
INFORMATION Ta USERS

This manuscript has been reproduced from the microfilm master. UMI films the

text directly trom the original or copy submitted. Thus, sorne thesis and

dissertation copies are in typewriter face, while others may be from any type of

computer printer.

The quality of this reproduction is dependent upon the quality of the copy

submitted. Broken or indistinct print, colored or paor quality illustrations and

photographs, print bleedthrough, substandard margins, and improper alignment

can adversely affect reproduction.

ln the unlikely event that the author did not send UMI a complete manuscript and

there are missing pages, these will be noted. Also, if unauthorized copyright

material had to be removed, a note will indicate the deletion.

Oversize materials (a.g., maps, drawings, charts) are reproduced by sectioning

the original, beginning at the upper left-hand corner and continuing from left ta

right in equal sections with small overlaps. Each original is also photographed in

one exposure and is included in reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced

xerographically in this copy. Higher quality sn X gn black and white photographie

prints are avaifable for any photographs or illustrations appearing in this copy for

an additional charge. Contact UMI directly ta arder.

Bell & Howell Information and Leaming
300 North Zeeb Raad, Ann Arbor, MI 48106-1346 USA

800-521-0600





e·•

REACTIVE PLASMA SPRAY FORMING
OF AI-TiAl3 COMPOSITES

USING A TRIPLE PLASMA SYSTEM

by

Majid Entezarian

Deparlmenl a/lv/ining and Iv/elaflurgica/ Engineering

McGill University. îvlontreal

June 1997

A Thesis submitted ta the

Faculty of Graduate Studies and Research

in partial fulfilment of the

requirements orthe degree of

Doctar of Philosophy

© Majid Entczarian, 1997



1+1 National Ubrary
of Canada

Acquisitions and
Bibliographie Services

395 Wellington Street
Ottawa ON K1A ON4
Canada

Bibliothèque nationale
du Canada

Acquisitions et
services bibliographiques

395. rue Wellington
Ottawa ON K1A ON4
canada

Vour fïIe Votre rs'srsnes

Our file Notrs rs'érencs

The author has granted a non­
excl~welicenceanowIDgilie

National Librcny of Canada ta
reproduce, loan, distnbute or sell
copies of this thesis in microform~

paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author' s
permISSIon.

L~auteur a accordé une licence non
exclusive permettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de cette thèse sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conseIVe la propriété du
droit d~auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

0-612-36975-7

Canada



••

••

Ta

Maryam

and

Parsa

11



••

••

ABSTRACT

Composite materials can be produced through a novet process knO\Vll as reactive plasma

spray forming. This technique was used ta fabricate Al-TiAl] composites by injecting both

Al and TiC14 vapor inta a triple plasma system. The microstructures of the AI-TiAI:;

composites were compared with those ofmore conventional processing routes. The resulting

microstructures were strongly dependant on processing method. The cast microstructure

exhibited an acicular morphology ofTiA13 in an Al matrix. Composites produced by powder

metallurgyand vacuum plasma spray contained coarse equiaxed particles of the intermetallic

phase \vhereas the microstructure of the reactive plasma sprayed material was very unitàrm

and exhibited a very fine dispersion ofTiAl} in the matrix.

lt \vas demonstrated that the atomization process occurring prior to AI-TiCl4 reaction has

a strong effect on the product due ta its control over the average particle size and

consequently on the temperature of the plasma atomized particles. It was observed that

coarse particles «1 00 ~m) react only on the surface. Particle temperatures higher than

1340°C produce a unitàrrn microstructure \vhile lower temperatures result in only surface

reacted particles. The study sho\ved that the alignment of the plasma torches. small wire

diameters. proper power ta Al feed rate ratio. and the use ofan accelerating nozzle decrease

the average particle size of the sprayed materials.

A non-uniform distribution ofTi was observed across the deposits produced through reactive

plasnla atomization and was attributed ta non-unitorm particle size. temperature. and

velocity distributions across the atomization plume. Chlorine \vas detected in the producL

and varied from 0.3 to 1.3 \\1(% depending on the experimental conditions. The chlonne was

reduced to 0.1 \\10/0 through vacuum sublimation after removai from the reaction chamber.

The reactively produced bulk materials \Vere porous and required further consolidation

through hot roUing. The hot rolled and annealed materials tested at room temperature retain

750/0 oftheir strength aller annealing for 196 hours at 300°C. The TErvl analysis revealed the

presence of very fine (60 nm) intermetallic phases in the microstructure after annealing at

300°C. The stability of such fine precipitates suggests that AI-TiAIJ composites \vould offer

superior high temperature mechanical properties in comparison with conventionai Al a11oys .
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ABSTRAIT

Les matenaux composites peuvent être produits grâce à un procédé connu sous le nom de
"fabrication par projection réactive au plasma". Cette technique a été utilisée pour la fabrication
de composites AI-TiAl3 en injectant de l'aluminium et de la vapeur de TiCI~ dans un système de
triple torche au plasma. Les microstructures des composites AI-TiAI3 ont été comparées à celles
issues de procédés conventionnels. Les microstructures obtenues se sont avérées fortement
dépendantes du procédé utilisé. La microstructure des matériaux coulés démontrait une
morphologie aciculaire de TiAl3 dans llne matrice d'aluminium. Les composites produits par
métallurgie des poudres et par projection par plasma contenaient de larges grains intennétaUiques
équiaxes. alors que les composites issus de la projection réactive au plasma avaient une
microstructure dans laquelle il y avait une dispersion très uniforme et fine de TiAI} dans la
matrice.

