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RÉSUMÉ 

Ce travail concerne les revêtements de barrières thermiques à base de métal 

(MBTBCs). Ces barrières thenniques sont produites à l'aide de la technique de projection 

par plasma inductif (IPS) à haute fréquence en projetant des poudres nanométriques 

d'alliages de fer. Des progrès considérables ont été réalisés ces dernières années 

relativement au développement des barrières thermiques à base de céramique (TBCs) 

pour une utilisation potentielle dans les moteurs à combustion interne à très haute 

efficacité. Cependant, elles ne sont pas encore appliquées dans des productions massives. 

Au-delà de l'aspect économique, la fiabilité des TBCs en céramique est certainement une 

autre bonne raison, du fait de la difficulté de prévoir leur durée de vie en service. Avec la 

technologie des MBTBCs développée à base de structure nanométrique d'alliages 

métalliques, leur conductivité thermique peut être rendue aussi basse que celle des TBCs 

classiques, du fait de la dispersion des électrons/phonons par la structure nanométrique. 

Dans ce travail, les revêtements de structure nana/amorphes ont été déposés en utilisant 

les paramètres de projection suivants: distance de pulvérisation (210 ~ 270 mm), 

composition du gaz plasmagène (Ar/N2), puissance de la torche IPS (24kW), débit 

d'alimentation de poudre (16g/min.). La structure et les propriétés des couches déposées 

ont été caractérisées par des observations au MEB (Microscope Électronique à Balayage). 

Les propriétés de diffusivité thermique ( a) des MBTBCs ont été mesurées en utilisant 

une méthode par laser. La densité (p) et la chaleur spécifique ( Cp) des MBTBCs ont été 

également mesurées, et leur conductivité thermique (k) calculée (k =apCp). La 

conductivité thermique de MBTBCs a été évaluée à 1.99 W/m/K. L'étude du traitement 
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thermique a prouvé que les changements de structure cristalline, et la croissance de taille 

de grain de quelques nanomètres des dizaines de nanomètres se sont produits à 550°C 

dans des conditions d'exposition statiques. Le coefficient d'expansion thermique (TEC) 

des MBTBCs s'élevait à 13E-6 /K, qui est près du TEC de la fonte et ainsi, plus près des 

valeurs des TEC des alliages d'aluminium que sont les TBCs conventionnels. La dureté 

de ces MBTBCs a été également évaluée au moyen des essais de dureté de Vickers, avec 

une charge de 500 g pendant 15s, et les résultats montrent qu'il n'y a aucun 

développement mesurable de fissures, contrairement aux TBCs classiques sur tous les 

échantillons de MBTBCs examinés. Ceci permet d'envisager un avenir prometteur pour 

ces matériaux. 
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ABSTRACT 

In this work, metal-based thermal barrier coatings (MBTBCs) have been produced, 

using high frequency induction plasma spraying (IPS) of iron-based nanostructured alloy 

powders. Important advances have been made over recent years to the development of 

ceramic-based thermal barrier coatings (TBCs) for internai combustion engines 

application, but they are not yet applied in mass production situations. Besides the 

important economic considerations, the reliability of ceramic TBCs is also an issue, being 

associated with the difficulty of predicting their "in-service" lifetime. Through 

engineering of the nano/amorphous structure of MBTBCs, their thermal conductivity can 

be made as low as those of ceramic-based TBCs, with reduced mean free paths of the 

electrons/phonons scattering. In this work, nano/amorphous structured coatings were 

deposited by IPS using the following spray parameters: spraying distance (210 ~ 270 

mm), plasma gas composition (Ar/N2), IPS torch power (24kW), and powder feed-rate 

(16g/min.). The structure and properties of the deposited layers were characterized 

through SEM (Scanning Electron Microscopy) observations. The thermal diffusivity ( a) 

properties of the MBTBCs were measured using a laser flash method. Density (p) and 

specific heat ( Cp) of the MBTBCs were also measured, and their thermal conductivity (k) 

calculated (k =apCp)- The thermal conductivity of MBTBCs was found to be as low as 

1.99 W/m/K. The heat treatment study showed that crystal structure changes, and grain 

size growth from a few nanometers to tenth of nanometers occurred at 550°C under static 

exposure conditions. Thermal expansion coefficient (TEC) of MBTBCs was l 3E-6 /K, 

which is close to the TEC of cast iron and thus, closer to the TEC values of aluminium 

alloys than are conventional TBCs. Fracture toughness of MBTBCs has also been 
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assessed by use ofVickers hardness tests, with a 500 g load for 15 s, and the results show 

that there are no measurable crack developments around "indented" areas on ail samples 

ofMBTBCs tested. 
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CHAPTERl 

INTRODUCTION 

Due to the advancement of scientific and engineering civilization from the early 19th 

century, we now live in a society having very well automated infra-structures. Almost 

everything has become automated for the convenience of our every day's life. It should 

be appreciated that all of these conveniences relate to the research and development 

activities of science and engineering. However, those conveniences also bear critical side 

effects, such as noise, air & water pollution, because most of these automated systems 

basically use energy derived from the burning of fossil fuels. Scientific studies have 

concluded that more than 5,000 Canadians are in early deaths each year due to poor air 

quality, and thousands more suffer from respiratory illnesses such as bronchitis and 

asthma [ Auto 21]. Air pollution is not just a Canadian or even a North American issue. 

The "Industrialized" countries around the world are working to reduce emissions of 

pollutants. Therefore, many internationally minded researchers are exploring ways to 

mitigate the emissions from static industries and vehicle engines. 

Among all of the sources of these pollutions, vehicle emissions are a major, if not the 

major, contributor to the air pollution. In urban areas, vehicles produce up to three 

quarters of the pollutants that lead to smog formation [NPRI 2002]. Exhaust particulate 

emissions from diesel engines are typically some ten times greater than those from 

gasoline engines [Lies 1986]. Reduction of internai combustion engine emissions is 

becoming increasingly important because of increasing concerns among the public about 

these environment polluting issues. The control of the emissions is a particularly 



challenging problem due to the combined presence of solid particulates and gas phase 

pollutants in the engine exhaust, and which contains a mixture of gaseous, liquid, and 

solid phases, made up of various organic and inorganic compounds, such as NOx, CO, 

vapor phase hydrocarbons, and SO2 [Johnson 1994]. When those pollutants are inhaled, 

the most easily respirable particles are eventually trapped in the bronchial passages and 

the alveoli of the lungs where sulfates and soot particle may internet synergistically to 

cause certain bronchial diseases and lung disfunction [Hippeli 1990]. 

One of the strategies towards achieving the desired emissions reduction lies in 

modifying today's internai combustion engine and in developing viable altemate fuels for 

mass-(vehicle) consumption. In the area of diesel engine development, emissions 

reductions have been achieved through the use of higher fuel injection pressures, exhaust 

gas recirculation, turbo-charging, and modifications of the combustion chamber geometry, 

to raise the overall fuel efficiency [N eeft 1996]. Another method being considered 

involves the "insulation" of selected parts of the combustion chamber with thermal 

barrier coatings (TBCs ). Commencing from the early 1980s, there have been many 

investigations undertaken into the application of TBCs for Low Heat Rejection (LHR) 

diesel engines [Kvemes 1983] [Fairbanks 1984] [Schechter 1984] [Kamo 1985]. TBCs in 

LHR diesel engines are plasma sprayed ceramic coatings which insulate combustion 

components, such as pistons, valves and cylinder heads from thennal transmission and 

shock. The most commonly used TBCs material is yttria stabilized zirconia (YSZ, 

8Y2O3-ZrO2) due to its high temperature stability, low thermal conductivity, and high 

thermal expansion coefficient [Ahmaniemi 2004]. However the use of TBCs is still quite 

limited because of the severe conditions existing in diesel engine combustion chambers, 
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such as high thermal and mechanical loads and hot, corrosive conditions. In addition, the 

traditionally employed ceramic based TBCs (CBTBCs) with YSZ in LHR diesel engines 

have very difficult, life-time prediction assessments because of their inherent fragile 

ceramic behavior under the prevailing tougher conditions. Therefore, the study of metal 

based TBCs (MBTBCs) has been initiated to challenge the current problems of CBTBCs 

to create a new generation of TBCs. 

For the MBTBCs, it is very important to consider the free electron contributions to 

thermal conductivity because most of the metallic based materials are very electrically 

and thermally conductive, due to the existence of free electrons and phonons at the 

atomic scale. The basic relationship between thermal conductivity k and a corresponding 

mean free path f for either electrons or phonons, can be defined as k = ..!. C ue . The 
3 

main focus of this study is how k can be minimized by reducing the mean free path, e . 

One of the theoretical approaches to the reduction of e is to engineer defects into the 

material to hinder the mobility of electrons / phonons in the system for electron / phonon 

scatterings. For instance, different imperfections scatter phonons with different frequency 

dependence. High frequency phonons, which have wavelengths of the order of atomic 

dimensions, are scattered by point defects, while grain boundaries scatter low frequency 

phonons with "limited" scale, phonon mean free paths, comparable to the material grain 

size [Kumar, 1994] [Klemens 1997] [Klemens 1998] [Raghavan 1998] [Klemens 1999]. 

In particular, Yang (2002) has reported that a strong, grain-size-dependent, reduction in 

thermal conductivity is observed at temperatures from 6 to 480K. The thermal 

conductivity of YSZ with a 10 nm grain size is reduced by more than a factor of two 

compared to that of much coarser-grained coatings [Yang 2002]. 
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For selection of a coating process, induction plasma spraying (IPS) is one of the best 

methods in this study in this context because IPS has the potential for synthesizing new 

materials and alloys directly as thermally sprayed coatings. In addition to IPS, DC plasma 

spraying (Air Plasma Spraying) is also used to study the dependency of a coating process 

on the thermal properties of MBTBCs. Thermal and mechanical properties of plasma 

sprayed coatings are subsequently characterized. The results of these characterizations 

show some of the advantages for this new concept that of using metal based materials 

that can be applied as TBCs for internai diesel engine applications. 

Sorne other benefits of using MBTBCs in the LHR diesel engine is that only a single 

layer of the protective coating is required for the task, while two coating layers are 

required for conventional CBTBCs, a layer of NiCrAlY, used as the "bond" coat, and a 

layer of YSZ, used as the top coat. Processing times will surely be shortened considerably 

by the adoption of single layer MBTBCs, to be reflected in the lower processing costs for 

"in-situ" applications. Hence, in this present study, the author proposes to introduce 

materials synthesis and coatings characterization studies for MBTBCs, with respect to 

their thermal and mechanical properties and their potential to compete with the long 

established CBTBCs technology. 

4 



OBJECTIVES 

There are three main objectives in this study. 

1. The first of these is to explain dependency of the microstructural and thermal 

properties ofMBTBCs on induction plasma spraying (IPS) conditions. 

2. The second is to explain the microstructural and phase dependency of the thermal 

properties ofMBTBCs. 

3. The last objective is to present the advantages and benefits of MBTBCs m 

comparison to Zr02-8Y 20 3 ceramics, in terms of their mechanical properties. 

This document is comprised of four different chapters; 

Chapter 2 summarizes literature review on current and state-of-the-art technologies in 

TBCs areas and overview of thermal transport properties in materials with influence of 

defects. 

Chapter 3 describes experimental methods for preparation of samples and property 

characterization of them. 

Chapter 4 is dedicated to Ti thermal barrier coatings 

Chapter 5 presents induction plasma spraying and air plasma spraying of nanostructured 

alloy powder as metal based thermal barrier coatings and characterization of their 

properties with heat treatments. 

Chapter 6 concludes the work 
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CHAPTER2 

LITERATURE REVIEW 

2.1 Thermal Barrier Coatings 

Early intemal combustion engine developers realized the advantages of increased 

combustion chamber temperatures. For instance, the theoretical efficiency of the Otto 

cycle depends directly on the temperature difference between the hotter and cooler 

portions of the engine cycle. If combustion gas energy can be retained through the 

expansion cycle, then the efficiency of the engines can be increased [Uzun 1999]. In 

typical diesel engines, only some 30 - 40% of the entering fuel chemical energy is 

converted to useful power, the remainder being approximately evenly divided between 

the engine coolant and the exhaust gas stream [Vittal 1999]. To increase the efficiency of 

internai combustion engines and to generate higher chamber temperatures, low-heat 

rejection (LHR) concepts are continually being investigated [Churchill, 1988]. The LHR 

concept uses insulation of particular engine components, such as the combustion 

chambers and exhaust gas passages, by applying a "foreign" material (i.e. zirconia based 

ceramic materials) to these components, using state of the art coatings application 

technologies (e.g. thermal spraying, or EB-PVD, Electron Bearn assisted Physical Vapor 

Deposition). Such coatings are commonly known as thermal barrier coatings (TBCs) and 

are used to reduce, or possibly eliminate, heat losses during the closed portion of the 

cycle [Mavinahally 1998]. Insulation and the consequent increased operation temperature, 

however, have other advantages like: reducing carbon monoxide (CO), unbumed 

hydrocarbons (HC) and soot in the exhaust emissions; improving fuel economy and 
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multi-fuel capability; removing the cooling system (reducing weight) and utilizing the 

increased energy in the exhaust by turbo compounding [Uzun, 1999]. Sorne of the 

benefits of applying TBCs for use in intemal combustion engines under actual operating 

conditions are given in Table 2.1 [Parker, 1992]. 

Table 2.1 Improvement or reduction range achieved with application of TBCs [Parker, 
1992 

Fuel saving 11% 
--• ••---•---••--------- --- - c-.,•- • 

_Engine life.extension 20% 
Power increase 10% 

--- - - - -- ---·----------------------- --· -· -·-·-·· ----•-- ..... 

Emission reduction 20-50% 
- - --- -----·-··----------·--------- ----- -- ,_,__ --·- ,-- ··-·-·. --~.,. 

Particulate reduction 52% 

Reduction of components temperature 
-- -- . -----

-- ___ ... Re_dll~i9t1of~11git1e ~noise 
Exhaust valve life extension 
Maintenance cost reduction 

Lubrication oil savin 

100°F 
·- (38°C) 
Up_toJ<!B 

300% 
20% 
15% 

Typical current TB Cs systems use are composed of two layers [Y onushonis 1997]. 

The first layer is metallic, such as MCrAlY (M = Ni, Co or Ni Co), about 100 µm thick, 

deposited by either air plasma spray (APS) or vacuum plasma spray (VPS), whose 

function it is to protect the substrate material from oxidation and corrosion and to provide 

good adhesion for the thermal insulating ceramic layer. The second is the ceramic coating, 

which is mostly made of yttria stabilized zirconia (YSZ, ZrO2 - 6 to 8 wt. % Y 20 3), as a 

top coat about 1.5 mm thickness. Thermally sprayed YSZ is a material having one of the 

lowest thermal conductivities, about less than 1 W/mK [Slifka 1998] and also has one of 

the highest thermal expansion coefficients for a ceramic material (l l.2xl0·6 /K) [Guo, 

2004], being close to those of various metals. The use of TBCs thus allows the process 

temperature to be raised, thereby obtaining increased thermal and fuel efficiencies 

[Nesbitt 1990] [Yonushonis 1997]. 
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In-Situ application of TBCs, there is a demand for thicker thermal barrier coatings 

due to the use of increased process combustion temperatures. Calculations have shown 

that temperature drops through traditional 500 µm TBCs is approximately 150°C, but is 

raised to 320°C in the case of 1.8 mm TBCs if the coatings hot surface temperature is 

held at 1250°C [Gualco 2002]. With thicker TBCs, the mean combustion temperature of 

the process is to be increased. Sorne studies have shown that TBCs can increase the 

thermal efficiency of the process or lower the fuel consumption by about 10% [ Assanis 

1989] [Osawa 1991]. 

There have also been some positive results conceming the reduction of emissions by 

some 20 - 50% when TBCs are used in diesel engines [Parker 1992] [Vittal 1999]. The 

Cummins Engine Company, Inc. conducted extensive evaluation of TBCs, using the 

Cummins V903 diesel engine, and these initial exploratory efforts used "duplex coatings", 

consisting of NiCrAlY bond coatings with 0.1mm in thickness and an yttria stabilized 

zirconia (YSZ) top layer of 1.5 mm in thickness. These investigations revealed that these 

existing TBCs were insufficiently rugged to survive short-duration tests in a high-output 

diesel engine [Hoag 1985]. The Caterpillar approach to applying plasma sprayed thermal 

barrier coatings to the in-cylinder components of diesel engines produced mixed 

durability and performance results [Larson 1992]. Initial tests using 3.5 mm thick 

coatings on the piston and cylinder head in this program produced an unexpected increase 

in the combustion duration and a 4.6% reduction in specific fuel consumption. 

