing at 1000-1100 °C and HC behavior in the presence 

of 75 wt.%        + 25 wt.%      /     film at 900 °C. The involvement of a 

high amount of Cr and a decent amount of Al in the sputtered coating 

of         resulted in outstanding oxidation resistance at 1000 °C. It failed 

protection at 1100 °C due to high Al consumption in the coating. Due to the 

creation of the rapid growth -      phase at 1000 °C, the mass increment of the 

aluminized         coating was slightly larger than that of the sputtered coating. 

The sputtered coating exhibited partial protection in the molten salt film during 

the transitory HC stage, but it degraded totally over time. As a result of the 

production of a protective and continuous scale of        scale in the vicinity of 

75 wt.%        +      /     film, the aluminized coating 

of          demonstrated substantially superior HC resistance. 
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        In 2007, T.S. Sidhu et.al [102] studied the oxidation and HC resistance of 

high velocity oxy-fuel (HVOF) sprayed coating on FeBSs and      . Under 

cyclic circumstances, coated and uncoated specimens were subjected to air and 

molten salt (      -25%     ) conditions at 800 °C. In the particular 

environmental conditions at 800 °C, the              coating exhibits the 

required resistance to oxidation and HC to both NBSs and FeBSs. The active 

coating elements oxides, which form in the scale of the surface  and at the 

boundaries of tungsten and nickel rich splats, have made a significant 

contribution to the oxidation and HC resistance of              coatings, 

since these oxides behave as barriers to the diffusion/penetration of corrosion 

products through the coatings. 

        In 2008, F. Wang et.al [103] studied oxidation and HC behavior of 

nanocrystalline coating of K52 superalloy. Nanocrystalline coating was prepared 

by magnetron sputtering from the target of the same alloy. XRD and TGA were 

used to analyze the CA and its nano-grained counterpart's oxidation in air at 800–

1000 °C and HC under molten        +       at 850 °C . The 

nanocrystallization of the CA resulted in the alloy being transformed from a 

chromia former to an alumina former, resulting in a considerably lowered 

oxidation rate. Furthermore, when compared to the scale of chromia  on the CA, 

the scale of alumina generated on the nanocrystalline coating was significantly 

more adhesive. In comparison to the CA, the increase in HC resistance for the 

nanocoating was not substantial.    

          In 2011, A. Keyvani et.al [104] studied deposited conventional and 

nanostructured YSZ coatings on IN-738 Ni super alloy by atmospheric  plasma 

spray technique. The coating's oxidation was measured at 1100 °C, and its HC 

resistance was tested at 1050 °C in a mixed salt of      and        in an 
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atmospheric electrical furnace. Nanostructured coatings outperformed 

conventional coatings in terms of  HC resistance and oxidation, as per the data. 

The structure change to a densely packed structure in this coating could explain 

the nanocoating's increased resistance against oxidation. 

The HC resistance improvement was not as high as oxidation, but it was 

substantially better than ordinary coating.  Nanoindentation, thermal cycles, and 

bond strength tests were used to evaluate the coating's thermomechanical 

properties. The nanostructured YSZ coating performed better in terms of 

structural stability. 

       In 2011, Atikur Rahman et.al [105] studied Nanostructured coatings of 

  –   on Superni-718 superalloy substrate deposited by DC/RF magnetron 

sputtering. In molten salt of 40 wt%        + 60 wt%      at 900 °C, the cyclic 

HC behavior of nanostructured Co–Al coatings on Superni-718 superalloy was 

examined. A layer of 40 wt%        + 60 wt%      mixture, prepared by 

mixing it with distilled water, was applied uniformly on the warmed polished 

samples with the help of camel hair brush. The amount of salt coating was 

maintained within the range of 3.0–5.0 mg/cm2 . The salt coated samples were 

kept in the alumina boats and then inserted into SiC tube furnace for 3–4 h at 100 

°C for drying and proper adhesion of the salt. Subsequently, the dried salt coated 

samples were again weighed and introduced into the silicon tube furnace at 900 

°C. During each cycle, the weight changes measured for bare and coated samples 

were used to calculate the corrosion rate. On the treated sample, a dense scale 

created, according to the findings. In the coatings corroded scale, the spinel 

phases of        ,         and         were discovered, allowing for more 

efficient prevention of O and S diffusion. Due to the development of b-     

phases in the sputtered Co–Al coatings, they had a high HC resistance. 
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          In 2013, Mohammadreza Daroonparvar et.al [106] studied HC behavior 

of YSZ/normal      , yttria stabilized zirconia (YSZ), , and YSZ/nano-      

coatings in the existence of molten mixture of       +     at 1000°C. 

Microstructural analysis revealed that the reaction between  and                  

during HC is principally responsible for the formation of HC products with 

     crystals and monoclinic      . The YSZ inner layer of the YSZ/nano-Al 2 O 

3 coating has the least quantity of HC products. The existence of a nanostructured 

layer of        over a standard YSZ coating can significantly reduce molten 

corrosive salt infiltration into the YSZ layer during HC, which is primarily due to 

the nanostructured alumina layer compactness  (including nanoregions) compared 

to normal alumina layer. 

        In 2014, Kunal Prasad et.al [107] studied the effects of HC on Inconel-625 

substrates with Nickel Chromium, Aluminum Oxide, and Tungsten Carbide 

coatings using plasma arc spray technique. HC investigations were achieved on 

an uncoated Inconel-625 as well as coated samples in molten salt environment 

(      +60%     ) at 900°C to simulate aggressive conditions encountered in 

industrial applications. A layer of Na2SO4–60%V2O5with a uniform thickness of 

about 3–5 mg/cm2 was applied on the surface of the samples after preheating to 

200°C for 1 hour. Preheating was done to ensure removal of any moisture. Silica 

based boats and crucibles were used to contain the samples. Heating was done in 

a tubular type furnace at a temperature of 900°C.Each cycle comprised of a 2 

hour heating period followed by 25 minutes of cooling in air at room temperature. 

The samples were also subjected to air oxidation through a series of repetitive 

cooling and heating stages. The corrosion rates were determined from the 

experiments and compared to judge the suitability of the coatings. Procedures like 
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SEM, XRD, SEM, and EDAX were utilized to characterize the corrosion 

products. 

        In 2015, M. Makesh et.al [108]  studied HC on both coated and uncoated 

specimen in air and salt (      -60%    ) at 900°C for 50 cycles under cyclic 

conditions. Each one of these cycles consists of a one-hour heating period at 

900°C followed by a 20-minute cooling period in the open air. On T-92 boiler 

steel weldments, Yttria-Stabilized Zirconia (YSZ) coatings were applied. This 

YSZ coating significantly improves corrosion resistance, which can be linked to 

the creation of zirconium oxides       and yttrium oxide     . In a salt 

environment, this coating is more noticeable, and there is an additional ZrS phase. 

Thermo-gravimetric analysis was utilized to determine oxidation kinetics. XRD 

and SEM/EDS were utilized to describe the oxide scales. 

       In 2016, Zohre Soleimanipour et.al [119] studied the      laser cladding 

on the top surface of air plasma sprayed(APSed) YSZ coatings. The coatings with 

laser cladding and without laser cladding were exposed to  HC test at 1000 °C for 

30h in which a combination of 55wt%      and 45wt %       . EDS analysis 

and  SEM micrographs -reported the existence of the formation of YVO4 rod-

shaped crystals distributed on the YSZ APSed coatings surface, while these 

crystals were barely noticed in the laser clad coatings. Thermally generated oxide 

(TGO) layer and cracks in the bond coat/top coat interface were discovered in the 

SEM micrograph of the APSed YSZ coatings cross section, resulting in full 

delamination of the coatings. XRD signals confirmed the change of metastable 

tetragonal zirconia(t′-     ) to monoclinic zirconia(m-     .) after the HC test. 

This structural change (transformation) was caused by the molten salts reacting 

with Y2O3 (zirconia stabilizer), which destabilized the t′-    . After the HC test, 

the volume percentage of the unfavorable m-      was computed to compare the 
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HC resistance of the APSed YSZ and the laser clad coating. In comparison to the 

laser clad coating, our computation found a higher quantity of m-      in YSZ 

(about 70%) to that found for the laser clad coating (about13vol% ).   

        In 2017, Himanshu Sainiet .al [110] studied the HC behavior of 

conventional and nanostructured      -     coatings deposited by  several 

thermal spray methods. The research summarizes the many features of Cr, C, 

Ni, Cr  deposited via various ways, as well as the HC behavior of both traditional 

and nanostructured coatings in molten salts. Although the high-velocity oxy-fuel 

(HVOF) spraying method is useful for depositing less porous and dense coatings, 

a new approach known as Detonation gun (D-Gun) coating has been created. D-

Gun coatings have lower values of  porosity and higher values of bond strength 

than that corresponding of HVOF coatings. Plasma spray is a type of thermal 

spray that has low porosity, high binding strength, good resistance for wear 

and abrasion, and a high hardness value, but the equipment cost is prohibitively 

expensive, which is the method's restriction. The review's major goal is to outline 

the performance of      -     coatings in diverse environments, as well as to 

investigate the effect of coating factors such porosity and coating thickness on 

HC behavior. 