Il a été démontré que l'étape d'atomisation qui a lieu avant la réaction AI-TiCI~ avait une influence
importante sur le produit finaL grâce entre autre au contrôle qu'exerce cette étape sur la taille et
la température des particules atomisées. Les grosses panicules (> 100 ,um) n'ont montré des
signes de réaction qu'à la surface. Les particules avec une température plus élevée que 1340°C
donnent des microstructures unifonnes. alors que celles avec une température inférieure ne
résultent qu'en des particules avec une réaction de surface. L'étude a révélée que l'al ignement des
torches. les fils de petits diamètres. un rapport adéquat de la puissance sur le débit massique
d'aluminium. ainsi que l'utilisation d'une tuyère d'accélération. tendaient tous à diminuer la taille
moyenne des matériaux atomisés.

U ne distribution non-uniforme de Ti a été observée à travers les dépôts produits par déposition
réactive par plasma. Celle-ci est reliée à la non-uniformité des tailles, de la température. et de la
distribution de vitesse des particules à travers la zone d'atomisation. La présence de chlore a été
détectée dans le produit. dans des proportions de 0.3 à 1.3 %pds dépendamment des conditions
expérimentales. Le niveau de chlore a été réduit à 0.1 %pds grâce à l'utilisation d'une chambre
de sublimation sous-vide après la déposition par plasma.

Les matériaux produits par déposition réactive était poreux et néceSSItaIent une étape de
consolidation subséquente (déformation à chaud). Les matériaux déformés à chaud et ayant subi
un recuit de 196 heures à 300°C ont conservé. lorsque testés à température ambiante. près de 75 %
de leur résistance à la traction initiale. Les analyses effectuées au MET ont révélé la présence de
phases intennétalliques très fines (60 nm) dans la microstructure après recuit à 300°C. La stabilité
de ces précipités tend à indiquer que les composites AI-TiAl3 pourraient offrir, à haute
température. des propriétés mécaniques supérieures lorsque comparés aux alliages d'aluminium
conventionnels .
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CHAPTERI

INTRODUCTION

A thennal plasma can easily be created by discharging a D.C. current into any fluid such as

argo~ nitroge~ heliurnand water. Therefore, a power supply, two electrodes, and a plasma

forming gas are required. Because of the eleetric discharge, an arc is established between the

eleetrodes operating at very high temperatures. This type ofthennal plasma is usually referred

to as D.C. plasma. A spark plug can be considered as a very simple design of a plasma torch.

Industrial plasma torches are much more complex since they should be in operation for a very

long time, thus they require a very efficient electrode cooling system and durable electrode

materials. A thermal plasma torch is a tool for converting electrical energy ta thennal energy,

and in which the plasma fonning gas is as a member of the electrical circuit. It is an excellent

tool for gas heating, with an estimated efficiency of75%, and cannat be easily obtained using

other devices.
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Another method of thermal plasma generation is by inducing electrical energy into a plasma

forming gas at high frequencies called induction plasma. The equipment required for

induction plasma generation is very similar to that of induction melting and uses a plasma

forming gas instead of rnetal charge. The great advantage of the induction plasma is not

having any electrode in contact with the high temperature plasma environment thus providing

a diversified plasma forming gas selection. Induction plasmas are usually operated at lower

jet velocity than D.C. plasmas and injected particles obtain a lower velocity in induction

plasma. Therefore, a longer residence time is expected for the particles. This is an advantage

when thermal plasma is used for chemical reactions. However, a low jet velocity is not very

desirable for spray deposition since lower jet velocity usually results in a porous coating. In

this study only D.C. plasmas were used and induction plasmas will not be discussed any

further.

•• Introductioll Chapter 1

••

A thermal plasma jet is very similar to a combustion flame but operates at higher

temperatures, approaching 15,000 K, whereas a combustion flame operates around a

maximum of 3,000 K. In comparison with thermal plasma systems, a large volume offossil

fuel and air or oxygen is required for combustion, which raises significant environmental

concerns. Thermal plasmas have found applications in: Ci) spraying to form protective

coatings, which will be discussed in details in Chapter two~ (ii) waste destruction: (iii) gas

heaters; (iv) spherodization will be covered in Chapter five: and Cv) materials synthesis, which

will be covered in more detail in Chapter six. Both fiame and plasma spraying have been used

for spray deposition. Flame spraying has limitations in production of dense refractory coatings

such as: zr02 or W whereas, plasma spraying can easily produce such high quality coatings.

Currently, thermal plasmas are emerging for waste destruction applications. The mam

advantage is low off-gas production, and effectiveness in destruction of very stable chemicals

such as PCBs. Irregular powders cao be injected into a thermal plasma and tum into spherical

powders, which have several processing advantage over irregular powders.
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The literature is full ofresearch information on using thermal plasmas for materials synthesis.

Surprisingly, only one process has been commercialized known as the "Tioxide process"

which is used for the production ofTi02 through oxidation ofTiCl4 in an oxygen plasma. The

subject of this study, i.e. "the reactive plasma spray forming of Al-TiAl3 composites", is

ranked in this group of thermal plasma applications. The basic idea in this approach is to

produce a compound ofAl and Ti. However, the source ofTi is not Ti Metal but TiCl4 which

is a precursor used in the production ofTi Metal. As a stage in Ti extractive metallurgy, Ti02

is chlorinated to form TiCl 4 which is then reduced by Na or Mg (Kroll's process) to produce

Ti Metal. In this study TiCl4 is reduced by Al which is easily available and is cheaper than Na

or Mg. In addition, the product ofthis reduction process (i.e., Ti) is incorporated with AI,

to produce Al-TiAl3 composites.