As discussed earlier, thicker TBCs provide greater temperature drops across the 

coating thickness. In addition, increased coating thickness increases the elastic strain 

energy stored and hence the energy release rate for crack development [Hutchinson 1992]. 
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Therefore, the failure mechanisms that result in spallation of thick TBCs are expected to 

be different in some degree to those of traditional thin TBCs. Failure of thin plasma 

sprayed TBCs occurs in most cases by interfacial delamination, due to the different 

thermomechanical properties of the coating and substrate, and to oxidation of the 

underlying bond coat [Qian 1997] [Tzimas 2000]. These failure problems are now being 

challenged, new technologies have been developed for ceramic based TBCs with the use 

of nanostructures [Lima 2001] [Gell 2001] [Zeng 2002], the "state of the art" achieved so 

far in these technologies is now discussed in the following section. 

2.2 State of the Art in Ceramic Based TBCs 

Important efforts have been devoted over the recent years to the development of 

ceramic-based thermal barrier coatings (TBCs) but they are not yet applied today in mass 

production products because such TBCs exhibits higher residual stresses and lowering of 

adhesion strengths, causing earlier spallation of the coatings due to their inherent fragile 

ceramic behavior. Therefore, the "state of the art" research in ceramic based TBCs is 

mainly focused on enhancement of mechanical properties by engineering nanostructures. 

2.2.1 Nanostructured Ceramic Based TBCs 

Nanostructured materials have been of recent interest to TBCs researchers due to their 

noticeably improved mechanical properties compared to those of "conventional" micron-

scaled materials. Sorne researchers [Lima 2001] [Gell 2001] [Zeng 2002] have developed 

nanostructured TBCs from zirconia and alumina-titania by application of the atmospheric 

plasma spray technique. Thus, Karthikeyan [Karthikeyan 1997] have developed a thermal 
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spray technique to produce nanocerarnics powders and rnake deposits of same, such as in 

alumina, magnesia, zirconia and yttria stabilized zirconia. Tellkamp [Tellkernp 1997] 

sprayed nanocrystalline Inconel 718 powders, with a grain size range of 19-26 nm, using 

a high velocity oxygen fuel (HVOF) method. The resulting coating remained 

nanocrystalline, having a grain size range of 27-47 mn. The greatest challenge involved 

in using thennally sprayed nanosized particles to generate nanostructured coatings is that 

individual nanoparticles cannot be used as the thermal spray process feedstock because of 

their low mass and their inability to be carried in a moving gas stream to be deposited on 

a suitable substrate [Chen 2002]. To overcome this problem, reconstitution of individual 

nanoparticles into spherical micrometer-sized granules is necessary [Gell 2000], a process 

that can be conducted through spray dryingi. 

Figure 2.1 SEM micrographs of spray dried nanostructured YSZ feedstock particles, a) 
extemal morphology, and b) internai rnorphology [Lima 2001] 

Spray dried granules so obtained are subsequently subjected to heat treatment to 

"hum out" the binder used in the initial slurry and to provide some particle strength for 

i. In this method, slurry of mixed nano particles with desired composition is prepared and 
then spray dried to fonn micrometer-sized granules. 
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subsequent handling in the thennal spray process. Figure 2.1 presents SEM (Scanning 

Electron Microscopy) micrographs of such spray dried partiel es [Lima 2001]. 

However, Karthikeyan and Bemdt have modified the thennal spray process in 

order to facilitate liquid feedstocks spraying. They used precursor "salts" (isopropoxides, 

butoxides, acetates and nitrates), dissolved in organic solvents (isopropanol or butanol) to 

obtain organic species solutions. They also modified the process equipment in order to 

feed these liquid feedstocks directly into the thermal spray torch [Karthikeyan 1997]. 

Physical and mechanical properties, i.e. density, hardness, indentation crack 

resistance, adhesion strength, and spallation resistance, of the plasma sprayed coatings 

derived from nanostructured powders showed unique and superior properties. Specially, 

significant was the consistently observed improvement in indentation crack resistance 

[Gell 2001]. Jordan (2001) evaluated the properties of nanostructured alumina-titania 

coatings using a bend and a cup test, figures 2.2 and 2.3. The results showed increased 

crack resistance and adhesion strength was achieved with the nanostructures. The drastic 

improvement in the cracking resistance can also be understood. Under certain spraying 

conditions, improved crack resistance, defined as the reciprocal of crack length, was 

observed for plasma sprayed coatings derived from reconstituted AbO3-13wt% TiO2 

[Gell 2001]. For deposit of Metco 130 powder, figures 2.2 a) and 2.3 a), long and well 

defined splat boundaries provide easy crack propagation paths. In the nanostructured 

coatings, figures 2.2 b) and 2.3 b ), the splat boundary structure is periodically disrupted 

by regions of partially melted powders. Therefore, cracks propagating through the 

boundaries are arrested and/or deflected after encountering the partially melted regions in 

the coating [Gell 2001]. Also, nanostructured TBCs show average Vickers hardness 
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values of Hv0_02 = 1320 HK, i.e. similar to that of sintered zirconia [Zeng 2002]. In the 

study of Yang (2002), a strong grain size dependency of thermal conductivity was 

observed in nanocrystalline YSZ, as presented in figure 2.4. This behaviour is primarily 

due to the effect of interfacial resistance on thermal transport. This interfacial resistance 

may result in small temperature discontinuities at every grain boundary, and the effect is 

highly magnified in nanostructured materials because of the large number of grain 

boundaries. 

Figure 2.2 Typical results after cup tests for coatings sprayed with; a) Metco 130 powder, 
and b) Nanostructured alurnina-titania powder [Gell 2001]. 

Figure 2.3 Photographs of representative results from a bend test; a) cornplete failure of 
the coating with Metco 130 powder, and b) no failure for the nanostructured coating with 
alumina-titania powder [Gell 2001]. 
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Figure 2.4 Thermal conductivity versus grain size of nanocrystalline YSZ at 280K [Yang 

2002] 

2.2.2 Quasicrystalline Materials for TBCs 

Quasicrystalline materials have very interesting properties which make them good 

candidates to be used as coatings resistant to wear, high temperature oxidation, corrosion, 

etc. A new class of plasma sprayed metallic materials in the composition of 

Ah1 Co13FegCog exhibits very low thermal conductivity of 2.3 W/mK [Sanchez 1999] 

with high thermal expansion coefficient of 15.6 x 10-6 /K [Brite 1997] due to their unique, 

aperiodic crystal structure [Beardsley 2004]. The results look very promising that the 

material and the physics of this concept can be applied to develop a new generation of 

TBCs with metal based materials. 

2.2.3 Thermal Spray Technologies 

Two different types of plasma coating processes have been developed, DC ( direct 

current) plasma and HF (high frequency) induction plasma. DC plasma spraying is the 

most commonly used coating process for the production of high-quality, wear resistant 

and thermal insulation coatings [Wang 2000]. A DC plasma gun is presented in figure 2.5. 
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In the DC plasma gun, a high current arc is struck between a rod-shaped tungsten cathode 

and a water-cooled anode, which usually consists of copper. The work gas (usually an 

argon hydrogen mixture) flows through the arc, is heated to temperatures above 1 0000K 

and leaves the plasma generator at high velocity (of the order of 100 to 1000 mis) 

[Boulos 1991]. Powder is injected into the plasma jet; it becomes melted and accelerated 

towards the substrate. The powder particles form a closed pore, strongly adhering coating 

on making impact with the roughened surface. Based on the application of the DC plasma 

process to a special substrate, such as a cylinder bore of an engine block, Sulzer Metco 

has designed a rotary plasma system, RotaPlasma-500, suitable for cylinder bores of 

diameters between 1.2" and 4.25" [Sulzer Metco]. The system can be placed inside the 

engine block and operated by means of a programmable linear and rotational motion 

generator [Uozato 2004]. Recently, Hartmann [Hartmann 2000] has developed an 

innovative DC plasma torch system, whose electrodes are divided into electrically 

insulated cascade plates. Plasma gas is injected perpendicular to the torch axis. In passing 

through the arc, the gas is converted to the plasma state, leaving the torch laterally 

through a slit, in the form of a plasma jet with extended stripe width. By shrouding the 

electrodes with inert gas and feeding the reactive gas mixtures as the main plasma gas 

allows the torch to be used for continuous plasma chemical reactions. 

In induction plasma spraying (IPS), the inductively coupled thermal plasma is 

generated through electromagnetic coupling of the electrical energy within a discharge 

cavity, as presented in figure 2.6. IPS is free of electrodes and thus is almost 

contaminant-free and suitable for use with nearly all working gases, including oxidizing 
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gases. Also, IPS possesses a large plasma volume and smaller axial and radial 

temperature gradients compared to a DC plasma torch [Boulos 1992]. 

Figure 2.5 View of DC Plasma Torch 

TEK.NA PL-50 HF Torch 

~--- -- Cooling water inlet 
-.. Quartz tube 

.-----~- Ceramic tube 
er--- - Powder injection probe 

--- Induction coil 

Figure 2.6 Schematic HF Induction Plasma Torch 

Rather than use of plasma, high velocity oxygen fuel (HVOF) spraying has also been 

developed for the application of high density and conosion resistant coatings [Dobler 

2000]. The HVOF process is basically the same as the combustion spray process except 

that the process has been developed to produce extremely high spray velocities. Fuel(s) 

(kerosene, acetylene, propylene and hydrogen) and oxygen are fed to the HVOF torch, 
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where the combustion process produces a very hot, high pressure flame. This is forced 

down the spray nozzle, thereby increasing its velocity. HVOF coatings are very dense, 

strong and show low residual tensile stresses or in some cases even compressive stresses, 

that enable very much thicker coatings to be applied than was previously possible with 

other processes. HVOF technology is able to be used for the spraying of bond coats used 

in the creation of thermal barrier coatings [Ajdelsztajn 2003]. 

2.3 Thermal Diffusivity and Conductivity 

In heat transport in a matter, there are two different properties to be considered, such 

as thermal conductivity and diffusivity, depending upon a state of the system, such as 

steady state and non-steady state. Based on the heat conduction equation and Fourier's 

law, the two different properties can be derived and distinguished as below [McGee 

1999]. The heat flux (<l>Q) can be defined; 

[Heat • per •unit• area] pCPl5.Td 15.T <l> Q ------- ------'~- pCpa- (2.1) 
[escape• time] d 2 /a d 

where p is the density, CP is the mass heat capacity in J/kg/K, d is the diffusion 
distance, and ais the thermal diffusivity in m2/s [McGee 1999]. 

Defining the thermal conductivity, k = pC Pa, and noting that 15.T is the temperature 
d 

gradient, the equation 2.1 becomes Fourier's law; 

(2.2) 

From the equation 2.2, we can see that thermal diffusivity is nota factor to be considered 

in a steady state condition. 
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The time dependent heat conduction equation is given by; [rate of heat change per 

area] = [heat production per volume per time] - [Heat loss], which implies; 

ar d<t>Q pC -dx =Qdx---dx " at dx 

As a result of Fourier's law, plugging the equation 2.2 into the equation 2.3, 

Then, the general fonn of the heat diffusion equation can be defined as; 

ar 
pC" - = H p + V• ( kv'T) at 
ar H 1 - = - +-V• (kv'T) 
at c" pe" 

(2.3) 

(2.4) 

(2.5) 

If the thermal conductivity, k = apCp, is not a function of position, and there are no heat 

source; H = Q = 0, then the equation 2.5 becomes; 

(2.6) 

From the equation 2.6, we can see that thermal diffusivity, a, is factor to be considered 

when heat conduction is time dependent. 

2.4 Overview of Thermal Conductivity in Materials 

The thermal energy in "hot" materials can be mainly transported by electrons (kc), 

lattice waves (phonons, kp), and electromagnetic waves (photons, kR)- The total thermal 

conductivity can thus be expressed by the contributions from each of the three 

mechanisms, as shown in equation 2. 7. 

(2.7) 
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Heat conduction due to electrons and that by phonons constitute the most important 

mechanisms in nearly all substances, at nearly all temperatures. Certainly, ke and kp have 

attracted most theoretical interest, but the kR term can generally be neglected when all of 

the measurements are made at room temperature [Moreau 1995]. From equation 2. 7, the 

separation of thermal conductivity into the contribution of electrons and that of phonons 

is the subject of this study. 

2.4.1 Metals and Alloys 

In the Drude theorl of metals, it is assumed that the bulk of the thermal flow is 

carried by the conduction electrons, the same for electrical current [ Ashcroft 197 6]. Sin ce 

electrons are the major heat carriers in metals, it is very important to determine how 

electrons contribute to thermal conductivity, and why metals in particular have such high 

thermal conductivities. In the cases of randomly selected metals, such as Ti, Fe, Ni, Cu, 

Al, and Pt, for example, free electrons contribute to thermal conduction via their 

relaxation time during their migration in crystals [Ashcroft 1976]. The calculated number 

of electrons and their relaxation tünes, r, are estimated using equation 2.8. From table 2.2, 

it can be seen that electrons of Ti have the shortest relaxation time, which translates to Ti 

having the lowest conductivity ( or highest resistivity) compared to the other selected 

metals. 

ii. When atoms of a metallic elements are brought together to form a metal, the valence 
electrons become detached and wander freely through the metal, while metallic ions 
remain intact and play the role of immobile positive particles 
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(2.8) 

where Pµ is the resistivity at room temperature, in micro-ohm centimeter, r, is the 
radius of the free electron sphere, defined by r, = (3/4nn) 113

, and a0 is the Bohr radius, 
for the selected elements shown in table 2.2 

If we wish to know the thermal conduction by electrons in metals, the electrical 

conductivity of metals should be considered first, and then the separate behaviors of 

electrical and thennal conductivities can be compared. The electrical resistivity (p = lia) 

of most metals is dominated by the collisions of the conduction electrons with phonons at 

room temperature, and by collisions with impurity atoms and mechanical imperfections 

in the lattice at T < 0.500 , where 0 0 is the Debye temperatureiii [Hook 1991 ], the Debye 

temperature of some selected elements are listed in table 2.3. 

Table 2.2 Relaxation Times of Selected Metallic Elements [Ashcroft 1976] [Pollock] 

z n P293K rs r 
Elements 

( 1022/cm3
) oo-li cm) (10-28 sec) (Valence) (1012 µohm-cm) 

Ti 4 22.8 42.00 1.02 3.76 

Fe 2 17.0 9.71 1.12 21.50 

Ni 2 18.3 6.84 1.09 28.14 

Cu 1 8.5 1.67 1.41 249.01 

Al 3 18.1 2.66 1.10 74.51 

Pt 2 13.2 10.60 1.22 25.46 

iii. The Debye temperature 0 0 is the temperature of a crystal's highest normal mode of 
lattice vibration, i.e., the temperature that can be achieved due to a single normal 
vibration. The Debye temperature is given by 0 0 = h{j)dks, where h is Plank's constant, 
{j)D is the Debye frequency, and ks is the Boltzmann's constant. 
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Table 2.3 Debye Temperature of Selected Metallic Elements [Chen 2001] 

Ti Fe Ni Cu Al Pt 

374K 432K 379K 321K 428K 228K 

From Ohm's law, the equation 2.9, where n is the electron density, e is the electric 

charge, ris the collision time, me is the electron mass, and the elementary kinetic theory 

for thermal conductivity, the equation 2.10, where C is the heat capacity, vis the mean 

speed of electrons, and fJ, is the mean free path of the electrons, we find that the ratio of 

electrical and thermal conductivities is independent of the electron gas parameters [Hook 

1991 ], as expressed in the equation 2.11, 

1 k=-Cue 
3 

(2.9) 

(2.10) 

(2.11) 

where cris the electric conductivity, ks is the Boltzmann constant, e is the electric 
charge, and T is the temperature 

The equation 2.11 is known as the Wiedemann-Franz law. The Wiedemann-Franz 

law works reasonably well at T 2273K [Hook 1991]. From the equation 2.11, one can 

predict the thermal conductivity (ke) of a metal from the measured electrical conductivity. 

If we use the Wiedemann-Franz law to predict the thermal conductivity, the correct 

general behavior can be obtained at temperatures 0 0 T, 0 0 is the Debye temperature, 

because almost the entire observed thennal conductivity is due to the scattering between 

20 



electrons and phonons. However, the behavior of the thermal conductivity for metals is a 

little different from its electrical conductivity at T << 0 0 , due to effective values of the 

mean free path being different between the electrical and thermal conductivities. At T < 

0.500 , the thermal conductivity is proportional to the temperature, according to the 

DebyeT3 law, which approximates to the phonon capacity ( equation 2.11) [Kittel 1976], 

and which is also dependent only on T3 behavior at very low temperatures ( ·: 0/T -H)O 

as T << 0.500 ) [Kittel 1976]. 

Defects Phonons 

Figure 2.7 Electrical conductivity cr and electronic thermal conductivity kc of a pure metal 
as a fonction of temperature. The dominant electron-scattering mechanisms are indicated 
along abscissa. The upper curves in each case are for specimens more perfect than the 
lower curves. [Berman 1976] [Hook 1991] 

For the electrical conductivity of a metal at 0.500 :S: T, figure 2.7, the energy of the 

phonons, which is proportional to T, affects the electron scattering. The mean free path of 

21 



electrons is thus inversely proportional to T. As the temperature decreases, collisions 

become less effective in limiting the mean free path and the conductivity increases at a 

greater rate. Eventually, the mean free path reaches a constant value, determined by 

imperfections in the lattice at low temperatures (T < 0.500 ), and then the electrical 

conductivity becomes constant. 

In alloys, the electron scattering by impurities can become so great that electronic 

thermal conductivity is suppressed enough for the phonon component to represent a 

considerable contribution. There is a simple way to estimate the electronic thermal 

conductivity of an alloy from the theoretical calculation of its electric resistivity. The 

electronic thermal resistivity (Pe) of an alloy can be considered as the sum of an ideal 

resistivity, due to the electron-phonon scattering (pep), and a resistivity due to 

imperfections (pi), the equation 2.12 [Berman, 1976]. Pep can be simply taken to be the 

same as that in the parent metal of the alloy, while Pi can be obtained from the residual 

electrical resistivity, p0 as T ----* OK, by the relation Pi = p0 /Lo T, where Lo is Lorentz 

number. 

Pe =Pep+ Pi (2.12) 

To quantify the empirical electron/phonon contribution to the thermal transport 

properties, the electronic thermal conductivity (ke) of each sample should be calculated, 

using the Wiedemann-Franz lawiV, set out in equation (2.11 ). In the equation (2.12), Pe 

can be obtained from a conventional, four point probe test (FPPT) as cr= 1/pc, 

[Wiegenstein 1997] on the samples. As presented in the equation 2.13, subtracting kc 

iv. The Widemann-Franz Law is valid for a fairly pure metal at room temperature 
[Berman 1976]. However, the significance of the law can provide an idea implying which 
is the more dominant in an alloy at least. 
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from the measured thennal conductivity, k = apCp, yiclds a thermal conductivity portion 

by the phonon contribution. Therefore, the phonon thermal conductivity, kr, in alloys can 

be deduced using the expression set out below, 

(2.13) 

2.4.2 Ceramics 

In the modem theory of non-metallic crystals, heat is considered to be transmitted by 

phonons, which are the quanta of energy within each mode of lattice vibration, and the 

mean free path is a measure of the rate at which energy is exchanged between different 

phonon modes. Once again, the expression of k=Cue can also be used to represent the 

heat conductivity in non-metallic crystals. At high temperatures (T 0 0 ), e is limited 

by direct interactions among the phonons themselves, and then e becomes inversely 

proportional to T. 

There are two kinds of wave interaction processes in crystals, as illustrated in figure 

2.8. The first are the normal processes with K1 + K2 = K3, figure 2.8 a), which become of 

critical significance at low temperatures (T << 0 0 ). The others are umklapp processes, 

with K1 + K2 = K3 ± n2ma (= K' 3), figure 1.8 b) [Hook 1991]. When phonons K1 and K2 

lie in the first Brillouin zone (FBZf [Ashcroft 1976], so that any longer K3 produced 

outside of the FBZ, as illustrated in figure 2.8 b ), must be added to a sui table multiple of 

2ma to bring it back into the FBZ, with respect to the convention that phonons are 

represented by wave numbers in the FBZ, which can be defined as between -ma and ma 

v. The primitive cell of the reciprocal lattice is known as the first Brillouin zone, i.e. the 
first Brillouin zone for the body centered cubic lattice is a primitive cell of the face 
centered cubic, and the first Brillouin zone for the face centered cubic lattice is a 
primitive cell of the body centered cubic. 
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[Hook 1991]. In an umklapp process, K 3 has IKI > ma and is equivalent to K' 3, which 

have IKI < ma. So, at T 0 0 , a substantial proportion of all phonon collisions would be 

umklapp processes, due to ail phonons being excited. 

a) b) 

'K' : 3 

-TC a TC a -TC/a TC a 

Figure 2.8 Wave interaction processes, a) Normal Process and b) Umklapp Process, in a 
two dimensional square lattice [Hook 1991]. 

As presented in figure 2.9, at intermediate values (0.500 '.ST< 0o), /!., is more likely 

limited by defects and grain boundaries [Bennan 1976]. To explain the behavior of the 

thermal conductivity, it is necessary to introduce the temperature variation of the heat 

capacity. At temperatures elevated enough for the relation e oc_!_ to hold, C is nearly 
T 

constant so that koc _!_ [Kittel 1976]. At sufficiently low temperatures (T << 0.500), the 
T 

mean free path would be expected to vary as exp( 0 0 /T); this exponential factor 

dominates the power of T in thermal conductivity, such as the behavior of T3 in the 

specific heat, as discussed in the previous section [Hook 1991]. However, in cases of 

anharmonic lattice interactions, there is a coupling between the different phonons that 
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limits the phonon mean free path, and this phonon-phonon interaction predominate to 

limit the mean free path at the higher temperatures, T >> 0 0 . 

Boundaries De focts 

0.500 E>o 
Temperature 

Figure 2.9 Thermal conductivity of a non-metallic crystal; the dominant phonon 
scattering mechanisms are indicated along the abscissa. The upper curve is for a crystal of 
larger diameter than that of the lower case [Berman 1976] 

2.4.3 Amorphous Materials 

The thermal conductivity of a crystal has been interpreted qualitatively in terms of the 

temperature dependence, given by the variations of the specific heat and of the mean free 

path. At T :::=; 0 0 , the conductivity of a crystal decreases with increasing temperature 

because the mean free path decreases more rapidly than the specific heat increases. In 

amorphous solids, however, the mean free path for phonons is limited to the dimensions 
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of the structural units, which are the order oftenths of nanometers [Berman 1976]. Due to 

the anomalous behavior of an amorphous solid, the mean free path is limited to the tenth 

of a nanometer scale, so that the thermal conductivities of amorphous materials are 

relatively very low compared to those of crystal materials. 

2.4.4 Thermal Conductivity with Defects 

For most metals at room temperatures, electrons are mainly scattered with phonons. 

Phonon features mainly internet with defects [Kass 2002]. Therefore, the phonon mean 

free path JJ,, is determined principally by scattering of two factors, i.e., with geometrical 

defects and with other phonons. If the forces between atoms were purely harmonie, there 

would be no mechanism for collisions to take place between different phonons, and the 

mean free path would be limited solely by collisions of a phonon with the crystal 

boundary and with lattice imperfections [Kittel 1976]. Imperfections may be classified 

with respect to their dimensionality. In this scheme, it is found that all defects can be 

classified into one of the following groups. 

1. Point defects - zero dimensional imperfections 

2. Line defects - one dimensional imperfections 

3. Interfacial defects - two dimensional or planar imperfections 

4. Bulk defects - three dimensional imperfections 

2.4.4.1 Zero Dimensional Defects 

Point defects scatter as the fourth power of the phonon frequency, with an inverse 

l attenuation length, equal to --- = A/ 4 
, where A depends on their nature and 

e p(f) 
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concentration [Klemens 1998]. Therefore, point defects scatter high frequency phonons, 

thereby reducing the phonon thermal conductivity [Klemens 1997]. Scattered phonons 

internet with electrons, resulting in increased electrical resistivity that decreases the 

electronic thermal conductivity [Kass 2002]. 

2.4.4.2 One Dimensional Defects 

Line imperfections, as the name implies, are defective regions of the crystal that 

extend through the crystal along a line, and are therefore considered as one dimensional 

defect. Although there are many types of line imperfections, having rather different 

properties, all are referred to as dislocations There are two distinct mechanisms of 

phonon scattering on dislocations; long-range and short-range interactions [Zou 2002]. 

The first corresponds to scattering by the elastic strain field of the dislocation lines. The 

second is the scattering of phonons on the core of the dislocation lines. The scattering on 

the core of the dislocation is given by the equation 2.14 [Zou 2002], where Toc is the 

relaxation time of a phonon on the core of the dislocation, NO is the dislocation line 

density, 17 is the weight factor to account for mutual orientation of the temperature 

gradient and the dislocation line, V0 is a volume per atom, and v is an average sound 

velocity 

4 

1 N V/ 3 -=17 D-(JJ 
•De v2 

(2.14) 

The relaxation time for phonon scattering on the elastic field of the screw dislocation 

lines ( Tscrew) has been described and derived by Klemens [Klemens 1955], where b is the 
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magnitude of Burgers vector, y is Gtüneisen anharmonicity parameter, and OJ is the 

phonon frequency. The edge dislocation is given by the same expression as the screw 

dislocation, but with different values of the Burgers vector. 

1 2 2 -- = 0.06N0 b y {)) (2.15) 
r.w.:rew 

Both equations show that the inversed relaxation time is proportional to the 

density of the dislocation lines (ND) and the phonon frequency (w). According to results 

of the work on GaN thin films by Kotchetkov [Kotchetkov 2001 ], figure 2.10, dislocation 

line density (ND) is of the order of 1010 
- 1011 cm-2

, a value typical for regularly grown 

GaN, and plays an important role in the thermal resistance at room temperature. However, 

as the dislocation density is reduced to values below 108 cm-2, their presence ceases to 

affect the thennal conductivity. 

q-
E GaN LEO .:2 2.5 s -- 2.0r"'---------------
> ï= g 1.5 
D z 8 1.o ROOM TEMPERATURE 
...J 
<l'.: 
2 0.5 
Il'.'. 
w 
:c 
1- 109 1010 1011 1012 

DISLOCATION UNE DENSITY (cm"2) 

1013 

Figure 2.10 Thermal conductivity of GaN as a fonction of the dislocation line density 
[Kotchetkov 2001] 
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2.4.4.3 Two Dimensional Def ects 

Two dimensional defects consist of stacking faults, gram boundaries and phase 

boundaries. As an example of grain boundary imperfections, the thermal conductivity of 

polycrystalline solids is reduced because the phonon mean free path is limited by the size 

of its constituent crystallites or grains [Klemens 1997]. At moderate and at elevated 

temperatures, it is considered to be the variation of the intrinsic mean free path e; with 

the angular frequency@. Since e; (@) oc @-
2

, grain boundary scattering, limiting the mean 

free path to a constant value L, makes e = Le; (@) /[ L + e; (@)] and e is affected by grain 

boundaries only at the lowest frequencies [Klemens 1994]. In order to explain the grain 

boundary resistance, it is suggested that scattering at grain boundaries is due to a layer of 

material between the grains, which is highly disordered and perhaps less dense. In the 

case of high angle grain boundaries, the width of grain boundaries is about a few atomic 

diameters. Therefore, it is expected that nanostructured materials would additionally limit 

the mean free path of phonons and thus contribute to a further decreases in thermal 

conductivity [Raghavan 1998]. 

2.4.4.4 Three Dimensional Def ects 

Three dimensional defects are precipitates (or inclusions) and voids (or pores). An 

early theoretical treatment for the reduction in the phonon thermal conductivity due to 

inclusions was given by Maxwell [Maxwell 1904]. He calculated the current lines around 

a spherical inclusion in a cube of unit volume for an inclusion volume fraction of </J 

[CRC] [Schlichting 2001], where k1 is the total conductivity of the mixture, km is the 
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thermal conductivity of the matrix, S km/kincI and kincI 1s the conductivity of the 

inclusion. 

k 1 [1+2'5-2</J(S-l)] = 
k 111 [1+2'5+</J(o-1)] 

(2.16) 

Pores are one of the typical inclusions found in thermally sprayed coatings. For 

instance, a large quantity of pores in an alumina coating have two sizes, one around 10 

µm and the other around 0 .1 µm [Bartenev 1977]. This bimodal distribution of the pores 

might be attributed to the large quantity of non-molten particles and/or microcracks and 

to bad contacts between the lamellae [McPherson 1984]. The smaller pores probably 

result from bad contacts between lamellae while the larger pores are linked to cracks or 

flaws needed to accommodate the surface irregularities of the impacting particles and for 

the presence of partially melted particles [Pawlowski 1992]. In the equation 2.16, S goes 

to infinity in assuming pores as inclusions, S (km/kincI) .- 00 ( ·.- kincI 0). Then, the 

ratio between the conductivity of phonon km and the conductivity of porosity krR can be 

obtained [Schlichting, 2001] 

kPR 2-2</J 
-:::;--

km 2+</J 
(2.17) 

Equation 2.16 and 2.17 are valid for spherical pores. In thermal spray coatings the 

thermal conductivity is mostly limited by the interlamellar pores that are strongly 

elongated. Since the coating consists of lamellae stacked up, interlamellar pores are there 
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in between lamellar. Microstructure of thermally sprayed coatings has bcen modeled as 

presented in figure 2.11 since [McPherson 1984] [Boire-Lavigne 1995]. They calculated 

the ration between bulk area and interlamellar pores on the cross section of the coatings, 

and derived the relationship between thermal contact resistance (Re) of the coating to that 

of solid materials (Ro) as shown in equation 2.18, where f is a fraction of the apparent 

area of contact. 

(2.18) 

c) 

b) 

E== 
= 
= 

Figure 2.11 Diagrammatic representation of plasma-sprayed coating mode!: a) plan view 
between lamellae showing true contact region (~) of radius a; b) section AA showing 
the lamellar thickness 8; c) Heat flux through a circular true contact of radius a located 
within a narrow planar pore [Mcpherson 1984]. 

From the equation 2.18, one can expect that lower fraction of the apparent area of 

contact may reduce the thermal conductivity. For an example, electron microscopy 

[McPherson 1982] suggests that 2a, in figure 2.11 c ), is comparable with the lamellar 

31 



thickness o, and then Rc/Ro can be given around 4 or an effective coating thermal 

conductivity approximately one quarter that of the bulk material [McPherson 1984]. 
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CHAPTER3 

DESCRIPTION OF EXPERIMENTS 

3.1 Plasma Spraying 

Plasma spray processing is a suitable method for the application of TBCs. Two 

different plasma spray methods have been applied in this present study; the first is 

induction plasma spraying (IPS), a method that can provide the benefits of reactive 

spraying during the process [Fan 1998] [Li 2003], using various plasma gas compositions. 

The second is air plasma spraying (APS), the most commonly used thermal spray 

technology for TBCs application [Scardi 2001] [Cernuschi 1999] 

3.1.1 Induction Plasma Spraying 

IPS is a technology that uses high frequency induction plasma, generated through the 

electromagnetic coupling of HF electrical energy to heat the gas conveyed into the 

discharge cavity. It has the potential for synthesizing new materials and alloys, as 

thermally sprayed coatings, through in-flight chemical reaction with other reactive gases, 

such as N2, 0 2, NH3, etc. IPS is one of the best processing technologies for the MBTBCs 

study because it can provide the much longer residence tiJnes for particles in the plasma 

than for APS to promote in flight chemical reaction processing of the injected particles. A 

schematic IPS spraying set-up is shown in figure 3.1. IPS spraying conditions were 

optimized prior to sample preparation by analysis of variance (ANOVA, see Chapter 

5.1.1). 
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Figure 3 .1 Schematic IPS set-up 

As shown in figure 3.1, the substrate was cooled down with water during plasma 

processing, and coating ternperature was kept as low as possible by shooting liquid N2 on 

the coating when the holder is moved back frorn plasma plume. Substrate ternperature 

was also rneasured using a temperature indicating lacquer (OMEGALAQ ® Liquid), and 

it showed that the substrate ternperature was kept under 200°C. 

For study of anisotropie properties of MBTBCs, 1 cm thick coating was sprayed and 

vertically eut to rneasure its thermal diffusivity and electric conductivity for PE type 

sarnples (see detailed description in the sections of 3.4.1 and 3.4.3). 

3.1.2 DC Plasma Spraying; air plasma spraying (APS) 

APS is the most common technology for "in-situ thennal" spray application and uses 

the plasma generated by a direct current (DC) power supply contains three essential 

"elements": a cathode, an anode, and a gas injection chamber, as described in the 
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prev1ous chapter. Therefore, APS MBTBCs were also prepared to compare thermal 

mechanical properties of IPS MBTBCs 

3.1.3 In-Flight Diagnostics 

In order to study the effects ofIPS conditions on microstructural changes in MBTBCs, 

the relations between changes of spraying parameters and in-flight particle characteristics 

needs to be established. Thus, the particle microstructural dependency on in-flight 

temperature, velocity, and size was investigated. During the plasma processing described 

in the previous section, in-flight particle characteristics were monitored using DPV2000 

(TECNAR, St-Bruno, Quebec, Canada). 

0 
0 
0 

Laser diode 
Plasma torch 

0 
.- (TEKNA PL-50) 

0 Cylindrical Jens 
0 

/ 
Particle jet 

t 
Sensorhead 

Filter 2 

To Control module 

Figure 3.2 Schematic DPV 2000 [Blain 1997] 
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A schematic of the DPV 2000 system employed is presented in figure 3.2. In this 

system, a two-color pyrometer is employed to detennine temperatures of in-flight 

particles, and at the same time, time-of flight approach is used to detennine the velocity 

of these in-flight particles. 

In the DPV, particle diameter is measured from the intensity of the thermal radiation 

emitted by the particle after having its temperature by two-color pyrometry [Blain 1997]. 

From the data obtained by the DPV2000 system, the in-flight particle size 

characterization was initially performed. Since the DPV2000 system has a detection limit 

with respect to temperature and particle size, particles cannot be detected practically 

below some critical temperature while many of them can be detected at temperatures just 

above this threshold level. The detectivity limit depends simply on the minimum thermal 

radiation intensity that the system can detect. At that limit, the signal to noise ratio in the 

detectors is around 2. The thennal radiation intensity emitted by a particle depends both 

on its temperature and its surface (or diameter). This is why the minimum temperature 

that can be measured decreases as the particle diameter increases. This threshold 

temperature is higher for the smaller particles. Thus, because of this size related 

detectivity limit, in the hottest conditions more of the fine particles can be detected than 

occurs in cooler spray conditions, thereby creating a bias in the particle size statistics. In 

order to avoid this bias, the certain particle size range was taken, into account in 

determining the analysis of in-flight particle characteristics. 
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3.2 Sample Heat Treatments 

In order to understand the microstructure and phase dependency of coatings thermal 

properties, all samples were initially heat treated at five different temperatures, 450°C, 

550°C, 650°C, 750°C and 850°C, for 1 hr under an Ar atmosphere. As the coatings are 

heat treated at different temperatures, microstructure changes of the coatings, such as 

porosity, grain growth, recrystallization, and phase precipitation are also taking place. 

Variations in the thermal properties of each coating were measured and studied, with 

each change of heat treatrnent temperature. 

3.3 Microstructure and Phases Characterization 

3.3.1 X-ray Diffraction 

The phase identification in plasma sprayed coatings was perforrned using x-ray 

diffraction (XRD) analysis (Philips X'pert). XRD techniques were also used to estimate 

the average grain size in the sprayed coatings based on the Scherrer equation [Cullity 

1990] [Klug 1974]. Characteristic XRD peaks are broadened due to the effects of small 

grain sizes. In addition to the broadening induced by small grain sizes, there are 

additional sources of XRD peak broadening, such as slit width and sample size selection,, 

X ray penetration of the sample and imperfect beam focusing, along with unresolved a 1 

and a 2 peaks, when other peaks are resolved. All of these sources of broadening are 

generally grouped together and terrned "instrumental broadening" [Warren 1990] 

[Cullitty 1990] [Klug 1974]. The principles for correction of the instrumental broadening 

effect can be discussed in terrns of "three peaks". The regular XRD peak consists of two 

other peaks; the true broadening peak from the sample and the instrumental broadening 
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peak [Warren 1990]. The accuracy of sample grain size determination is based on how 

accurate the true broadening peak is measured [Klug 1974]. Experimental XRD peaks are 

"deconvoluted" into the a1 and a 2: only the a 1 peak widths being used for calculations. 

The a 1 and a 2 peaks eau be deconvoluted via the Rachinger correction [Warren 1990]. 

This correction method assumes that the intensity of a 2 is one half that of a 1, so that for a 

given diffraction peak, the contribution by the a 2 peak has the same shape as that of a 1• 

Figure 3.3 shows spectral "curves" illustrating the principle of the Rachinger correction. 

On the left, the contributions of the a 1 and a 2 peaks are shown separately. On the right, 

they are combined as in an experimental measurement/recording. The Rachinger 

correction is performed in the following manner, as shown in table 3.1. After the regular 

sample and the standard sample (instrumental broadening) widths are detennined; the 

ratio standard sample/regular sample is calculated. This ratio must be below 0.5, 

otherwise another diffraction peak from the regular sample must be chosen. lt is possible 

to measure diffraction peaks at higher diffraction angles to thus make this ratio smaller. 

The higher the diffraction angles selected for assessment, the higher the accuracy of the 

grain size determination [Klug 197 4]. 
--- -- --- ---

Experimental 

H 0 12 3 45 

Figure 3.3 The principle of the Rachinger correction. 
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Table 3.1 Rachinger correction. 

Original intensitv Intensity after Rachinger correction 
Io = Io(a1) Io = 0 
I1 = I1(a1) I1 = I1 
Iz=Iz(a1) h=lz-0.5I1(ai) 
h = h(a1) h=h-0.5h(ai) 
J4 = liai) J4 = l4 - 0.5 h(a1) 

The Cauchy correction is used to separate the true or "pure" diffraction peak 

broadening, BT(20) effect from the regular diffraction peak, BR(20) and the instrumental 

broadening peak, B1(20) [Warren 1990]. According to Cauchy, equation 3.1, 

BT(20) = BR(20) - B1(20) (3.1) 

Once BT(2 0) is determined, it is divided by 2 (BT(2 0)/2) and transformed to radian 

units then taken to the Scherrer equation [Cullity 1990] [Warren 1990] [Klug 1974], 

equation 3.2. 

KÀ D=-----
Rr(20)cos0 

(3.2) 

BT(20) is the full-width at half-maximum (FWHM), corrected for instrumental 

broadening, À is the wavelength of the X-ray radiation, D is the mean dimension of the 

grains, and 0 is the Bragg angle, K is a constant, approximately 0.89 for the full angular 

width at half-maximum intensity of the reflection. 
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3.3.2 Electron Microscopy 

Scanning electron microscopy (SEM, JEOL JSM-840A / Hitachi S4700 Cold Field 

Emission) was used to observe nanostructured regions and different phases in the 

coatings. The former was observed by secondary electron images on fractured surfaces of 

the coatings while the latter was observed by backscattered electron images on a micro 

polished cross section of the coatings. The porosity of plasma sprayed coatings was also 

determined, via image analysis of backscattered electron images on cross sections of the 

coatings. 

Transmission electron microscopy (TEM, JEOL JEM 21 00M performed at Ecole 

Polytechnique, Montreal, Que.) was used to observe the crystal structure and 

nanostructured grain sizes. Samples were sliced into the dimensions of 1 0µm (W) X 8µm 

(L) X 200nm (T) using a focused ion beam system (FIB, Hitahci FB2000A). The 

identified crystal structure and gain size measured by TEM diffraction technique and 

image analysis, respectively, are to confirm the data from the XRD technique. 

3.3.3 Density and Porosity Measurement 

The apparent density of the coatings was also measured by the Archimedes principle 

method [Haraguchi 2003], based on the ASTM testing methods [ASTM B311] [ASTM 

C693] [ASTM D3800]. All samples were dried in a fumace for 24 hours at l 10°C to 

evaporate any moisture present in open pores of the coatings, and weighted for Mruy. The 

samples were then immersed in distilled water to fill the open pores with the water by 

vacuum impregnation. The Archimedes weight, MArch, the buoyancy weight of the 

sample in distilled water, was measured using a hydrostatic weighing system (Sartorius 
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6068, Sartorius GmbH, Germany) for coating density calculation data, using the equation, 

3 3 V h A h . d 1 V - MH -MArch . , Arch 1S t e rc lffie es VO Ume, Arch - _.:..:....__---'-"-'=-

p W 

where Mtt is the sample 

weight after vacuum impregnation with distilled water, and pw is the water density at 

temperature 23°C i.e. 0.9975 g/cm3 

MDry p=--
VArch 

(3.3) 

For the porosity measurement, two different methods can be employed. The first one 

determines the Archimedes density measurement, which can then provide the open and 

total porosity values using the equations below. These equations are only valid if the bulk 

density is the same for all coatings. 

. MH -MDr 1 
Open poros1ty = Y x --

P w VArch 
(3.4) 

. MDry 1 Total poros1ty = 1--- x --
Pbuik VArch 

(3.5) 

The second method is the porosity measurement by image analysis, using 5 randomly 

taken backscattered electron images from the SEM on a polished cross section of each 

sample, at 500 time magnification. 

3.3.4 Oxygen and Nitrogen Contents Analysis 

One of the major benefits of using IPS is the possibility of in-flight reactive spraying. 

For example in this work, a second phase in MBTBCs coating was induced by using the 

reactive spraying of nanostructured alloy powder with an oxygen/nitrogen gas mixture as 
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the plasma gas. Oxygen/nitrogen content analysis was performed by using a TC500C 

Nitrogen/Oxygen Determinator (LECO Corporation). The detenninator utilizes the inert 

gas fusion principle, pioneered by the LECO Corporation. A weighed sample, placed in a 

high purity graphite crucible, is fused under a flowing helium gas stream at temperatures 

sufficient to release oxygen, nitrogen, and hydrogen. The oxygen in the sample, in all 

forms present, combines with the carbon from the crucible to form carbon monoxide or 

dioxide. The nitrogen present in the sample releases as molecular nitrogen. Oxygen is 

measured by infrared absorption. Sample gases first enter the IR module and pass through 

CO and CO2 detectors. Oxygen present as either CO or CO2 is detected. Following this 

sample gas is passed through heated rare earth copper oxide to couvert CO to CO2. Gases 

then re-enter the IR module and pass through a separate CO2 detector for total oxygen 

measurement. Nitrogen is measured by thermal conductivity (TC). Sample gases pass 

through heated rare earth copper oxide which couverts CO to CO2. CO2 is then removed 

with a Lecosorb/ Anhydrone trap to prevent detection by the TC cell. Gas flow then 

passes through the TC cell for nitrogen detection. 

3.4 Characterization of Thermal and Electrical Properties 

3.4.1 Thermal Diffusivity and Conductivity 

As discussed in chapter 2, if the system is in steady state conditions in which the heat 

flux and temperature at each point are independent of time, the thermal conductivity, k, is 

the important parameter to consider. The example of steady state system could be a 

turbine engine during in-flight operation and other steady state thermal exposure 

operations. If the temperature is not constant, its rate of change with time depends on the 
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ratio of the thermal conductivity to the heat capacity per unit volume pCP. This ratio is 

called the thermal diffusivity, a= klpCp, characterizing the rate at which the system will 

cool to the temperature of its environment with time variation. This property implies a 

non-steady state of the system. For instance, Diesel and Otto engines are considered to be 

in non-steady state operation due to their cyclic running so that thermal diffusivity is the 

property of concem for the thennal characterization of these engines. 

After all of the measurements, thermal diffusivity, a, density, p, and specific heat, Cp, 

thermal conductivity can be calculated from those measured values using the relation 

k=apCP. 

3.4.2 Thermal Diffusivity Measurement 

Thermal diffusivity is to be measured by a laser flash method. The laser flash method 

has become very popular since it was first described by Parker [Parker 1961]. In this 

method the front face of a small plane sample is subjected to a very short burst of radiant 

energy coming from a 0.8 J Y AG laser. The resulting temperature rise on the opposite 

(rear) face of the sample is measured, and the thermal diffusivity is computed from the 

temperature rise vs. time data. Then, the thermal diffusivity can be calculated, using the 

relation of equation 3.6, where L is the thickness of the sample (m) and t0_5 the time (s) 

corresponding to a temperature rise to half the maximum temperature of the rear face. 

(3.6) 

This method is simple, but it is affected by thermal losses over the sample surfaces. 

According to the work developed by Houlbert [Houlbert 1994 ], thermal losses can be 

43 



corrected for usmg an intermediate time t516, this is defined as the time period 

corresponding to a temperature rise of five-sixths of the maximum temperature. The 

corrected thermal diffusivity, a, for the thermal losses, is [Houlbert 1994]; 

(3.7) 

; t* = o.968-1.6382 (t 112 )+o.6148(t 112 
)

2 

t 5/6 t 5/6 

A 0.8 J YAG laser with a 70-µs pulse duration was used in this work. The laser beam 

was 6 mm diameter and the sample diameter was 8 mm. 

Since plasma sprayed materials consist essentially of anisotropie coatings structures, 

two different incident directions of the laser beam, as described in figure 3 .4, were used 

to study anisotropie structure effects on the thermal diffusivity of the coatings. The 

sample of PE type in figure 3 .4 b) was prepared from transversally cutting of the I cm 

thick coating mentioned in the section 3. 1 .2 to perform the measurement. 

a) 

Incident 
laser 

b) 

Incident 
laser 

1 

T 

Figure 3.4 Thermal diffusivity measurements a) PA direction: the incident laser is 
parallel to spraying direction b) PE direction: the incident laser is perpendicular to the 
spraying direction. The dotted arrows indicate the spraying direction. 
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3.4.3 Specific Heat Measurement 

Specific heat of coatings was measured, using Differential Scanning Calorimetry 

(DSC) (QIO00 TA instruments, DE, USA), to be used in calculations of their thermal 

conductivities. The system is equipped with the Tzero™ cell. Chromel thermocouples are 

welded to the underside of each platform for high sensitivity detection of transition 

temperature changes. The thermocouples are calibrated with a sapphire single crystal 

reference sample prior to each measurement. A schematic sample platform of QC 1000 

with Tzero™ thermocouple is described in figure 3.5. 

The sample was weighed and placed on to the platfonn, then cooled down to the 

initial set temperature around 15°C. After 15 min. isothermal, the heat capacity of the 

sample was measured with temperature increase up to 45°C with ramp rate of 10°C/min. 

Sample platform 

Reference platform ! 

Constantan _____. . 
Thermo-electric plate 

Chromel thermocouple 

Figure 3.5 Schematic platforms in QCIO00 DSC with Tzero™ thermocouple 
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3.4.4 Electric Conductivity Measurement by Four-Point Probe Testing 

This measurement was made to determine the electric conductivity of coatings using 

the four-point probe, current source, and digital multimeter. The four point probe consists 

of two current (J) carrying probes (1 and 4), and two voltage (V) measuring probes (2 and 

3) (refer to schematic in figure 3.6) to measure electric resistivity to be converted to its 

conductivi ty. 

Probe 1 

~G) Ammeter 

Digital 0 voltmeter 

2 3 4 

Figure 3.6 Schematic of four point probe system 

As discussed in the section 3.4.1, the coating structure is not isotropie. Therefore, the 

measurement was performed using two different measuring directions, a) PE type: the 

probe array is perpendicular to the spray direction; again, the PE type sample was 

prepared from transversally cutting of the 1 cm thick coating, and b) PA type: the probe 

array is parallel to the spray direction, as described in figures 3.7 a) and b) respectively. 
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Figure 3.7 Four point probe measurements a) PA direction: the probes array is parallel to 
spraying direction b) PE direction: the probe array is perpendicular to the spraying 
direction. The dotted arrows indicate the spraying direction 

3.5 Mechanical Property Characterization 

One of the important objectives of this work is the study of enhanced mechanical 

properties of MBTBCs compared to conventional ceramic based TBCs. Therefore, 

ceramic based TBCs were also prepared using APS of ZrO2-8Y 20 3 for the mechanical 

property comparisons with the MBTBCs. Three different mechanical tests were made on 

the coating samples, such as adhesion test, hardness test, and thermal expansion 

coefficient measurement. 

The thermal expansion coefficient (TEC) of "as-sprayed" MBTBCs was measured 

from 100 to 850°C, with a ramp rate of 5°C/minute under Ar atmosphere [ ASTM E831 ], 

using the Setsys 24 DSC (SETARAM, Caluire France) for thermal mismatch 

characterization between substrates and coatings. The measurement was performed on 

two different sample geometry as shown in figure 3.8 
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a) Parallel direction b) Perpendicular direction 

Sensor tip 

Platform 

Figure 3.8 TEC measurements on two different sample geometries 

Adhesion test covers the determination of the degree of adhesion (bond strength) of a 

coating to a substrate. The test consists of coating one face of a substrate fixture, bonding 

this coating to the face of a loading fixture, and subjecting this assembly of coating and 

fixture to a INSTRON machine for applying a tensile load normal to the plane of the 

coating [ASTM C633] which has 0.0254 min diameter. The maximum load and loading 

speed applied in this study are 20kN and 7xl0-4 m/min [ASTM C633]. The degree of 

adhesion strength (FA), can be calculated by using the relation 3.8, where P is the 

maximum load recorded at bonding fracture in Newton, and A is cross sectional area of 

the coating in meter square. 

(3.8) 

Hardness test was performed by Vickers indentation technique with applied load of 

100g for 15 seconds. Toughness of MBTBCs can be predicted from the results of 

hardness tests using the Lawn-Fuller equation (3.9) [Shi, 1994] [Legoux, 2004], where P 

is a load in Newton and C is a crack length in meter. 

Kc = 0.0725PC312 (3.9) 
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CHAPTER4 

TIT ANIUM THERMAL BARRIER COATINGS 

As discussed in chapter 2, Ti has the most potential to be used in this metal based 

thermal barrier coatings (MBTBCs) study as a single metallic element due to its inherent 

low thermal conductivity as 21.9W/mK [CES 4-1]. In addition, its alloy, for example of 

Timetal 685® in the composition of Ti-6Al-5Zr-0.5Mo-0.25Si, has a thermal 

conductivity as low as 4.15W/mK [CES4-l]. Therefore, it is of interest to study the 

influence of IPS spraying conditions on Ti coating structure and associated thermal 

properties. 

4.1 Induction Plasma Spraying of Pure Ti Powder 

A commercial Ti powder (AMDRY 918, pure titanium powders -200 mesh) was 

injected into an Ar-air plasma, formed by a high frequency IPS torch. The detailed 

spraying conditions are set out in table 4.1. The reactor pressure was varied from 103 

Torr to 140 Torr in parallel with the% air volume change from 0% to 25%. As-received, 

the Ti powder had a particle size distribution of d10% = 33 µm, dso¾ = 62 µm, and d90% = 

107 µm, the full size distribution being shown in Figure 4.1. 

The SEM micrographs in Figure 4.2 show the changes in powder particles shape 

taking place during induction plasma spraying in different gas compositions. A large 

number of Ti particles were spheroidized under plasma spray conditions performed at the 

higher % air volume. The extent of spheroidization achieved shows that rising levels of 

heat transfer to the particles occurred with the increasing volume % of air used in the 
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plasma, changing the initially irregularly shaped Ti particles to partial melted and then 

fully melted, spherically shaped ones. 
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Figure 4.1 Particle size distribution of as-received Ti powder. 

Figure 4.2 Secondary electron images of plasma-treated Ti powder at a magnification of 
450X; a) As received, b) 11 % air volume in plasma, and c) 20 % air volume in plasma 

Table 4.1 IPS spraying conditions 

Powder Feed rate 
Central gas (slpm) Ar (23) 7.4 

(g/min) 

Ar (82) + N2 (7) * Reactor pressure 
Sheath gas (slpm) 103 tol40 

Ar (82) + Air (7 to 35) (Torr) 

Carrier gas (slpm) Ar (4) Spraying distance (mm) 200 

Power (kW) 24 Probe position /coil mid 

* N2 (7 slpm) is used as O air volume % 
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4.2 In-Flight Particle Characteristics 

Figure 4.3 shows the particle temperature distribution vs. particle diameter for 3 

different air volume ¾s in the plasma sheath. A bimodal temperature distribution is 

clearly visible in the figures, especially at lower air volume %. This is likely to result 

from the in-flight reaction of particles with the surrounding gas that becomes significant 

at temperatures near the melting point. When particles reach that temperature, the 

exothennic reaction may take place, rapidly increasing the particle temperature. 
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Figure 4.3 Particle size distributions vs. temperature for a) 0%, b) 7% and c) 25% air 
volume% in the plasma with selected particle size between 60 to 90 µm 

For those spraying conditions providing the lowest in-flight particle temperature (Iow 

air vol. % ), it was not possible to detect all partiel es, especially the smaller ones. Indeed, 

the amount of thermal radiation emitted by a small and relatively cool particle may be 

below the detectivity limit of the DPV2000. For example, this detectivity limit would be 
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around l 800°C for 20-µm particles in the current configuration. Indeed, practically no 

particles are detected below this temperature while many of them are detected at 

temperatures just above this threshold, the latter being higher for smaller particles. 

Because of this detectivity limit existing under the hottest conditions, more fine particles 

were detected than under cooler spray conditions, thus creating a bias in the statistics. To 

avoid this bias, only particles of between 60 to 90 µm were taken into account in the 

following analysis. This was possible because the system had the capacity to measure the 

temperature, velocity and diameter of each individual particle detected. 

Figure 4.4 a) and b) show variations in the mean temperature and velocity, 

respectively, of Ti particles in the 60 to 90 µm range, generated with different air 

volume % in the plasma. As shown in figure 4.4 a), the particle temperature increased 

from 1700 to 1900°C when the air volume was changed from 0% to 11 % in the plasma. 

At the plasma 11 % air content value, the temperature reached the highest and then the 

average in-flight ternperature was stabilized. The higher particle temperatures noted at 

relatively high air concentrations is likely to be due to oxidation reaction occurring in 

flight. This reaction is strongly exothermic and may significantly increase the particles' 

temperature [Moreau 1995]. The maximum temperature with 11 air volume % in plasma 

seems to be related to the total air flow rate in plasma. For higher air concentrations in 

plasma, air flow rate was increased, which means the total plasma gas flow rate was also 

increased from 116 slpm to 136 slpm. At a certain level of the gas flow rate, the 

exothermic reaction rate between Ti and 02/N2 gas tends to be lirnited and lowered. 

Figure 4.4 b) reveals that the particles' mean velocity was increased at the plasma 7% air 

content value but then decreased as the air volume % was increased. The initial rise in the 
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particle velocity may be explained by the changes in transport properties related to the 

plasma composition change. Above the plasma 7% air content value, the velocity was 

decreased. This finding is mainly related to aerodynamic deceleration of the plasma 

which increases with reactor pressure from 110 Torr to 140 Torr (7 to 25% air). 
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Figure 4.4 a) Mean temperature and b) mean velocity of Ti particles with different air 
volume % in the plasma with selected particle size from 60 to 90 µm 

4.3 X-ray Diffraction 

Figure 4.5 shows X-ray diffraction patterns of the as-received Ti powders and 

coatings sprayed with different sheath gas flow rates. The X-ray diffraction pattern of the 
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as-received Ti powder presents its major peaks at 28 values of 35.22, 38.50, 40.26, and 

53 .00, conesponding to pure titanium [Sailer 1993]. The peaks labeled with anows in 

figure 4.5 may represent a phase of titanium oxide [Paretzkin 1956] and Ti and titanium 

nitrides [Sailer 1993] [Khidirov 1991]. From this figure, it is very difficult to identify 

either oxides or nitride from the XRD patterns because the peaks are folded and shifted. 

In figure 4.5, X-ray diffraction patterns reveal that Ti and titanium oxide ( or nitride) 

composites are synthesized in coatings sprayed with air volume of 16 and 20% in plasma, 

by the in-flight oxidation (nitridation) mechanism [Li 2003] [Soucy 2001] and also 

possible oxidation (nitration) occuned on the coating surface during deposition. 

Ti+ TiN
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Figure 4.5 X-Ray diffraction patterns of; a) the as-received Ti powder and the titanium 
coatings sprayed with an air volume % of b) 0%, c) 7%, d) 11 %, e) 16%, and f) 20% in 
plasma. 

54 



4.4 Oxygen and Nitrogen Contents Analysis 

Since the pure Ti powders are injected into an air mixture plasma, titanium oxides or 

nitrides are expected to be fonned in the coatings so generated. In figure 4.6, the oxygen-

nitrogen contents in the coatings were plotted with respect to air volume% in plasma gas. 

Along increasing air volume % in plasma, oxygen and nitrogen contents increase. With 

air volumes at 20% and 25% in the plasma, coatings oxygen and nitrogen contents were 

saturated, at 4% and 10%, respectively. Around 8% of the nitrogen content in the coating 

at 0 air volume % in plasma can be explained by the fact that titanium nitrides fonnation 

or nitrogen solid solution in Ti matrix is the dominant chemical reaction during the 

plasma processing when oxygen partial pressure in the plasma is zero. Compared to the 

nitrogen content, the relatively high amounts of oxygen in the coating can be explained 

by the different free energy of fonnations of oxygen - Ti and nitrogen - Ti, LiGTiO,Tio2 < 

LiGTiN, as LiGTio = -358.9kJ, LiGTio2 = -586.4kJ, and LiGTiN = -149.4kJ [CRC] [CRC, 

2001]. 
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Figure 4.6 The change in oxygen-nitrogen contents versus air volume% in the plasma 
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4.5 Microstructure 

Figures 4. 7 a) to e) present SEM micrographs of partially induced nanostructures on a 

fracture surface of an IPS sprayed coating, produced with 25 vol. % air present in the 

plasma. Presence of nanostructured features is observed essentially only on the splat 

surface. Evidence of nanostructure is absent inside the splats, as illustrated in Fig. 4. 7 f). 

Figure 4. 7 Plasma sprayed coating with 25 vol. % air; a) to d) are images taken of the 
same area at different rnagnifications, i.e. 1.5k, 4.5k, 9k, and 50kX, respectively. e) and f) 
are also images taken in the same area at different magnifications, i.e. 1.5k and 25kX. 

The fonnation of these nanostructured features may be explained by Ti vapor phase 

produced clusters, which reacted in-flight with air [Ishigaki 1995]. These structures were 

observed not only in coatings sprayed with 25 vol. % air but also in coatings sprayed with 

16 and 20 vol. % air. However, in the latter cases, they were present in much smaller 

proportions as cornpared with the sample shown in figure 4.7. In coatings sprayed with 

gas containing less than 11 vol. % air, nanostructures were not detected. 
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4.6 Porosity, Density, Thermal Diffusivity, and Thermal Conductivity 

Figure 4.8 shows backscattered SEM images made from cross sections of samples 

sprayed with 0, 11, and 20 vol. % air in the plasma gas. Increasing the air volume % 

resulted in more porous and lamellar structures being present in the coatings. Porosities 

of the coatings, as shown in Fig. 4.8, are calculated by image analysis. The increased 

porosity achieved with raising the spray air volume % use may be explained by the 

different wetting behavior of molten Ti particles impinging on surfaces of already 

deposited oxidized or nitrided Ti splats [Fukumoto 2003]. On such modified surfaces, the 

wetting by molten Ti particles can be significantly reduced, thereby affecting the particle 

flattening process and promoting the fonnation of pores within the coatings. 

Figure 4.8 Back-scattered electron images, at 500 X magnification, of cross-sectioned 
coatings, as-sprayed with different air% volumes in the plasma, a) 0 % air volume with 
1.3 % of porosity, b) 7 % air volume with 1. 7% of Porosity, c) 11 % air volume with 
2.3% ofporosity, and d) 20 % air volume with 8.3% ofporosity. 
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As shown in Figure 4.2, the proportion of fully molten particles increased during 

spraying with higher air volume %. This should favor the deposition of denser coatings, 

but it is contrary to what was observed experimentally. As described above, the reduced 

wetting is likely to be the dominant factor responsible for the observed increasing 

porosity with the air volume % employed. 

Plots of density, specific heat, thennal diffusivity (TD), and thermal conductivity 

(TC) of the sprayed samples vs. air volume% used in the plasma are shown in figure 4.9. 

The values of specific heat presented in this figure are calculated by "a rule of mixture" 

taking account on component ratios between Ti and its oxide and nitride. The density and 

thermal diffusivity of pure Ti are 4.5 g/cm3 and 7.15E-6 m2/s, respectively [CES 4-1). In 

comparing, the results of porosity indicated in figure 4.8 and the density variation with air 

volume% in Figure 4.9 a), a 7% difference in the porosity between coatings sprayed with 

0% and 20% air volume can be noticed, while the corresponding coatings density is 

decreased by 1%. Various factors may contribute to this apparent discrepancy. The first 

is the greater densities of TiN (5.22 g/cm3) and Tiü (4.95 g/cm3
) as compared with that 

of Ti (4.5 g/cm3
) [Matweb). A coating containing a significant quantity of oxide or nitride 

will therefore have a higher porosity for a given density, as observed in this work. The 

second factor relates to the difficulty of carrying out absolute porosity measurements by 

image analysis, since these measurements rely on a delicate adjustment of the gray level 

to identify pores in the coatings. However, relative porosity measurements can be precise 

and very reproducible as long as the sarne procedure is involved in all samples. Finally, 

during rnetallurgical preparation of sarnples for image analysis, "loose" materials can be 

pulled out frorn the coating cross section, leading to overestimation of the coating 
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porosity. It is expected that lamella "cohesion" is lower in those coatings produced with 

the higher air volume% plasmas due to presence of oxides (or nitrides) at the interfaces 

between lamellae. Such coatings are more likely to be susceptible to damage during the 

preparation for metallurgical examination. 
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Figure 4.9 Density, specific heat, thermal diffusivity, and thermal conductivity of Ti 
coatings vs. air volume% in plasma 

TD does not directly follow the trend of porosity or density. There is a slight increase 

or plateau in the TD up to 7 air volume %, followed by a relatively large diffusivity 

decrease (by a factor of about 2). Then, at the 20 % air volume content plasma, there 

appears to be a trend towards an increase or another plateau in thermal diffusivity. Also, 
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it can be noticed in figure 4.9 that the TD and TC changes follow a trend of specific heat 

change, which increases by 0 2 and N2 contents in Ti MBTBCs. 

4. 7 Summary on Ti Thermal Barrier Coatings 

Metal based thermal barrier coatings (MBTBCs) with Ti has been synthesized using 

IPS technology and characterized. The influence of the air volume percentage in plasma 

on Ti MBTBCs has been found to have the following effects: The quality of the 

interlamellar contact was reduced, due to the presence of nitride or oxide phases. Indeed, 

they reduce the "wetting" properties of molten Ti particles impacting on the surface of 

already deposited nitrided or oxidized layers. 

There are generally three main factors influencing the thennal diffusivity of thermally 

sprayed coatings for the same compositions and same phases: the porosity, specific heat 

and the quality of the interface between lamellae [Boire-Lavigne 1995]. These factors 

depend strongly on particle temperature and velocity, substrate temperature and amounts 

of oxide (or nitride) present on splat surfaces, which depend themselves on the air 

volume%. The higher porosity and poorer thermal contact at the splat interfaces due to 

oxidation or (nitridation) are probably key factors responsible for the factor 2 decrease in 

thermal diffusivity shown in Figure 4.9 b ). 

Nanostructure was observed in Ti coatings sprayed with the use of air vol. % in 

plasma greater than 16% and, this was localized on/to the surface of splats, due to in-

flight Ti vapor produced clusters that reacted with sprayed air. However, fractured 

surface studies show that the nanostructure has been preferentially confined to the surface 

of sprayed splats. Thermal conductivity, TC, (k) of the Ti coating is calculated using the 
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relation of k=apCp and found to be as low as 1.67 W/mK with a= 6.97xl0-7 m2/s, p = 

4128 kg/m3
, and Cp=580 J/kg/K. The low value of this parameter can be related to 

factors such as: the lamellar structure of thermally sprayed materials, induced 

nanostructures on splats, the contents of oxides and nitrides, and the low thermal 

conductivity of Ti itself. 

As a summary of this section, the low TC of Ti MBTBCs encourages us to do further 

work on this MBTBCs study, but it has not been clearly demonstrated how the above 

factors affect the thennal conductivity of the Ti coatings, and the coatings are inherently 

brittle because, according to published literature [Li 1989], system fracture toughness is 

rapidly decreased with an increasing volume fraction of TiN inclusion material, which 

may degrade the mechanical properties of such coatings for MBTBC applications. 

Therefore, other materials should be considered rather than a single metallic element, 

such as nanostructured or metallic glass alloys which have a lower thermal conductivîty 

and tougher mechanical property than ceramic materîals. 
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CHAPTER5 

METAL BASED THERMAL BARRIER COATINGS WITH 
Fe BASED NANOSTRUCTURED REFRACTORY ALLOY 

Due to poor mechanical properties of Ti MBTBCs discussed in chapter 4, an iron 

based alloy material has been of interest in this study. The alloy powder initially is 

nanostructured in as-received condition and has good glass formability as one of its 

intrinsic properties [Branagan, 2001]. Nanostructured and metallic glasses are well 

known for their enhanced mechanical properties compared to conventional micron-scaled 

structures [Gell 2001] [Lima 2001] and noticeable low thermal conductivity as published 

in elsewhere [Harm 2002] [Yamasaki 2004] [Yang 2002]. Therefore, the major concem 

using the alloy is to achieve not only enhanced mechanical properties of the current 

MBTBCs with Ti, but also to reduce their thermal conductivity as low as possible with 

the nano- and amorphous features of the alloy. 

5.1 Plasma Spraying of an Iron Based Alloy Material 

The commercially available iron based alloy material is the Nanosteel™ powder 

(SHS717, the Nanosteel Company) which has a composition of Fe-25Cr-8Mo-10W-5Mn-

5B-2C-2Si in weight %. The powder was injected into an Ar-N2 plasma, formed using a 

high frequency induction plasma torch (PL-50, TEKNA Plasma System Inc.). The 

starting powder particle size distribution was d10% = 17 µm, dso¾ = 23 µm, and d9o% = 45 

µm. SEM images of the powder in as-received condition are presented in figure 5.1. 

Nanostructured features are observable in the cross section of an individual powder, and 

they are in the size range between 50 to 150 nm. As discussed in section 3 .1.1 about IPS 
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technology, IPS parameters were optimized to get a lower thennal diffusivity and 

conductivity of MBTBCs. The details are discussed in the following section. 

Figure 5.1 SEM images on a cross section of SHS717 powder as received condition 

Rather than using only IPS technology, air plasma spraying (APS) was also used for 

sample preparation due toits general and commercial use nowadays for "in-situ process" 

in industry. As discussed in section 3 .1.2, only one set of spraying condition was used for 

APS sample preparation because it is aimed to be a very straight forward comparison 

between APS MBTBCs and IPS MBTBCs. In addition, APS parameters were not 

optimized for any desired thennal coatings' properties in this study. 

5.1.1 Selection of IPS and APS Parameters 

The purpose of ANOVA (Analysis of Variance) is to find out the sensitivity ofIPS 

parameters on porosity of coatings because porosity is one of the major factors to be 

controlled for lower thennal diffusivity and conductivity in plasma sprayed coatings. The 

three independent variables, used as spraying parameters which have been considered are 

induction plasma torch power (kW), spray distance (mm) and N2 volume % in the plasma 

sheath gas, associated with the use of a TEKNA PL-50 induction plasma torch (TEKNA 
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Plasma Systems, Sherbrooke, Québec). The level of each factor employed is presented in 

table 5.1. 

Table 5.1 ANOV A of two levels of the selected four factors 

A: Power B : Spraying distance C :N2 
s (kW) (mm) (volume%) 
+ 45 150 80 
- 24 270 20 

The major objective of the optimization is the study of factors that have the strongest 

effects on porosity variation in the produced coatings. Design of the experiment is based 

on one half fraction of the 2X-I design, with the defining relation of I = ABC. To construct 

the design, the basic design should be set as a 23
·
1 = 22 design, with three independent 

variables, the level of the third factor C being found by solving / = ABC for C. The 

response of the design is set as the porosity. Four different experiments were run in a 

preliminary trial to analyze the design, and the results are shown in table 5.2. 

Table 5.2 The 23
-
1 Design with the defining relation I = ABC 

Run Basic Desi Treatment Porosity 
A: B: Spraying Order 

Power Distance C :N2 Combination (%) 
1 + + + ABC 17 

·~•.-·-·-···-···-· >.••-·-·-···- .. 

2 + C 7 
•-• •A • - ••--•-•-•• •• 

3 + A 5 
4 + B 10 

The factor effects are calculated using the experimental design software [Design] and 

shown in table 5.3. 

Table 5.3 Factor Effects 
Code Factor Contribution % 

A Torch power 
13 _ _ _ _ ~pra.yjt1_g 9:ist<1I1_c:~ ____ __ . _ ...... . 

7.55 
67.98 
24.47 C N2 volume% 
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From table 5.3, the most effective factors are found to be the spraying distance 

and the N2 volume% in the plasma sheath gas. The porosity range obtained in this study 

lies between 5 and 17 %. With respect to the porosity range, the independent variables are 

optimized and listed with expected porosity in table 5.4. 

Table 5.4 Optimized independent parameters 

Run Spraying Distance N2 volume% Expected porosity 
Number (mm) in plasma sheath gas (%) 

SI 150 80 (75 slpm) 12.7 
S2 150 50 (47 slpm) 11.2 
S3 150 20 (18 slpm) 10.2 
S4 210 80 (75 slpm) 14.2 
SS 270 80 (75 slpm) 15.5 

Along with the optimized independent variables, five different spraying parameters 

are selected, as presented in table 5.5. As discussed, one of the major benefits of using 

IPS is the in-flight reactive spraying to be adopted. Additional phases in MBTBCs can be 

induced by the use of reactive spraying of nanostructured alloy powder with an 02 gas 

mixture in the plasma gas. Three different sets of spraying parameters for the reactive 

spraying are also optimized through the same design process discussed in the previous 

paragraphs and selected as shown in table 5 .6. 

Table 5.5 Five different sets ofIPS spraying conditions 

Parameters SI S2 S3 S4 SS 
Power {kW) 24 

Feedrate {g/min) 16 
Substrate cooling Water 

Coating temperature Liquid N2 controlled with 
Chamber pressure {Torr) 100 
Sprayin~ distance {mm) 150 150 150 210 270 

Ar-sheath 18 46 75 75 75 
Gas Flow N2-sheath 75 47 18 18 18 

(slpm) Ar-central 23 
Ar-carrier 4 

65 



Table 5.6 Three different sets of reactive spraying parameters 

Parameters S6 1 S7 1 S8 
Power (kW) 24 

Feedrate (2:/min) 16 
Chamber pressure (Torr) 100 

Substrate quenching Liquid N2 
Spraying distance (mm) 210 

Ar-sheath 75 1 62 1 45 
Gas Flow Oi-sheath 7 1 20 1 37 

(slpm) Ar-central 23 
Ar-carrier 4 

Rather than using only IPS technology, air plasma spraying (APS) was also used for 

sample preparation due toits general and commercial use nowadays for "in-situ process" 

in industry. Only one set of spraying condition was adopted from the work done by 

Rohan et, al [Rohan, 2004], as presented in table 5.7, and used for APS sample 

preparation to compare between APS MBTBCs and IPS MBTBCs. In addition, APS 

parameters were not optimized for any desired properties of the coatings in this study. 

Table 5.7 APS spraying parameters [Rohan 2004] 

Torch type F4-MB DC plasma torch 

Powder Nanosteel powder Zirconia powder 
(SHS717, +13/-53 µm) (Metco 204NS, +10/-100 um) 

Power (kW) 39 32 
Current (A) 700 550 

Feedrate (i!/min) 35 25 
Spraying distance 120 120 (mm) 

Gas Flow Ar Plasma 35 35 
H2 Plasma 12 11 (slpm) 
Ar Carrier 6 3 
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5.1.2 Induction Plasma Sprayed MBTBCs with N2; IPS-N2 MBTBCs 

5.1.2.1 In-Flight Particle Characteristics 

Studies on the in-flight particle ternperature and velocity distribution with selected 

particle size between 20 to 40 µrn are presented in figures 5.2 and 5.3. The distribution 

reveals that the average particle ternperatures are, as presented in figure 5.4, found to be 

in between 1900°C and 2000°C, which is very rnuch higher that the rnelting point of the 

Nanosteel powder, which is known as 1200°C [MSDS]. 
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Figure 5 .2 Particle ternperature 
distribution for the N anosteel 
powder particle in a) 20% N2, b) 
50% N2, and c) 80% N2 plasma 
with selected particle size between 
20 to 40 µrn 
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With increased N2 partial pressure in the plasma gas, the in-flight particle temperature 

is increased by about 50°C, as shown in figure 5.4 a), while particle velocity remains 

between 42 and 45m/s, within the error of the 90% confidence level, see figure 5.4. b). 

Increasing particles ternperature at the higher N2 partial pressures can be explained by 

higher heat transfer coefficient due to N2 volume% increase in plasma. 
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Figure 5.4 In-flight particle temperature, a), and velocity, b) with different N2 volume% 
in the plasma with selected particle size between 20 to 40 µm 

As SD increases, the temperature decreases due to cooling of the in-flight particles as 

they exit from the IPS torch as presented in figure 5.5 a). Particle velocities versus SD 

change shows somewhat unusual behaviors, their velocities reaching maximum values at 

the spraying distance of- 210 mm thereafter dropping to 270 mm, see figure 5.5 b). This 
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behavior could be related to the acceleration and then deceleration of the particles as they 

are getting far away from the torch exit even though the variation is very small. 
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Figure 5.5 In-flight particle temperature, a) and velocity, b) with spray distance change 
with selected particle size between 20 to 40 µm 

5.1.2.2 X-ray Diffraction 

The X-ray diffraction patterns set-out in figure 5.6 present that MBTBCs have fine 

nano or amorphous crystal structures. Along with the N2 volume % changes from 20 to 
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80 in the plasma gas and the spraying distance (SD) changes from 150 mm to 270 mm, 

the crystal structures of MBTBCs do not change significantly as presented in the figure. 
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Figure 5.6 XRD patterns of Nanosteel powder and the product MBTBCs sprayed with: a) 
N2 volume% change in plasma with SD=l50 mm, and b) spraying distance (SD) change 
with IPS-20% N2 

5.1.2.3 Oxygen and Nitrogen Contents Analysis 

The result of the O2/N2 analysis is presented in figure 5.7. The N2 weight % in the 

coatings tends to increase as a function of N2 volume % increase in plasma gas while 0 2 

weight % decreases. Higher N2 partial pressure in plasma gas results in more nitrides 

fonned or possible nitrogen solution in Fe with the maximum solubility of 0.1 weight % 

at 590°C [Moffatt 1976] in the coatings. As shown in figure 5.7 b), 0 2 weight % 

increases along larger SD while N2 weight % decreases accordingly to free energy of 

fonnation as presented in table 5.8 [Perry 1999]. The increase can be explained by the 
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fact that the oxidation has been occurred with a trace of oxygen molecules in the IPS 

reactor because in-flight particulates had a longer resident tüne for oxidation with further 

spraying distance. N2 weight % decrease is because the oxidation is the dominant reaction 

for Fe based materials. 
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Figure 5.7 Oi/N2 Analysis on MBTBCs as a function of a) N2 volwne % in plasma, b) 
spraying distance 

Table 5.8 Free energy, ~G, of formation [Perry 1999] 

Substances Feü 
~G kJ/mol 4 2,486 750 1,015 

72 



5.1.2.4 Microstructure, Grain Size, and Porosity 

Figure 5.8 shows backscattered SEM (scanning electron microscopy) images of the 

cross sections of samples sprayed with various N2 volume % in the plasma; a) 20%, b) 

50%, c) 80%, and figure 5.9 shows images taken of samples sprayed at different spray 

distances, a) 150 mm, b) 210 mm, c) 270 mm. Increasing the N2 volume % and SD 

resulted in coatings of more porosity with a more visible lamellar structure. It is worth 

noting that the substrate temperature was kept below 200 °C for all spray conditions as 

explained in the section 3 .1.1 of Chapter 3. 

Figure 5.8 SEM backscattered images of MBTBCs sprayed with different values of N2 
volume% in the plasma, a) 20%, b) 50%, and c) 80% 

Figure 5.9 SEM backscattered images of MBTBCs, sprayed at different spraymg 
distances a) 150mm, b) 210mm, and c) 270mm 

The TEM images, shown in figure 5.10, confinn that as-sprayed MBTBCs are almost 

completely amorphous. These images were taken from the as-sprayed sample with IPS-

20% N2 and SD of 150 mm. The crystal structure consists of crystalline phases in an 
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amorphous matrix as shown in figure 5.10 a). High resolution images of the amorphous 

and crystalline regions are also presented. 

Figure 5. 10 TEM images on 
as-sprayed MBTBCs with 
IPS-20% N2 and SD of 
150mm, b) and c) are high 
resolution images of the 
"square" sampled areas 
indicated in the image a) 

The arnorphous structure in the MBTBCs can be explained by the quenching of fully 

molten particles frorn their hottest ternperature (2000°C) through the action of 

"flattening" onto the substrate surface. The crystalline phases are retained rnost likely 

frorn partially rnolten partiel es embedded into the coating. The grain size of MBTBCs, as 

rneasured by use of the Scherrer equation, is only a few nanometers, as presented in 
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figure 5.11. In tenus of changing the N2 volume % in the plasma gas and SD, grain sizes 

tend also to remain 3 nm. 
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Figure 5.11 Grain size change versus: a) N2 volume % change in plasma, and b) spraying 
distance change. 

As illustrated in figure 5.12 a), porosity increases with the N2 volume % as we 

expected from the optimization of spraying parameters (table 5.4), which may be 

explained by a different wetting behavior of the molten particles impinging on the surface 

of the already deposited, nitrided splats [Fukumoto 2003] [Shin 2004]. With respect to 
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the results on in-flight particle characteristics in the section 5.1.2.1, it is indeed very 

unusual that higher in-flight particle temperature yields higher porosity in coatings. 

However, the higher in-flight temperature can be explained by the higher heat transfer 

coefficient due to N2 volume% increase in plasma. In figure 5.12 b), porosity change at 

the different spraying distances (SD) also resulted in more porous coating, corresponding 

to the expected porosity from the optimization as presented in table 5.4. 
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In this case, porosity mcreases can be explained by the cooler spray particle 

temperatures existing at increased spraying distances. As shown in figure 5.5 a), particle 

temperatures drop from around l 900°C at a SD of 150 mm to around l 800°C at a SD of 

270 mm, which results in less particle flattening, and more porosity in the MBTBCs. 

5.1.2.5 Thermal Diffusivity 

Thermal diffusivity change is plotted as a fonction of a) N2 volume change in plasma 

and b) spraying distance change in figure 5 .13 . 
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In the figure, the results on thermal diffusivity (TD) measurements show that N2 

volume % change do not affect to TD of MBTBCs which it tends to slightly increase 

with the SD even though the relative porosity increase by 25% as seen in figure 5 .12. 

This means that porosity is not a major factor affecting thermal properties of the 

MBTBCs 

5.1.2.6 Anisotropie Properties of MBTBCs 

As discussed in chapter 3, the coating structures of MBTBCs are anisotropie since 

they are fonned by the "stacking" of previously molten splats into layers perpendicular to 

the spray direction. Anisotropie thermal diffusivities (TD) and electrical conductivities 

(EC) were measured in two directions; the laser incident direction a) parallel (PA) in 

figure 3.4 a) and perpendicular (PE) in figure 3.4.b) to the spray direction for the TD 

measurement. As illustrated in figure 3.7, the four point probe is arrayed in modes of a) 

PA and b) PE to the spraying direction for the EC measurement. Calculated thermal 

conductivity (TC) and electric conductivity (EC) for the MBTBCs are presented in table 

5.9. 

Table 5.9 Anisotropie properties of MBTBCs 

Type of MBTBCs TD DN Cp TC EC 
(10-6m2/s) (kg/m3

) (J/kg/K) (W/mK) (105 n-•m-1) 

MBTBCs 1 PA 6.30±0.02 6910±95 456±16 1.99±0.13 2.72±0.1 
(IPS-N2)* 1 PE 6.71±0.02 6859±28 470±16 2.19±0.13 2.95±0.1 

* Note MBTBCs used for the anisotropie study are IPS-20% N2 sprayed with spraying 
distance of 210 mm. 
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From the table, it can be noted that the thermal and electrical conductivities are a bit 

lower with the PA types, but it is not very significant so that we may ignore anisotropie 

thennal property in this MBTBCs study. 

5.1.3 Induction Plasma Sprayed MBTBCs with 0 2; IPS-O2 MBTBCs 

5.1.3.1 In-Flight Particle Characteristics 

Figure 5.14 shows that in-flight particle temperatures mcrease as the 02 partial 

pressure increases in the plasma, while particle velocity remains nearly constant (between 

39 and 43m/s) within the error of the 90% confidence level. 
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The temperature increase noted can be also explained by the greater amount of 

exothennic reaction taking place between the 0 2 rich plasma and the in-flight molten 

particles. 

5.1.3.2 X-ray Diffraction 

The XRD patterns in figure 5.15 show that higher 0 2 partial pressure in plasma gas 

results in more crystalline phases and oxides in the coatings. 
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Figure 5.15 XRD patterns ofMBTBCs, sprayed with 02 volume% changes in the plasma 

As illustrated in this figure, peaks at 28 values of 44.67, 65.02, and 82.33 correspond 

to the Fe phase [Swanson 1955], and they become stronger with the increase in 0 2 partial 

pressure in the plasma, indicating that more Fe crystalline phase is present in the 

MBTBCs. Peaks at 28 values of 35.45, 56.78, and 62.72 correspond to Fe304 [Harcourt 
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1942]. The oxide is more likely fonned in flight because we may ignore oxidation on the 

substrate due to the low substrate temperature of 200°C. 

5.1.3.3 Oxygen and Nitrogen Contents Analysis 

As shown in figure 5.16, the result on 0 2/N2 analysis confinns the XRD data in figure 

5.16, which show increased 0 2 weight % in the coatings as 0 2 volume% increase in the 

plasma gas 
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Figure 5.16 0 2/N2 contents in MBTBCs as a fonction of 0 2 volume % in plasma 

5.1.3.4 Microstructure, Grain Size, and Porosity 

Crystal structures of IPS-02 MBTBCs changes from almost fully amorphous to 

significantly crystalline with 0 2 volume % change in plasma from 6 to 35%, as presented 

in figure 5.15. Crystalline phases observed in MBTBCs with higher 0 2 partial pressures 

in the plasma may be resulted from the different flattening of partially molten particles 

when they impinge onto a substrate. With greater oxide content in particles, they flatten 
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to lesser extent on impacting the substrate as seen in figure 5 .17 c ), due to the altered 

wetting behavior discussed in the case of IPS-N2 MBTBCs. Thus the cooling rates of the 

impinging particles are much lower so that the particles have more titne to crystallize. 

As seen from figure 5 .18, the grain size of MBTBCs changes from a few nanometers 

to few tens of nanometers with 0 2 partial pressure increase in the plasma. This is 

consistent with the lower quenching rate expected at high 0 2 pressure. 

Figure 5.17 SEM backscattered images and porosity ofMBTBCs sprayed with various 0 2 

volume% levels in the plasma, a) 6%, b) 18%, and c) 35% 
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Figure 5.18 Grain size changes in MBTBCs, with increased plasma 0 2 partial pressure 
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Increased 0 2 partial pressure in the plasma resulted in more pores in the MBTBCs, as 

presented in figure 5.17. The porosity increases from 13% to 25% with an 0 2 volume% 

change from 6% to 35% in the plasma, respectively. The increased porosity can be 

explained by the wetting behavior already discussed. 

5.1.3.5 Thermal Diffusivity 

In figure 5.19, thennal diffusivity (TD) of IPS-O2 MBTBCs increases as 0 2 partial 

pressure increases in the plasma. The increase can be explained by the larger amount of 

crystalline phase and grain size increase from a few nanometers to about 30 mn as well as 

presence of the oxide phase, Fe3O4 (magnetite), which has a high thermal conductivity 

[9.7 W/mK after CES 4-1]. Porosity change from 13% to 25% does not look to be a 

major factor for the TD increase. 
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5.1.4 Air Plasma Sprayed MBTBCs Compared with IPS MBTBCs 

XRD patterns in figure 5.20 show that crystal structure of as-sprayed APS MBTBCs 

is either fine nano or arnorphous with sorne crystalline phases of Fe3O4. Crystal structure 

investigation with TEM images show that APS MBTBCs consist of amorphous sh·ucture 

but with partially aligned atorns as presented in figure 5.21. The TEM micrographs 

presented reveal that crystal structure of APS MBTBCs is different frorn the structure of 

IPS-N2 MBTBCs (see figure 5.10). 
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Figure 5.20 XRD patterns of APS, IPS-O2\ and IPS-N/ MBTBCs as-sprayed 

i. IPS-O2 is the MBTBCs sprayed with 0 2 volume % of 6 in plasma gas. 
ii. IPS-N2 is the MBTBCs sprayed with N2 volume % of 20 in plasma gas. 
* Selection criteria on IPS MBTBCs refers the lowest thermal diffusivity from each 
group to be compare with APS MBTBCs 
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Figure 5.21 TEM micrographs of APS MBTBCs; a) with its diffraction pattern, and b) 
with high resolution on white squared area in the image of a) 

Grain size of APS MBTBCs measured by Scherrer equation is found to be 4±0.4 nm, 

which is very similar to grain size of IPS MBTBCs. Porosity calculated by image analysis 

on SEM images is found to be 12±0.5 %, which is also very similar to porosity of IPS 

MBTBCs. However, thennal diffusivity (TD) measurement shows that TD value of APS 

MBTBCs is almost twice higher than IPS MBTBCs as presented in figure 5.22. 

1,3E-06 

NE 
--- 1 0E-06 

' 
.2: 
en 

'6 
m 
E 7,0E-07 
Q) 
.c: 
1-

APS IPS-Oi 

Figure 5.22 Thennal diffusivity of APS, IPS-O2, and IPS-N2 MBTBCs 

85 



The higher TD in APS MBTBCs is related to the presence of Fe3O4 phase (see figure 

5.20) and the partially aligned atoms (see figure 5.21) in APS MBTBCs. 

Oi/N2 contents of the selected MBTBCs were measured and plotted in figure 5.23. 

The figure shows that APS MBTBCs have the highest 02 weight % in the coatings. The 

general trend of the TD change follows the 0 2 weight % decrease, while the N2 weight % 

is relatively constant. APS MBTBCs oxides contains principally of Fe3O4 as seen from 

figure 5.20, along with a relatively high weight % 0 2, while IPS MBTBCs do not contain 

this compound at a level detectable by x-ray diffraction. 
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Figure 5.23 Thennal diffusivity changes with; a) 0 2 and b) N2 contents in MBTBCs 
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5.2 Evolution on Properties of MBTBCs with Applied Heat Treatmentsiii 

5.2.1 X-ray Diffraction 

The XRD patterns are presented with HT temperature increase in figure 5.24. The 

patterns show that crystal structure changes from amorphous to crystalline structure and 

new phases start to precipitate with HT at 550°C. The new phases are identified as Cr and 

Fe based alloys, which are highly conductive materials (thennal conductivities of Fe= 80 

W/mK and Cr = 94 W/mK, [Kittel 1996]). Both IPS and APS have sirnilar phase 

precipitation routes, except for magnetite (Fe30 4) found in APS. 
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Figure 5.24 X-ray Diffraction Pattern changes of; a) IPS-N2 and b) APS MBTBCs with 
application ofheat treatment 

iii. From this section, all characterizations were perfonned on the selected MBTBCs as 
explained in the previous section. 
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5.2.2 Microstructure and Grain Size 

SEM micrographs in figure 5.25 show that APS coatings have greater levels of 

interlamellar contacts between splats compared to IPS-N2 coatings. The coating structure 

does not look to be changed significantly after HT for ail temperatures. 

Grain size measurements, by the XRD and Scherrer equation techniques, were 

perfonned. The results are shown in figure 5.26. The selected MBTBCs of the "as-

sprayed" and the 450°C HT have grain sizes of around 3 to 4 mn, implying that the 

coatings are most likely amorphous. With HT at 550°C, the grain size of the MBTBCs 

was certainly increased, by more than 10 times original sizes, which means the crystal 

structure of MBTBCs has been changed from amorphous to nanocrystalline. 

The grain size calculated by the Scherrer method for APS MBTBCs and IPS-N2 

MBTBCs, with HT at 850°C, was 40 ~ 50 nm. However, TEM (transmission electron 

microscopy) images set out in figure 5.27 show that grain sizes of the APS and IPS-N2 

MBTBCs after the HT at 850°C are of the order of 200 nanometers, having been changed 

from an initial size of around 20 nanometers (after the HT at 550°C). The difference lies 

in the range of validity of the Scherrer equation. If the grain size is greater than ~ 150 nm, 

the Scherrer equation is difficult to apply due to the lack of precision of the equation. 

[Klug 1974]. 
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a) IPS-N2 as-sprayed d) APS as-sprayed 

e) APS HT at 650°C 

c) IPS-N2 HT at 850°C f) APS HT at 850°C 

Figure 5.25 Backscattered SEM images ofheat treated MBTBCs, a)-c) IPS and d)-f) APS 
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Figure 5.26 Grain size changes in MBTBCs with heat treatment for 1 hr. under Ar 

Figure 5.27 TEM images ofIPS-N2 MBTBCs, a) as-sprayed, b) HT at 650°C, c) 850°C, 
and APS MBTBCs, d) as-sprayed, e) HT at 550°C, f) 850°C 
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5.2.3 Porosity and Density 

Figure 5.28 shows porosity changes in heat treated MBTBCs. One noticeable result is 

that there is little porosity change with heat treatment (HT) of IPS MBTBCs, but the 

porosity of APS with the HT at 850°C decreased by about 4%. As shown in figure 5.29, 

no significant density changes occur with the HT. The slight density drop in APS 

MBTBCs with HT at 750 and 850°C cannot therefore be explained by the porosity 

change. It is more likely associated with precipitation of a new phase in the coatings at 

elevated temperatures. However, the lower density of APS MBTBCs, compared to IPS 

MBTBCs, can be explained by the fact that the APS MBTBCs consist of iron oxides, 
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Figure 5 .28 Porosity changes in heat treated MBTBCs 
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Figure 5 .29 Density changes in heat treated MBTBCs 

5.2.4 Phase Precipitation 

Precipitated grains, as displayed in figure 5.27, were analyzed by the EDS (Energy 

Dispersive Spectroscopy) mapping technique, as shown in figure 5.30. From the results 

of this mapping, the white grains were identified as W and Mo rich phases, and the grey/ 

black grains were identified as Fe rich phases. 
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Figure 5.30 Results of EDS mapping for component analysis on IPS-N2 MBTBCs after 
HT at 850°C 

5.2.5 Thermal Diffusivity 

Thennal diffusivity (TD) measurements show that APS MBTBCs do have higher TD 

values than IPS MBTBCs at all HT temperature ranges, as shown in figure 5.31. This is 

because the APS coatings were not optimized for lower thermal conductivity, contrary to 

the efforts made on the IPS coatings. A general increase in the TD with HT is noted at 

550°C for ail types of MBTBCs. A second increment of TD was observed in APS 

MBTBCs after HT above 750°C, while the TD change in IPS MBTBCs is stabilized. 

These increases may be associated with three factors, such as crystal structure change and 

phase changes. 
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Figure 5.31 Thennal diffusivity changes in heat treated MBTBCs 

The two factors, crystal structure and phase change, seem to be associated with the 

TD increase after HT at 550°C. As shown in figure 5.24, crystal structure changed from 

amorphous to crystalline (grain size increase from a few nanometers to tens of 

nanometers) as presented in figure 5 .26. However, TD looks independent of grain size in 

IPS-N2 MBTBCs because TD values rernain within the error range while grain size 

changes from 60 nm to 150 mn after HT at 750°C. In case of APS MBTBCs, there is 

another TD value shift observed after HT at 750°C. The TD increase can be explained by 

phase effect. As seen in figure 5.24, the content of Fe30 4 phase in APS MBTBCs gets 

maximized after HT at 750°C. Since thennal conductivity of magnetite is known as 

9.7W/mK [CES 4-1], it appears likely that the Fe30 4 rich phase, present in APS MBTBCs, 

is responsible for the TD increase after HT at 750°C. 
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5.3 Thermal Conductivity of MBTBCs 

5.3.1 Thermal Conductivity Measurement 

Thermal conductivities of MBTBCs and plasma sprayed YSZ were calculated from 

results on thermal diffusivity measurements in previous sections and presented in table 

5. l 0 and figure 5.32. Comparing APS-MBTBCs with IPS MBTBCs their density is lower 

and their heat capacity is higher. The lower density is due to the presence of oxide phase, 

while the higher heat capacity can be explained by the higher oxygen weight % in these 

coatings. The nitrogen weight % in coatings does not affect the properties, as shown in 

figure 5.33. The lowest thennal conductivity (TC) found for MBTBCs is l.99 W/mK, 

while the TC of plasma sprayed YSZ is l .19 W/mK. The higher TC values of APS and 

IPS-O2, compared to those of IPS-N2 MBTBCs, can be explained by the presence of 

Table 5.10 Thermal conductivity ofMBTBCs and Plasma sprayed YSZ 

Sample ID TD Density Cp TC Porosity 
(10-6 m2/s) (kg/m3

) (J/kg/K) (W/m/K) (%) 
APS 1.03±0.017 6345±23 517±10.3 3.38±0.12 12±0.5 

IPS-02 0.75±0.022 6715±45 496±9.9 2.50±0.10 13±0.4 
IPS-N2 0.63±0.022 6910±95 457±9.l l.99±0.09 12±1.3 

YSZ 0.49±0.017 4946±23 490±9.8 l.19±0.06 10±2.0 
YSZ+BC 200 µm NiCoCrAlY + 400 µm YSZ 1.59 -

A point to be noted is that the YSZ prepared for this thermal property study is not 

applied with a bond-coat (BC). If YSZ with a BC (duplex coatings) is considered, the 

theoretically calculated TC value of the duplex is found to be 1.59 W/mK, with a thermal 

conductivity of BC = 4.2 W/mK [Khor 2000], which can then make it very comparable 

with the TC ofIPS-N2 MBTBCs. 
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Figure 5.32 Thennal conductivities ofMBTBCs and YSZ 

Higher Cp values in MBTBCs depend on the oxygen weight % in the coatings, as 

shown in figure 5.33 a). The Cp of MBTBCs increases as the oxygen weight % increases 

in the coatings. APS MBTBCs has the highest Cp value of around 517 J/kg/K, with 1.7 

weight % of oxygen in the coating due to the content of oxide phase which increases its 

heat capacity. Density differences in MBTBCs can also be explained by the content of the 

oxide phase, while their porosity differences are not significant. As shown in figure 5.33 

b ), the different nitrogen weight % in the coatings cannot explain the heat capacity 

differences between the MBTBCs. 
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Figure 5.33 Heat capacity changes in MBTBCs and YSZ with; a) oxygen contents, and b) 
nitrogen contents 

Table 5.11 shows theoretically predicted TC values of MBTBCs, using the "rule of 

mixtures" approachiv with respect to Fe30 4 wt¾ present in the coating. The wt¾ of Fe30 4 

in MBTBCs is calculated from the 0 2 wt¾ in MBTBCs, assuming conversion of the all 

02 fraction to Fe304 without taking account on possibility of oxygen solution in Fe due to 

iv. A Rule of Mixture iJF TCTotal = TCFt3Û4 WFFt3Ü4 + TCMBTI3Cs WFMBTBCs; TCFil3Û4 and 
TCMBTBcs are the thermal conductivity of Fe304 (= 9.7W/mK) and IPS-N2 MBTBCs as-
sprayed (= 1.99W/mK) ; WFFt

3
o

4 
and WFMBTBcs are the percentages (fractions) of Fe304 

and IPS-N2 MBTBCs as-sprayed, respectively. 
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the maximum solubility of 0.001% at 912°C [Wriedt 1990]. The results show that the 

actual TC values measured for APS and IPS-O2 MBTBCs, as presented in table 5.10, is 

higher than those predicted in table 5.11 which means that Fe30 4 is not the only factor in 

accounting for the higher TC in APS and IPS-O2 MBTBCs but that other factors are also 

associated. 

Table 5.11 Thermal conductivity of MBTBCs with respect to Fe30 4 weight % 

Sample ID Fe304 IPS-MBTBCs Predicted TC 
(weight %) (weight %) (W/mK) 

APS 0.86 99.14 2.05 
IPS-02 0.22 99.78 2.00 
IPS-N2 0.06 99.94 1.99 

5.3.2 Electron and Phonon Contribution to Thermal Conductivity 

Electrical conductivity of MBTBCs was measured by a four point probe test, and the 

phonon and electron contribution to the total TC was assessed, using the Wiedemann-

Franz law, which is valid for fairly pure metals at room temperature [Hook 1991 ], but is 

not so for alloys or amorphous materials. However, the law is used here as an indicator of 

which is the most dominant factor affecting the thermal conductivity. 
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Figure 5.34 Phonon and electron contributions to thennal conductivity ofMBTBCs 

As shown in figure 5.34, the phonon contribution is dominant in APS MBTBCs, 

while the electron contribution becomes the dominant factor for the total TC in IPS-N2 

MBTBCs. Also, we may notify that anisotropie effect on contribution of thennal 

conductivity is not very significant so that it is to be neglected in this study. As presented 

in figures 5.10 and 21, IPS-N2 MBTBCs consist of an amorphous crystal structure, while 

APS MBTBCs consist of partially aligned atoms in an amorphous structure. The 

amorphous structure of IPS-N2 MBTBCs is responsible for the lower phonon contribution 

to the total TC as compared to other MBTBCs. The lower thermal diffusivity and 

conductivity of alloys with amorphous structures are published elsewhere [Yamasaki 

2004] [Harms 2002]. The work: of Y amasaki has reported that amorphous metals exhibit 

more than 50% lower thermal diffusivity and conductivity than for crystalline metals in 

Zr based alloys. Hanns has also presented the point that thermal conductivity (TC) of Pd 

based metallic glass alloys is less than 2 W/mK. The author explains that the phonon 

contribution to the total TC is certainly limited in metallic glass materials, and then only 
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the electronic contribution becomes the dominant factor for the TC. This explanation 

confirms us the understanding of the low thermal conductivity of amorphous MBTBCs in 

this study. 

5.4 Features Affecting Properties of MBTBCs 

A matrix of dependent and independent variables summarizes all the results obtained 

m this study in table 5.12. The dependent variables are selected with respect to 

characteristics and properties of MBTBCs measured and calculated in this study and can 

be listed up as N2/O2 contents in coatings, porosity, density, phases, grain size, crystal 

structure, thermal diffusivity (TD), heat capacity, and thermal conductivity (TC). The 

independent variables are selected with respect to all variables that had been changed as a 

spraying condition or a post treatment after spraying and also can be listed up as spraying 

distance (SD), induction plasma gas composition with N2/O2, air plasma spraying, and 

heat treatment (HT) from 450 to 850 for selected MBTBCs. This matrix is very important 

to understand their ( dependent and independent variables) correlation to justify features 

affecting properties of MBTBCs. 

As shown in table 5.12, MBTBCs with longer SD consist of more 0 2 contents which 

cause higher heat capacity and higher thennal diffusivity ( considering 02 contents as 

Fe3O4) of the coatings resulting higher TC in MBTBCs. Porosity is also changed with SD 

change but it doesn't look to be a major factor. 

For IPS-N2 MBTBCs, higher N2 partial pressure in IPS plasma gas increases N2 

contents and porosity in MBTBCs. Higher N2 contents resulted in higher heat capacity of 
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MBTBCs, which increases directly TC of MBTBCs. Density change follows porosity 

change, but they don not play a significant role on TC. 

For IPS-O2 MBTBCs, 0 2 volume% in plasma gas affects several factors such as 0 2 

contents, porosity (density), phase, and crystal structure. Higher 02 contents in the 

coatings resulted in higher porosity (lower density), precipitation of new phase Fe3O4, 

and crystal structure change from amorphous to a mixture of amorphous and 

nanostructure. Once again here, porosity and density are not major factors affecting the 

TC of MBTBCs. For an example, porosity (density) increases (decreased) with higher 02 

contents while TD and TC increases, which cannot be explained by general trend of 

thermally sprayed coatings. In this case, Fe/Fe3O4 phases and the mixed crystal structure 

are dominant factors contributing the higher TD and TC of IPS-O2 MBTBCs than those 

of IPS-N2 MBTBCs. In case of APS MBTBCs comparing with IPS-O2 MBTBCs, the 

only factor to be considered for the higher TC is the presence of the Fe3O4 phase. In other 

words, the effective factor for contributing the higher TC of APS MBTBCs is the phase 

content of Fe3O4. 

In heat treated MBTBCs, porosity and density factors have a negligible impact on TC 

due to their insignificant changes with HT. From the results with HT as an independent 

variable, we may find out that there are two major factors contributing thermal properties 

of MBTBCs, which are phases and crystal structure. In case of IPS-N2 after HT, TD and 

TC increase with crystal structure and phase changes. In details, the precipitated phases 

are Fe and Cr based alloys, which have generally higher TC value than the TC of 

MBTBCs as-sprayed, and crystal structure changes from amorphous to crystalline 

structure after HT at 550°C. Grain size (GS) change looks to be an effective factor 
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influencing TD or TC with a threshold of below 50 nm. In MBTBCs with IPS-O2 and 

APS, the major factors are found to be also phases and crystal structure as same as IPS-

N2 MBTBCs, but with an additional phase precipitation, such as Fe3O4. Especially in the 

APS MBTBCs, Fe3O4 phase behaves as a very strong factor contributing to the increase 

of the TC of the coatings. After HT at 750°C, TD of APS MBTBCs increases about 30%. 

The only factor to be responsible for the increase is a Fe3O4 phase as revealed by XRD 

peaks (see figure 5.24-b). 

In summary of table 5.12, we may conclude that thermal properties of MBTBCs are 

mainly govemed by two factors, such as phases and crystal structure or grain size. There 

are also hidden factors, such as interlamellar contact, splat thickness, the ratio between 

molten/unmolten numbers of particles in the coatings, and crack lengths, which should be 

considered to complete the correlation between the dependent and independent variables. 

The study of th ose factors will be done in a future work. 
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Table 5.12 Matrix offeatures affecting properties ofMBTBCs 

;f_ 
Q Dcpcndcnt .E .E 

variables -~) Oil ,...,s 
@ _§ 

! ,il 

j 8, Oil 
2 ::> 

"" è "'' Oil s i >, :~ " .E "' :~ ·Ê "i; -:. -~ Phases N û 
8 8 è ,;; ::> 

0 " 'E il "' ""' .9 B ,;; -... o. A .9 A ] lS ti 1l 8 
Ê l'l "- ë 

lndcpcndent " u oÎ si "' .'! .'! ê :::: ê variables " " 8 0 "' ù ["; z' 6 
S3 150 0.11 0.11 12 69!0 A 3 A 6.30 456 1.99 -S4 SD(mm) 210 0.09 0.15 13 6779 A 3 A 6.45 482 2.11 -
S5 270 0.07 0.14 15 6701 A 3 A 6.78 485 2.20 

S3 IPSwith 20 0.11 0.11 12 69IO A 3 A 6.30 456 1.99 -
S2 N2 volume% 50 0.12 0.10 14 6620 A 3 A 6.29 495 2.06 -
SI change in plasma 80 0.12 0.10 16 6590 A 3 A 6.41 498 2.10 

S6 IPS with 6 0.03 0.45 13 6715 A 3 A 7.52 496 2.50 -
S7 O2 volume% 18 0.03 1.19 17 6571 Fe 21 A+N 9.06 488 2.91 -
SS change in plasma 35 0.04 2.38 25 6198 Fe & Fc3Ü4 32 A+N 9.97 497 3.07 

APS 0.08 1.72 12 6345 A& Fc3O4 4 A 10.3 517 3.38 

450 li 6736 A 3 A 6.43 1.98 - ,--
IPS-N2 550 14 6847 Fe, y-Fe, Fe23(C,B)6, & Cr21C0 44 N 11.8 3.68 - ,--

S3 after HT 650 0.11 (l.11 12 6913 Fe, y-Fe, Fe2,<C,B)0, & Cr23C6 56 N 13.6 456 4.29 -("C) 750 li 6939 Fe, Fe21(C,B)., & Cr23C0 100 N 11.8 3.73 - -
850 li 6859 Fe, Fe23(C,B)0, & Cr23C0 200 N 11.9 3.72 

450 12 6768 A 3 N 7.74 2.60 
>-- -
550 14 6808 Fe, y-Fe, Fc23(C,B)6, & Cr21C0 50 N 12.1 4.09 

IPS-O2 >-- -
S6 0.03 0.45 496 

afterHT{°C) 650 12 6914 Fe, y-Fe, Fc23(C,B)0, & Cr23C6 56 N 12.5 4.29 

>-- -
750 13 6935 Fe, Fc23(C,B)6, & Cr23C0 47* N 12.8 4.40 
>-- -
850 12 6836 Fe, Fe23(C,B)0, Fc3O4_ & Cr23C6 50* N 13.(, 4.61 

450 9 6699 A& Fc3O4 4 N 11.0 3.81 - -
550 IO 6556 

Fe, y-Fe, Fe23(C,B)6, Fe3O4, 
34 N 17.2 5.83 

&Cr23C0 
APS - >---

after HT ('C) 
0.08 1.72 Fe, y-Fe, Fe03(C,B)6, Fe3O4, 517 

650 9 6772 
& Cr23C6 

56 N 18.9 6.62 

- >---
750 10 6459 Fe, Fc23(C,B)6, Fc3O4, & Cr23C0 100 N 23.3 7.78 - >---
850 7 6401 Fe, Fe,,<C,Bl., Fc3O4, & Cr23C" 200 N 24.3 8.04 

Note: A= Amorphous 
N~ Nanocrystalline 
*- Grain size calculated only from Schcrrer cquahon. Other values are confirmed with TEM micrographs 
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5.5 Mechanical Properties of MBTBCs 

5.5.1 Thermal Expansion Coefficient 

Thermal expansion coefficients (TEC) of MBTBCs were measured in the temperature 

range of 100 to 800°C under Ar atmosphere. As shown in figure 5.35, there is a certain 

fall-off in the TEC above 500°C in the first ramp of the temperature range, corresponding 

to new phase precipitation and recrystallization in MBTBCs (see figure 5.23). To study 

the TEC within the temperature region without phase change, a second "ramp" of 

temperature was performed under the same measurement conditions than those used for 

the first cycle. 

...... 
C 
Q) ·o 
:E 
Q) 
0 
ü 
C ..--.. 
.Q $? 
Cl) ill-
fü b 
o.. 0 >< 
Q) 

ro 
E 
L. 
Q) 

..c 
1-

50 

0 

-50 

-100 

-150 

-200 

-250 

-3 0 0 -+--..----,,---,-----r---r----r----.----r---r---~..-------.-

0 150 300 450 600 750 900 

Temperatures (°C) 

Figure 5.35 Thermal expansion coefficients of MBTBCs from the first cycle 

Here, the TEC of MBTBCs became stabilized with increasing temperature, the value 

being about 13Xl0-6/°C, as shown in figure 5.36 a), and very close to the TEC of cast 

iron, 15xl0-6/°C, [CES 4-1] and also very similar to the TECs of some aluminum alloys, 

13.5x10-6/°C, [Wang 2002], while the TEC value of YSZ is around llxl0-6/°C, as 
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displayed in figure 5 .36 b ). Therefore, applications of MBTBCs may help in reducing 

thermal "mismatch" that may arise between a coating ( e.g.YSZ) and a substrate, in 

utilizing the higher TECs of certain MBTBCs. 
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Figure 5.36 Thermal expansion coefficients of; a) MBTBCs from the second cycle and b) 
Plasma sprayed YSZ 
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Figure 5.37 Thermal expansion coefficients in parallel and in perpendicular alignments to 
a substrate; a) APS-MBTBCs, and b) Plasma sprayed YSZ from the first cycle 

As discussed in the previous section, plasma sprayed coatings consist of anisotropie 

coating structures. Therefore, the TEC values measured in the direction of parallel and 

perpendicular to the substrate can be used to study the coating anisotropy. The results of 

this examination are shown in figure 5.37. The TEC values detennined in parallel with 
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and perpendicular to directions within both APS and YSZ coatings are not significantly 

different. Therefore, coating structure anisotropy has no major affect on coatings TECs. 

5.5.2 Adhesion Strength 

The bond strength results for the three MBTBCs examined in this study can be found 

in figure 5.38. Plasma sprayed YSZ, applied with a bondcoat, exhibited higher adhesion 

strengths than IPS MBTBCs. Between the IPS MBTBCs, the bond strengths of IPS-N2 

MBTBCs are higher than those ofIPS-O2 MBTBCs. 

60 

0 
YSZ 

with bondcoat 

Figure 5.38 Adhesion strength of plasma sprayed YSZ with a bondcoat and MBTBCs 

In respect of the measured data presented above, it may not be concluded that YSZ 

exhibits higher adhesion strengths than MBTBCs because adhesion of the MBTBCs 

specimens was not optimized. Optimization would include preheating of the substrate, 

use of various sand/grit blasting agents, etc. However, the higher adhesion sh·engths of 

the IPS-N2 MBTBCs compared to the IPS-O2 MBTBCs can be explained with a role of 

the oxide in the adhesion. As discussed in the section 5.1.3, the wetting behavior between 
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oxidized molten particles impinging on the already deposited splats results in poor 

interlamellar contacts in IPS-O2 MBTBCs. In consequence, the poor interlamellar contact 

is possible for the low adhesion strength in the coatings. 

5.5.3 Toughness 

The fracture toughness of MBTBCs was tentatively assessed from crack propagation 

resistance measurements by indenting the coating cross-section with a Vickers indenter, 

under different loads, from 100g to 500g, applied for 15 seconds. However, no 

observable cracks were found after any of these indentations. SEM images of the cross 

sectioned MBTBCs are presented in figure 5.39. AU imprints in the figure were indented 

under the 500g load / 15 second duration condition. 

a) 500g for 15sec b) 500g for 15sec c) S00g for 15sec 

d) 500g for 15sec e) 100g for 15sec 

Cracks developed 
by Vickers indentation 

Figure 5.39 The Vickers imprint on IPS-N2 MBTBCs each sample, as-sprayed a), heat 
treated at b) 550°C, c) 650°C, d) 850°C, and e) conventional YSZ coating by DC plasma 
spraymg. 
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After application of indentation, no measurable cracks were seen to be developed 

around the indented areas on IPS-N2 MBTBCs, either before and after HT, while a 

sprayed YSZ coating showed measurable cracks in the coating, developed after Vickers 

indentation at a load of only 1 00g for 15 seconds. 
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CHAPTER6 

CONCLUSIONS 

The concept of metal based thermal barrier coatings (MBTBCs) is presented and 

demonstrated using induction plasma spraying (IPS) of titanium and iron based, 

nanostructured alloy powders. The concept was initiated to develop a new generation of 

TBCs with enhanced mechanical properties of metallic based materials, thus 

differentiating them from current ceramic-based TBCs (CBTBCs). 

The key experimental observations and conclusions of this work are listed below: 

1. Amorphous structured MBTBCs were produced by using thermal plasma spraying of 

iron based nanostructured alloy powders. 

2. Thermal diffusivity (TD) of the amorphous MBTBCs mcreases twice when the 

crystal structure changes from amorphous to crystalline accompanying with phase 

precipitations after heat treatment at 550°C for 1 hr under argon atmosphere. 

3. Thermal conductivity (TC) of the amorphous MBTBCs is calculated from their TD 

values, and the lowest TC obtained is 1. 99 W/mK and is dominated by the electron 

contribution; the phonon contribution is relatively small in MBTBCs due to the 

amorphous configuration in the crystal structure. 
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4. The low TC was obtained because of the increased phonon scattering by the 

amorphous structure m the coatings so that the phonon contribution to TC was 

suppressed. 

5. MBTBCs exhibit enhanced mechanical properties compared to YSZ based TBCs, 

which have; CD A doser thermal expansion coefficient (TEC) to aluminum alloys or 

grey cast iron (2) Higher toughness, or crack propagation resistance at least, as 

demonstrated by the Vickers indentation technique. 

Leaving out the above achievements from the work of this study, some critical 

challenges are still unresolved and remam. This includes the thermal stability of 

MBTBCs. As shown in the thesis, thennal and mechanical properties of MBTBCs are 

currently reliable only up to 500°C because of the intrinsic properties of the raw material 

used in this study (the Nanosteel powder). As-sprayed MBTBCs have crystallization 

temperatures of around 550°C from its amorphous state, which means that all thermal and 

mechanical properties are changed if working temperatures of the MBTBCs exceed 

550°C. For the LHR diesel engine application, an effort should be placed in order to 

increase the crystallization temperature of the material with chemical component 

modifications. According to the work done by [Liu 2005] [Janlewing 2001], glass 
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formability and the suppression of crystalline phase formation could possibly be 

increased with the addition of some rare earth elements into the composition. If 

crystallization temperature of metallic glasses can be increased up to 627°C, then it will 

be more promising to work further on the MBTBCs study for diesel engine applications. 

However, current MBTBCs would still be applicable into some systems which has a 

working temperature below 550°C. In this respect, an aluminum engine block for 

gasoline engines can be a good application for the research results with the current 

MBTBCs which can benefit from its much lower working temperature than diesel 

engmes. 
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