        In 2018, H. Nayak et.al [111] investigated the impacts of performance tests 

such as bonding, wear, and HC on and      (composite (50:50 compositions) 

coating and plasma sprayed Yttria-stabilized zirconia on Aluminum 6061 

substrat. The three topcoat thicknesses are 100 μm, 200 μm, and 300 μm. The 

substrates were covered with molten salt (55wt.%      +45wt.%       ) that 

was maintained at 350 °C for 40 hours in the HC test. For varied bond 

thicknesses, the characteristics altered, with the wear properties became optimal 

at 200  μm and the corrosion test remaining optimal at 300  μm. The bond 
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strength improved, and the optimal value attained at a topcoat thickness of 

100  μm. 

       In 2019, Cheng-Yang Jiang et.al [112] investigated two systems of thermal 

barrier coating (TBC), consisting of a NiCoCrAlY bond coat deposited onto a 

second-generation NBSs (single crystal) and nanostructured 4 mol %     -

stabilized ZrO2 (4YSZ) and conventional YSZ)top coats deposited upwardly by 

air plasma spray (APS)  and arc ion plating (AIP). At 1100 °C, the 4YSZ TBCs 

exhibited improved thermal cycling resistance compared to traditional YSZ 

TBCs, as evidenced by the experimental results. Due to its homogeneously 

distributed, intrinsic quality of nanocrystalline structure,  and various directions 

of pores and preexisting cracks, the 4YSZ top coat displayed increased toughness. 

The interface of the thermally grown oxide (TGO) layer and top coat caused 

cracks and spallation in 4YSZ TBCs. However, crack initiation and propagation 

in traditional YSZ TBCs began at the lamellar interface in the top coat, resulted in 

fast crack bridging and subsequent top coat spalling. In addition, the 4YSZ top 

coat had a higher toughness before and after oxidation than the traditional YSZ 

top coat. 

        In 2019, T Samani et.al [113] studied conventional and functionally graded 

coatings of          -   , plasma sprayed on low carbon IN-738   BS. 

Composite powders with different percentages of weight were prepared by 

mechanical alloying and consequently plasma sprayed in a single plasma torch for 

formation of functionally graded thermal barrier coatings or conventional/nano-

duplex.  
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Mechanical alloying was used to prepare composite powders with various weight 

percentages(50%      :50%   ,75%      :25%   ,and25%

              ,  then plasma sprayed in a single plasma torch to establish 

functionally graded thermal barrier or conventional/nano-duplex coatings. 

    The HC test was carried out in an atmospheric electrical furnace at 1050 °C for 

40 hours using a mixture of Sodium sulfate salts and  Vanadium pentoxide at a 

ratio of 45 to 55 wt%. Despite the fact that all coatings had a similar corrosion 

process and the amount of phase shift of ZrO2 from monoclinic to tetragonal was 

larger in these coatings, using of  functionally graded nanocoatings improved 

corrosion resistance. This property is due to the influence of highly porous 

nanozones, which can help with strain tolerance. Furthermore, the nanostructured 

functionally graded coating showed a better adhesion strength than its traditional 

counterpart. 

2.12 Summary    

         HC is a main problem which involves in all brands of steam engines, power 

generation plants, gas turbine, and heat exchangers. The addition of CNTs to 

ceramic coating improved the properties of the coating layer. An intermediate 

layer was used to reduce the mismatch between the base alloy and the ceramic 

coating layer. Alumina is very stable and show good hot corrosion resistance , 

also alumina and nano ysz have  very low thermal conductivity therefore current 

study investigates enhance in corrosion resistance, hardness and thermal 

conductivity.  
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Chapter Three 

Experimental Work 

3.1 Introduction 
 

        The first part of this chapter describes the materials and devices used in  the 

current work. In this part several investigation tests are carried out: XRF, optical 

microscope analysis, XRD, hardness measurement. 

     The second part describes specimens preparation method for coatings, and the 

materials which are used in the plasma thermal spray method. 

 The third part includes surface roughness, erosion-corrosion, oxidation and hot 

corrosion tests of coated and uncoated specimens. 

      The examinations are carried out during the practical part after completion of 

coating by plasma spray method include physical and mechanical tests: 

XRD,SEM, cross section SEM, surface roughness, hardness test, thermal 

conductivity and adhesion test. The main steps and tests that have been done in 

the present work are shown in Fig. (3.1). 

3.2 Specimens  preparation   

         Turbine blades were supplied by Al-Hilla gas electrical power plant, have 

been cut by wire cutting machine (ACRA-W-A430) with dimensions (20 x15x2.5 

mm) as shown in Fig.(3.2). After cutting process, these specimens are grinded by 

using SiC grinding papers (180, 220, 320, 400, 600, 800, 1000, 1200, 1500, 2000, 

2500 μm) then polished with alumina paste into very smooth surface.. This last 

process is achieved in (the laboratory belonged to the University of Babylon/ 

Material Engineering College/ Department of Metallurgical Engineering) by using 

polishing machine model (MP-2B grinder- polisher). 
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Fig. (3.1): Layout of experimental procedure. 
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        Fig. (3.2): Prepared Specimen. 

 

3.3 Chemical composition 

       Chemical composition of turbine blade is investigated at Razi metallurgical 

center/Iran. The analysis results of turbine blade alloy was as listed in Table (3.1). 

 

Table (3.1): Chemical composition of turbine blade alloy specimen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the results of chemical composition in Table (3.1),the turbine blade alloy is 

similar to Inconel 738 LC[104]. 

 

Composition % 

Element 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 Base 

LEC 3.4 
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  3.4 Optical microscopic examination  

        This test is carried out to display base metal microstructure. Specimens are 

prepared as mentioned earlier. Finally etching process is applied on the 

specimens. The aim of this process is to improve microstructural topographies. 

Etching are accomplished by submerged the specimen in 20ml     + 60ml      

for 3-5s according to ASTM- E407. This work is achieved by using optical 

microscope with magnification of 80X type (BEL PHOTONICS) at the Lab of 

metallurgical Engineering Department/ College of Materials Engineering – 

University of babylon. 

 

3.5 Hardness measurement 

      Hardness testing is carried out for specimens of turbine blade. Vickers 

technique is carried out with load 200g and holding time for 10 seconds. This test 

is achieved by machine type (HVS-1000) tester which made in China. The 

Vickers hardness tester was utilized in (the Lab of metallurgical Engineering 

Department/ College of Materials Engineering – University of Babylon). 

3.6 Coating materials    

      In this work the specimens were coated with intermediate coating layer prior 

to ceramic surface layer. The bond layer was Amdry 995C alloy and its 

composition is as indicated in Table (3.2). The powder of intermediate coat layer 

was prepared by gas atomization with particle size about -90+45 µm, the 

thickness of the bond coat was about 150 µm. 
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Table(3.2) composition of bond layer. 

Element Wt.% 

Ni 32 

Cr 21 

Al 18 

Y 0.5 

Co balance  

 

    The specimens then have been coated with an outer ceramic layer consisted of 

mixture including alumina (Al2O3) with particle size of -45+15 µm with carbon  

nanotubes(CNTs) type and the other is nano yittra stabilized zirconia type 

INFRAMATE S4007(Nano YSZ) with carbon nanotubes(CNTs). Table (3.3) 

shows percentages of used coating. More information about the materials used in 

coating can be found in Appendix .  
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Table (3.3): Top coat composition and coding. 

 

3.7 Coating process 

      3.7.1 Sand blasting 

         The substrates surfaces were sand blasted prior to coating so as to increase    

the surface roughness of specimens, therefore a better adherent between substrate 

and applied layer is produced by plasma spraying. The relatively high roughness 

improves the bonding between the substrate and the layer of the bond coat.  

      The shooting process was done by using alumina grits with particle size of 24 

mesh. The pressure of the air was 80 bars, and then cleaned by alcohol. Table (3.4) 

lists the blasting process parameters. The blast distance was 150mm with right 

angle. The apparatus that used for surface preparation by sand blasting is showed 

in Fig.( (3.3). 

 

 

Code Top coat 

A 100% Al2O3 

B 96%      +4% CNTs 

C 94%      +6% CNTs 

D 92%      +8% CNTs 

E 100% nanoYSZ 

F 96% nanoYSZ+4% CNTs 

G 94% nanoYSZ +6% CNTs 

H 92% nanoYSZ +8% CNTs 
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Table (3.4) shot blasting parameters for specimens preparation. 

Grit Type Blast pressure Blast distance Angle 

Alumina 80 bar 150 mm  90
o
 

 

 

Fig.( (3.3) :Sand blasting apparatus. 

3.7.2 Plasma thermal spray 

         Plasma spraying process had been done by using a special unit of  spraying 

coating by atmospheric plasma (semi-automated), provided by “Metco 

incorporation, WesturyL.I, NY Co”, as showed in Fig.(3.4). The plasma coating 

process was accomplished in MRC, (Material and Energy Research Center), Karaj, 

Iran. 