• Introduction Chapter 1

•

Previous studies have shown that a very high temperature (above 2000 OC) is required to

produce an Al-50 wt.% Ti alloy using TiCl4 and Al. The very high temperature required for

the reduction reaction justifies the use of a thermal plasma device. Due to the very short

residence tinte ofparticles in a plasma jet, high particle temperatures are not usually attained.

Very fine particles (1-5Ilm) are required if high particle temperatures must be achieved.

Injecting 50 fine particles into a viscous media such as a plasma jet is very difficult.

Therefore, Al and TiCl4 were injected into the apex ofa triple plasma system and the products

were collected on the surface of a water-cooled substrate.

Among the various methods available for feeding Al (Le., as wire, powder, or molten), wire

feeding was found the most reliable method since a precise feed rate was achieved. Wire

feeding brought a completely new step into the overall process as the plasma atomization

step. Al wire had to be melted and atomized into very fine particles prior to its reaction with

TiC14• The idea ofplasma atomization is very new and no data are available in the literature.

One ofthe achievements ofthis study was the development ofthe plasma atomization process

to produce high quality powders with an average particle size of 50 Jlm. Chapter five is
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dedicated to plasma atomization and the effects of various process parameters on particle

size, size distribution, and morphology of the powder will be discussed. Plasma atomization

is ofcommercial interest and has been qualified for patents in the USA and Canada.

•• Introduction C/zapter 1

••

Al-TiAl3 composites, as they are referred to in this thesis, are Al-ID wL%Ti compositions.

They may be called Al-Ti alloys however, since they comprise about 30 voL% ofTiAl3, their

microstructures are very similar to those of particulate composites. The interest in Al-TiAl3

composites is because oftheir high temperature mechanical properties. AI-TiA13 composites

produced using mechanical alloying (MA) have been shown in literature to exhibit superior

high temperature mechanical properties to Al alloys. Most Al alloys lose their mechanical

strength at high temperatures, since their strengili is achieved through fine precipitates, which

redissolve in the matrix at these temperatures. Al-TiAl) composite can cornpete with sorne

ofTi alloys already used in aerospace industry since they offer a higher specifie stiffiless than

Ti alloys thus a significant weight reduction is achieved for structural components.
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CHAPTER2

Literature Review

2.1. INTRODUCTION

In this chapter a general background will be presented on subjects associated with plasma

atomization and reactive plasma atomization. as weil as AI-TiAl] composites. The overall

background infonnation is very broad for this research program thus it was decided to bring

the literature review on gas atomization into Chapter five. This chapter covers tapies

including: plasma fundamentals. thermal spraying, spray forming, and reactive plasma

spraymg.

2.2. FUNDAMENTALS

Plasma may be defined as the fourth state of matter which consists of a mixture of electrons.

heavy ions, photons, excited atoms, and neutral particles. Overall, this mixture should be

electrically neutral in order to be considered a plasma. From a physical point of view,
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materials in the plasma state share similar charaeteristics to a conductor, such as a Metal.

Luminosity is another characteristic of a plasma which results from the retum ofthe excited

species to their ground state fol1owed by photon emission. From a chemical point ofview,

it is considered as a high temperature reactive medium with high reaction kinetics. The high

energy content ofplasma compared to that of other states of matter has been the centre of

attention for its industrial application.

• Literature Review Chapter 2

•

The temperature of particles in a plasma (molecules, atoms, ions, or eleetrons) as in any

gaseous medium is defined by the average kinetic energy of the species, i.e.,

Y2 mv2 = 3/2 kT

therefore, the temperature of a species is a function of its mass and its velocity. It can be

expected that the temperature of the electrons (Tc) and heavy ions (T J will be different [1].

However, this temperature difference can be equilibrated by collisions in the plasma. The

extent ofthese collisions (as is true for gaseous medium) can he defined as a funetion of the

energy acquired by the electrons from the electrical field (E) and the pressure (p) of the

system thus

This relationship shows that the parameter E/p plays an important role in determining the

kinetic equilibrium in a plasma. For a small value of E/p the electron temperature approaches

the heavy particle temperature which is one of the criteria for local thermodynamic

equilibrium (LTE) in a plasma. In general, plasmas are created over a wide range ofpressures

and it is more suited to classify them in terros ofeleetron temperatures and electron densities.

In this regard, cold plasmas are those plasmas which are operating in a pressure range of 10-4

and 1 kPa. These plasmas are characterized by an electron temperature around 104 K and

heavy particle temperature close to ambient temperature. For example, fluorescent lamps are

6



cIassified in this group of plasmas. In contrast thermal plasmas, used in this study, approach

astate ofLTE where the electron temperatures on the arder of 10.J K with electron densities

ranging from 1021 ta 1026 m-3
. Thermal plasma will be the focus ofthis study.

•• Literature Review Chapter 2

2.2.1. GENERATION OF THERMAL PLASMA

Thermal plasma can be generated using: arc discharge, induction, laser, and nuclear reaction.

D .C. plasma torches are devices for plasma generation using an arc discharge mechanism.

These torches require two electrodes, power, water cooling, and a plasma forming gas. The

arc discharge is the most common type of electrical discharge and has been used widely in

industry ta create a thermal plasma environment. The arc is established between !WO

eleetrodes, an anode and a cathode by ionizing the plasma forming gas flowing between the

anode and the cathode. As a result oftrus ionization, a conductive environment is created for

charge transportation between the electrodes. As a results of the ionization of the plasma

forming gas, high temperature is attained and a plasma state is formed. A very simple

schematic of a thennal plasma torch is shown in Figure 2.1.

Plasma fonning gas

Anode (+) Cathode (-)

••
Plasma jet

Figure 2.1 Simple schematic ofa thermal plasma
generating device.
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2.2.2. CflARACTERIZATION OF THERMAL PLASMAS

Chapter 2

Two important outputs of thermal plasmas are temperature and velocity. These two outputs

are a function of plasma variables such as plasma gas, plasma gas flow rate, plasma power,

and plasma torch design. Unlike a unifonn temperature distribution in a metallurgical fumace

or reactor, the temperature in a plasma jet changes sharply as a function of distance

longitudinally and radially outside of the plasma torch.

2.2.2.1. Temperature Distribution in a Thermal Plasma

The temperature ofa thermal plasma depends mainly on the degree of ionization which is, in

turn, affected by the variables mentioned earlier. A typical temperature distribution in a

plasma jet is shawn in Figure 2.2. The temperature of the plasma jet decreases as a result of

recombination and entrainment of the surrounding gases. The temperature drop in the

transverse direction of the plasma jet is decreasing from approximately 10,000 K to about

1,000 K (over a distance of) few millimetres.

T= 1000 K

Figure 2.2 Temperature distribution in a typical thermal plasma jet.••
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2.2.2.2. Velocity Distribution in Thermal Plasmas

Chapter 2

Currently, thermal plasmas are used as a tool for material processing. A knowledge of

temperature and velocity distributions in such tools would be very useful for industrial and

academic reasons. An example ofvelocity distribution in a typical thermal plasma is shown

in Figure 2.3 [2]. It can be seen that the gas velocity decreases significantly in the radial

direction Cr) from 600 to 100 mis over oruy 5 mm from the centre line of the torch exit.

Similarly, the plasma jet velocity drops longitudinally (x) from 600 to 200 mis in a 10 cm

distance from the torch exit.

Plasma jet velocity determines the particle residence time in the plasma jet. The particle

plasma jet velocity, in turn, defines the maximum particle temperature during plasma

processing. For plasma spraying ofrefractory materials, a high energy is required for melting

and a long residence time is preferred, while for plasma sprayjng of low rnelting (low energy

required for melting) a short residence time is recommended to avoid vaporization. The most

important characteristic of a thermal plasma jet is its non-uniformity. It is almost impossible

for a radial injection system to provide the injected particles with the same path in the plasma

jet. Therefore, particles obtain various velocities and temperatures during processing.

r (mm)

100 ms

••

15

~L..-~g::::::~~==::==;:===---~

600 500 400

Figure 2.3 Velocity distribution in a typical thermal plasma jet.

100

y (mm)

9



The plasma spraying field has been the main user of thermal plasma torches. The coatings

produced through thermal spray processes reflect the process capabilities. Reactive plasma

spraying and plasma atomi7ation are very similar to general thermal spraying which will be

reviewed here.

•• Literature Review Chapter 2

••

2.3. THERMAL SPRAYING PROCESSING

Thermal spray processing is an established means offorming coatings of thicknesses greater

than about 50 Ilm. A wide range of materials can be thermal sprayed for a variety of

applications, ranging from gas turbine technology to the eleetronics industry. Thermal sprayed

coatings have been produced for at least 40 years, but the last decade has seen a revolution

in the capability of the technology to produce truly high performance coatings of a great range

ofmaterials on many different substrates[3].

Plasma spraying was originally developed ta provide protective coatings onto surfaces of

other materials. These protective coatings can be classified for chemical, mechanical and

electrical applications. Most attempts have focused on structural applications providing high

corrosio~ oxidation and wear resistance. Plasma spray deposition offers unique features for

the production of thin sections of materials which cannot be easily produced by other

manufacturing processes. Although the use of advanced thermal spray coating methods has

largely gained recognition within the aircrafi industry, recently, many more applications of the

technique have demonstrated its versatiIity. These include protection from wear, high

temperatures, chemical attack, and environmental corrosion protection in infrastructure

maintenance engineering. Of greatest importance, and making thermal spray processing

uniquely important to the engineering community, are: Ci) wide spray pattern resulting from

a wide spray beam; (ii) high throughput versus other competitive techniques; (iii) significantly

improved process control; Civ) lower cost-per-mass of applied material together with overall

competitive economics.
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2.3.1. Thermal Spray Processes

Chapter 2

••

The principle behind thermal spray is to melt feed rnateriai (wire or powder), to accelerate the

melt, to impact on a substrate where rapid solidification and deposit build-up occue The raw

material, in the form of a powder, is melted and propelled in the effluent of a jet. A large

body ofliterature exists on the wide diversity ofmaterials used as thennal spray feedstock

[4] [5]. Many different types offerrous alloys are thermal sprayed, including stainless steel and

cast iron. Light metal alloys are thermal sprayed~ for example, titanium and aluminum alloys.

Copper alloys, including a wide range ofbronzes are sprayed, as are reactive metais including

niobium and zirconium. In recent years, and very important both industrially and scientifically

intennetallic alloy powders have been plasma sprayed in environmental chambers, for

example, on niobium as oxidation-resistant protective coatings and as free-standing fonus.

Wide ranges of cermets are available plasma sprayed which produce very high strength

deposits. Novel ceramics, glasses, and various high performance materials have been recently

available. These materials will be the basis for new plasma spray applications in the future.[6]

In addition, a heat source and a means of accelerating the material are required [7]. The high

temperature for meiting is achieved chemically (through combustion) or electrically (an

electric arc), which aiso play the role of accelerating the molten particles to the target

substrate, where the material solidifies, fonning a deposit. The deposit is built-up by

successive impingement of these individual flattened particles or splats. Thermal spray

processes are distinguished on the basis ofthe feedstock characteristics, (wire or powder) and

the heat source employed for melting. Two important characteristics of powders in a plasma

jets are powder velocity and temperature. Both of these parameters in a thermal plasma jet

depend on: (i) plasma forming gas composition, (ii) plasma forming gas flowrate, (iii) torch

design, (iv) distance from torch exit, Cv) and plasma power. In addition, the characteristics

of the powder are important. In this regard, powder size, shape, density, and its thermal

Il



its thennal properties are important. It is not within the scope of this study to discuss the raIe

of these factors on the particle temperature and velocity. However, it is believed that the

effect ofparticle size on particle temperature and velocity is an important factor determining

the composition and microstructure ofthe reactively produced deposits.

• Literature Review Chapter2

Effect ofParticle Size on Particle Velocity

The velocity ofthe powder particles is directly proportional ta the plasma jet velocity. The

effect ofparticle size on particle velocity is shawn in Figure 2.4 [8]. Smaller particles ohtain

higher velocity than coarser particles in the plasma jet. It can he seen from Figure 2.4 that 28

Ilrn decrease in average particle size results in a 50 mis higher particle veIocity. Smaller

particles accelerate and decelerate faster than coarser particles.
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Figure 2.4 Mean particle velocity as a function ofparticle size ofWC-Co.
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Effect ofParticle Size on Particle Temperature

Chapter 2

Proper heating (melting) of powder in plasma jet is a key factor detennining the coating

quality. Particle overheating results in evaporation and materialloss while unmelted particles

act as inclusion in the coating microstructure. The effect of particle size on particle

temperature as a function ofdistance in the plasma jet is shown in Figure 2.5 for WC-Co[2-

8].
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Figure 2.5 Temperature ofWC-Co particles as a function ofparticle size in an argon
plasma jet.
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2.3.1.1. Combustion Flame Spraying

2.3.1.1(a) Conventional Flame Spray

Chapterl

•

In combustion flame spraying, compressed air or oxygen is mixed with a fuel, (e.g.,

acetylene, propylene, propane, hydrogen), to bath melt and accelerate the molten particles.

Traditional flame spraying yields low performance coatings and it is not employed where high

density, well-bonded coatings are required. The reasons for these deficiencies are related to

the relatively low flame velocity of about 50 mis and the low temperature achieved, within

the combustion flame, which is below 3000 oC. Combustion flame spraying uses either

powder, wire or rad as the feedstock material and has found widespread usage around the

world for its relative simplicity and cast effectiveness.

l.3.1.1(h) High Velocity Oxy-Fuel Spraying (HVOF)

A novel variation on combustion spraying has had a dramatic influence on the field of thermal

spray. This technique is based on special torch designs in which a compressed flame

undergoes free-expansion upon exiting the torch nozzIe, thereby experiencing dramatic gas

acceleration to perhaps over Mach 4[9]. By properly injecting the feedstock powder

concentrically with the flame, the particles are subjected to velocities so high that they will

achieve supersonic values. Therefore, upon impact onto the substrate, the particles spread out

very thinly and bond weil ta the substrate and to ail other splats in their vicinity yielding a

weil adhered and dense coating comparable ta plasma sprayed coatings. It should be noted,

however, that the powder particles are limited in the temperature achieved due to the

relatively low temperature ofthe combustion flame. It is, therefore, not currently possible to

process refraetory ceramics using, this technique. However, ofparticular importance is the

fact that HVOF hard facings (e.g., WC/Co) have hardnesses and wear resistances superior

ta such rnaterials plasma sprayed in air.
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2.3.1.2. Arc Spraying

Two-Wire Electric Arc Spraying

Chapter 2

•

This process involves two current-carrying electrically conductive wires fed into a common

arc point where melting occurs[IO]. The molten material is continuously atomized by

compressed air forming a spray ofmolten metal with a very high material throughput, as high

as 40 kglhr. This is the highest rate in standard industrial level thermal spray guns which

yields highly cost effective spraying of corrosion resistant zinc and aluminum in the marine

industry and for infrastructure applications. Modern developments have led to electric arc

guns which can operate in inert atmospheres, using argon or nitrogen atomization and

spraying reaetive metals, such as zirconium and titanium for corrosion protection in the

chemical industry.

2.3.1.3. Plasma Spraying

A plasma spray gun operates on direct current, which sustains a stable non-transferred,

electric arc between a thoriated tungsten cathode and an annular water-cooled copper

anode[11]. A plasma gas is introduced into the gun and the electric arc from the cathode to

the anode completes the circuit forming a plasma jet, as shown in Figure 2.1. The

temperature ofthe plasmajust outside the nozzIe exit is effectively in excess of 15,000K for

a typical D.C. torch operating at 40 kW. The plasma temperature drops rapidly from the exit

ofthe anode, and therefore the powder ta be processed is introduced into the hottest part of

the flame. The powder particles, approxirnately 40 micrometers in diameter are accelerated

and melted in the flame on their high speed (100-300 rn/sec) path to the substrate, \vhere they

impact and undergo rapid solidification (106 K/sec). Plasma spray is used to form deposits

of greater than 50 micrometers of a wide range of industrial materials including nickel and

ferrous a1loys, refractory ceramics, such as aluminum oxide and zirconia-based ceramics.
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2.3.1.3(a) Vacuum Plasma Spray (VPS)

Chapter 2

•

Vacuum plasma spraying also known as low pressure plasma spraying process was developed

by Muehlberger in the early 1970'5 and gained widespread commercial use to replace

EB-PVD (electron beam physical vapor deposition) for the production ofhigh quality metallic

(MCrAlY) coatings in the mid-1980's[12]. For high perfonnance applications, in order ta

approach theoretical bulk density and extrernely high adhesion strength, plasma spray is

carried out in a reduced pressure (between 50 and 200 mbar) inert gas chamber. The plasma

jet velocity is increased within the reduced pressure chamber which increases the particle

velocity and upon impact enta the substrate a very dense coating is formed. The advantages

ofVPS over other thennal spray processes are: (a) capability of substrate preheating ta about

1000 oC with minimum surface oxidation; (b) higher particle velocity on impact which results

in a denser coating; and (d) possiblity of transferred arc cleaning of the substrate prior to

spraYing. A further major advantage of the VPS process is the ability ta process oxygen

sensitive material such as reactive metals, and intermetallic compounds[13][14]. For example,

considerable work has been carried out on the VPS processing of nickel aluminides and

molybdenum disilicide, which have potential uses in the aerospace industry. Sorne studies

have been published on the VPS processing of composites based on Ni3Al and MoSi2• High

density depasits are obtained and sorne promising toughness increases are found[lS]. There

is significant potential for VPS in the processing of intermetallics as bath protective coatings

and as free-standing forms. The disadvantages ofthis process are: (a) it is a batch process;

(b) its complexity; and (c) higher cast than conventional atmospheric process.

2.4. RECENTPROGRESS IN THERMAL SPRAYPROCESSES

Traditional plasma spray guns are gas vortex stabilized and operate in the 40 to 80 kW power

range. By using water stabilization it is possible to operate at considerably higher power

levels, in the range of 160 kW and beyond, allowing a material throughput ofsome 30 times
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that ofgas stabilized torches [16]. With this enhanced materiai handling capability it becomes

practical ta consider spray forming of structural shapes and high production thick thermal

barrier coatings such as those required in abradable seal applications.

• Literature Review Chapter2

•

At the other end of the thermal spray speetrum is the limitation in obtaining thin films. A

major limitation oftraditional thermal spray technology bas been the thinness of a deposit

could be fonned. Fine-sized feedstock particles ( >5 Ilm) would be required for the

production of thin films. To force fine particles ioto such a flame would require increasing

the carrier gas pressure, leading ta increased flame turbulence, and thus ta a disturbed particle

trajectory. These problems could be largely solved by using axial injection of the material

feedstock. New axial-feed plasma gun designs can avoid many of the limitations imposed by

non-axial plasma devices. The operation of one such axial gun is based on "eleetromagnetic

coalescence" (EMC), alIowing four off-centered coalescing 1 kW pilot plasmas to transfer

energy to a downwind central anode. The feedstock material in the form offine powder or

sol gel tluid is injected axially using essentially any carrier gas such as oxygen, hydrocarbon,

or a diamond-forming reactive gas enabling for example thermal plasma CVD reactions. The

nozzle is designed to preclude internai contact of the feed material with the internal diameter

ofthe anode[17].

2.5. PARTICLE-PLASMA INTERACTIONAND PROCESS CONTROL

Over the last decade a number of research programs have been examining particle-plasma

interactions, employing sophisticated diagnostic tools[18J [19]. These include laser-strobe

vision for particle trajectory and injection studies, enthalpy probe for plasma temperature

measurements, laser-Doppler velocimetry for detennination ofparticle velocity, and optical

pyrometry for particle temperature analysis.
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The interaction between a solid particle and the plasma jet is very important, because this

interaction should result in proper melting of the feedstock powder. The particle on its

introducton into the flame or jet must collect sufficient kinetic energy in order to accelerate

towards a substrate, and to absorb sufficient enthalpy from the flame to melt. In modelling,

the plasma effluent experiences no turbulence and the particle on entering the plasma jet

causes a change in the jet. However, the jet is generally non-Iarninar and the carrier gas which

transports the particle does disturb the jet, creating significant jet distortions. In reality,

thermal plasmas are very different from the ideal assumptions, making model building so

difficult.

Literature Review Chapter 2
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2.6. DEPOSITION DYNAMICS

Thermally sprayed deposits are comprised of cohesively bonded splats which result from a

high rate ofimpact and rapid solidification ofmoiten particles, ranging in size from 10-100

/lm [20]. The physicaI properties and behavior of such a deposit will be expected ta depend

on the cohesive strengths among the splats, the size and morphology of the porosity, the

occurrence ofcracks and defects and, finaIly, on the ultrafine-grained microstructure within

the splats themselves.

The microstructures ofthermally sprayed deposits are ultimately based on the solidification

of many individual molten droplets. A splat results when a droplet of molten materiaI, tens

ofrnicrometers in diameter melted in the flame strikes a surface, flattens out, and solidifies.

There are numerous considerations relative to the dynamics of deposit evolution during

thermal spraying. The physicaI aspects of splat formation deals with the spreading of the

molten droplet and its interactions with the substrate. These characteristics are affected by

the temperature of the splat, the splat viscosity, surface tension, as weIl as substrate

temperature and roughness. Splat morphology depends on particle velocity, temperature,

diameter and substrate surface profile. Further considerations involve the physical properties

18



of the splat~ which deal with cooling rate~ solidification criteri~ nucleation and growth of

crystals, and phase formation. The above aspects of splat formation and solidification are

complex., and interrelated.

: Literature Review Chapter 2
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Physical aspects of splat formation through heat transfer and mechanical models have been

described in considerable detail[21]. Two major splat morphologies have been reponed as

"pancake type" and "flower type". It has aIso been shown that splat morphology is affected

by the velocity ofthe impinging droplet. Increased velocity leads to enhanced flattening. and

spreading ofthe droplet. It was further shown that the splat shape factors influenced by spray

angle which have a strong effect on deposit characteristics, such as porosity, deposition

efficiency, and rnicrohardness.

The cooüng and soüdification rates for thennally sprayed deposits depend on the solidification

ofindividual spIats. Cooling rates as high as 107 Kls have been reponed for deposits sprayed

by air plasma spraying[22),[23]. Moreau et al. have shown cooling rate of 108 Kls plasma

spray deposition of molybdenum and niobium particles on conducting substrates using a

two-color pyrometer[24] [25]. This indicates that the splats undergo ultra-rapid quenching

during thermal spraying.

The high solidification rates and the G/R (degree of constitutional supercooling) values

suggest a plane front growth as the likely mode of solidification. Further, it has been shown

that texture is likely in these columnar solidified deposits because under high solidification

rates, it is expected that the fastest crystal growth direction will prevail. X-ray diffiaction

results from the reverse-side ofatmospheric and vacuum plasma sprayed nickel~ Ni-5%Al, and

molybdenum alloy deposits showed strong <100> type texture [26) .
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The model for microstructure development during thermal spray deposition suggests,

heterogeneous nucleation ofa solid phase followed by columnar growth. The high cooling

rates (rapid solidification rates) suggest massive or partitionless solidification via

supercooling. This associated with large undercooling is expected to result in considerable

soLute trapping and the formation of metastable phases. MetastabLe phases are a frequent

occurrence in thermally sprayed materials. Solid solubility extension has been reported in

numerous plasma sprayed systems, namely: Krishnanand and Cahn in AI-Cu. Bhat et al. in

Fe-C [27], and Sampath and Wayne in Mo-C [28]. Metastable and amorphous phases are

observed commonly in plasma sprayed ceramics; nameLy: gamma alumina, amorphous

cordierite, amorphous, hydroxyapatatite, tetragonai zirconia, etc. In addition to formation

ofmetastable phases, thermal sprayed deposits typically show nanometer to sub-micron grain

size distributions associated with rapid solidification[29]. AlI of the above features have

interesting implications for physical, and mechanical properties of the deposits.

Thermal spray condenses four processing steps, namely rapid melting, deposition, forming

and rapid solidification, into a single step. Rapid melting reduces the time that the molten

material is subjected to an undesirable environment resulting in less inclusions in the final

product. In the deposition step, the molten particle is transferred to the substrate, without

contacting any other material, over a very short time period. This is mainly because the

particles introduced into the plasma jet travel at high velocity ( i.e. close ta the velocity of the

plasma gas). The latter also provides a high impact energy to the particles, fonning a dense

coating upon impact with the substrate. Subsequently, trus elirninates any post mechanical

processing. Since forming occurs in a molten or semi molten state, defonnation is facilitated

to a large degree. Finally, through the rapid solidification step, a very fine microstructure, a

high degree of chemical homogeneity and a high mechanical strength are obtained. This is a

direct result ofthe high solidification rates associated with the process (106 °C/sec)[30],[31] .
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In addition, metastable phases with unique properties can result from rapid solidification;

providing an overall improvement in bulk properties. The dispersion potential of strengthened

materials benefit from the extension ofthe range ofsolid solubility and chemical homogeneity

inherent to the process. It should be noted that there is a variety of non-solid fed thermal

spray methods which can produce coatings and near-net-shapes. The most developed process

in this category is known as Osprey process.
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2.8. OSPREYPROCESS

Molten Metal

~__ Argon

--- Atomization

21

Most ofthe spray deposition processes are used to provide the base material with a protective

coatings. However, sorne spray deposition processes such as Osprey process have been

developed for the production ofbulk structures. In this process, molten material is directIy

atomized and spray formed ante a

mandrel moving in a trajectory designed

to produce the desired final part shape,

as show in Figure 2.6. While the

throughput of this method is high, the

melt particle velocity is not higl\ leading

to a structure of poor density, which

generally needs further post-deposition

processing.

( ( @ Deposition

Using this process, very fine Figure 2.6 Schematic of the Osprey process.

microstructure can be achieved with the

corresponding increase in component strength. In addition, complex materials such as Metal

matrix composites can be produced via the introduction ofparticles directly into the spray.

Therefore, the process offers the potential of high quality, at a reduced cost, due to a

reduction in post processing of the final components[32] .
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2.9. REACTIVE PLASMA SPRAYING
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In conventional plasma spraying, no reaction occurs in the plasma jet. The plasma energy is

used to melt and deposit materials on the surface of a substrate. By contrast in reactive

plasma spraying the plasma energy is used for melting, reaetion, and deposition. The starting

materials can be fed in the forro ofgas, liquid or solid to the plasma leading to the sYnthesis

of new materials. This, in general, can be divided in two main categories and are liquid-gas

and gas-gas reactions. In the gas-gas reaction, the reaction usually takes place in the flame

and the products are collected either on the substrate as a deposited layer or as a loose

powder. The concept ofgas-gas reaetion has been generally used to produce ultrafine nitride,

carbide and made ceramics, and also to synthesize composite materials. Table 2.1 summarizes

sorne of these activities.

Table 2.1. Reactive plasma producing of ceramie materiaIs.

Compound Starting Materials Plasma Type References

Si]N4 SiCl4 + NB]+ H2 RF/Arc Vogt[33] and

Yoshida{34]

AIN Al + NH3 RF Canteloup [351

TiN TiffiCl.: + N., RF Yoshida[361

SiC CH3SiCI] Arc Salinger[37]

SïH4 + CH.: RF Vogt[2.331

TiC TiCI.: + CH.: + H., Arc Kongf381

Al.,OJ AJJAlCl3 + 0., RF/Arc Barryf391

SiO., SiCI.: + 0., RF Audsley[40]
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The only commercial process using reaetive thennal plasma synthesis is the "Tioxide process~'

[41]. Titanium dioxide pigment is the product ofthis process and has applications as opacifier

in paints~ plastics and paper. The titanium dioxide pigment opacifier should be in a size range

of0.25 Ilm, have a narrow particle size distribution, and free from metailic impurities. The

process is based on the oxidation of TiCI-t~

1 Literature Review Chapter 2

(1)

,

and is an exothermic reaction. Oxygen is the plasma forming gas which reaches a very high

temperature and reacts with TiCI-t (injected at the torch exit) to form TiO:!. This oxidation

reaction occurs at very high temperatures « 1OOO°C) thus very fine oxides are formed with

a high reaction rate. The main advantage of this process is to benefit from the gas-gas

reaction between O2 and TiCI 4 . TiO:! nucleates at high temperatures and quenches rapidly

resulting in a very fine size range particles. Similar approach has aIso been adopted for the

production ofZr02 where ZrCl4 has been used instead ofTiCI~ [42].

There is very littie literature[43],[44J. available on the synthesis ofmetailic materials using

reactive plasmas. Ronesheim et al [2.43] studied the formation of intermetallic phases such

as V3Si, VSi2, NbSi:!, NbGez, Cr3Si and M03Si in a D.C. argon plasma. The results ofthese

sets of experiments are summarized in Table 2.2. Tsunekawa et al. [2.44] used elemental

powders ofAl and Fe to synthesize iron aluminide by reactive low pressure plasma spraying.

He has also produced a TiN matrix containing Ti:!AlN particles by injecting elemental Al and

Ti powders to a D.C. plasma containing N~ in the plasma gas (45). Castro injected Si2H6 ,

CH4, and Mo powder into the plasma flame in order to form MoSi:! and strengthen it with SiC

[46). A lameIIar microstructure ofsilicide phase, identified as Mo3Sis, in a Mo matrix has been

reported. It is seen in most of the reactive plasma spray processes involving a liquid-gas

reaction that an incomplete reaction (only a surface reaction) takes place. Upon deposition

the reacted shell spreads out and forms a lamellar microstructure.
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Lu and Pfender used a triple plasma torch system to synthesis AIN by injecting a very fine Al

powder (1 to 2 Jlm) into Ar (6 Umin)-N2 (7 Urnin) plasmajets operating at 18 kWeach [47].

It is reported that Al peaks have been identified in the products mea..ni l1g that full conversion

ofAl to AIN did not occur. It has been mentioned that the main goal of using a triple plasma

configuration is the capability of the process to feed very fine powders thus complete

evaporation of particles are achieved. No data have been reported for the Al feed rate

however, the power per liter of the plasma forming gas was estimated to be lA kWIL.
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Nagamori developed a computer model for mathematicaI simulation study of the TiCI.1-Al

reaction [48]. The main reaction has been expressed as

TiCI./g) + AIC/) = 2A1C1ig) + TiC/) (2.2)

,

where metaIlic Ti produced forms an alloy with excess AI metaI. In this model, the effects

oftemperature, pressure, dilution with argon gas, and TiCI./AI ratio have been studied on the

alloy composition and Ti recovery. Complete reactions between TiCl4 (g) and Al (1) and a

very long reaction time have been assumed for the mode!. One of these computer models is

given in Appendix 1. Using this model, it was concluded that at 4340 K one mole ofTiCl~

reaets with four moles ofAl to produce an Al alloy containing 50 wt.% Ti at one atmosphere

gas pressure. This corresponds to a 98.6% recovery of Ti from TiCI.;_

Furthennore, using this computer model, it is concluded that the Ti recovery is increased by

increasing the AlffiC14 ratio. However, it is not a strong function of temperature or pressure_

High AlfTiCl4 ratio produces an alloy with low Ti concentration while a high Ti recovery is

obtained. Lower pressure also favours slightly higher Ti recovery and a higher Ti

concentration but its effect is not very significant.
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Table 2.2. Experimental conditions and results for the preparation of the aIloys by reactive

plasma spraying.[2.43]

Powder Injection Power input plasmagas Product

Mixture rate,1Imm

Torch Transfer gas lImin

V, Si Ar 25 100A 150A Ar 14 40% VSi:!, 60% Si

25 V 55 V

V, Si Hz 10 700 A Ar 19 Productpyrophoric

45 V Hz 2 Metallic product in C-tube: VSi~

V, Si Ar 10 900 A Ar 20 50% V)Si. 50% V

25 V

Nb. Si Ar 20 900 A Ar 16 40% NbSi!. 60% Si

25 V Metallic product in C-tube:90% Nb~Si). 10%Nb

Nb, Ge Ar 25 900 A Ar 16 100% Ge

25 V

Nb, Ge ~ 10 700 A Ar 19 40% NbG~, 5% NbsGeJ , 55% Ge

45 V Hl 1.4

Nb)Ge Ar 10 SOOA Ar 24 Multiphase product containing Nb, Ge, GeOz•

25 V Hl 2.4 NbG~, and unidentified phases

Nb)Ge Ar 10 SOOA Ar 27 50% Nb, 10% Ge, 30%Nb)Ge (with a=5.156A)

25 V 5% Nb5G~, 5% NbG~

Cr. Si Ar 20 100A Ar 14 Multiphase product

25 V

Cr, Si Ar 15 900 A 150A Ar 16 90% Cr)Si

25 V 55 V

Cr)Si Ar 10 SOOA Ar 24 90% Cr)Sr, 5% CrSi!, 5% Cr

25 V Hl 2.4

Mo. Si Ar la 100A Ar 14 95% Mo. 5% