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Abstract 

    Free standing samples of plasma sprayed (PS) zirconia partially stabilized with 

yettria (YSZ) were prepared with two machines of plasma spray deposition (Triplex” 

gun- 100kw, F-4 gun 64 kw) have different electrical power and spraying parameters, 

which produced different microstructures; contain different amounts and varieties of 

pores and micro-cracks.The study included heat treatment of samples at 1200
o
C for 

1h, 5h, 10h, 100h and 500h, to study the changes in macrostructure (pores and micro-

cracks) which affect the electrical conductivity.The electrical properties (resistively, 

electrical conductivity) of plasma sprayed ZrO2 stabilized by 8 wt. % Y2O3 samples 

were determined by using electrical impedance spectroscopy (IS). 

 

Specimen’s microstructure was examined by optical microscopy. By measuring 

electrical properties and connected porosity percent of the coatings obtained under 

various spraying conditions, it would be possible to select the optimum spraying 

condition to spray coatings which have high efficiency at high temperature. 

 

The results showed that the electrical conductivity of (YSZ) samples after heat 

treatment increased by a rate of (20%-30%) as compared to that of as sprayed.  

 

Key Words: YSZ/ PS / / Heat Treatment / ELECTRICAL PROPERTIES. 
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ABSTRACT 

 
Free standing samples of plasma sprayed zirconia partially stabilized with yettria 

(YSZ) were prepared with different spraying parameters, which produced different 

microstructures; contain different amounts and varieties of pores and micro-cracks.  

The study included heat treatment of samples at 1200
o
C for 1h, 5h, 10h, 100h and 

500h, to study the changes in macrostructure (pores and micro-cracks) which affect 

the electrical conductivity.The electrical properties (resistively, electrical conductivity) 

of plasma sprayed Zro2 stabilized by 8 wt. % Y2o3 samples were determined by using 

electrical impedance spectroscopy (IS). 

Impedance spectroscopy (IS) measurements were performed on as- sprayed and heat 

treated specimens, this test was performed  at 500
o
C as a tool for detection of the 

effect changes in morphology of pores and micro-cracks on the electric conductivity 

of samples, these changes in morphology in turn  affect tolerance against thermal 

stress. Specimen’s microstructure was examined by optical microscopy, changes in 

pores percentage was also determined by geometrical methods. By measuring 

electrical properties and connected porosity percent of the coatings obtained under 

various spraying conditions, it would be possible to select the optimum spraying 

condition to spray coating which has high efficiency. 

The results showed that the porosity and electrical properties of Yttria Stabilized 

Zirconia's (YSZ) TBC’s samples were strongly influenced by the heat treatment at 

1200
o
C.The optical microscopy images of sprayed YSZ and heat treated YSZ 

specimens at 1200
o
C at different times are showed that as heat treatment time 

increases the collapse of pores increases and the porosity percent decreased.   

The electrical conductivity of (YSZ) samples after heat treatment increased by a rate 

of (20%-30%) as compared to that of as sprayed.  
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Introduction 

Thermal Barrier Coatings (TBC’s) are widely used in gas turbines for propulsion in 

power generation plants
 (1)

, TBC’s are deposited on transition pieces, combustion 

lines, first-stage blades and vanes and other hot-path components of gas turbines 

either to increase the inlet temperature with a consequent improvement of the 

efficiency or reduce the requirements for cooling system. 

Thermal Barrier Coatings (TBC’s) can reduce the surface temperature of metallic 

structure by 50°C-200°C. These coatings allow increased operating temperature of the 

engine and therefore enhanced efficiency, increased durability, and extended life of 

metallic components, typical service temperature range for these coatings is from 800 

o
C to 1300 

o
C

 (2)
.  

However, both microstructure and phase composition of these coatings are dynamic 

during service. At these high temperatures densification, decrease in porosity and 

cracks, as well as phase transformation is currently occurred, which lower the 

tolerance against thermal stresses.  

The impedance spectroscopy (IS) has been frequently used to get information about 

the electrical properties of zirconia's-based materials. Impedance spectroscopy 

technique has the ability to separate the bulk resistance of the measured material from 

that of the microstructure resistance as grain boundaries, pores and micro cracks
 (3)

.
 

The impedance spectroscopy (IS) can accommodate the microstructure differences 

and measure the desired TBC parameters which are important for ensuring the long-

term reliable operation of advanced, high-efficiency
 (4)

.
 
 

Thermal Barrel Coatings (TBC’s) may be used as an application for thermal 

insulation, Corrosion and oxidation resistance and wear resistance. 

  The aim of this research is to study the effect of heat treatment at 1200
o
C on the 

electrical properties of  ytteria stabilized zirconia’s(YSZ ) prepared by  air plasma 

spraying with different spraying parameters and different powder size to get different 

microstructure and pores and differentiate between the different spraying parameters 

which have the least reduction in pore percentages.    

A part of the sprayed YSZ specimens with different porosity and microstructure will 

be heat treated at 1200
o
C for different times namely 1h, 5h, 10h, 100h, and 500h. 
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The as-sprayed and heat treated specimens will be tested by impedance spectroscopy 

technique to examine the change in electrical properties (resistively and electrical 

impedance). By measuring the electrical properties and connected porosity percent of 

the coatings obtained under various spraying conditions. It would be possible to select 

the optimum spraying condition to spray coating which has high efficiency. 

  

   The objective of the research can be summarized as follows: 

1) Preparation of six types of plasma sprayed YSZ with different 

spraying                                   parameters and different powder size to get different 

pores and cracks. 

2) Heat treating of sprayed ceramic at 1200
o
C for 1h, 5 h, 10 h, 100 h and 500 h. 

3) Measuring the porosity of as sprayed and heat treated specimens. 

4) Measuring the IS of the as sprayed and heat treated specimens for one 

layer               (i.e. same-   thickness and different porosity).               

5) Measuring the electrical conductivity of the as sprayed and heat treated            

        specimens. 

6) Investigate the microstructure of as sprayed and heat treated specimens with    

       optical microscopy.   

 



 

 

 

CHAPTER (2) 

Literature Review 
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2. LITERATURE REVIEW 

2.1. Thermal Spray Processes and Applications 

Thermal spraying is nowadays a widely applied processing technology to deposit 

functional coatings with desired properties on base materials 
(5)

. With technology 

rapidly advancing, there is a growing need for materials that are applicable at 

elevated temperatures. Thermal spraying is a well established technology for 

applying wear and corrosion resistant coatings in many key industrial sectors such as 

aerospace, automotive, and power generation. Applying coatings using thermal spray 

is an industrial method for resurfacing metal parts
 (6)

.
 
  

The process is characterized by simultaneously melting and transporting sprayed 

materials, usually metal or ceramic, onto parts to be coated.  

The material is propelled as fine molten droplets, which, upon striking the part, 

solidify and adhere by mechanical and metallurgical interaction. Each layer bonds 

tenaciously to the previous layer. The process continues until the desired coating 

thickness is achieved
 (3)

. 

The principle behind thermal spray is to melt material feedstock (wire or powder), to 

accelerate the melt to impact on a substrate where rapid solidification and deposit 

build-up occur 
(7)

. Thus, a heat source and a means of accelerating the material are 

required. The high temperature for melting is achieved chemically (through 

combustion) or electrically (an arc), which also play the role of accelerating the 

molten particles to the target substrate, where the material solidifies, forming a 

deposit. The deposit is built up by successive impingement of these individual 

flattened particles or splats
 (6)

.  

Both arc spraying and plasma arc spraying are using an electric arc rather than a 

combustion flame. Arc wire spraying became more important because it yields lower 

operating costs and higher deposition rates than wire flame spraying
 (8).

  

The mechanism of bonding to surface in thermal sprayings is mechanical and atomic 

interaction. 

  

 Generally, the quality of the coating depends upon the velocity of the processing 

gases and the generation of a high degree of kinetic energy.  Sprayed coatings are 

harder and more wear resistant than cast alloys of the same material. This is due to 
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fine oxides and a combination of work hardening and rapid quenching of the spray 

particles upon impact with the base metal
 (9)

.
 
 

A sprayed coating is typically include voids (i.e. have some percentage of porosity), 

and oxide particles. They cause air gaps between the spray particles processes.  

The amount of both voids and oxide particles depend on the method employed. In 

some applications where the coating is used as a bearing surface, the porosity helps 

to retain lubricating oils and gives the coating a degree of self-lubricity
 (10)

. 

 

2.2 Thermal spraying methods 

There are various types of thermal spraying methods such as  Flame Spraying 

(FLSP), Plasma Arc Spraying (PASP), Electric Arc Spraying (EASP), Detonation 

Gun (d-Gun), and High-velocity Oxy/Fuel (HVOF), Some of these thermal spraying 

methods are briefly as follows:  

2.2.1 Flame Spraying (FLSP) 

 Flame spraying is a low cost process compared to other thermal spraying processes. 

Flame spraying does not produce distortion or effect of heat treated on the part 

during spraying process due to the temperature of flame produced at the nozzle tip 

which is only 3,000
o

C. The flame spraying can be used for any metal, ceramic and 

plastic substrate for coating process. The process produces thicker, contains high 

levels of oxides and porous coating together with the option of achieving a rough 

surface finish than other thermal spraying process 
(11)

. The process relies on carefully 

control of chemical reaction between oxygen and a fuel (acetylene) to produce heat 

with temperatures varying up to 3,000
o

C.  

In flame spraying process, feedstock material is fed onto the flame in the form of 

wire or powder and compressed air is used to atomise the molten metal and 

accelerate the particles onto the substrate to produce a coating 
(12)

. Mostly spray 

coating is used for corrosion resistance applications.  

2.2.2 Plasma Spraying (PASP) 

 Plasma spray is regarded as the most versatile of all the thermal spray processes e.g. 

flame spraying, arc spraying and HVOF. The plasma spraying process involves the 

latent heat of ionized inert gas being used to create the heat source. The most 

common gas used to create the plasma is argon as the primary gas and hydrogen or 

helium as the secondary gas
(13)

.However the gas usage depends on the type of 

http://www.efunda.com/processes/surface/thermal_sparyings.cfm#FLSP
http://www.efunda.com/processes/surface/thermal_sparyings.cfm#FLSP
http://www.efunda.com/processes/surface/thermal_sparyings.cfm#PSP
http://www.efunda.com/processes/surface/thermal_sparyings.cfm#EASP
http://www.efunda.com/processes/surface/thermal_sparyings.cfm#dGun
http://www.efunda.com/processes/surface/thermal_sparyings.cfm#dGun
http://www.efunda.com/processes/surface/thermal_sparyings.cfm#HVOF
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material to be sprayed and coating application. Plasma spray is electrodes (anode and 

cathode) in the gun, where it is ionized to form a plasma jet when ignited. Any 

powders is injected into the plasma flame will melt and subsequently deposited onto 

the component to form a coating 
(14)

. Most of the ceramic materials used in plasma 

spray coatings are chromium oxide, zirconium oxide and aluminum oxide The 

particle velocities of plasma spraying are higher than for those flame and arc 

spraying which produce denser coatings and finer surface roughness [able to use and 

melt any variety of ceramic materials 
(15)

.The plasma spray system consists of an 

electronically controlled power supply, a PLC-based operator control station, a gas 

mass flow system, a closed-loop water chilling system, a powder feeder and a 

plasma gun. A primary inert gas, such as argon is injected between two water-cooled  

2.2.3 Electric Arc Spraying (EASP)  

In Electric arc spraying process, feedstock in the form of two wires is simultaneously 

brought into contact with each other at a nozzle. The two wires with electric arc are 

used to provide the heat source. As the wires are fed towards each other at a nozzle, 

as it is touched, the electrical load placed on the wires causes the tips of the wires to 

melt and to create a flame temperature around 4,000
o

C.An atomizing gas such as air 

or nitrogen is used to strip the molten material from the wires and transport it to the 

substrate 
(16)

.Arc spraying is among the lowest cost running process compared to the 

other thermal spray systems. The materials applied by arc spraying are only for 

electrically conductive wires such as stainless steel, nickel aluminides, zinc, 

aluminum, and bronze. Arc spraying has the highest deposition rate of thermal 

spraying process. It can be used to spray large areas or large numbers of components 

on repetitive production line operation such as bridges and offshore fabrication with 

zinc and aluminum coating to give corrosion protection on the structure.  

2.2.4 High Velocity Oxyfuel (HVOF)  

The high velocity oxy-fuel (HVOF) has extended the range of thermal spray 

applications. HVOF utilizes the combustion of gases, such as hydrogen or a liquid 

fuel such as kerosene. A mixture of process gases is injected into the combustion 

chamber of a torch at high pressure and ignited to produce the flame. The process 

creates a very high velocity which is used to propel the particles at near supersonic 

speeds before impacting onto the substrate and producing a coating. HVOF is 

designed to give high levels of coating density and adhesion to a substrate 
(17)

.Since 
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the temperature of the flame is about 3,000
o

C, HVOF thermal spraying is spraying 

preferred    for tungsten carbide and/or corrosion-resistantance. Due to high kinetic 

energy and low thermal energy of hydrogen, HVOF can produce high bond 

strengths, extremely high coating density (less than 1% porosity) and low oxide 

content (less time speed of particle spending within the heat source) 
(18) 

. 

 

2.2.5 Detonation Gun (D-G)   

 Powder and a gas mixture are fed into the barrel of the detonation gun, where a 

spark ignites the gas. The resulting explosion melts the powder and propels it at a 

very high velocity onto the surface being coated. Particle velocities can reach 800 

m/sec with deposition rates up to 6 kg/hr. 

 

 Generally, the quality of the coating is dependent upon the velocity of the 

processing gases and the generation of a high degree of kinetic energy. The various 

thermal spray processes are distinguished on the basis of the feedstock 

characteristics (wire/powder) and the heat source employed for melting
 (19)

. All of 

these methods mentioned above are using thermal and kinetic energy to deposit 

material onto a surface .Material is fed into a thermal spray gun, melted and applied 

to the surface in molten or semi-molten droplets, using compressed air or another gas.  