     Ceramic coating materials powders (nanoYSZ, Al2O3, and CNTs) were 

combined in a ball mill after bond coat was sprayed on the prepared surface of the    

specimens to achieve homogenized composition. Selection of spraying parameters 

was based on survey of previous researches [104,106,112,114]. 

     Fig.(3.5) shows specimens prepared for coating process. To guarantee complete 
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coverage of the surface of the specimen, the torch containing the coating materials 

(melted) moved  horizontalloy. The plasma that  created by the ionization argon 

available in-between the anode and cathode melted the ceramic materials and 

the bond coat alloy. 

      Argon gas was used as the primary medium with hydrogen as a secondary gas. 

The spray torch was making angle of about 90◦ with the surface of the specimens. 

The parameters that were used for the thermal spray coating of both bond coat and 

the ceramic layer are illustrated in Table (3.5). Fig.(3.6) shows  Macro images of 

coated specimens. 

 

 

Fig. (3.4): plasma spraying device. 

    An inert medium (argon) was pumped to the substrate throughout the spraying 

process so as to eliminate the reactions with air, argon also serve as a coolant of the 

substrate. 
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Table (3.5) parameters of plasma spray coating process[104,106,112,114]. 

Parameter Bond coat      + 

CNTs 

nanoYSZ+ 

CNTs 

Primary gas 

flow(Ar)L/min 

 

65 (SLPM) 38 25-35 

secondry gas flow(  ) 

L/min 

 

14 (SLPM) 17 8-10 

Current, A 6600 500 600 

Voltage(V) 75 70 70 

Powder feed rate, g/min 40 30 35 

Spray distance, cm 120 9 10 

 

 

Fig.(3.5): shows specimens prepared for coating process. 
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Fig. (3.6) :Macro images of coated specimens. 

 

3.8 Physical and mechanical examinations 

     Some of physical and mechanical examinations are carried out after 

completely plasma spray coating such as thickness measurements, hardness test, 

SEM, cross section SEM , surface roughness, thermal conductivity and adhesion 

test. 

   3.8.1 Thickness measurements of coating 

             A digital gage Type (TT260), is used to determine the thickness of  coating 

layer for all coating specimens .Fig. (3.7) a view the digital gage which is  located 

(in the Lab of Metallurgical Engineering Department, /College of Materials 

Engineering, University of Babylon). The device accuracy ± 0.1 μm. In this way, 

measurement is taken in three places for each specimen to obtain averaged 

thickness. 
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Fig.(3.7): Digital coating Thickness-TT260.  

 3.8.2 Hardness measurement for coating specimens  

            Microhardness of coated specimens was measured by Vickers hardness 

tester. Digital micro hardness tester of type TH 715, Beijing times high technology 

Ltd. The amount of applied load was 50 gm and the duration was 20 second at 

regular distance of 0.25 mm. Vickers hardness tester in the laboratory of 

Metallurgical Engineering Department/College of Materials Engineering/Babylon 

University was used. 

3.8.3 Scanning electron microscopy (SEM) and cross section  

        SEM examination is used to know the morphology of coated surface. Some of 

these specimens were used to attain the cross sectional to determine other features 

for instance microstructure of underneath surface and thickness of coating.  

           After coating and corrosion test at each temperature, SEM is applied at 

these specimens. Characterization has done in Razi metallurgical center/Iran in 

SEM, FESEM laboratory. SEM device model VEGA TESCAN showed in Fig. 

(3.8).  
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Fig.(3.8): Scanning electron microscope. 

 

3.8.4 X-ray diffraction analysis  

        This analysis is utilized for distinguish phases that exist in the substrate , 

phases for coating surface, and phases that produced after corrosion test. For this 

work, XRD analysis was done in Razi metallurgical, center/Iran using XRD 

apparatus of model MPD 3000 using cupper target, current of 30 mV. The 

specimens and their corrosion products (scales) subsequent to oxidation and hot 

corrosion were investigated from boat and then analyzed separately by XRD. 

Coated specimens after hot corrosion test also have been examined by XRD to 

revealed any phase transformation or not. Fig.(3.9) shows XRD apparatus that has 

been used. 
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Fig.(3.9): X-ray diffraction apparatus. 

 

  3.8.5 Surface roughness   

         Surface roughness has been measured for all types of coating specimens. 

Atomic Force Microscope (AFM) micrographs with digital instruments 

(BY2000/Being Nano-Instrument LTD., China) are taken to observe the surface 

roughness and topography of all coated specimens. Roughness, root mean square 

(RMS), and grain size are typical data extracted from AFM height images. Non-

contact, contact, and intermittent contact or tapping are the three main modes of 

mapping topography. The tip of an AFM, with its nanoscale radius of curvature, is 

the most significant component. The tip is connected to a microscale cantilever that 

responds to the Van der Waals interaction and other forces acting on the specimens 

and the tip. This instrument is present at the College of Science/ Department of 

Chemical/ University of Baghdad.  Fig.(3.10) shows the AFM microscope 

instrument image. 
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                                              Fig.(3.10): Atomic force microscopy apparatus. 

 

3.8.6 Thermal Conductivity Test 

Thermal conductivity test was done using a thermal system that is shown in 

Fig. 3.11, which includes two copper discs. The specimen to be tested is placed 

between the two copper disks. Then the required temperature degree was selected 

as (100 ºC) to measure the thermal conductivity coefficient. The voltage of the 

upper and lower copper disks in both cases; cooling and heating were recorded. 

Then the following equation was used to calculate the thermal conductivity 

coefficient [50] : 

     

  
    

             

        

        
 
  

  
                                                                               (3.1) 

 

Where: 

K: thermal conductivity coefficient (w/m.k).  

m: mass of copper plate (0.824 kg).  

C: specific heat capacity of copper plate is 3.805*10
2
 (kj/kg.k).  

hp, Rp: thickness and radius of copper plate are( 7.01mm,65 mm respectively).  
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RB: radius of specimen is 9.8 mm.  

v1,v2: voltage of thermocouple 1,2 at heating.  

Δv: difference in voltage at cooling.  

Δt : difference in time at cooling. 

 

 

 

Fig.(3.11): Thermal conductivity measurements. 

 

3.8.7 Adhesion Test 

        Adhesion test was done using a stud, fixed with adhesive onto the coating, and 

between the sample and plate in order to fixed a specimen then the test was done 

after 24 hours passing from put the adhesive material with a stud on the sample by 

pulled off a stud and then the strength in that can be obtained in  Mpa which is 

represented strength of adhesion of the coating. Fig (3.12) represents macrographs 

of specimen before and after adhesion test and fig.(3.13) shows adhesion apparatus 

model / positest AT-M presents in the  laboratory of Metallurgical Engineering 

Department/College of Materials Engineering/Babylon University. 
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Fig.(3.12): macrographs of specimen before adhesion test. 

 

 

 

 

 

Fig.(3.13): Adhesion measurements apparatus. 
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3.9 Oxidation test 

          Cyclic oxidation at high temperature was carried out in order to study the 

oxidation resistance of Inconel 738 LC without coating. The tests were carried for 

different temperatures (650, 750 and 850 and 950 °C) at 50 cycles in laboratory 

using electric furnace (Gallenkamp, British Made, Max. Temp. 1100℃). 

Specimens were accurately weighted by  using an electronic balances and 

dimensions of specimens were precisely deliberated by digital Vernier to calculate 

area for samples without coating ,and then placed into ceramic crucible. The 

evaluation of the oxidation resistance of the specimens has been investigated  by 

heating the specimens in a furnace at test temperatures and weighing them every 

5hrs. The furnace was turned off at the end of the run, and samples were taken out 

after 24 hours. When we removed the samples from the furnace in both cases, their 

weights were measured, and the amounts of the weight change  due to 

the oxidation were recorded. Specimens after oxidation in air were analyzed by X-

ray  and scanning electron microscope in order to investigate oxidation products 

and specimens surface after oxidation. Fig.(3.14) shows bare specimens after 

oxidation test. 

 

 

  
Fig. (3.14) : bare specimens after oxidation test at different temperatures . 
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3.10 Corrosion Test 

       3.10.1 Hot Corrosion Test 

         Hot corrosion test was conducted at 650, 750, 850 and 950 ℃ for 50 hours in 

laboratory using electric furnace (Gallenkamp, British Made, Max. Temp. 1100℃). 

This test is conducted on several specimens which are bare and  coating 

specimens.Bare samples were ground and polished to get mirror finish. 

Dimensions of specimens were precisely deliberated by digital Vernier to calculate 

area for sample without coating and   surface area of coating specimens. For coated 

specimens alumina powder was used to isolate the other surfaces to eliminate or  

reduce the air from reaching to uncoated areas. This test is based on weight gain 

where specimens are weighed after being covered by artificial ash (67%V2O5 + 

33%Na2SO4) which is dissolved in acetone ,the mixture was applied by using a 

brush as in [115] in total layer weight of (3-5) mg/cm
2
. Hot corrosion 

investigations were performed at different temperatures (650, 750 and 850 and 950 

°C) for 50hrs at 5hrs cycle in electric furnace. After five hours the specimens left 

to cool down in furnace and then weighted in order to calculate the weight change 

after each cycle this process repeated for 10 cycles in a total of 50 hours .This 

furnace is available in the materials engineering Laboratory. Specimens after 

corrosion in artificial ash environment were analyzed by X-ray  and scanning 

electron microscope in order to investigate corrosion products and specimens 

surface after corrosion. 

              To evaluate corrosion at high temperature behavior of coatings deposited 

by plasma thermal spray technique the coated specimens’ surface was covered with 

ash. The artificial ash mixture was spread on the coated surface while about 

millimeter from the edges was left uncovered. The test was done at 950°C 

temperature for 10 cycles 5 hours for each cycle. Fig.(3.15) shows the specimens 

shielded by artificial ash and specimens after hot corrosion test. 
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Fig.(3.15): a: a coated specimen prepred for hot corrosion test ,b :after hot corrosion at 950 ℃,  

C:bare specimen after hot corrosion in different temperatures . 
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   3.10.2 Erosion-Corrosion Test 

Erosion is a mechanical process in which the material surface layer to be 

removed due to the effect of flowing fluids. The erosion-corrosion apparatus was 

designed to investigate the erosion effect of hot gases on bare and coated samples 

as shown in Fig.(3.16). The erosion-corrosion apparatus consists of a steel body 

with refractory bricks lining it has two openings one for gas flame entering and the 

other for exhaust gases.  

The temperature can be controlled by controlling the ratio of gas/air it was between 

600 and 700 ℃. Both bare and coated specimens covered with artificial ash were 

placed in the chamber for 20 hours 4 hours for each cycle. After each cycle, 

specimen was weighed to measure weight change due to errosion -corrosion. SEM 

and XRD were done for specimens after this test. 
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Fig.(3.16): Erosion –corrosion apparatus. 
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Chapter Four 

Results and Discussion 

4.1. Introduction 

     This chapter will discuss the findings and results of the conducted tests. Hot 

corrosion data that concluded by subjecting specimens to air as well as artificial 

ash environment also exhibited. The role of different coatings (alumina, nano YSZ 

and CNTs) will be discussed.  

4.2 Surface Examination 

4.2.1 Light optical microscopy (LOM) 

      LOM was used to investigate the surface and microstructure for bare specimen 

as in fig.(4.1), the substrate alloy specimen LOM image indicate that the 

microstructure consist grains of   (Austenite) and carbide particles (MC)  shown to 

be precipitated in the matrix[116]. 

   Carbide may be formed from the low percentage of carbon when combined with 

the other elements such as such as                         to form carbides 

of   . They precipitate in the matrix and at grain boundaries, minimizing the 

likelihood for grain boundaries to slide. Carbide started to decompose during heat 

treatment and service, resulting in lower carbides (M23C6,M6C). Because carbides 

are more brittle and harder than the alloy matrix, their distribution along 

boundaries of the grain will alter creep, ductility, and the strength at the higher 

temperature of the heat resistance-Ni based alloys. 
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Fig. (4.1): LOM of turbine blade  80X. 

4.2.2 Scanning Electron Microscopy 

         Figures (4.2)-(4.9) show SEM micrographs of  coated specimen . Some 

images of the top coat surface show the presence of voids, microcracks, and 

porosity, which are all features of plasma sprayed coatings (PSC). 

        Microcracks are present due to the creation of residual stresses as a result of 

the quic solidification that happens during the coating spraying process. 

The  sequence of processes that leads to the molten (liquefied) droplet  deposition 

and freezing to be a solid  should be followed for understanding the microstructural 

formation of ceramic coating by plasma spraying, which is a process through 

which  molten particles stream collides with the workpiece's surface and deforms 

and solidifies rapidly, forming splats of disk-like in its shape. In detail, these 

particles keep depositing on piled up solidified-earlier splats, building a coating (a 

particle by particle) with the specific morphology of splat generated by directional 

solidification process occurred during rapid cooling. 
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        SEM micrographs revealed partially melted particles with 

pores microstructure and unmelted particles or clusters of particles in some coating 

layers. Agglomeration of CNTs or other particles in the Nano-scale may cause 

partial melting. 

         Voids may  generated within plasma spray process ,which was evident by 

SEM test, voids form as a consequence of  sequence of plasma torch passing front 

and back. The effect of these voids could be very detrimental to corrosion 

protection behavior since it could be a path for oxygen passage into substrate. 

Pores which were induced by stacking faults. 

         Because of the compactness of the nanostructure, nanostructured YSZ 

coating contains fewer voids, pores ,and microcracks.  on the other 

direction,  inhomogeneities and linked pores are greatly reduced in the 

nanostructured YSZ coating. This case is apparently related to the  occurrence of 

nanozones (including nanparticles and nanoporosities) in the nano-YSZ coating 

function as a strong barrier for oxygen infiltration into the TBC at increased 

temperatures. Less microcracks or pinholes in the YSZ layer mean less O2 

infiltrations of corrosive materials  infiltration  and diffusion. Furthermore,  voids 

and microcracks absence in nano YSZ coated layers demonstrates adequate 

layers cohesion. 

      Cross section analysis reveals the layered nature of the coating, it can be easily 

noticed the boundary between the substrate and intermediate so as  the boundary 

between intermediate and surface layer i.e. the presence of just original coating 

constituents was deduced by the XRD patterns, which showed that there are no  
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intermediate (transitional) zones in between the layers. The thickness of the 

coating layers is quite  uniform and consistent. 
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Fig.(4.2): SEM micrographs of A specimen ,a: surface ,b: cross section. 
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Fig.(4.3): SEM micrographs of B  specimen ,a: surface ,b: cross section. 
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Fig.(4.4): SEM micrographs  of C  specimen ,a: surface ,b: cross section. 
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Fig.(4.5): SEM micrographs of D specimen ,a:surface, b:cross section. 
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Fig. (4.6): SEM micrographs  of E specimen ,a: surface ,b: cross section. 
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Fig.(4.7): SEM micrographs of F specimen ,a: surface, b: cross section. 
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Fig. (4.8): SEM micrographs of G  specimen ,a: surface ,cross section. 
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Fig. (4.9): SEM micrographs of H  specimen ,a: surface ,cross section. 
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             IMAGEJ was used to analyze   the two dimension SEM micrographes in 

order to measure the porosity of coating layer. Porosity of plasma spray coating 

can change within the range ( 2% < Porosity < 20%) based on the coating process 

parameters and properties of the used coating  powders [117]. 

       The results of porosity measurements were concluded by the analysis of two 

dimension image of the SEM cross section of the coating layer. As inferred by 

these results, Table (4.1), the highest porosity was exhibited by A specimen.  

Porosity when presented  even in insignificant amount can change mechanical 

properties as well as the corrosion protection performance of the coating layer. 

       These results show that nano YSZ has high effect on porosity, i.e. porosity 

percentage reduced in this coating, this reduction in porosity will lead to improving 

corrosion protection capability as so as mechanical properties. 

      The adding of CNTs also resulted in diminishing porosity as compared to those 

coating without CNTs. CNTs reduce the porosity especially if presented in a 

uniform distribution in the coating matrix. As the CNTs percentage increased, the 

coating porosity was found to be decreased ,CNTs also can reduce voids; during 

the coating process of these tubes inter the voids and closing them [115]. 
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                  Table (4.1): The porosity of all specimens coated. 

 Specimen Porosity % 

A 8.771 

B 8.031 

C 7.263 

D 6.047 

E 5.944 

F 5.441 

G 4.703 

 H 2.731 

 

4.2.3 XRD characterization 

      XRD analyses of coated specimens are shown in figs. (4.10)-(4.17). Figures 

(4.10)-(4.13) has revealed       as main phase. While figs. (4.14)-(4.17) consisted 

of a major phase of coated is the non-transformable tetragonal zirconia (t) which 

can be seen in the XRD test.  

Tetragonal zirconia (t)  is considered as a type of nonequilibrium phase that 

shaped when molten particles solidify quickly. The high rate of cooling rate of the 

particles sprayed by plasma avoids the unwanted zirconia transformation of phases 

from tetragonal phase to monoclinic phase, and forms non-transformable 

tetragonal zirconia phase from the cubic one through the transformation of 

the martensitic phase.   Monoclinic ( the second phase) inclines to transform to the 

tetragonal (the first) phase during the heating process, however the transformation 
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of the reversed phase is hindered during the plasma spray process, due to the rapid 

cooling, which clarifies the absence of monoclinic (the second) phase in the TBC 

coating[118]. 
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Fig. (4.10): XRD patterns of A specimen. 

 

Fig. (4.11): XRD patterns of B specimen. 
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Fig. (4.12): XRD patterns of C specimen. 

 

 

Fig. (4.13): XRD patterns of D specimen. 
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Fig. (4.14): XRD patterns of E specimen. 

 

 

Fig. (4.15): XRD patterns of F specimen. 
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Fig. (4.16): XRD patterns of G specimen. 

 

Fig. (4.17): XRD patterns of H specimen. 
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4.3 Coating thickness 

       The coating thickness of Inconel 738LC specimen coated with a ceramic 

composite layer that measured by digital gage type (TT260) are listed in Table 4.2. 

In order to provide the appropriate protection versus hot corrosion, thickness must 

be within a certain range; it should not be too thin (doesn't provide appropriate 

protection) nor too thick (stresses generation and spalling may be occurs) [119]. 

      SEM micrographs indicate that the coating layer have relatively homogeneous 

thickness. The measured thickness of coated specimens are in the range that 

provide the proper protection without excessive generated stresses[120]. 

      Angle smaller than 90° leads to an increase in the probability to bounce off the 

sprayed particles. Kang et al. describe the decline in coating thickness at smaller 

spray angles with a decrease of the normal component of the particle velocity 

regarding the surface of the substrates. Changes the thickness, width, and form of 

the spray beads because of  decrease in spray angle. The coatings become rougher 

and their quality decreases[121]. 

Table (4.2) Coating thickness of layer. 

 Specimen code Coating thickness(μm) 

A 390 

B 322 

C 301 

D 218 

E 314 

F 298 

G 266 

 H 394 
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4.4 Surface roughness 

       Roughness measurements of surface coating layer are displayed in Table (4.3). 

The highest roughness measured was for C coated specimen, while B specimen has 

the lowest surface roughness by AFM. 

Porosity which is inherited in plasma spray coating, coating by this 

technique has a relatively high amount of porosity which in turn tends to increase 

the surface roughness. The roughness of a surface can play an important role in its 

corrosion performance. Agglomeration which is inevitable in nanoscale powders 

also could lead to an increase in surface roughness of the coated specimen [122].  

Figs. (4.18-4.25) demonstrate the three dimension images as well as grain 

histogram revealed by AFM test. The average roughness can be used to describe 

the sharpness of the film’s surface, which is defined as the mean height of the 

surface from the center of the plane in a given area. 

The most frequently measurement that used for measuring the surface 

roughness is the root mean square (RMS) value, which can be which is known as 

the standard deviation value profile of the height of the surface, depicted 

depending on the average of the height. RMS was measured of coated specimens. 

RMS for inconel 738 IC specimens coated with 100% Al2O3, 96% +4% CNTs , 

94% +6% CNTs ,92% +8% CNTs ,100% nanoYSZ ,96% nanoYSZ+4% CNTs , 

94% nanoYSZ +6% CNTs and 92% nanoYSZ +8% CNTs was 29.2,11.4, 73.4, 

27.3, 14.7, 28.2, 57.3, and 20.2 nm respectively. 
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     Average diameter of  coated specimens with 100% Al2O3, 96% +4% CNTs , 

94% +6% CNTs ,92% +8% CNTs ,100% nanoYSZ ,96% nanoYSZ+4% CNTs , 

94% nanoYSZ +6% CNTs and 92% nanoYSZ +8% CNTs was 99.29, 319.18, 

202.90, 119.77, 196.19, 170.79, 138.12 and 101.59 nm respectively. 

 

Table (4.3) Roughness measurement of coated specimens. 

 Specimen Average roughness by 

AFM(nm) 

A 23.8 

B 9.2 

C 63.1 

D 22.6 

E 12.4 

F 28.2 

G 48 

 H 16.5 
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Fig. (4.18): AFM images for A specimen, a: 3D images  and b: grain size histogram. 
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Fig. (4.19): AFM images for B  specimen, a: 3D images  and b: grain size histogram. 
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Fig. (4.20): AFM images for C specimen, a: 3D images  and b: grain size histogram. 
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Fig. (4.21): AFM images for D specimen, a: 3D images  and b: grain size histogram. 
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Figure (4.22) AFM images for E specimen, a: 3D images  and b: grain size histogram. 
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Fig. (4.23): AFM images for F specimen, a: 3D images  and b: grain size histogram. 
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Fig. (4.24): AFM images for G specimen, a: 3D images  and b: grain size histogram. 
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Fig. (4.25): AFM images for H specimen, a: 3D images  and b: grain size histogram. 
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4.5 Microhardness measurements 

      Table (4.4) Displays the values of microhardness that measured by vicker 

hardness. The microhardness of substrate alloy (535Hv). As-sprayed coatings have 

uneven surface and contains a lot of pores and defects which affect the value of 

microhardness. Average microhardness of three readings was calculated. The 

microhardness value was for single phase alumina coating(A specimen) which was 

1060 Hv ,but it still significantly lower than that of bulk alumina (2720 Hv)[123], 

this is attributed to the presence of defects in coating layer primarily porosity that 

has a very significant effect on measured porosity.  

     A hardness reading for the coating specimens shows a hardness increase by the 

addition of MWCNTs, which is in good agreement with Mazaheri, et al. [124] for 

nano YSZ-MWCNTS. 

     The  hardness of ysz only was 1252, while the hardness increased by adding 

carbon nanotubes which is equal to 1265, 1272,  1280 HV for F,G, and H 

specimens respectively. while the hardness of alumina with carbon nanotubes 

increased from 1068 to 1080 for B, C, D  respectively. 

     The reason that made of the hardness measurements of nano YSZ-MWCNTS  

increased by increased percentage of MWCNTs is due to the enhanced indentation 

resistance by CNT reinforcements this is attributed the extent of interfacial 

bonding between MWCNTs and zirconia grains [124]. while hardness results of 

alumina with MWCNTS increased by the increase in the percentage of MWCNTS is 

due to improvements in toughness which was due to uniform dispersion of CNTs 

and toughening mechanism such as CNT bridging, crack deflection and strong 

interaction between CNT/ Al2O3 interfaces [125]. 



Chapter Four                                        Results and Discussion 
 

102 
 

 

Table (4.4) Microhardness measurements of coated specimens. 

Specimen code A B C D E F G H 

Microhardness(Hv)  1060 1068 1075 1080 1252 1265 1272 1280 

 

4.6 Thermal conductivity test results 

        The relation between thermal conductivity with porosity percentage is al 

linear correlation, that is, by increasing porosity thermal conductivity decreases 

[126]. 

        The  results of thermal conductivity measurements of coated specimens 

indicated in table (4.5). 

       The reason that makes the thermal conductivity of ysz is low is the presence of 

pores into the microstructure as the air trapped in the pores represent a better 

thermal insulator[127]. 

 The  thermal conductivity of the coating layer is lower than that of pure 

bulk coating materials (which is equal to 18 and 2.5 W/m.K for alumina and 

yittrium –stabilized zirconium(ysz) oxide(7-8%), respectively) [128,91]. 

Table (4.5) : Thermal conductivity measurements of coated specimens. 

Specimen code A B C D E F G H 

Thermal 

conductivity(W/m.K) 

5.3 6.32 11.6 15.28 2.2 1.82 1.45 1.32 
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4.7 Adhesion test results 

   The values of adhesions of coating specimens are listed intable (4.6). From the 

results, the heights measured adhesion value was 55.23 Mpa of (92% nano ysz + 

8%CNTS)   while the heights value of adhesion test of (94% Al2O3+6%CNTS) was 

43.92 Mpa. This results related to the presence of defects primarily porosity that 

has a significant effect on measured where as the porosity of  (92% nano ysz + 

8%CNTS)  and (94% Al2O3+6%CNTS) has 2.731%and 6.047% respectively. 

Table (4.6) adhesion test  measurements of coated specimens. 

Specimen code A B C D E F G H 

Adhesive(Mpa) 28.21 35.11 43.92 38.41 43.56 52.71 48.43 55.23 
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4.8 Oxidation test of bare specimen      

       Oxidation test of IN 738 LC specimens was achieved to investigate the 

behavior of The specimen have been undergo continuous change in weight during 

the test interval.  

      The change in weight per unit surface area is presented in Fig. (4.26).as a 

function of time expressed in number of cycles for bare specimens as shown in  

      The curve shows clearly that the weight gain is maximum at temperature 950  

,this is attributable to high rate of oxidation at this temperature. 

       With increasing time, the oxide layer thickness was increased, i.e. the stresses 

in the layer increased, due to the presence of cracks and voids , as a result the oxide 

layer starts to spall from substrate surface as can be seen in SEM micrograph in 

figure(4.31).   
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    Fig.(4.26): Bare base alloy oxidation behavior at different temperature. 

 

Kinetics of oxidation was studied by data collected from weight change 

measurement during oxidation in the furnace at temperatures of 650, 750, 850, and 

950   for 50 hours. From the relation between time of test and amount of specific 

weight change (in Log scale), the oxidation behavior can be explained using 

parabolic kinetic.  