The adhesion of the coating depends on the cleanliness of the substrate surface, the 

coating area (a high surface roughness is desirable for good adhesion), and the 

velocity of the particles 
(20)

.
 
 

The selection of the appropriate thermal spray method is typically determined by the 

desired coating material, the coating performance requirements, the part size and 

portability, and the cost. 

Table- 2.1: gives a list of the most common thermal spray coating methods, and the 

following are described the various thermal spray processes in use today.  

The thermal spray method and the energy source can be chosen depending on the 

following reasons 
(21)

: 

 A first major advantage of thermal spray processes is the extremely wide 

variety of materials that can be used to produce coatings; virtually any 

material that melts without decomposing can be used.  
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 A second major advantage is the ability of most thermal spray processes to 

apply coatings to substrates without significant heat input. Thus, materials 

with very high melting points, such as tungsten, can be applied to finely 

machined, fully heat-treated parts without changing the properties of part 

and without excessive thermal distortion of the part 
(22)

 

 A third advantage is the ability, in most cases, to recoat worn or damaged 

coatings without changing part properties or dimensions. 

 

 Table- 2.1: List of the most common thermal spray methods. 

  

 

 

Thermal spray coating of importance various industrial applications 
(23)

 

   Aero gas turbines. 

   Electric power station. 

   Glass manufacture. 

   Chemical processing. 

    Diesel engine. 

 Land gas turbines. 

These industries use thermal spray coatings because they provide: 

 Wear resistance. 

    Heat resistance (thermal barrier coatings). 

    Clearance and dimensional control. 

    Corrosion and oxidation resistance. 

Process Target Form Energy Source 

Flame  spraying 

(FLSP) 

powder, rod, wire 

 

oxyacetylene flame 

 

Plasma arc spraying 

(PSP) 

powder 

 

plasma gun 

 

Electric arc spraying 

(EASP) 

wire(motor driven) 

 

electric arc 

 

Detonation gun 

(D-Gun) 

powder 

 

Spark ignition of explosive  

gas gun 

High velocity/oxygen fuel 

(HVOF) 

powder oxygen, hydrogen, fuel, 

e.g., methane, combustion 

chamber 
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2.3 Materials for Thermal Spray
 
 

The first step to select the thermally sprayed coating for a specific in plant application 

is to define the coating function. For example, if a badly worn shaft is to be repaired, 

then increasing wear resistance is the desired coating function. In order to pinpoint the 

best material for the application, secondary considerations  such as equipment 

availability, coating thickness required, material availability, and final method of 

finishing, should be evaluated and Process description
(24)

. 

 
 

There are three basic types of deposits can be thermal sprayed: 

A. Single-phase materials, such as metals, alloys, inter-metallic, ceramics, and           

polymers. 

B. Composite materials, such as cermets (WC/Co, Cr3C2/NiCr, NiCrAlY /Al2O3, 

etc)    reinforced metals, and reinforced polymers. 

C. Layered or graded materials, referred to as functionally gradient materials (FGMs). 

      Examples of these types of deposits, along with their particular advantages and      

      applications, are described below. 

A. Single-Phase Materials Metals: Most pure metals and metal alloys have been 

thermal sprayed, including tungsten, molybdenum, rhenium, niobium, superalloys, 

zinc, aluminum, bronze, mild and stainless steels, NiCr alloys, cobalt-base Satellites, 

cobalt/nickel-base Tribally, and NiCrBSi “self-fluxing” alloys. Sprayed alloys have 

advantages due to their similarity to many base metals requiring repair, their high 

strength, and their corrosion, wear, and/or oxidation resistance. Applications include 

automotive/diesel engine cylinder coatings; piston rings or valve steams; turbine 

engine blades, vanes, and combustors; protection of bridges and other corrosion prone 

structure; petrochemical pumps and valves; and mining and agricultural equipment. 

A-1 Intermetallics: Such as TiAl, Ti3Al, Ni3Al, NiAl, and MoSi2 have all been 

thermal sprayed. Most intermetallics are very reactive at high temperatures and very 

sensitive to oxidation; hence inert atmospheres must be used during plasma spraying. 

Research has also been conducted on thermal spray forming/consolidation of bulk 

intermetallic deposits 
(25)

.                            

 A-2 Polymers: also can be thermal sprayed successfully, provided they are available 

in particulate form. Thermal spraying of polymers has been practiced commercially, 

and a growing number of thermoplastic and thermosetting polymers and copolymers 
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have now been sprayed, including urethanes, ethylene vinyl alcohols (EVAs), nylon 

11, poly tetra fluoric ethylene (PTFE), ethylene tetrafluoroethylene (ETFE) and 

polyvinylidene fluoride (PVDF). Conventional flame spray and HVOF are the most 

widely used thermal spray methods for applying polymers.              

A-3 Ceramics: Most forms of ceramics can be thermal sprayed, including metallic 

oxides such as Al2O3, stabilized ZrO2, TiO2, Cr2O3, and MgO; carbides such as Cr3C2, 

TiC, Mo2C, and SiC (generally in a more ductile supporting metal matrix such as 

cobalt or NiCr); nitrides such as TiN, Si3N4; and spinels such as mullite and type 

superconducting oxides. Sprayed deposits of these materials are used to provide wear 

resistance (Al2O3, Cr2O3, TiO2, Cr3C2, and TiC) thermal protection (Al2O3, ZrO2, and 

MgO), electrical insulation (Al2O3, TiO2, and MgO), and corrosion resistance. 

Ceramics are particularly suited to thermal spraying, with plasma spraying being the 

most suitable process due to its high jet temperatures.                                       

B. Composite and Cermets Materials:  Particulate, fiber, and whisker-reinforced 

composites have all been produced and used in various applications. Particulate-

reinforced wear-resistant cermets coatings such as WC/Co, Cr3C2/ NiCr, and 

TiC/NiCr are the most common applications and constitute one of the largest single 

thermal spray application areas. 

C. Functionally Gradient Materials: FGMs are a growing application area with 

significant promise for the future production of (a) improved materials and devices for 

use in applications subject to large thermal gradients, (b) lower-cost clad materials for 

combinations of corrosion and strength or wear resistance and (c) improved electronic 

material structures for batteries, fuel cells.  

 

The most application for FGMs is thermal barrier coatings (TBCs). Component 

lifetimes are improved by tailoring the coefficients of thermal expansion
 (26)

, thermal 

conductivity and oxidation resistance. 

FGMs are finding use in turbine components, rocket nozzles, chemical reactor tubes, 

incinerator burner nozzles, and other critical furnace components.  

 

2.4. Plasma spraying process 

The plasma spray process is the most versatile of all the thermal spray processes
 

Plasma – sprayed ceramic coating have been widely used in various industrial field 
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because of their excellent wear resistance, corrosion resistance and resistance to very 

high temperature 
(27)

.However, a ceramic coating is formed by the deposition of 

flatten ceramic particles which have been heated to their melting point. 

The plasma spray process uses a DC electric arc to generate a stream of high 

temperature ionized plasma gas, which acts as the spraying heat source.  During this 

process, gases such as argon, nitrogen, helium, or hydrogen are passed through an 

electric arc which disassociates and ionizes the gases. Then the atomic components 

recombine, producing a tremendous amount of energy. Because of the high 

temperature (15000°C) and high thermal energy of the plasma jet, materials with high 

melting points can be sprayed 
(28)

. 

The Plasma Spray Process is basically the spraying of molten or heat softened 

material onto a surface to provide a coating. The coating material, in powder form, is 

carried in an inert gas stream into the plasma jet where it is heated and accelerated to a 

high velocity. The hot material impacts on the substrate surface and rapidly cools 

forming a coating. This plasma spray process carried out correctly is called a "cold 

process" (relative to the material being coated) as the substrate temperature can be 

kept low during processing avoiding damage, metallurgical changes and distortion to 

the substrate material. Plasma spraying was initially developed to spray ceramics and 

is still the premier process for applying them. Metals and plastics can be sprayed with 

this technique.  The particle velocities for plasma are higher than those of flame and 

arc spraying and result in coatings that are typically denser.  

The plasma spray gun comprises a copper anode and tungsten cathode, both of which 

are water cooled. Plasma gas (argon, nitrogen, hydrogen, helium) flows around the 

cathode and through the anode which is shaped as a constricting nozzle. The plasma 

initiated by a high voltage discharge which causes localized ionization and a 

conductive path for a DC arc to form between cathode and anode.  

The resistances heating from the arc causes the gas to reach extreme temperatures 

dissociate and ionise to form plasma 
[29)

.The plasma exits the anode nozzle as a free or 

neutral plasma flame (plasma which does not carry electric current) which is quite 

different to the plasma transferred arc coating process where the arc extends to the 

surface to be coated.  

When the plasma is stabilized ready for spraying the electric arc extends down the 

nozzle, instead of shorting out to the nearest edge of the anode nozzle.  
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Cold gas around the surface of the water cooled anode nozzle being electrically non-

conductive constricts the plasma arc, raising its temperature and velocity. Powder is 

fed into the plasma flame most commonly via an external powder port mounted near 

the anode nozzle exit.  

Plasma spraying has the advantage that it can spray very high melting point materials 

such as refractory metals like tungsten and ceramics like zirconia unlike combustion 

processes 
(30)

. 

Plasma sprayed coatings are generally much denser, stronger and cleaner than the 

other thermal spray processes with the exception of HVOF and detonation processes.  

A plasma spray coating probably accounts for the widest range of thermal spray 

coatings and applications and makes this process the most versatile. 

Some plasma spraying is conducted in protective environments using vacuum 

chambers normally back filled with a protective gas at low pressure; this is referred as 

VPS or LPPS. 

2.4.1 Air Plasma Spraying (APS)  

The conventional plasma spray process is commonly referred to as air or atmospheric 

plasma spray (APS). Plasma temperatures in the powder heating region range from 

about 6000 to 15,000 °C (11,000 to 27,000 °F), significantly above the melting point 

of any known material.  

To generate the plasma, an inert gas, typically argon or an argon-hydrogen mixture is 

superheated by a DC arc. Powder feedstock is introduced via an inert carrier gas and 

is accelerated towards the work piece by the plasma jet. Provisions for cooling or 

regulating the spray rate may be required to maintain substrate temperatures in the 95 

to 205 °C (200 to 400 °F) range.  

Commercial plasma spray guns operate in the range of 20 to 200 kW. Accordingly, 

spray rates mainly dependent on gun design, plasma gases, powder injection schemes, 

and materials properties, particularly particle characteristics such as size distribution, 

melting point, morphology, and apparent density
 (31)

. 

In atmospheric plasma spray (APS) the flame gas (Ar or mixture of Ar+H2, Ar + He 

and +N2) heated by a plasma generator (60 kW or more) which produces an electric 

arc as shown in Fig. (2.1).   

The advantages of plasma processing include; a clean reaction atmosphere, which is 

needed to produce a high purity material; a high enthalpy, to enhance the reaction 
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kinetics by several orders magnitude; high temperature gradients, providing the rapid 

quenching and generation of fine particles size, due to the high temperature of the 

flame gases (up to 14,00
o
K).  

APS is commonly used to produce ceramic TBCs of Y2O3 -stabilized ZrO2, Al2O3 -

ZrO2, and other cermets coatings 
(32)

. 

 

2.4.2. Vacuum Plasma spraying (VPS)     

Vacuum plasma spraying (VPS), also commonly referred to as low-pressure plasma 

spraying (LPPS), consists of a plasma jet stream produced by heating an inert gas by 

an electric arc generator (requiring more power than that for APS)
 (33)

.  

Vacuum plasma spraying (VPS) is the injection of metal or ceramic powder (10-

50microns) into hot gas plasma (~10,000K) that melts and projects the molten 

droplets at high velocity onto a substrate to form a coating. After evacuation, the VPS 

spray chamber is filled with inert gas and maintained at low pressure (~100mbar) 

during spraying to allow coatings of reactive materials to be produced without 

oxidation. The high droplet impact velocities and low oxidation associated with 

VP~100% dense coatings to be manufactured. The absence of oxygen and the ability 

to operate with higher substrate temperatures produce denser, more adherent coatings 

with lower oxide contents
 (34)

.
 

The advantages of utilizing VPS over conventional APS are lower porosity in the res- 

ulting coating caused by incomplete melting, wetting, or fusing together of deposited 

particles; lower oxides in the resulting coating deposit; and higher particle velocities 

leading to denser deposits. Vacuum plasma spraying is preferred to atmospheric 

plasma spraying (APS) where improved adhesion and density is required 
(35)

. 

The vacuum plasma spraying unit at Oxford features 5-axis robot manipulation of the 

plasma gun, an indexed linked turntable, a twin hopper feed system for co-spraying or 

graded coatings, infrared pyrometer for process temperature control and a range of 

customized features Coating Materials in powder or wire form Source material 

accelerated to extremely high velocities and temperatures. Energy heats coating 

material to molten or semi-molten state. Particles then propelled to collision at the 

substrate part. Particles build coating in a lamellar structure
 (35)

. 
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An ideal plasma gun should have the ability to create the following conditions for 

plasma spraying: 

1. Particle velocity should be sufficient to achieve a highly dense deposit without   

      leading to an "explosion" of the particle on impact. 

2. The particles should all have the same uniform velocity upon impact.  

3. The particles should all be uniformly heated.  

4. The particles should be fully molten or plastic without significant vaporization   

     and without undesired chemical reactions.  

5. The plasma should be stable without significant variations in power. 

The effect of the plasma parameters can be summarized qualitatively as follows: 

• An increase in arc current results in increased plasma power. 

• The particle velocity increases proportionally, while the plasma length increases. 

• The dwell time (tdw) in the plasma is shorter, but since the plasma enthalpy is 

     high, the particle temperature will increase. 

• An increase in gas flow results in increased plasma velocity and hence particle 

     velocity. 

• Owing to the pumping effect the plasma temperature and plasma length decrease. 

• The dwell time is shorter owing to constriction the plasma enthalpy is higher. 

• The net result is that the particle temperature increases slightly. 

• An increase in hydrogen content results in an increased plasma velocity and 

hence particle velocity.  

• Although the dwell time (tdw) is shorter, the particle temperature increases 

owing to an increase in heat conduction of the plasma. 

•  
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                   Figure (2.1): Schematic of the plasma spraying  

 

2.4.3 Materials Sprayed with Plasma Process: 

The most common materials deposited with this system are: nickel, cobalt, tungsten 

carbide blends, chrome carbides, molybdenum, and ceramic oxides of aluminum, 

titanium, chromium, and zirconium
 (36)

.                                                                                                                   

Zirconium oxide (ZO2):  is popular plasma sprays materials (ceramic), primarily 

used for thermal barrier coatings. Recommended for combustion applications such as 

turbine combustion liners and airfoils, diesel engine pistons, valves, cylinder heads 

and coatings for casting molds and troughs, abrasive wear resistant up to approx. 

900°C (1650°F) 
(37)

. 

Aluminum oxide ALo2:    Good resistance to abrasive wear, sliding wear, friction and 

oxidation up to approx.1100°C (2040°F).Coatings are particularly suitable for applic- 

atons in the textile or synthetic fiber manufacturing industries, where surface 

resistance is required on parts used for guiding and handling of thread. Aluminum 

oxide can be used in many environments including most acids and alkalis. 

Chromium oxide: Dense, corrosion resistant coatings used on pump seal areas, 

grounds, rolls and wear rings, are recommended for resistance to wear by abrasive 

grains, hard surfaces, particle erosion and cavitations all at temperatures below 540°C 

(1000°F). Coatings are insoluble in acids, alkalis and alcohol. 

Titanium oxide: Produces hard coatings with excellent resistance to abrasion, wear, 

heat and corrosion. Applications include dry cell battery core mandrels and drum 

doctor blades. 

 

http://www.precisioncoat.com/Library/combustion_liner_coatings.pdf
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1. Zirconium oxide (ZO2): 

Pure Zirconia's (Zr oxide) has a high melting point (2,700
o
 C) and a low thermal 

conductivity. However, polymorphism restricts its widespread use in ceramic industry. 

During heating process, zirconia will undergo a phase transformation process 
(38)

. The 

change in volume associated with this transformation makes the usage of pure 

zirconia's in many applications impossible. Addition of some oxides, such as CaO, 

MgO, and Y2O3, into the zirconia's structure in a certain degree results in a solid 

solution, which is a cubic form and has no phase transformation during heating and 

cooling. This solid solution material is termed as stabilized zirconia, a valuable 

refractory. Stabilized zirconia is used as a grinding media and engineering ceramics 

due to its increased hardness and high thermal shock resistively
 (39)

. Stabilized 

zirconia's is also used in applications such as oxygen sensors and solid oxide fuel cells 

due to its high oxygen ion conductivity. Pure zirconia's is an important constituent of 

ceramic colors and an important component of lead-zirconia-titanate electronic 

ceramics. Pure zirconia can be used as an additive to enhance the properties of other 

oxides refractory. It is particularly advantageous when it added to high - fired 

magnesia and an alumina bodies. It promotes sinterability and with an alumina, 

contributes to abrasive characteristics. Pure zirconia is monoclinic at room 

temperature and changes to the denser tetragonal form at about 1,000
o 

C, which 

involves a large volume change creates crack within its structures. Due to the 

inversion, pure zirconia’s has low thermal shock resistance 
(40)

.
 
 

2. Partially Stabilized Zirconia (PSZ)  

Partially stabilized Zirconia is a mixture of zirconia polymorphs, because insufficient 

cubic phase-forming oxide (Stabilizer) has been added and a cubic plus metastable 

tetragonal ZrO2 mixture is obtained. A small amount of stabilizer to the pure zirconia 

will bring its structure into a tetragonal phase at a temperature higher than 1,000 
o
C, 

and a mixture of cubic phase and monoclinic (or tetragonal)-phase at a lower 

temperature
 (41)

. Therefore, the partially stabilized zirconia is also called tetragonal 

zirconia polycrystalline (TZP).  Usually such partially stabilized zirconia (PSZ) 

consists of larger than 8 mol% (2.77 wt %) of MgO, 8 mol% (3.81 wt %) of CaO, or 

3-4 mol% (5.4-7.1 wt %) of Y2O3. PSZ is a transformation-toughened material. 

Microcrack and induced stress may be two explanations for the toughening in 
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partially stabilized zirconia. The microcracks explanation depends upon difference in 

the thermal expansion between the cubic phase particle and monoclinic (or 

tetragonal)-phase particles in the PSZ. Coefficient of thermal expansion (CTE) for the 

monoclinic form is 6.5
-6

/
o
 C up to 1200

o
 C, 10.5

-6
/ 

o
C for the cubic form. This 

deference creates micro cracks that dissipate the energy of propagating cracks.  

The induced stress explanation depends upon the tetragonal-to-monoclinic 

transformation, once the application temperature over pass the transformation 

temperature at about 1000
o
 C. The pure zirconia particles in PSZ can metastable retain 

the high-temperature tetragonal phase. The cubic matrix provides a compressive force 

that maintains the tetragonal phase. Stress energies from propagating cracks cause the 

transition from the metastable tetragonal to the stable monoclinic zirconia.  

The energy used by this transformation is sufficient to slow or stop propagation of the 

cracks 
(42)

. Partially Stabilized Zirconia's has been used where extremely high 

temperatures are required. The low thermal conductivity (about 8 Btu/ft2/in/
o
 F at 

1800
o
 F) ensures low heat losses, and the high melting point permits stabilized 

zirconia refractoriness to be used continuously or intermittently at temperatures of  

2,200 °C (4000°F) in neutral or oxidizing atmospheres. Above 1,650°C (3000 ° F), in 

contact with carbon, zirconia is converted in to zirconium carbide.  

 Zirconia is not wetted by many metals and is therefore an excellent crucible material 

when slag is absent. It has been used very successfully for melting alloy steels and the 

noble metals.  PSZ refractoriness are rapidly finding application as setter plates for 

ferrite and titillate manufacture, and as matrix elements and wing tunnel liners for the 

aerospace industry.  PSZ is also used experimentally as heat engine components, such 

as cylinder liners, piston caps and valve seats
 (43)

. 

2.5 Importance of Thermal Barrier Coating (TBC’s) in industry  

The gas temperatures in gas turbine engines are hundreds of degrees higher than the 

melting point of the materials of construction. Exposure to such high temperatures 

would result in structural failure of the materials from a variety of mechanisms. Yet, 

in modern engines, the components are made of nickel and cobalt based superalloys; 

survive for extended periods of time 
(44)

.This is accomplished by devising efficient air 
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cooling of the components and by applying thermal barrier coatings (TBCs) to the 

substrate alloy to reduce metal temperatures to safer levels. Combustor TBCs are 

processed with air plasma spray (APS) ceramic on metallic bond coat. During service 

blades and vanes of stationary gas turbines are subject to different kinds of loadings 

like mechanical and thermal stresses as well as corrosion, oxidation and erosion. 

Against these phenomena, plasma spraying Thermal barrier coatings (TBC) is 

frequently used to protect the components in the hot parts of these engines 
(45)

. 

The (TBC) are commonly deposited by Atmospheric Plasma Spraying (APS) and by 

Vacuum Plasma Spraying (VPS). These TBCs have allowed the components to be 

operated at high gas temperatures to meet efficient and life requirements of gas 

turbine engines. Thermal barrier coatings (TBC) are widely used in the "hot sections" 

of gas engine systems to protect the underneath materials from rapid degradation due 

to high temperature exposure or other aggressive environment attacks. The use of 

TBCs in applications such as aerospace and diesel engines which resulted in 

increasing the life of the parts by double
 (46)

. 

Thermal barrier coatings (TBC) usually consist of two layers: a ceramic topcoat over 

a metallic bond coat. Such ceramic coatings are mostly made of yttria stabilized 

zirconia (YSZ).To improve performance and quality of the ceramic coatings, the 

topcoat layer should be refractory having low thermal conductivity, porosity, low 

density, and resistant to corrosion
(47)

.  

They are used for the combustion chambers, burners, transition ducts, shrouds, blades 

and vanes.   Degradation during operation is resulting in an elimination of the coating 

and a failure of the device. The concept of a ceramic TBC is to provide insulation to 

critical air-cooled metal components such as turbine blades 
(48)

. 

 An important application is in turbine engines where there are several ways to take 

advantage of ceramic insulation at high temperatures. Such advantages are increased 

engine reliability by reducing the metal substrate temperature by 50°C to 220°C, as 

shown in fig (2.2), and this will increase the engine efficiency by maintaining current 

metal temperatures and reduce the need for blade cooling 
(49)

. 
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Figure (2.2): Schematic show temperature gradient within TBC 

2.5.1. Thermal Barrier Coatings TBC’s Processes 

Most of the barrier coatings TBC systems consist of a ceramic top coat plasma-

sprayed onto an intermetallic bond coat attached to a superalloy substrate as shown in 

Fig (2.3).Thermal barrier coatings (TBCs), usually consists of yttria-stabilized 

zirconia's (YSZ), are used in gas turbine engines to reduce the operating temperature 

of the superalloy base metal. A typical coating system is composed of a substrate, a 

bond coat, and the top coat or TBC.Thermal barrier coatings based on zirconium 

oxide ceramics are standard in aircraft gas turbine engines and are now being 

integrated into industrial gas turbine engines. The coating allows the engine to operate 

at much higher temperatures than the metals alone can survive, resulting in 

improvement in the efficiency and specific power of the engine 
(50)

.Improvements are 

possible by increasing the life and reliability of the coated components, improving the 

adhesion and oxidation resistance, and reducing the thermal conductivity 
(51)

. 

The ceramic layers have a tendency to spall upon experiencing thermal cycling from 

ambient conditions to high operating temperatures. Certain compositions of TBC’s 
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have been found to extend the coating life and life prediction models have been 

formulated to permit the utilization of thermal barriers in a way that maximizes the 

benefits. It has been discovered through cyclic testing that yttria stabilized zirconia 

(YSZ) with 7-8wt. % significantly lengthens the spallation life of the ceramic at 

temperatures above 982
o
C 

(52)
. YSZ also has coefficient of thermal expansion which 

better matches the Ni superalloy substrate. This match results in a residual stress 

reduction, which also prolongs the life of the component. The coating allows the 

engine to operate at much higher temperatures than the metals alone can survive, 

resulting in improvement in the efficiency and specific power of the engine. 

Improvements are possible by increasing the life and reliability of the coated 

components, improving the adhesion and oxidation resistance, and reducing the 

thermal conductivity. Conductivity, thermal, chemical stability at the service 

temperature, high thermo mechanical stability should be attained to the maximum 

service temperature 
(53). 

  The current industrial standard for a TBC is 8 wt. % yttria stabilized zirconia and has 

been almost exclusively used for turbine engine thermal barrier coatings. Zirconia, 

ZrO2, when stabilized by 8 wt % Y2O3 is a partially stabilized zirconia, with high 

temperature tetragonal phase stabilized upon cooling to room temperature, without 

transformation to the equilibrium monoclinic and cubic phases. The high temperature 

tetragonal phase is the predominant phase of 8YSZ thermal barrier coatings, which 

are generally; deposited by air plasma spray process (APS) that rapidly quench the 

high temperature phase 
(54)

. 

   

Figure (2.3): Schematic typical microstructure of APS TBC . 
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2.5.2. TBC Materials  

To achieve higher thermal efficiency, above 60%, the objective of gas turbine 

development is to produce engine that can withstand increased gas turbine inlet 

temperatures, beyond 1600
o
C

(56)
. The selection of TBC materials is restricted by some 

basic requirements: 

(1) High melting point (>2173 K),  

(2) No phase transformation between room and the operation temperatures,  

(3) Low thermal conductivity (<2.5 Wm-1k
-1

),  

(4) Chemical inertness to the combustion gases and environment. 

(5) Thermal expansion match with the metallic substrate (>10x10
-6

 K
-1

). 

(6) Good adherence to the metallic substrate, and 

(7) Low sintering rate of the porous microstructure.  

Yttria-partially stabilized zirconia (YSZ) is the current state-of-the-art materials for 

thermal barrier coatings (TBCs) that have been applied to gas turbine blades and 

vanes for providing thermal protection and corrosion resistance at high temperatures.  

 

The most common TBC material is 8Y2O3 -ZrO2 because of its high temperature 

stability, low thermal diffusivity and high coefficient of thermal expansion (CTE) as 

ceramic material. Combustion section components of the gas turbine are typically 

coated by atmospheric plasma spray (APS) process
 (56)

. 

For the coating to be of use, it must also exhibit a very low thermal conductivity. For 

this purpose, yttria (Y2O3)-stabilized zirconia’s (ZrO2), (YSZ) is widely used. The 

additionof 5-15% yttria stabilizes the zirconia in its high-temperature crystalline form, 

therefore avoiding phase-transition in the range of service temperatures 
(57)

.  

Zirconia’s (ZrO2) based ceramics satisfy both requirements, with a thermal expansion 

coefficient of 11-13x10
-6

 K
-1

 and a thermal conductivity of about 2.3 W/m. K for a 

fully dense material, this can be further reduced by introducing porosity. The very low 

thermal conductivity of YSZ is due to the presence of a high concentration of point 

defects which scatter lattice vibrations
 (58)

. Thermal barrier coatings can be obtained 

by different processes, such as electron beam physical vapor deposition (EBPVD) or 

air plasma spray (APS). Different techniques result different microstructure. Although 

more costly than APS, EBPVD is the preferred method for high pressure turbine 

blades, as this result in a microstructure which considerably enhances the strain 
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tolerance. TBC coatings deposited by APS or LPPS (low pressure plasma spray) offer 

a thermal conductivity significantly lower than that of a fully dense coating (0.9-1 W/ 

m. K, as the boundaries and pores tend to lie parallel to the surface and therefore 

perpendicular to the temperature gradient
 (59)

. 

 

2.6 Properties of 7-8% wt Y2O3 Stabilized ZrO2 

For a ceramic coating to have any chance not to spall at the first thermal cycle, it is 

critical that its thermal expansion be close to that of the substrate. For the coating to 

be of use, it must also exhibit a very low thermal conductivity. For this purpose, yttria 

(Y2O3)-stabilized zirconia (ZrO2) (YSZ) is widely used. Pure Zirconia (Zirconium 

dioxide) has a high melting point (2,700
0
C) and a low thermal conductivity. Its 

polymorphism, however, restricts its widespread use in ceramic industry. During a 

heating, zirconia will undergo a phase transformation process. The change in volume 

associated with this transformation makes the usage of pure zirconia in many 

applications impossible
 (60)

. Addition of some oxides, such as CaO, MgO, and Y2O3, 

into the zirconia structure in a certain degree results in a solid solution. The phase is a 

cubic form and has no phase transformation during heating and cooling. This solid 

solution material is termed as stabilized zirconia, valuable refractory. The addition of 

5-15% yttria stabilizes the zirconia in its high-temperature crystalline form, therefore 

avoiding phase-transition in the range of service temperatures. Zirconia (ZrO2) based 

ceramics satisfy both requirements, with a thermal expansion coefficient of 11-13x10
-

6
 K

-1
 and a thermal conductivity of about 2.3 W/m. K at 1000

o
C for a fully dense 

material, this can be further reduced by introducing porosity
(62)

. Yttria-stabilized 

zirconia's (YSZ) coating systems are widely used for the thermal, oxidation, and hot 

corrosion protection of high-temperature components in gas turbines and diesel 

engines. These coatings allow increased operating temperature of the engine and 

therefore enhanced efficiency, increased durability, and extended life of metallic 

components subjected to high temperatures and high stresses 
(63)

. Also achieved are 

reduced cooling requirements to metallic components at the high operating 

temperature. These YSZ topcoats are deposited using atmospheric plasma spray 

(APS) or electron beam–physical vapor deposition (EB-PVD) processes, each 

producing distinctively different microstructures. The development of TBCs has 

focused on zirconia -yttria ceramics. Such coatings can reduce metal temperature of 
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air-cooled turbine blade by 50°-200°C. Zirconia’s stabilized with 7-8%Yttria (YSZ) 

has demonstrated its capabilities the most material for TBCs on turbine blades 
(62)

. 

2.7. Microstructure and Properties of Ceramic Coatings  

The microstructure is an important characteristic of solid oxide materials for electrical 

applications. It strongly influences their electrical properties
 (63)

. The development of a 

proper microstructure should be regarded as an auxiliary tool for the improvement of 

the material’s characteristics. The quantitative evaluation of the relation between 

microstructure and properties is of great importance for their optimization. For single-

phase ceramics porosity and grain boundaries are considered as the most essential 

microstructure elements 
(66)

.In some cases the challenge is the production of samples 

with microstructure and physical behavior closer to those of a single crystal phase; in 

others the grain boundaries are governing the desired characteristics. The morphology 

of the ceramic coating obviously has a profound influence on coating properties and 

durability. In order to achieve maximum strain tolerance of the system, controlled 

structures have to be achieved reproducibly by the plasma spray process. The 

deposition of molten ceramic droplets on the substrate surface creates a typical 

lamellar primary structure out of solidified droplets
 (65)

. 

The lamellae exhibit a characteristic columnar structure formed by directional 

solidification at cooling rates between 106 and 107 Ws. The columnar grains have a 

few tenths of a micron in diameter and a few microns in length. Due to the disability 

of the particles to contract independently from their neighbors during the 

solidification process, micro-segmentation occurs inside the lamellae, whereby crack 

paths are generating between the grain boundaries 
(68)

. The extreme cooling rates 

support the formation of a fine grained structure. The grain size distribution however 

is non-uniform as consequence of non-uniform temperature distribution and cooling 

conditions and additionally varying particle melting conditions when passing the 

plasma torch. Besides microcracks pores are formed within the grains and at the grain 

boundaries. The properties of the ceramic coating can be modified significantly by 

composition and morphology. Porous, micro-cracked or segmented structures showed 

to be beneficial with respect to optimum thermo mechanical properties. Porosity and 

microcrack networks both reduce the modulus of elasticity of the coating and further  
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increase the fracture toughness of the system so that the development of large critical 

cracks may be controlled by deflection or branching. Microstructure: Metallographic 

analysis is usually carried out on coating cross-sections in order to evaluate 

imperfection structure and to achieve a detailed examination of the coating
 (67)

.  Both 

optical and scanning electron microscopic studies are common. For the former, one 

must be careful during polishing not to apply too great a pressure to avoid pulling out 

particles, which would register a value of porosity which is excessive
.
 

2.8 Impedance Spectroscopy Technique   jjjjjjjjjjj                                 

Electrical impedance spectroscopy, (IS) is being developed as a non-destructive 

evaluation technique of thermal barrier coatings (TBCs).jjjj                                         

In this investigation,  IS was employed to non-destructively examine (NDE)
 
of 

thermal barrier coatings TBCs, by examining the variation of electrical impedance 

spectra as a function of porous ZrO2–8 wt. %Y2O3. YSZ with varying density and 

thickness is employed in this study because it is similar in microstructure to the 

current choice of ceramic for the topcoat of TBCs. 

The main goal is the development of a model for TBC systems which correlates the 

measured impedance with structural parameters and different types of defect.                                                        

This investigation was carried out to provide further insights to promising results 

obtained with real TBCs using well-defined micro NDE technologies that can 

accommodate these microstructures differences and measure the desired 
(69)

. TBC 

parameters are important for ensuring the long-term reliable operation of advanced, 

high-efficiency, low-emission gas turbines.  

An important advantage of IS over other laboratory techniques is the possibility of 

using very small amplitude signals without significantly disturbing the properties 

being measured 
(70)

. 
 
  

2.8.1 Basics of Electrical Impedance Spectroscopy                                                 

The impedance spectroscopy (IS) has been utilized as an analytical technique for a 

umber of applications, including corrosion studies and characterization of TBC 

ceramics, semiconductors and sensors 
(73)

.When an ac signal with a variable voltage 

(V) is applied to a material, the ratio of applied voltage over current V/I, known as the 

impedance (Z), can be measured.  In many materials, especially those that are not 
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generally regarded as good conductors of electricity, the impedance vary as frequency 

of the applied voltage.  

This variation is a function of the physical characteristics the material and chemical 

nature of the interfaces between the electrolyte and the material. Thus, if a 

measurement of impedance over a suitable frequency range is made, the results can be 

analyzed to assess the physical nature of materials.  To make an IS measurement a 

small amplitude signal, usually a voltage between 5- 50mV, is applied to a specimen 

over a range of frequencies (0.001–100,000 Hz) 
(72)

.  

The IS instrument record the real (resistance) and imaginary (capacitance/inductance 

components of the impedance response of the system. For many materials, especially 

those that are not generally regarded as good conductors of electricity, the impedance 

vary as a function of frequency of the applied voltage. The impedance response is 

usually plotted as a Bode or Nyquist plots and simulated with an ac equivalent circuit 

consisting of elements (resistor, capacitor, inductor, etc.), whose values can be related 

to the characteristics of electrical process, which in turn, can be related to the 

characteristics of the materials under examination.   

The program then fits the best frequency response of the given IS spectrum, to obtain 

in fitting parameters. The quality of the fitting is judged by how well the fitting curve 

overlaps the original spectrum.  

By fitting the IS data it is possible obtain a set of parameters which can be correlated 

with coating condition 
(73)

. 

 2.8.2 Sprayed specimens for impedance spectroscopy measurements                
 

The microstructure of atmospheric plasma sprayed (APS) thermal barrier coatings 

(TBC’s) are formed from lenticular shaped flatten particles with microcracks and 

laminar pores between the grains. During service at high temperature densification, 

decreases in porosity and crack, as well as phase transformation are occurred, which 

lower tolerance against thermal stresses. The impedance spectroscopy (IS) has been 

frequently used to get information about the electric properties of zirconia-based 

materials IS technique having the ability to separate the bulk resistance of the 

measured material from that of the microstructure resistance represented by grain 

http://www.corrosion-doctors.org/MatSelect/Information.htm
http://www.corrosion-doctors.org/MetalCoatings/Introduction.htm
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boundaries, pores and microcracks. Figure (2.4) shows the principle of IS 

measurement of polycrystalline zirconia. It is known that, generally impedance of 

polycrystalline zirconia is determined by the contribution of both the grain interior 

and the defects such as grain boundaries and crack and this gives two semicircles, i.e. 

the low frequency one corresponding to defects and the high frequency one 

corresponding to grains and cracks i.e. defects. Previous investigations on the ZrO2-

Y2O3 (YSZ) ceramic have shown that the conductivity of this material at room 

temperature is dominated by the grain boundaries, while the conductivity at high 

temperature is entirely determined by grain interior 
(74)

.  

This transition in conductivity occurs at temperature rang from 327
o
C to 1227

o
C.  

Therefore, the impedance measurements of ZrO2-Y2O3 (YSZ) ceramics at room 

temperature give impedance spectra with single semicircle, while two semicircles 

could be observed at high frequency range at high temperature. The electrical 

properties of solid oxide ceramics are evaluated by (impedance, conductivity).
 

C.-J. Li, and A. J. Ohmori, 
(75)

;
  studied  the electrical properties of Sc2O3 stabilized 

ZrO2 (ScSZ) coating in free standing planar shape was prepared by atmospheric 

plasma spraying (APS) using ScSZ powder consisting of 10 mol% Sc2O3. ScSZ 

powder was prepared by solid phase reaction followed by sintering and screening 

processes. The coating microstructure was characterized using X-ray diffraction and 

scanning electron microscopy. The electrical conductivity of ScSZ coating was 

measured using Electrochemical Impedance Spectroscopy (EIS) approaches.  

They found that the electrical conductivity of the as-sprayed ScSZ coating was about 

0.07 S/cm at 1000 °C. It is one fourth that of the sintered one.  This result is due to the 

lamellar structure feature with the limited interface bonding which dominates the 

electrical conductivity of APS coatings. They found also the activation energy of the 

as-sprayed coating was1.31 eV at temperature range less than 750 °C and 0.97 eV at 

above 750 °C. They concluded that change of activation energy, which was confirmed 

by the measurement   
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Figure (2.4): Scheme of an impedance measurement 

 

of intra-grain resistance and grain boundary resistance by EIS.  At temperature range 

higher than 750 °C, the electrical conductivity of ScSZ is dominated by the resistance 

to ion transportation within a grain.  On the other hand, at temperature range less than 

750 °C, the ion transportation is dominated by the grain boundary resistance.  

The difference of the activation energy of the grain boundary from the intra-grain 

indicates that the ion transportation dominants are changed with temperature. 

This fact is due to higher activation energy of the grain boundary than of intra grain. 

 

 C.Funke, et al., 
(76)

 used the mercury prosimetry to measure the different porosity 

level of the coatings, and concluded that: whilst mercury prosimetry measured pores 

and cracks down to 1.8m, they failed to measure pores bigger than 60 or 100m 

depending on how much mercury was used. On the other hand, image analysis easily 

revealed large pores and cracks.  

Depending on the magnification factor, it failed to detect pores and microcracks 

below 1 -0.5m, which are characteristic for barrier coatings.  
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P.Fauchais, et al., 
(77)

 studied the microstructure evolution of thermal barrier coatings 

(TBC), consisted of an yttria stabilized zirconia (YSZ) top coating and an 

intermediate McrAly,(M = Ni,Co,Fe) bond coating, by electrochemical impedance 

Spectroscopy [using Solatron 1260 Impedance Analyzer].They found that impedance 

Spectroscopy measurements can fit to idealized model circuits, which represent the 

physical behavior of the thermal barrier coatings.  

They concluded that the impedance Spectroscopy was sensitive to defects such cracks, 

within Yttria stabilized zirconia coatings and the results provide a basis for its 

application as a non - destructive evolution of TBCs.  

 

T.Hilbert et al., 
(78) investigated the electrical properties of standing free –standing 

plasma sprayed thermal barrier coatings after 1250 
o
C annealing up to 100 hrs, by 

impedance Spectroscopy measurements in the temperature rang from 200 to 350 
o
C. 

They concluded that the electrical impedance of the coatings is sensitive to changes in 

microstructure like densification, reduced micro cracks density and phase 

transformation. They added that these effects can be separated from each other since 

they affect different elements in the used circuit model .The activation energies 

obtained from bulk and interlayer conductivities are affected by the annealing process. 

So, they summarized that this method can be used to monitor changes in the top coat 

due to long terms operation at high as well as in quality control applications.  

 

 B.Jayarai, et al., 
(79)

 developed the electrochemical impedance spectroscopy to study 

the thermal conductivity as a non – destructive evaluation technique for life –remain 

assessment and quality control of the barrier coatings TBCs.They examined 

impedance and capacitance behavior of monolithic 8YSZ with open pores as a 

function of thickness and density. 

They found that with 8YSZ thickness increases, the resistance and the capacitance 

increased and decreased respective. For similar thickness, higher capacitance was 

observed with lower density.  

 

J.Zhang, and V.H. Desai,
 (80)

 used the electrochemical impedance spectroscopy to 

study thermal conductivity) and porosity of free standing air plasma spayed (APS) 
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thermal barrier coatings (TBCs) after exposure at temperatures of 1100, 1200, and 

1350
o
C for 3h, 10h, 17h, 24h and120h. 

 

They found that at high temperatures increases the thermal conductivity as well as the 

electrochemical conductance with an increase in exposure temperatures and time.  

They found a linear relationship between the thermal conductivity K, and the 

electrochemical conductance C. They also found that for the same porosity: a linear 

relationship between TBCs, topcoat thickness and the ceramic impedance resistance. 

But for constant ceramic thickness, porosity shows a proportional relationship with 

the ceramic impedance capacitance. 

Their results indicated that electrochemical impedance spectroscopy can used to 

evaluate the thickness, porosity and any kind of defects, besides monitoring the 

thermal conductivity. 

 

S. Paul, et al., 
(81)

 studied the processing effect on porosity – properties correlation in 

plasma sprayed yttria stabilized zirconia coating. They are closely linked to process 

methodology as well as chemistry, structure and morphology of the ceramic feed 

materials. They also studied the influence of feed characteristics on particle state in 

the plasma and the resultant coating properties .In addition, substrate temperature, 

angle -of- impact and thermal cycle effects on porosity (quantity and morphology).   

 

  They resulted that the porosity increased particle size, due to an increase in degree of 

particle fragmentation and unmelted particles, leading to lower thermal conductivity. 

They also concluded that higher substrate temperatures and low particle velocity lead 

to lower porosity and improved inter-splat contact and, thus, enhanced coating 

properties. Sintering during thermal cycling reduces porosity and increases thermal 

conductivity.  

 

R. Stevens, and P. D Harmsworth,
 (82)  

Studied the effect of heat  Treatment on  

microstructure of plasma sprayed thin YSZ films deposited on the stainless steal 

sheets employing non-equilibrium of plasma spraying technology at atmospheric 

pressure. The deposited samples thin film (20 – 30) µm of 10 vol.% yttria stabilized 

zirconia (10- YSZ)  were heat treated in the furnace  SNOL 1,6.1/11 – I2 at 800°C 

(working temperature) for 1, 5 and 10 hours respectively, the heating rate 
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was11°C/min. The temperature was controlled by platinum thermocouple, which was 

placed near the sample surface. They used two different processing regimes with 

different processing temperature and studied their effect on microstructure coating 

and crystalline. They investigated Phase analysis of the plasma sprayed films by X-

ray diffraction (XRD) and also microstructure of polished cross-section of the as-

sprayed and heat treated films has been investigated by scanning electron microscopy 

(SEM).Based on the results obtained, it can be deduced, that the annealing of films at 

800°C temperature for 10 hours has a marginal influence on the structural changes 

and no influence on the phase content of these films, which not resulted in a change in 

phase development, but in a marginal growth in crystallite They concluded that heat 

treatment not changed the film microstructure, films are qualified by finer and 

reduced porosity and increased density. 

 

J. Zhang, et al., 
(83)

 used the technique of electrochemical impedance spectroscopy 

(EIS) to examine the behavior of intact thermal barrier coatings (TBC) at ambient 

temperature. Cross-sectional morphological examination of TBC was conducted by 

scanning electron microscope (SEM). By correlating the SEM visual examination 

with EIS data, TBC was characterized non-destructively. A model of EIS alternative 

current (AC) equivalent circuit was proposed to establish the relationship between the 

EIS elemental parameters in the circuit and the microstructure characteristics of TBC. 

They found a linear relationship was existing between the electrical impedance of 

TBC topcoat and the thickness of the topcoat. They resulted that porosity of TBC top 

coat showed a linear relationship with the capacitance of ceramic TBC, and the pore 

shape in the TBC topcoat was represented by the value of the electrical impedance of 

the pore. They concluded that EIS can be used as a non-destructive evaluation (NDE) 

technique for quality assurance of TBC. 

 

Z. Tang, et al., 
(84)

 used Impedance spectroscopy (IS) to characterize the degradation 

of thermal barrier coatings (TBCs) due to thermal treatments at 1100oC for a period 

up to 200 hrs. They examined the growth of the oxide layer at the yttira stablised 

zirconia (YSZ)/bond coat interface in TBCs by measuring the impedance diagrams. 

From the analysis of the impedance diagrams of TBCs, the electrical properties of 

YSZ were found to be nearly constant during the thermal treatments, indicating there 
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was little change in the microstructure and composition of YSZ. However, there was a 

clear change in the electrical properties of the oxide layer in the TBCs after thermal 

treatments, suggesting both microstructure and composition changes occurred in the 

oxide layer. They concluded that the IS is a useful method in non-destructive 

characterization of the degradation of TBCs. 

E. Irissou, et al., 
(85)

 investigated the effects of spray parameters, such as spray 

distance, SD, and substrate temperature, TS, and post heat treatment on the structure 

and properties of plasma-sprayed zirconia coatings. Zirconia was totally decomposed 

by plasma spray; the coatings were composed of tetragonal zirconia (t-ZrO2) and 

amorphous silica (a-SiO2), because of the rapid cooling of molten particle right after 

the impingement to the substrate. They found that Porosity of the as-sprayed coatings 

was highly affected by both of substrate temperature and spray distance. In all range 

of the spray distance which had been tried in this study, higher substrate temperature 

resulted in lower porosity of the coatings; the coating with porosity of 2% was 

obtained at TS=1573K with SD=95mm. They also found Porosity also decreased with 

decrease of spray distance. By the heat treatment at 1473K, t-ZrO2 transformed to 

monoclinic zirconia (m-ZrO2) and a-SiO2 crystallized to cristobalite, respectively. 

Cracks in the coating disappeared, and open porosity decreased. This can be attributed 

to sintering of SiO2 and phase transformation of ZrO2 
(86)

.   

 

They found after the heat treatment at 1673K, the coating was composed of ZrSiO4 

with dispersed fine m-ZrO2 particle. Open porosity of all the coatings increased up to 

10% at this temperature. This is because of volume shrinkage during the formation of 

zircon; they concluded that the spray parameters and post heat treatment have heights 

effect on the structure and properties of plasma-sprayed zirconia coatings.    



 

 

 

 

CHAPTER (3) 

Experimental Work  
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 EXPERIMENTAL WORK 

3.1. Sample preparation 

A commercial 8% yttria stabilized zirconia's (8Y2O3 ZO2) powder (CERAC- USA) 

with a mean particle size0.45 -1 .0 m was used as feed stock material for the plasma 

spray process.  Two different processing regimes with different spraying parameters 

were used. Their effect on microstructure (pores) and electrical properties of 8 

wt %Y2O3 –ZrO2 (8YSZ) was studied.   

The powder was sprayed by by a Sulzer Metco (Ementron -Germany), atmospheric 

plasma spraying facility with Metco 204 NS power, using a F-4 gun 64kw class, for 

the first 3 groups and using a Triplex” gun 100kw class for the second  3 groups , the 

main working gas was argon and helium was used as auxiliary gas.  

Table-3.1 lists the relevant plasma spraying parameters used in this study. All coating 

was sprayed on steel sheet substrate. Prior to spraying, the substrates were roughened 

with Al2O3 particles by shooting machine. During spraying, the substrate was cooled 

with high pressure air at the back of substrates. 

  

 To obtain free-standing of plasma sprayed 8 wt %Y2O3 –ZrO2 (8YSZ) coated 

samples, after YSZ deposition, the coated substrates were immersed in20% HCI. 

Low-speed (lubricated) diamond saw used to section the samples. 

Six groups free standing of plasma sprayed 8 wt %Y2O3 –ZrO2 (YSZ) samples with 

different thickness, pores, and   micro crack densities were produced and tested. 

 

Table- 3.1: Parameter of plasma spraying 

Spraying Apparatus F-4 gun 64 kw Triplex” gun 100kw 

Gun speed, mm/s 55 100 

NO of group A B C D E F 

Spraying distance (mm) 300 250 150 120 100 90 

Gun Current(A) 520 500 500 245 305 520 

Plasma gas (Ar) (NLPM) 40 4 20 20 20 30 

Auxiliary gas (He)(NLPM) 50 50 10 13 13 20 

Thick(µm) 460 540 560 600 620 640 
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3.2. Heat treating of sprayed ceramic 

 

The sprayed samples of 8 wt % yttria stabilized zirconia's (8 YSZ) were heat treated 

in a furnace at 1200°C (working temperature) for different times(1h,5h,10h,100h and 

500 hours )The heating rate was 11°C/min; the temperature was controlled by 

platinum thermocouple, which was placed near the sample surface. The dimensions of 

each specimen were measured twice, prior to and after performing heat treatment; 

detect any dimension changes. The annealing furnace (ModelNo.T-5.0x10-w-200, 

Heraus type, Germany), power: 380V/50Hz, 80Amp was used.  

The furnace chamber has the following feature: round in shape and made of double 

wall stainless steel .The heating element is tungsten mesh to uniform heat over usable 

work space, thermocouple (tungsten/Rhenium) for measuring the sample temperature 

inserted at middle of the heating zone, the maximum heating temperature of the 

furnace is 1800
o
C ± 20

o
C. 

The samples were loaded into alumina boats and centered in furnace, the alumina tube 

were inserted inside the furnace for heating at temperature 1200
o
C.  

 

3.3 Microstructure investigations  

One of the main factors determining the TBC electrical conductivity is the coating 

microstructure, with specific attention to the porosity content, as well as to its 

morphology
 
and orientation. The microstructure of the YSZ top coat layer fabricated 

by air plasma spraying was characterized, especially focusing on the YSZ layers 

interface and the pores in YSZ and grains, in order to provide detailed information for 

optimizing and improving the properties and the performance of TBCs. Optical  

microscopy was used to examine the microstructures. Particularly, the cross-sectional 

observations provide much useful information for the interfaces. The samples were 

prepared metallographic ally for cross-section analysis. 

 

3.3.1 Preparation method 

Preparation of the free–standing (YSZ) samples for microscopic examination is a 

critical process which should be done very carefully, for two reasons. First, cutting 

with a standard abrasive wheel can cause cracks. Second, owing to the brittleness and 
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micro-cracked porous structure of the coat, pull-out of small particles easily occurs, 

resulting not only in a damaged surface but also in a false impression of the porosity. 

The following preparation procedure was applied. First, samples with appropriate size 

were cut from the specimen strips with  Buhler precision diamond plated edge 

thickness of 0.5 mm cutting saw at low speed was used to avoid any damage to the 

surface. The samples were then cold embedded in epoxy resin. Finally, the samples 

were polished in five steps on a semi-automatic Struers DAP-V device. followed by 

optical microscopy examination in order to examine the microstructure of the sprayed 

free standing before and after heat treatment. Hence, any microstructure changes can 

compromise with the as sprayed one. Thus, knowledge of the nature of 

microstructures features and their influence on properties is vital to understand 

coating behavior in-service. In this study, it's investigated the microstructure and 

electrical properties of the sprayed free standing before and after heat treatment, with 

an emphasis on porosity variation with microstructure change upon isothermal heat 

treatment at 1200
o
C  

 

 3.4. Measuring the porosity 

     One of the most common parameters used to characterize the microstructure of the 

thermal barrier coating is the porosity, such as pores and microcracks are usually 

formed during plasma spraying of yttria-stabilized zirconia’s (YSZ) thermal barrier 

coatings (TBCs). 

The porosity in the coating mainly evaluated qualitatively through the observation of 

the microstructures of a cross section .
 
 

The total porosity (pores and microcrack) of the free standing YSZ samples as 

sprayed and after heat treatment were measured quantitatively by using geometrically 

and by the Archimedes method of immersion in water methods. The dimension of 

each specimen was measured prior and after heat treatment by a digital micrometer.  

 

    The apparent density of the ceramic freestanding samples was determined 

according to following equation: 

                ρ = [mo / m1 – (m2- mw) x ρwater                         (3.1) 

. 

   The total porosity of each specimen was determined by using theoretical densities of  
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8 wt. % Y2O3 –ZrO2 (YSZ) TBC’S which is 6.05 g/cm
3
.  

As the following low:  

                    Porosity% = ρt – ρ/ ρt   X100/100                       (3.2) 

Where 

ρ =        Apparent  density 

mo =     dry weight  

m1 =      wet weight in air 

m2 =      wet weight suspended in water  

mw =         weight of wire (used to suspend the sample in water) suspended in water 

ρwater =   density of water 

ρt:          is the theoretical density (6.05 gm/cm
3
),       

 

 3.5. Measurement of electrical properties (impedance –conductivity) 

The electrical conductivity of the free–standing (YSZ) samples as sprayed and heat 

treated were measured by using AC- Impedance analyzer HP-4129A-LF, interfaced 

with computer, at frequency range 5hz to 13Mhz. at temperature 300 -500
o
C.As 

shown in Fig. (3.1).  

The comparison between absolute values of electrical properties of the samples is 

carried out by the electrical properties values measured at 500 
o
C both before and 

after heat treatments. Before measurement along the perpendicular direction to the 

coating surface, platinum paint (Ementron – Germany) was pasted on specimen 

surface to form electrodes on the two sides of the free standing samples, in order to 

consolidate the paint and enhance its adhesion to the specimen surface, the painted 

sample heated at 900 °C for1 hour.  

The reference electrode (RE) (pt wire) and counter electrode (CE) were connected to 

one side of the sample, where the working electrode (WE) was connected to other side 

of the sample as shown in Fig. (3.2).The measurement was connected in isothermal 

conduction .The data was collected after 20 minute when the furnace temperature 

reached the prescribed point. According the linear relationship between the current 

and potential difference, the resistively (impedance) and subsequently conductivity 

was determined. The total impedance Z (ω) of a circuit can be plotted as imaginary 

part of the impedance (Z**) on the y-axis and the real part of the impedance (Z*) on 

the x-axis called the Nyquist plot, which represents the resistivity. 
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 EIS measurements were done for all the specimens to record the variation of the 

impedance with heat treatment time. The electrical conductivity of the as-sprayed and 

heat treated samples coating, measured was in the direction perpendicular to the 

coating surface. 

 

Sample preparation steps for EIS measurements: 

  1. Measure the dimensions of each the free standing sample before and after heat 

treatment. 

  2. Put the sample between the electrodes in the sample holder 

 3. Put the sample holder into the furnace 

 4. Run the software program “SIVARTU2.EXE” 

5. Set up the following options and parameters: 

• Temperature range: 200 
o
C – 500 

o
C 

• Temperature step: 50 
o
C 

• Amplitude of applied voltage: 50 mV 

• Range of frequency sweeping: 5Hz – 13MHz 

6. Put the floppy disk into floppy drive and press F1 to save parameters 

7. Switch on the power supply  

However, when the first measurement is finished the data evaluation can be started 

using the PC.  

As the experiment ended the power supply was switched off to cool down the furnace. 

The same procedure was followed for all samples  

3.5.1 Data evaluation 

3.5.2 Calculation of (impedance – conductivity) 

For each sample prepare the data as follows: 

• For each temperature the impedance data are stored in separate file. The structure of 

this file is: 2 lines of comments the data: 

Frequency f, impedance modulus |Z|, phase shift ϕ, code of amplifier range 

• Use program “EQ_SHOW” for data presentation in complex plane plot (impedance), 

• Evaluate the value of total resistance (bulk + grain boundary) 

• Prepare the table of results using EXCEL sheet as shown: 

Temperature T 

[k] 

 

Resistance 

Rtot=Rgb +Rb 

[Ω] 

1000/T Total 

conductivity 

σtot(ohmcm
-1

) 

log σtot 
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The resistivity, ρ [or reciprocal   of conductivity σ =1/ ρ] is calculated from the 

following equation:                                

                                         σ = RS / L                           (3.3) 

Where σ is conductivity (ohm
-1

 cm
-1)

,
   

L is sample’s length (cm), S is Area of the 

samples (cm
2
) 

• Prepare a graph of log (σT) as a function of 1000/T and fit the line. 

The activation energy (Ea) was calculated from the slopes of the linearly fitted lines 

between log (σT) and 1/T. 

 
 

Figure (3.1): Experimental setup for A-C conductivity Measurements. 

 
Figure (3.2): Schematic of the arrangement of three –electrode assembly for 

                       measurement of electrical conductivity of plasma sprayed YSZ. 
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The experimental work was divided into the following parts: 

 

1. Preparation of six types of plasma sprayed YSZ specimens with two spraying 

machines (F-4 gun 64 kw, Triplex” gun 100kw) with different spraying 

parameters.  

2. Heat treating of sprayed ceramic at 1200oC for, 5 h, 10 h 50h, 100 h and 500h. 

3. Investigate the microstructure of as sprayed and heat treated specimens with 

optical microscopy. 

4.  Measuring the porosity of as sprayed and heat treated specimens. 

5. Measuring the electrical properties IS and conductivity of the as sprayed and 

heat treated specimens (i.e. same thickness and different porosity) of YSZ. 

6. Correlation between coating microstructure and electrical conductivity. 

 

 



 

 

 

 

CHAPTER (4) 

Results and Discussion 
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4.  RESULTS AND DISCUSSION 
 

4.1. Microstructure of plasma-sprayed YSZ coating 

The microstructure of six free standing coating specimens was characterized by optical 

microscopy. In this study YSZ coatings were prepared by two spraying machines (F-4 

gun64 kw and Triplex” gun 100kw) with different power , spraying parameters 

( particles speed, spraying distances) and different particle size of feedstock started  

material of the APS coating was investigated . It is seen that they are formed in different 

microstructural characteristics and morphologies are different from each other.  

The micro-cracks (pores, cracks) were clearly present in all samples that are inherent in 

plasma –sprayed coating ceramic. 

Figures (4.1-4.6) shows the optical microscopy photos cross sectional of free standing 

coating  specimens in as sprayed and after heat treatment for different times 

(1h,5h,10h,100h and 500h) at 1200
o
Ccondition. Fig.4.1 Showed differences in 

microstructure of the free standing specimens as sprayed owing to the difference in 

particle size (- 0.45 - 1 .0 m) of starting powder and  used two different plasma spaying 

parameters by using  Spraying Apparatus (F-4 gun 64 kw and Triplex” gun- 100kw) and  

different spraying distance (300mm,250 mm,150 mm,120mm,100mm and 90mm). Fig 

(4.1) revealed the lamellar morphology, with each lamellae compressed of columnar 

grains and submicron porosity between adjacent lamellae and micro-cracks were 

appearance. It can clearly observed that YSZ coatings deposited with Triplex” gun- 

100kw can produce  higher particle velocity than F-4 gun 64 kw and increased particle 

velocity causes enhanced flattening and spreading of the  droplet. Presented a dense 

microstructure (lower porosity), where plasma spraying sufficient melting and high 

velocity of spray particles to deposit  a dense coatings, while YSZ coatings deposited with 

F-4 gun 64 kw presented  more porous microstructure than YSZ coatings deposited with 

Triplex” gun- 100kw. Figures (4.2-4.6) shows the optical photos of cross sectional free 

standing coating specimens after heat treated for (1h, 5h, 10h, 100h and 500h) at 1200
o
C. 

The results show that microstructure of the sample is greatly changed from the wide 

pore size distribution (high porosity) of the as-sprayed samples as shown  to the narrow 

pore size distribution (low porosity) of the samples after heat -treatment at 1200 ◦C for 

different times, its noted that, the lamellar morphology is largely transformed to a 

granular microstructure.  
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Heat treatment changes the pores morphology and close cracks, which leads to the 

decrease the porosity contents. 

 

 

 

Figure (4.1): Optical photos of specimens A, B, C, D, E and F as sprayed at          

                               different distances.                 

 
Sample(A) as Sprayed at 300mm 

 
Sample(D) as Sprayed at 120mm 

 
Sample(B) as Sprayed at 250mm 

 
 Sample(E) as Sprayed at 100mm 
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Sample(F) as Sprayed at 90mm 
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Figure (4.2): Optical photos of specimens A, B, C, D, E and F as heat treated at       

                         1200
o
C/1h. 
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Figure (4.3): Optical photos of specimens A, B, C, D, E and F as heat treated at       

                       1200
o
C/5h  
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Figure (4.4): Optical photos of specimens A, B, C, D, E and F as heat treated at               

                     1200oC/10hr 

 

 

 
Sample(A) 

 
Sample(D) 

 
Sample(B) 

 
Sample(E) 

 
Sample(C) 

 
Sample(F) 

 
  

100µm 

 
  

100µm 

 
  

100µm 

 
  

100µm 

 
  

100µm 

 
  

100µm 

 
  

100µm 

 
  

100µm 



- 43 - 

 

 

Figure (4.5): Optical photos of specimens A, B, C, D, E and F, as heat treated           

                      at1200
o
C/100h. 
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Figure (4.6): Optical photos of specimens, A, B, C, D, E, and F, as heat treated at    

                       1200oC/500h. 
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4.2 Porosity measurements of plasma-sprayed YSZ coating  

 
   Quantitative analysis of total porosity (pores and micro crack) is being carried out 

using immersion in water and geometric methods, which gives the porosity-property 

relationships. This analysis is also being used to develop a predictive capability of the 

microstructural property correlations. The change in microstructure reflects itself as 

changes in porosity 
(92)

. 

   

  The results show that the porosity of the samples is significantly reduced after heat 

treatment at 1200 ◦C for (1h.5h, 10h, 100h and 500h, as shown in Table- 4.1.   

Figures (4.7-4.12) show the porosity percent (%) of the free standing YSZ samples as 

sprayed and heat treatment at 1200 ◦C for 1h.5h, 10h, 100h and 500h. 

Figure (4.7) Shows the total porosity percent (%) of free standing YSZ samples as 

sprayed with two plasma spraying machines (Triplex” gun- 100kw and F-4 gun 64 kw) 

with different power and plasma spraying parameters (power, particles speed and 

spraying distances).It was found that the free standing YSZ samples (D, E and F), which 

produced by plasma spraying machine Triplex” gun- 100kw have low porosity percent 

(%) (18%, 17%,and 15%) than free standing YSZ samples(A, B, and C) which produced 

by F-4 gun 64 kw ,which were 25%,23% ,20%,because the particles speed of  the free 

standing samples produced by plasma spraying  machine  Triplex” gun- 100kw  was 

higher than that produced by plasma spraying  machine F-4 gun 64 kw as does particle 

velocity, leading to a higher impact velocity of the molten particles onto the substrate . 

This will result in flattening of the splats to a far greater extent for atmospheric spraying, 

achieving a denser, and lower porosity deposit. The amount of porosity in the coating 

depends on spray conditions. The study at the lamellar interface bonding revealed that 

there exits only a very limited lamellar interface bonded together. The non-bonded 

interface area exceeds two-thirds of total apparent interface. Figures(4.8-4.12) Show the 

Total  porosity percent (%) of free standing YSZ samples as heat treated  at 1200
o
C for 

different times (1h,5h,10h,100h and 500h),it was noted that, the porosity percent (%)of 

the sample A, B, and C, which  produced by plasma spraying  machine F-4 gun 64 kw 

decreased from(25 to15.4%), (23 to13.5%), (20 to 12%)respectively by increasing heat 

treatment times from(1hour-500hour) and also the sample D,E and F, which  produced 

by plasma spraying  machine Triplex” gun- 100kw decreased from(18 to10%), (17 to 

8%),  (15 to 6.5%) by increasing heat treatment times from (1hour-500hour).  
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The influence of heat treatment on the microstructure (pores –micro-cracks) of plasma 

sprayed YSZ are characterized by more dense structure and low porosity. The heat 

treatment results in increased diffusion, so reducing porosity content.  

 

     Table-4.1: Total porosity percent of Samples A, B, C, D, E, and F.  

 

 

   Figure (4.7): Schematic shows Total Porosity (%) for Samples A, B, C, D, E, and  

                              F as Sprayed. 
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                          Figure (4.8): Schematic shows The Total Porosity (%) for Samples (A, B, C,     

                               D, E, and F) after heat treatment at 1200
o
C/1h. 
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                               Figure (4.9): Schematic shows Total Porosity (%) of the Samples (A, B, 

C,                                           D, E and F) after heat treatment at 1200
o
C/5h.       
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                     Figure (4.10): Schematic Shows the Total Porosity (%) of the Samples A, B, C,  

                                                 D, E and F after heat treatment at 1200oC/10h. 
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                     Figure (4.11): Schematic Shows Total Porosity (%) of the Samples A, B, C,  

                                                     D, E and F after heat treatment at 1200
o
C/100h. 
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                        Figure (4.12): Schematic Shows the Total Porosity (%) of the Samples A, B, C,  

                                                   D, E and F after heat treatment at 1200
o
C/500h. 

 

4.3. Electrical properties (impedance, conductivity) 

4.3.1. Impedance measurements of (YSZ):  

 
The electrical impedance measurements of the free standing (YSZ) samples were 

performed by using impedance spectroscopy analyzer (HP-4129A-LF), interfaced with 

computer, at frequency range 5 Hz - 13 MHz 

The electrical impedance measurements carried out to detect the change in the 

impedance response as a function of the fraction of the porosity connected to the surface 

coatings (connected porosity). 

 After heat treatment, the samples as sprayed  and heat treatment were contacted by 

sputtered platinum electrodes and the complex impedance (Z) measurements of samples 

were performed at temperature of 500C  in air,  using the two-point probe AC 

impedance spectroscopy technique over a frequency range of 5 Hz - 13 MHz.  

 EIS measurements were done for all the specimens to record the variation in the 

impedance with varying spraying parameters (power, particles speed, and spraying 

distances) heat treatment time. 
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     The AC impedance results for the as-sprayed and heat-treated samples are shown in 

figures (4.13-4.30) show the impedance diagrams of free standing (YSZ) as Spraying 

and heat treated at 1200
o
C were measured at 500

o
C under air.  

Figures. (4.13, 4.14, and 4.15) showed impedance diagrams of free standing samples (A, 

B, C, D, E and F) as sprayed. There is  difference in electrical impedance between these 

six types of coatings It was found that the coating samples (D, E, and F) which 

deposited with a plasma spraying machine (Triplex” gun 100kw) were about 25% less 

than the coating samples (A, B and C) deposited with a plasma spraying  machine (F-4 

gun 64kw).  

   

   The observed difference in electrical impedance between these two types of spraying 

machines might be as a result of the difference in the power, spraying parameters 

namely particles speed.   

 

 
    

Figure (4.13) Impedance Spectrum for Samples A, B, C as Sprayed an 

measured at 500
o
C                                          

 

B 
C 

A 
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         Figure (4.14) Impedance Spectrum for Samples D, E, F as Sprayed  

                                         measured  at 500
o
C 

 

 
Figure (4.15) Impedance Spectrum for Samples A, B, C D, E, F as Sprayed               

                       measured at 500
o
C. 
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F 

A 
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B 
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C D 
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Figures (4.16-4.30) show impedance diagrams of free standing (YSZ) samples  as heat 

treatment at 1200
o
C for different times(1h,5h,10h,100h and 500h), electrical impedance 

measurements was carried out for each exposure time. The impedance of the coatings 

changed significantly with the heat treatment time (between 1 h and 500 h). There is a 

continuous decrease in the impedance was observed, which could be correlated to the 

densification of the coating due to thermal treatment as time of heat treatment increases.  

 

 
Figure (4.16): Impedance Spectrum for Samples A, B, C, as (H.T at 1200

o
C/1h) 

 .                                                            measured at 500
o
C.   

 
Fig (4.17): Impedance Spectrum for Samples D, E, F, as (H.T at 1200

o
C/1h)             

                   measured at500
o
C. 
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Fig (4.18): Impedance Spectrum for Samples A, B, C, E, F, as (H. at1200oC/1h  

                                         measured  at 500
o
C. 

 

 
Figure (4.19): Impedance Spectrum for Samples A, B, and C as (H.T at 

1200
o
C/5h)                             measured at 500

o
C. 
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Figure (4.20): Impedance Spectrum for SamplesD, E, and F as (H.T at 1200

o
C/5h)   

                              measured at500
o
C. 

 

Figure (4.21): Impedance Spectrum for Samples A, B, C, D, E, and F as (H.T                  

                     at1200
o
C/5h) measured at500

o
C. 
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Figure (4.22): Impedance Spectrum for Samples A, B, C, as (H.T at 

1200
o
C/10h)                                                         measured at500

o
C. 
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Figure (4.24): Impedance Spectrum for Samples A, B, C, D, E and F as (H.T at 

                        1200
o
C/10h) measured at500

o
C. 

 

 

Figure (4.25): Impedance Spectrum for Samples A, B, and C as (H.T at        

                       1200
o
C/100h measured at 500

o
C. 
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  Figure (4.26): Impedance Spectrum for Samples D, E, and F as (H.T  

                          at 1200
o
C/100h) measured at 500

o
C. 

 

                      Figure (4.27): Impedance Spectrum for Samples A, B, C, D, E and F   

                       as (H.T at 1200
o
C/100h measured at 500

o
C. 
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Figure (4.28): Impedance Spectrum for Samples A, B, C, as (H.T at 1200
o
C/500h) 

                          measured at 500
o
C. 

 
 

   Figure (4.29): Impedance Spectrum for Samples D, E, F, as (H .T at 1200
o
C/500h) 

                           measured at 500
o
C. 
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                      Figure (4.30): Impedance Spectrum for Samples A, B, C, D, E and 

F                                                         as (H.T at1200
o
C/500h measured at500

o
C. 

 

4.2.2. Electrical conductivity measurements of (YSZ) coating: 

After the heat treatment process, the free standing samples as sprayed and heat treated 

were pasted with platinum glue on the tow opposite sides. 

The electrical conductivity of the free standing samples were performed by using 

Impedance analyzer HP-4129A-LF, interfaced with computer at frequency range 5 Hz 

to 13 MHz, were measured by the means of Direct Current (DC) measurement in a 

temperature of 500
o
C. 

DC measurements were recorded for all the specimens as sprayed and heat treated to 

record the variation in the resistance (R) for each sample. 

The electrical conductivity (σ) results for the six free standing samples of as-sprayed 

and heat-treated samples are shown in Table-4.2 ,where deduced from the parameters 

which are shown in tables (4.3-4.8) 

 The electrical conductivity (σ) of the coatings changed significantly with the heat 

treatment time (between 1 h and 500 h), a continuous increase in the electrical 

conductivity was observed. Heat treatment resulted in grain growth, increased diffusion, 

A B C D E 
F 
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this eliminate pores and cracks in the microstructure
 (68)

. The densification results in 

reducing the porosity, decreasing the resistivity therefore increase electrical conductivity. 

After the resistance (R) of the sample was obtained by the procedure as described, 

above. The conductivity of free standing (YSZ) samples was calculated from the sample 

dimensions (thickness d, cross sectional area A) of each sample before and after heat 

treatment according to Equation: 

                              σ =   d / AR                                   (4) 

Where σ: is the conductivity, d is thickness, A is the cross sectional area of the sample 

and R is the resistance obtained by the fitting procedure. 

  The comparison between the values of electrical properties of the samples can be 

carried out   by the composition of the electrical properties values measured at 500
o
C 

both before and after heat treatments.  

 The effect of heat treatment on the electrical properties of plasma-sprayed Y2O3 

stabilized ZrO2 (YSZ) coatings was investigated. A heat treatment of 1200 °C in air for 

(1h, 5h, 10h, 100h and 500hrs) was found to significantly increase the electrical 

conductivity of the coatings when compared to measurements in the as sprayed 

condition, was found, increased the interval time of the heat treatment at 1200 °C 

temperature exposure results in increased diffusion, thus eliminating pores and cracks in 

the microstructure. This results in increase the conductivity from 6.92e
-5

 ohm
-1

cm
-1

 to 

2.00e
-4

 ohm
-1

cm
-1

.as an example for Specimen F, as the time increase from as sprayed 

condition to 500h. 

The activation energy (Ea) was calculated from the slopes of the linearly fitted lines 

between log (σ) and 1/T.  

The slope of log(s) against reciprocal temperature appeared to decrease as the heat 

treatment time increases as shown in figs (4.31-4.48). Hence, the lower activation 

energy of the plasma-sprayed YSZ as heat treated at 1200oCcauses higher concentration 

of free oxygen vacancy, which leads increase the conductivity. 

Figures (4.31) and Fig (4.32) Shows the electrical conductivity (σ) of the free standing 

(YSZ) samples (A, B, C, D, E and F) as sprayed by two types of plasma sprayed 

machines (Triplex” gun 100kw and F-4 gun 64kw).  

The free standing (YSZ) samples (D, E and F) deposited with Triplex” gun 100kw 

yielded an electrical conductivity of 1.45e
-5

, 3.63e
-5

 and 6.92e
-5

ohm
-1

cm
-1

,where the free 

standing (YSZ) samples (A,B- and C)which deposited with a plasma spraying  machine 
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F-4 gun 64kw yielded an electrical conductivity of 1.07e
-6

, 2.57e
-6

and 5.62e
-6

ohm
-1

cm
-1

 

for as sprayed condition . The difference in electrical conductivity between those two 

types of spraying machines as a result of the difference in the plasma power (100kw -

64kw), spraying parameters (particles speed, spraying distances), where increase both 

plasma powers causes increases particles speed lead to high melting and causes high 

impact of melting on the substrate which causes dense coating and improve the 

electrical conductivity of the free standing (YSZ) samples of as sprayed. Figures (4.31-

4.48) shows the comparison between the electrical conductivity (σ) diagrams of free 

standing (YSZ) of as spraying and heat treated at 1200
o
C for different holding times (1h, 

5h, 10h, 100h and 500h)   measured at 500
o
C under air by plotting log (σ) versus 1/T for 

six free standing YSZ coatings deposited at two plasma powers of 64 and 100 kW. It 

can be observed that under a low power spraying machine, the electric conductivity 

increases with the heat treatment time.  

Previous results showed that the electric conductivity of the YSZ coating is strongly 

related to the grain size. Thus, the increased of the electric conductivity may be due to 

the grain growth of the YSZ coating during heat treatment. The grain size increases with 

the increase of heat treatment time at 1200 ◦C. The grain boundary has a much lower 

ionic conductivity than the grain interior 
(87)

, the larger grain size would cause fewer 

grain boundary layers within a unit thickness of the YSZ coating and thus, improve the 

conductivity of the YSZ coating. Figures (4.34-4.48) shows the electrical conductivity(σ)  

diagrams of free standing (YSZ) samples  as heat treatment at 1200
o
C for different 

times(1h,5h,10h,100h and 500h), the electrical conductivity measurements was carried 

out for each exposure time. The results are summarized in tables (4.2-4.9). 

 

Table-4.2: show The Electrical Conductivity of Samples A, B, C D, E and F as          

                  sprayed and heat treatment by the DC approach measured at 500
o
C.  

Sample 

No. 

σ/sprayed 

ohm
-1

cm
-1

 

σ /1h 

ohm
-1

cm
-1

 

σ /5h 

ohm
-1

cm
-1

 

σ /10h 

ohm
-1

cm
-1

 

σ /100h 

ohm
-1

cm
-1

 

σ/500H 

ohm
-1

cm
-1

 

A 1.07e-6 1.41e-6 1.58e-6 1.78e-6 2.40e-6 5.13e-6 

B 2.57e-6 3.16e-6 3.63e-6 3.98e-6 4.47e-6 9.77e-6 

C 5.62e-6 7.59e-6 8.13e-6 9.12e-6 1.05e-5 1.86e-5 

D 1.45 e-5 1.58e-5 1.86e-5 2.19e-5 2.51e-5 3.98e-5 

E 3.63e-5 4.27e-5 4.68e-5 5.50e-5 6.46e-5 6.46e-5 

F 6.92e-5 8.32e-5 1.05e-4 1.35e-4 1.58e-4 2.00 e-4 
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              Figure (4.31): DC conductivity of Samples A, B, and C as sprayed measured  

                                     at 500
o
C 
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     Figure (4.32): DC conductivity of Samples D, E, and F as sprayed measured at 500
o
C. 

                                             

Table-4.3: The Electrical Conductivity of Samples a, B, C D, E and F as Sprayed    

                   measured at 500
o
C. 
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             Figure (4.33): DC conductivity of Samples, A, B, C, D, E and F as sprayed    

                                     measured at 500
o
C. 

Sample 

No 

Resistance 

R 

1000/T 

(k
-1

) 
Resistivity (ρ=AR/l) 

ohm cm 

 

 Conductivity 

σ (ohm
-1

cm
-1

) 

log σ 

 

A 84.84 KΩ 1.2937 933254.30 1.07e-6 -5.97 

B 35.37 KΩ 1.2937 389045.15 2.57e-6 -5.59 

C 16.17 KΩ 1.2937 177827.94 5.62e-6 -5.25 

D 6.29 KΩ 1.2937 69183.10 1.45 e-5 -4.84 

E 2.50 KΩ 1.2937 27542.29 3.63e-5 -4.44 

F 1.31 KΩ 1.2937 14454.40 6.92e-5 -4.16 
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                  Figure (4.34): DC conductivity of Samples A, B and C as heat treated at  

                                         1200oC/1h measured at 500
o
C.    
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            Figure (4.35): DC conductivity of Samples D, E and F as heat treated at        

                                     1200oC/1h measured at 500
o
C. 
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Table-4 4: Electrical Conductivity measurement of Samples A, B, C D, E and F as 

(H.T at1200
o
C/1h measured at 500

o
C. 
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        Figure (4.36): DC conductivity of Samples A, B, C, D, E and F as heat 

treated                                 at 1200
o
C/1h measured at 500

o
C. 

 

Sample 

No. 

 

Resistance 

R 

1000/T 

(k
-1

) 

Resistivity 

ohm cm 
Total conductivity σtot 

(ohm
-1

cm
-1

) 

log σtot 

A 64.36 kΩ 1.2937 707945.78 1.41e-6 -5.85 

B 28.75 kΩ 1.2937 316227.77 3.16e-6 -5.5 

C 11.98 kΩ 1.2937 131825.67 7.59e-6 -5.12 

D 5.74 kΩ 1.2937 63095.73 1.58e-5 -4.8 

E 2.13 kΩ 1.2937 23442.29 4.27e-5 -4.37 

F 1.09 kΩ 1.2937 12022.64 8.32e-5 -4.08 
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            Figure (4.37): DC conductivity of Samples A, B and C as heat treated at        

                                   1200
o
C/5h measured at 500

o
C. 
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             Fig (4.38): Electrical Conductivity measurement of Samples D, E and F as    

                               heat treated at 1200oC/5h measured at 500
o
C. 
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Table-4.5: Electrical Conductivity measurement of Samples A, B, C D, E and F as 

(H.T at1200
o
C/5h measured at 500

o
C 

 

 

Sample 

NO 

 

 

Resistance 

ohm 

 

1000/T 

(k
-1

) 

 

Resistivity  

ohm cm 

 

Conductivity σ 

(ohm
-1

cm
-1

) 

 

log σ 

A 57.36KΩ 1.2937 630957.34 1.58e-6 -5.80 

B 25.04 KΩ 1.2937 275422.87 3.63e-6 -5.44 

C 11.18 KΩ 1.2937 123026.88 8.13e-6 -5.09 

D 4.88 KΩ 1.2937 53703.18 1.86e-5 -4.73 

E 1.94 KΩ 1.2937 21379.62 4.68e-5 -4.33 

F 86818 Ω 1.2937 9549.93 1.05e-4 -3.98 
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          Figure (4.39): DC conductivity of Samples A, B, C, D, E and F as heat 

treated at 1200oC/5h measured at 500
o
C.                                  
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            Figure (4.40): DC conductivity of Samples A, B and C as heat treated at    

                                   1200oC/10h measured at 500
o
C. 
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        Figure (4.41): DC conductivity of Samples D, E and F as heat treated at        

                               1200
o
C/10h measured at 500

o
C. 
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Table-4.6: Parameters the Electrical Conductivity of Samples A, B, C D, E 

and                    F as (H.T at1200
o
C/10h measured at 500

o
C. 
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Figure (4.42): DC conductivity of Samples A, B, C, D, E and F as heat treated           

                        at 1200oC/5h measured at 500
o
C. 

                     

 

 

log σ 

 

Conductivity(σ) 

(ohm
-1

cm
-1

) 

 

 

1000/T 

(k
-1

) 

 

Resistivity 

ohm .cm 

 

Resistance 

ohm 

 

Sample 

No. 

 

-5.75 1.78e-6 1.2937 562341.33 51.12 KΩ A 

-5.4 3.98e-6 1.2937 251188.64 22.84 KΩ B 

-5.04 9.12e-6 1.2937 109647.81 9.97 KΩ C 

-4.66 5.50e-5 1.2937 45708.82 4.16 KΩ D 

-4.26 2.19e-5  1.2937 18197.01 1.65 KΩ E 

-3.87 1.35e-4 1.2937 7413.10 673.92Ω F 
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          Figure (4.43): DC conductivity of Samples A, Band C as heat treated                                        

at1200
o
C/100h   measured at 500

o
C                                                                                 
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          Figure (4.44): DC conductivity of Samples D,E and F as heat treated at         

                                  1200
o
C/100h measured at 500

o
C 



- 71 - 

 

 

 

Table-4.7: Electrical Conductivity measurement of Samples A, B, C D, E and F as  

                  (H.T at1200
o
C/100h) measured at 500

o
C. 
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        Figure (4.45): DC conductivity of Samples A, B, C, D, E and F as heat treated 

                                 at 1200
o
C/100h measured at 500

o
C. 

 

Sample 

NO 

 

 

Resistance 

ohm 

 

1000/T 

(k
-1

) 

 

Resistivity 

ohm cm 

 

Conductivity (σ) 

(ohm
-1

cm
-1

) 

 

log σ 

A 37.90 1.2937 416869.38 2.40e-6 -5.62 

B 20.35 1.2937 223872.11 4.47e-6 -5.35 

C 8.68 1.2937 95499.26 1.05e-5 -4.98 

D 3.62 1.2937 39810.72 2.51e-5 -4.60 

E 1.41 1.2937 15488.17 6.46e-5 -4.19 

F 0.573 1.2937 6309.57 1.58e-4 -3.8 
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Figure (4.46): DC conductivity of Samples A, B and C as heat treated at 

1200
o
C/500h measured at 500

o
C.                                                                                                                                         
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         Figure (4.47): DC conductivity of Samples D, E and F as heat treated at           

                                 1200oC/500h measured at 500
o
C 
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Table-4.8: Electrical Conductivity measurement of Samples A, B, C D, E and F as   

                  (H.T at1200oC/500h) measured at 500
o
C.  

 

Sample 

NO 

 

Resistance 

ohm 

1000/T 

(k
-1

) 

Resistivity 

ohm cm 
Conductivity σ 

(ohm
-1

cm
-1

) 

log σ 

A     17.73 1.2937 194984.46 5.13e-6 -5.29 

B 9.30 1.2937 102329.30 9.77e-6 -5.01 

C 4.88 1.2937 53703.18 1.86e-5 -4.73 

D 2.28 1.2937 25118.86 3.98e-5 -4.40 

E 1.41 1.2937 15488.17 6.46e-5 -4.03 

F  0.455 1.2937  5011.87 2.00 e-4 -3.7 
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Figure (4.48): DC conductivity of Samples A, B, C D, E and F as heat treated     

                         at1200oC/500h measured at 500
o
C. 
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Table-4.9: shows the Active Energy of Samples A, B, C D, E and F as Sprayed 

and                       heat treatment at 1200
o
C measured at 500

o
C. 

 

 
Sample 

No. 

a/sprayed 

eV 

a/1h 

eV 

a/5h 

eV 

a/10h 

eV 

a/100h 

eV 

a/500H 

eV 

A 0.9650  0.8913  0.8342  0.7821  0.7349  0.6952  

B 0.8912  0.84010 0.8054  0.7589  0.7054  0.6536  

C 0.8421  O.7821 0.7543  0.7242 eV 0.6901  0.6253  

D 0.7932  0.7510  0.7130  0.6920  0.6670  0.5843  

E 0.7663  0.7304  0.6850  0.6536  0.6205  0.5432  

F 0.7245  0.6814  0.6534  0.6301  0.5972  0.5059  

 

 

4.2.3 Correlation between Coating Microstructure and Conductivity 

The as spayed microstructure is extremely complex  a small oblate pores (~20%) exit 

between the flatted   lamellae (inter-lamellae pores); the actual contact between adjacent 

lamellae has been suggested to be as low about 20%;in addition ,micro cracks that span 

the thickness of lamellae(intralamellar micro-cracks) are oriented approximately 

perpendicular  to the spray direction, intralamellar pores are also exist.As temperature 

increased (heat treatment), the microstructure tends to sinter within the operating 

temperatures (1200
o
C). The intralamellar microcracks are the first to close, begging to at 

800oC.A reduction of the specific surface area associated with interlamellar pores 

begins at1100
o
C.Closing the intralamellar microcracks and interlamellar pores increases 

the density and lead to increases the electrical conductivity.  The bulk grain and grain 

boundary resistivity are strongly dependent on the relative density, structure and the 

material properties Thus, in this study, the decrease of the grain interior and grain 

boundary resistivity with the increasing heat treatment temperature is believed to be 

related to the densification and microstructure Changes during heat treatment.  

Fig. (4.49) shows the effect of the heat treatment time on the relative density and ionic 

conductivity of treated plasma sprayed YSZ coating. It is found that the relative density 

and conductivity increased with the increase of the heat treatment duration.  
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 Studies on YSZ coating demonstrated that electrical conductivity is very sensitive to 

small changes in density. Figure (4.49) shows the electrical conductivity and relative 

density of the YSZ coating as a function of heat treatment time. With the increase of 

heat treatment time, the density increases from0.524 for the as-sprayed sample to 0.917 

for the sample heat -treated at 1200 ◦C as an example for specimens.  

Results also show that the increase of heat treatment time, in the treatment temperature 

of 1200◦C, a higher conductivity, as a function of heat treatment time. With the increase 

of heat treatment time, the relative density increases from 0. 524 for the as-sprayed 

sample to 0.917 for the sample post-treated at 1200 
◦
C and the conductivity increases 

from 0.153ev to 0.668ev of time 500h. 
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     Figure (4.49): The electrical conductivity and relative density of the sample 

YSZ                               coatings as sprayed and after H.T at 1200oC at time (1h- 

500h).



 

 

 

CHAPTER (5) 

 Conclusions 

 



 

Conclusions 

In this study, the effect of heat treatment at 1200
o
C at different times (1h, 5h, 10h, 

100h and 500h, and plasma spray parameters on the microstructure and electrical 

conductivity of the 8 wt. % Y2O3 stabilized zirconia coatings were investigated with 

the aim of achieving better control of the process using two different machines power 

of plasma spray deposition technique (Triplex” gun- 100kw, F-4 gun 64 kw). 

From the results of the study following conclusions are deduced:  

1. the variation of times heat treatment and plasma parameters (especially plasma 

torch shape, plasma power and spray distance) has great influence on the 

microstructures characteristics.  

2. During heat treatment the samples porosities decreases marginally with increase 

of annealing duration from 1 hour to 500 hours, differences in microstructure 

owing to different preparation methods find expression in the porosity.  

3. There is a significant influence of processing conditions on the properties of 

plasma sprayed YSZ particle condition in the plasma (particle temperature, 

velocity) and deposition conditions (substrate temperature ) have been identified 

as critical parameters that influence the microstructure.  

4. Microstructure reflects itself as changes in porosity and electrical conductivity, 

the results of which are shown in. free- standing YSZ samples of as sprayed 

condition, which produced by plasma spraying machine of Triplex” gun- 100kw   

have low porosity percent (18%, 17%,and 15%) than free standing samples, 

which produced by F-4 gun 64 kw, which were 25%,23% ,20%,because the 

particles speed of  the free standing samples produced by spraying  machine 

(Triplex” gun- 100kw)  plasma was higher.  

5. The electrical conductivity of plasma-sprayed YSZ coating increased with the 

increase of plasma power, these tendencies of the electrical conductivity on 

plasma power and spray distance were consistent with that of the lamellar 

bonding ratio.  

6. The decrease in porosity leading to a decrease in resistance and an increase in 

electrical conductivity behavior.  

7. The deposition by machine (Triplex” gun- 100kw) would produce YSZ coating 

with relatively improved microstructure (low porosity) which led to increases the 

electrical properties of YSZ coating. 
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  العربى الملخص

اتريا  %8المحتويه على دراسه أثرالمعالجه الحراريه  على الخواص الكهربائيه للزركونيا

 المرشوشه بالبالزما

 رشوذلك  باستخدام ماكينتان الرش البالزمى  يقةبطر اتريا% 8تم اعداد عينات من الزركونيا المحتوية على 

 Triplex gun- 100kw and F-4 gun -64 kw)) ةحيث القدرة الكهربائي بالزمى مختلفتين من

اختالف المعامالت ادى الى انتاج عينات  ومسافةومعدل سريان مادة الرش من السرعةمعامالت مختلفة لهما  

 .كال واالعدادمحتويه على مسام وشروخ مختلفه  فى االش

1200رةفى درجه حرافة ولقد تم عمل معالجة حرارية لبعض العينات المرشوشة بمعامالت مخت
o
C فى فترات 

  (1hr, 5hrs, 10 hrs, 100 hrs and 500h) زمنيه مختلفه

 ولقد تم فحص التركيب البنائى وقياس نسبه العيوب  لهذه العينات با لميكرسكوب الضوئى وكذلك قياس الخواص 

  ةز المما نع حراريا وذلك باستخدام جها ةوالمعا لج ةحراري ةبدون معالج ةالكهربائيه للعينات المرشوش

تعطى المنتج  ةللحصول على تكسيات ذات كفاءه عالي ةوذلك للوصول الحسن الظروف المناسب  يةالكهربائ

.ةعند ا لدرجات الحراره العالي ةعالي ةمقاوم  

1200راريه للعينات  عند  درجه الحراره ولقد وجد ان المعالجه الح
o
C    ساعه أدت الى زياده  055لمده 

عن ( % 20- (%30للعينات المعالجه حراريا بنسبه  (  (Electrical Conductivityاالتوصيليه الكهربائيه

 .مثيالتها الغير معالجه حراريا
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اتريا  %8المحتويه على على الخواص الكهربائيه للزركونيا هدراسه أثرالمعالجه الحراري: عنوان الرساله

 .المرشوشه بالبالزما

 .الخواص الكهربائيه/الحراريه المعالجه/الرش البالزمى/اتريا  %8زركونيا محتويه على: الكلمات الداله

  
 :لبحثملخص ا

رش الرش البالزمى وذلك  باستخدام ماكينتان بطريقة  اتريا %8تم اعداد عينات من الزركونيا المحتوية على

 Triplex gun- 100kw and F-4 gun -64 kw))بالزمى مختلفتين من حيث القدرة الكهربائية 

ت ادى الى انتاج عينات اختالف المعامال لها معامالت مختلفةمن السرعة ومسافةومعدل سريان مادة الرش  

 .محتويه على مسام وشروخ مختلفه  فى االشكال واالعداد

1200فى درجه حرارةفة لولقد تم عمل معالجة حرارية لبعض العينات المرشوشة بمعامالت مخت
o
C فى فترات 

عيوب  تم فحص التركيب البنائى وقياس نسبه الو (1hr, 5hrs, 10 hrs, 100 hrs and 500h)متفاوته زمنيه 

لهذه العينات با لميكرسكوب الضوئى وكذلك قياس الخواص الكهربائيه للعينات المرشوشة بدون معالجة حرارية 

ز المما نعة  الكهربائية  وذلك للوصول الحسن الظروف المناسبة للحصول  باستخدام جها حراريا والمعا لجة

 .ا لدرجات الحراره العالية على تكسيات ذات كفاءه عالية تعطى المنتج مقاومة عالية عند

1200 درجه الحراره عند   للعينات ولقد وجد ان المعالجه الحراريه
o
C    ساعه أدت الى زياده  055لمده 

عن ( % 20- (%30بنسبه   المعالجه حراريا للعينات ( (Electrical Conductivityالكهربائيه االتوصيليه

.يآمثيالتها الغير معالجه حرار



 دراسه أثرالمعالجه الحراريه  على الخواص الكهربائيه للزركونيا
 اتريا المرشوشه بالبالزما %8المحتويه على

 
 إعداد

 الشيخ سالمة سعد اهلل محمد. م
 مركز البحوث النووية -قسم الفلزات 

 هيئة الطاقة الذرية
 

جامعة القاهرة -لى كلية الهندسةإرسالة مقدمة   

على  كجزء من متطلبات الحصول  

 درجة الدكتوراه

 فى

 هندسة الفلزات

 

 يعتمد من لجنه الممتحين

جامعه القاهرة راندا -أحمد عبد الكريم                       كليه الهندسهد .ا  

جامعه القاهرة-د سعد مجاهد الراجحى                 كليه الهندسه.ا  

ريه  د عبد العزيز فهمى وحيد              هيئه الطاقه الذ.ا  

د مديحه محمد شعيب                  مركز بحوث الفلزات.ا   
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 دراسه أثرالمعالجه الحراريه  على الخواص الكهربائيه للزركونيا
 اتريا المرشوشه بالبالزما %8المحتويه على

 
 إعداد

 الشيخ سالمة سعد اهلل محمد. م
 مركز البحوث النووية -قسم الفلزات 

 هيئة الطاقة الذرية
 

جامعة القاهرة -لى كلية الهندسةإرسالة مقدمة   

 كجزء من متطلبات الحصول على 

 درجة الدكتوراه

 

 فى

 هندسة الفلزات

 

 تحت اشراف

                      عبد العزيز فهمى وحيد. د.أ                        راندا أحمد عبد الكريم. د.أ 

 زاتــــــــــم الفلـــــــــــــزات                        قســــــــــــــم الفلــــــــقس

 وث النوويةـــز البحـــــة الهندسة                         مركــــــــــــــــــــكلي

  ة الذريةـــــــة الطاقــــــهيئ                  رة       ــــــــة القاهـــــــــجامع
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 دراسه أثرالمعالجه الحراريه  على الخواص الكهربائيه للزركونيا

8المحتويه على % ااتريا المرشوشه بالبالزم   

 إعداد
 الشيخ سالمة سعد اهلل محمد

 مركز البحوث النووية -قسم الفلزات 
 هيئة الطاقة الذرية

 

 

جامعة القاهرة -رسالة مقدمة إلى كلية الهندسة  

 كجزء من متطلبات الحصول على 

 درجة الدكتوراه

 

 فى

 هندسة الفلزات
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