      The growth time constant (n) is equal to 1 for linear kinetic, 0.33 for cubic 

kinetic and 0.5 for theoretically parabolic kinetics. When the value of n is greater 

or lower than 0.5 then oxidation kinetic does not fall in the simple parabolic 

behavior and this implies a faster or slower oxidation rate. For example, for n > 0.5 

it is an over parabolic, while for n < 0.5 the rate is under parabolic (subparabolic) 

[129]. 
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For the parabolic law the corrosion rate follows the following relationship[130]: 

(ΔW/A)
 2
= Kp t,   (4.1) 

where (ΔW/A) is a specific weight change(g/cm
2
) ; t is time(sec); and Kp is 

parabolic oxidation rate constant . The calculated values of rate exponent and 

corrosion rate constant of Inconel 738LC after oxidation for 50 cycles at different 

temperature are shown in Table 4.7. 

Table (4.7): Values of n and kp after oxidation for fifty hours. 

              n value Oxidation temperature ( ) 

3.125      0.5038 650 

4.014      0.5149 750 

5.336      0.5394 850 

8      0.5352 950 

 

The minimum value of parabolic rate constant (Kp) was observed for 

inconel 738LC specimen that oxidized at a temperature of 650   (3.125 x 10
–8

 

mg
2
 cm

−4
 s

−1
). 

From the experimental work, data revealed that a parabolic oxidation rate 

(Kp) obeys an Arrhenius-type equation of the form Kp=   exp(-Q/RT). 

    Where Kp is parabolic oxidation rate ,    is the pre-exponential factor,Q is the 

activation energy , T is temperature, and R is the universal gas constant (8.314 

J/mol.K  ( [71]. Plot of ln(Kp) Vs. (1/T) as shown in Fig.(4.27). 
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Fig.(4.27) : Plot of (Kp) Vs. (1/T) for Bare base alloy oxidation behavior at different temperature. 

 

4.8.1 XRD characterization 

       Figures (4.28-4.31) show XRD results  of specimens exposed to oxidation at 

650, 750 850 and 950   for 50 hrs. The oxides formed consist of NiO,TiO2, and 

spinel phase NiCr2O4. All  these forms of oxide are  pores  and poorly adherent to 

the base metal surface, therefor they are not protective layer of oxide[131].  

      Cr2O3 appear at the interface between and the alloy matrix and layer rich in 

nickel oxide. When the Cr2O3 sub-layer is continuous, an NiO outer scale is 

created, with an interior layer, which is sometimes porous in its nature, of Nio 

containing NiCr2O4 islands. The       layer stop developing and the kinetics of 
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oxidation hardly reveal the Cr2O3 layer growth. The introduction of the spinal 

        in the external layer designates a chemical reaction between Cr2O3 and 

NiO layers.  

Some NiCr2O4 is formed as a result of oxygen travelling ahead of the NiO front.) 

In all but the most dilute Cr alloys, these NiCr2O4 islands persist as a second phase 

in the scale, and their extent indicates the location of the surface of the original 

metal. The spinel islands in the scale operate as diffusion blockers for outward 

migrating of the ions of Ni because cation diffusion through NiCr2O4 spinel is 

significantly slower than through NiO. As the content of the Cr in the alloy 

increased, the volume percentage of spinel decreased, lowering the total Ni flux 

through the scale and lowering the rate constant [37,71]. 

            XRD analysis  shows that great amount of Cr2O3produces on the substrate 

surface in the initial stage as a result of selective oxidation. But the solid Cr2O3 

may vary to volatile Cr2O3that vanishes off  during the oxidation process with 

increasing temperature and thus cannot delay the oxygen ions diffusion into the 

substrate. Thus, the surface of the substrate oxidizes more to create other oxides 

such as , TiO2[132]. 
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Fig.(4.28): XRD patterns of specimen at 650   after 50 hours after oxidation. 

 

 

Fig. (4.29): XRD patterns of specimen at 750   after 50 hours after oxidation. 

 

 

 

 



Chapter Four                                        Results and Discussion 
 

110 
 

 

 

 

Fig. (4.30): XRD patterns of specimen at 850   after 50 hours after oxidation. 

 

Fig. (4.31):  XRD patterns of specimen at 950   after 50 hours after oxidation. 
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4.8.2 SEM micrographs and EDX 

      After oxidation test, some pores has many cracks detected in the external Cr-

rich oxide layer. It is supposed that these pores influence on the solid state 

diffusion for the oxygen and metal ions by increasing the growth of the oxide 

scale. The oxide layer get cracked as a result of high stresses , which lead to the 

scaling of the outer layer from the substrate surface as in figures (4.32-4.35)  ,and 

finally detached from the specimen surface.  

     EDX results of bare specimens after oxidation test presents that the alloy 

surface was covered with Ti-rich oxide with a slight concentration of Cr-rich 

oxide. The concentration of thermodynamics and the alloying elements play an 

important  role in the development and formation oxides. IN738LC is a 

polycrystalline alloy with grain boundaries, which may be one of the causes for 

the development of      and       on the surface.  The migration of Cr 

and  Ti ions from the matrix to the surface is the rate governing mechanism for 

     and       growth under these conditions.      should form preferentially to 

      from a thermodynamic. However, titanium makes up 3.2 wt% of the alloy, 

whereas chromium makes up to 15.7 weight percent. As a result,      will only 

form as a thin layer on the surface. On the surface, Ti ions diffuse through the 

Cr oxide scale to create     . However, the rate of Ti diffusion in       appears 

to be slow, which explain why a thin      oxide scale forms on the surface [133]. 

EDX analysis of bare spacimens reported in figs. (4.36-4.39) and tables(4.8-4.11).  
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Fig.(4.32): SEM Micrographs of bare specimen after oxidation at 650℃ 

 

Fig.(4.33): SEM Micrographs of bare specimen after oxidation at 750℃ 
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 Fig.(4.34): SEM Micrographs of bare specimen after oxidation at 850℃ 

 

Fig.(4.35): SEM Micrographs of bare specimen after oxidation at 950℃ 
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Fig.(4.36): EDX analysis of bare specimen after oxidation at 650 . 

 

Table (4.8) EDX analysis after oxidation at 650 . 
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Fig.(4.37): EDX analysis of bare specimen after oxidation at 750 . 

 

Table (4.9) EDX analysis after oxidation at 750 . 
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Fig.(4.38): EDX analysis of bare specimen after oxidation at 850 . 

 

 

Table (4.10) EDX analysis after oxidation at 850 . 
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Fig.(4.39): EDX analysis of bare specimen after oxidation at 950 . 

 

Table (4.11) EDX analysis after oxidation at 950 . 
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4.9 Hot Corrosion Test of Bare Specimen 

       Hot corrosion test was conducted based on the change in weight; the test 

results were obtained in different time with different temperature the weight 

change is a good indicator to examine the corrosion rates in equivalent conditions. 

       Change in weight is measured as per corresponding time cycle. It is observed 

from the figure (4.40)  which indicates the hot corrosion behavior (weight change) 

in artificial ash with composition of 67% wt.      and 33 % wt.         at 

650,750,850 and 950℃.   

      At 950℃, specimen has presented much higher rates of weight gain and 

continuous untill the last cycle. Weight change at 650 ◦C specimen has reduced 

remarkably as compared with other temperature. The weight change observed with 

specimens in presence of artificial ash was higher as compared with those of 

oxidation without artificial ash salts.  

            and         in range of temperature 650-950 ℃ form complex 

compound as confirmed by XRD patterns of corrosion products figs(4.40-4.43) . 

The formed compounds if in melted state, can attack the base metal surface, 

dissolving it, and accelerate the corrosion process. 

      Additionally, the weight gain rate is comparatively high, which may be 

attributed to the formation of sodium meta-vanadate (     ) (melting point 610 

 ) as a consequence of reaction of the vanadium pentoxide and sodium sulfate. 

This NaVO3 works as oxygen carrier to the base alloy and catalyst, resulting in 

rapid oxidation of the superalloy's basic elements and the formation of protective 

oxide scales. Concurrently, the protective scale is broken or removed by the molten 
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salts' fluxing action, exposing the metal surface to direct attack from the aggressive 

environment [134]. 

 

 

 

Fig. (4.40): Weight change after hot corrosion in artificial ash after 50 hours. 

 

       The calculated exponential constant values (n) of the fitted data of weight 

change as shown in Table 4.12, Therefore the kinetic considered over parabolic. 

The highest corrosion rate was noticed in the specimen that undergone corrosion in 

artificial ash at 950  , Kp was 6.72222      (mg/cm
2
)

2
/s. The high corrosion 

rate at high temperature is due to increasing aggressiveness of the molten salts 

constituent that attacks the surface of inconel 738LC specimen, higher temperature 

also increase the diffusivity of corrosive species. 
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Table (4.12): Values of  n and kp after corrosion in artificial ash. 

              n value Corrosion temperature ( ) 

1.50222      0.6074 650 

2.96056      0.6085 750 

4.72222      0.6107 850 

6.72222      0.6144 950 

 

From the experimental data, the ln of kp vs. (1/T) is plotted as shown in fig.(4.41). 

 

 

Fig.(4.41): plot of kp vs. 1/T for bare specimen after hot corrosion in artificial ash after 50 hours. 
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4.9.1 XRD characterization 

        XRD analysis was subsequently conducted to investigate the corrosion 

products at the specimens outer surface. The Patterns of XRD of HC test after 

subjecting specimens to artificial ash (33% wt. Na2SO4 and 67% wt. V2O5) salt 

environment at 650, 750, 850, and 950 ℃ for 50 hours are shown in Figures (4.42–

4.45).       

      XRD analysis reveals the presence of NiO and Cr2O3 .A thin layer of     had 

shaped just above the substrate. Above this thin layer of     there is a continuous 

thin layer of Cr2O3, which had formed with the scale outer portion, having oxides 

of          ,          and         . Spinels were also presented in the scale as 

recognized by XRD analysis [135,136].     

The spinel formation of         via reaction of the solid phases between Cr2O3 

and NiO in the oxide scales assistances to advance oxidation resistance as the 

spinel phase that typically has lower coefficients of diffusion of the anions and 

cations than that corresponding in the parent oxides [136].   

XRD analysis indicates also the presence of         , this result is in agreement 

with the researches [134,137]. 

    Sodium sulfate (      ) and vanadium pentoxide (    ) react to produce 

sodium meta-vanadate (NaVO3). urther,      dissolves protective oxides like 

      resulting in protective oxides depletion on the material surface[118]. 
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Fig. (4.42): XRD patterns of specimen at 650   after 50 hours in artificial ash 

 

 

Fig. (4.43): XRD patterns of specimen at 750   after 50 hours in artificial ash 
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Fig. (4.44): XRD patterns of specimen at 850    after 50 hours in artificial ash. 

 

 

Fig. (4.45): XRD patterns of specimen at 950    after 50 hours in artificial ash 
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4.9.2 SEM Micrographs and EDX After Corrosion in Artificial Ash 

       SEM micrographs of specimens that subjected to hot corrosion in an 

environment of artificial ash (33% wt. Na2SO4 and 67% wt. V2O5) ,at temperature 

650,750,850 and 950 ℃ for ten cycles are shown in figures [(4.46)-(4.49)]. 

       SEM micrographs show that, the oxides formed on the surface of specimens 

have rhombohedra and irregular structures. 

        The  outer layer is porous, as clear from the following figures, and it getting 

thicker with increasing time and temperature, eventually it spall from the specimen 

surface. For hot corrosion at 950 .  SEM indicates cracking as a result  of  higher 

stresses which resulted from the high thickness of the oxide layer. 
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Fig. (4.46): SEM micrograph of bare specimen  after hot corrosion at 650℃ after 50 hours. 

 

Fig. (4.47): SEM micrograph of bare specimen  after hot corrosion at 750℃ after 50 hours. 

Porosity 
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Fig. (4.48): SEM micrograph of bare specimen  after hot corrosion at 850℃ after 50 hours. 

Fig. (4.49): SEM micrograph of bare specimen  after hot corrosion at 950℃ after 50 hours 

Porosity 
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         EDX analysis of bare spacimens reported in figures (4.50-4.53) and tables 

(4.13-4.16)  indicates that the prsence of  nickel, chromium, vandium, and oxygen 

therfore the main consitituens of the scale is Nio , as clear form the EDX analysis. 

 

 

Fig. (4.50): EDX of bare specimen  after hot corrosion at 650℃ after 50 hours. 

Table (4.13) EDX analysis after hot corrosion  at 650 . 
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Fig. (4.51): EDX of bare specimen  after hot corrosion at 750℃ after 50 hours 

 

Table (4.14) EDX analysis after hot corrosion  at 750 . 
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Fig. (4.52): EDX of bare specimen  after hot corrosion at 850℃ after 50 hours. 

 

Table (4.15) EDX analysis after hot corrosion  at 850 . 
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Fig. (4.53): EDX of bare specimen  after hot corrosion at 950℃ after 50 hours. 

 

Table (4.16) EDX analysis after hot corrosion  at 950 . 
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4.10 Corrosion test of coated specimens 

       The results of high temperature of this test of all groups of the coated 

specimens are shown in this section, coating layer of different types drastically 

reduced the weight gain in comparable to bare specimen as evidenced by the 

following XRD,SEM and weight change finding.  

4.10.1 XRD characterization 

      XRD patterns of coated specimens subjected to hot corrosion at 950℃  while 

covered with (67% wt. V2O5+ 33% wt. Na2SO4) for fifty hours are shown in 

figures [(4.54)-(4.61)]. 

      The patterns in figures [(4.54)-(4.57)] show many primary peaks Al2O3, and  

V2O5 appeared in all the tested samples results. 

Figures [(4.58)-(4.61)] appear many primary peaks         in all the tested 

samples results , in addition to appearing         and     . The reaction 

between sodium vanadate      and yittrium oxide(       produces yttrium 

vanadate (    ) and leads to the transformation of tetragonal zirconia to 

monoclinic zirconia. These results are in agreement with results reported by other 

researchers [104,138]. 

      Different forms of carbon (diamond and graphite) were found in some rested 

specimens. The CNTs reinforced coatings enhance resistance to corrosion 

significantly [139]. 

      Sodium oxide was also noticed in XRD patterns. 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 
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XRD. Absence of any oxides of base specimens 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      could be observed. As a result, Na2SO4 had no influence on the 

YSZ coating. It appears that the molten       simply improved mobility 

of atom and accelerated (enhanced) yttria depletion. Other researchers have 

corroborated this behavior as well [118]. 
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Fig. (4.54) XRD patterns of A specimen after hot corrosion test at 950℃. 

  

Fig. (4.55) XRD patterns of B specimen after hot corrosion test at 950℃. 
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Fig. (4.56): XRD patterns of C specimen after hot corrosion test at 950℃. 

 

Fig. (4.57): XRD patterns of D specimen after hot corrosion test at 950℃. 
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Fig. (4.58): XRD patterns of E specimen after hot corrosion test at 950℃. 

 

 

Fig. (4.59): XRD patterns of F specimen after hot corrosion test at 950℃. 
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Fig. (4.60): XRD patterns of G specimen after hot corrosion test at 950℃. 

 

 

Fig. (4.61): XRD patterns of H specimen after hot corrosion test at 950℃. 
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4.10.2 SEM micrograghs 

         Figures [(4.62)-(4.69)] show the scanning electron images of coated samples 

after hot corrosion test at 950 ℃  for 50 hours by using 67% wt. V2O5+ 33% wt. 

Na2SO4 as corrosion medium. 

        These images clearly show that the coating layer preserved its topography and 

soundness, indicating that it is a stable coating layer that may be used as a barrier 

layer between the outside and the substrate, preventing the corrosive species and 

Oxygen from passing to the substrate. 

      Figures [(4.62)-(4.65)] appear, the surface of coating have a circular-shaped 

and faceted crystals.  

    The extraction of Y from YSZ during the production of YVO 4 crystals results in 

instability and phase transformation. Monoclinic phase transformation would 

occur, which is not only an undesired phase but also  may result in dimensional 

changes. Because of the packness of the coatings, YVO 4 formation is substantially 

less in nanostructured YSZ. As a result, nanostructured ysz could help TBC last 

longer by reducing hot corrosion [104, 140]. 

    The presence of  a layer of dense nanostructured YSZ  and fine and tiny grains 

plays a critical role in reducing the permeation of oxygen within the ceramic 

zirconia layer. As previously stated, the rate of oxygen permeability through 

the  linked porosities and microcracks and is greater than the rate of oxygen 

penetration through compacted particles. As a result, the nanostructured YSZ is 

more oxygen penetration resistant than normal (conventional) YSZ [104]. 
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Fig. (4.62): SEM micrograph of A specimen after 50 hrs at 950  

 

Fig. (4.63): SEM micrograph of B specimen after 50 hrs at 950  
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Fig. (4.64): SEM micrograph  of C specimen  after 50 hrs at 950 . 

 

Fig.(4.65): SEM micrograph  of D specimen  after 50 hrs at 950  
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Fig. (4.66): SEM micrograph  of E specimen  after 50 hrs at 950  

 

Fig. (4.67): SEM micrograph  of F specimen after 50 hrs at 950  

YVO4 

ZrO2 

ZrO2 

YVO4 



Chapter Four                                        Results and Discussion 
 

141 
 

 

Fig. (4.68): SEM micrograph of G specimen after 50 hours at 950  

 

Fig. (4.69): SEM micrograph of H specimen after 50 hours at 950 . 
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4.10.3  Weight change measurement by hot corrosion test 

           Figures (4.70), (4.71), (4.72) and (4.73) show the specific weight change of 

the coated Inconel 738LC specimens. After corrosion testing at 950°C, all coated 

specimens presented a slight but significant ( not negligible) change in weight. 

         When coated specimens are compared to bare ones, the weight change is 

dramatically reduced, as seen in the following figures. This is due to the coated 

surface layer's ability to provide isolation and protection from the environment. 

          A result of thermal stresses that exerted on coating layers by porosity and 

unmelted particles, some specimens have been undergone cracking in the coating 

layer such as A and E specimens. 

            The presence of pores and microcracks in the coating of E specimen plays a 

critical role as active paths for the penetration of the molten salts thought the 

porosity caused  reaction between stabilizers zirconia(    ) and  molten salt and 

therefore rod-type crystals      appear as it clear in SEM image fig(4.64) result.    

               Hot corrosion tests show that a nanostructured ysz coating reduces 

diffusion of oxygen towards the CoNiCrAlY bondcoat and works as a strong and 

effective barrier to corrosive materials  infiltration into ceramic YSZ. As a result, 

the presence of finer particles in the YSZ coating can improve durability of TBC in 

GT service conditions. 

         CNTs addition to the nano ysz and coating alumina increases and enhances 

toughness, reduces porosity, and improves  mechanical characteristics.  these 

results improve the resistance of HC by highly reduction in the weight 

gaining  through corrosion  at high values of temperatures as compared to alumina 

only and nano ysz only as shown in Figs. (4.70) and (4.71), respectively. 
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 In figures (4.72),(4.73), it clears that the weight change of coating 

drastically reduced as compared to bare specimen. The corrosion rates of all types 

of coating are shown in Table 4.17, the highest corrosion rate was showed by A 

and E specimens. 

 

Table (4.17): Corrosion rate of coated specimens after corrosion in artificial ash. 

   Corrosion 

temperature (℃) 

Kp (mg/cm
2
)

 2
/ s n value 

A 
5.01 x10

-10
 

0.4747 

B 
3.74 x10

-10
 

0.4517 

C 
3.21 x10

-10
 

0.4597 

D 
1.87x10

-10
 

0.4742 

E 
5.014x10

-10
 

0.5001 

F 
3.125 x10

-10
 

0.4619 

G 
2 x10

-10
 

0.4274 

 H 
1.805 x10

-10
 

0.4844 

 bare 
6.7222 x10

-6
 

0.6144 
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Fig. (4.70): weight gain of coating layer(Al2O3+CNTS)  at 950℃. 

 

Fig.(4.71): weight gain of coating layer(nano YSZ+CNTS)  at 950℃. 
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Fig. (4.72): weight gain of coating layer(Al2O3+CNTS)  as compare with bare specimen. 

 

 

Fig. (4.73): weight gain of coating layer(nano YSZ+CNTS)  as compare with bare specimen. 
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4.11 Erosion-Corrosion Results 
 

             Fig.( 4.74) shows the macrograph of the bare and coated specimen after four 

cycles. The visual examination has been investigated  to examine the change in 

color, spallation, and adherence of the specimens after erosion test. The bare 

specimen shows the presence of cracking and severs spallation of the outer 

corrosion layer as is appeared in the figure below.  

Alumina coated A, B and C specimens show minor cracks and spallation as 

seen after exposure to test in the surface coating layer. This may be attributed to 

relatively higher cooling rate as long as the presence of a defect in the coating layer 

such as porosity and microcracks, while other coating types have suffered no 

damage. 

As a result of  thermal fatigue damage in the coating layer that resulted from 

cyclic high-temperature corrosion specimens subjected to, cracking which may be 

occurred in the coated surface of samples.  Because of difference in the thermal 

expansion coefficient of substrate and coating materials, thermal stresses appeared. 

The total weight change caused by erosion-corrosion was measured by 

weighing the specimens before and after the tests, the bar chart in Fig. ( 4.75) 

indicates the accumulated weight change of bare as well as coated specimens. The 

uncoated sample indicates an increase in weight compared to the coated samples, 

where the weight gain was less.  
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Fig. (4.74): Macrographs of specimens after erosion test.  

 

    The weight change of the bare specimen appears a weight gain owing to 

the formation of the oxide scales and corrosion product due to reaction between the 

substrate and the artificial ash constituent. 

In the case of the coated specimens,  the weight change data alone could not 

be of much use for predicting erosion-corrosion behavior because the change in 
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weight is the overall weight change of coated surface and the oxidation of other 

uncoated sides. 

 

 

 

 

 

 

 

 

 

 

Fig.  (4.75): Chart of accumulative weight change after corrosion in 33%Na2SO4 

+67%V2O5. 

The phases revealed by XRD diffraction are found to be as shown in figures 

(4.76–4.84). XRD analysis of bare specimen after erosion test has shown the 

presence of many oxides and compounds (NiO, Cr2O3, TiO2), spinal phase 

NiCr2O4 was presented in XRD analysis.  

XRD patterns of all coated specimens indicate that there is no change in 

coating materials phases taken place after the test. Alumina and zirconia are the 

main phases. The presence of C in B, C, D, F, G, H as shown in Figs. Which 

ascribed to the presence of CNTs in the coating layer. 
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There was no Ni containing phases detected by XRD for coated specimen, 

which indicate that oxygen and other corrosive element didn’t penetrate the coating 

layer. V2O5phases was detected. 

         These compounds have a relatively low melting temperature, and when 

presented in molten phase they dissolute the surface layer of the substrate leading 

to corrosion as was evident by formation of NiO, Cr2O3, TiO2 and Ni(VO3)2  in 

bare Inconel 738 low carbon specimen which can be seen in Fig.(4.74). 

 

 

Fig.(4.76) XRD patterns after erosion of  bare specimen. 
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Fig. (4.77) XRD patterns of A specimen after erosion corrosion test. 

 

 

Fig. (4.78) XRD patterns of B specimen after erosion corrosion test. 
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Fig. (4.79) XRD patterns of C specimen after erosion corrosion test. 

 

 

Fig.(4.80) XRD patterns of D specimen after erosion corrosion test. 
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Fig. (4.81) XRD patterns of E specimen after erosion corrosion test. 

 

 

Fig. (4.82) XRD patterns of F specimen after erosion corrosion test. 
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Fig. (4.83) XRD patterns of G specimen after erosion corrosion test. 

 

 

 

Fig.(4.84) XRD patterns of H specimen after erosion corrosion test. 
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      SEM micrographs of surface layer morphology of both coated and uncoated 

specimens after erosion test for 20 hours are shown in fig. (4.85) and fig(4.86). For 

bare specimen, the flakes and spallation are pretty clear in SEM microghraph. The 

phases and oxides formed at the substrate surface are poorly adhesive and easily 

detached from the surface, therefore it is nonprotective and it continuously formed 

then detached, consequently the substrate surface is exposed to corrosive species. 

      Microcracks as well as porosity and voids are presented in the some  coating 

layers of coated samples. Cracks may result from thermal stresses generated during 

the cyclic erosion test as well as the mismatch between substrate and coating 

material. After the erosion test, there is a change in morphology of all coated 

specimens, the lamellar nature of the coating layer inverted to grain-like 

morphology. 
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Fig. (4.85) SEM micrographs of bare specimen after erosion test. 

 

 

 

 

 

 



Chapter Four                                        Results and Discussion 
 

156 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4.86) SEM micrographs of coated specimens after erosion test. 
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5.1Conclusions 

1. 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 hours. 

2. The results  of XRD reveals the presence of oxides of Ni,Cr, and Ti and 

spinal phases         and          .  

3. The micrographs SEM results showed that the surface layer that formed 

during corrosion is porous and cracked while EDX results after oxidation 

test reveals that the presence of titanium oxide with a small concentration of 

chromium oxide while EDX results after hot corrosion test indicate that the 

presence of nickel, chromium, vanadium, and oxygen. 

4. 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. 

5. The addition  of CNTs enhances the properties of the coating layer, such as 

porosity and voids are decreased. 

6. 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. 

7. XRD results of coated specimens after erosion-corrosion revealed that the 

presence of Al2O3,ZrO2 and other phases NaV3O8,NaV3O4,NaVO3,V2O5 as 

well as Na2SO4. 

8. SEM results of coated specimens after erosion-corrosion indicated the 

presence of microcracks as well as voids. 
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5.2 Recommendations for future work 

 Study the corrosion performance for other types of coating under the same  

conditions.  

 Improving the properties of the coating layer by increasing the percentage of 

CNTs. 

 Use  another  type of coating processes such as detonation gun thermal spray 

technique in order to investigate better coated layer properties, that is, 

improved hot corrosion resistance. 

 Study  effect of several parameters of plasma thermal  spray such as the grit-

blasting angle , blasting pressure and blast distance. 
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Symbols and Abbreviations. 

 
Abbreviation 

or Symbol 

 

Description 

APS Air Plasma Spray. 

CBSs Cobalt Based Superalloys . 

CNTs Carbon Nanotubes 

EB-PVD Electron Beam Physical Vapour Deposition 

FGM Functionally Graded Materials. 

GTEs Gas Turbine Engines 

GT Gas Turbine. 

HC Hot Corrosion. 

IBSs Iron Based Superalloys. 

NiBSs Nickel Based Superalloys. 

NBSs Nickel Based Superalloys 

OC Overlay Coating.  

SLPM Standard Liter Per Minute  

ST Steam Turbine. 

TBC Thermal Barrier Coating. 

TCP Topologically Close-Packed 

YSZ Yittria-Stabilized Zirconia 
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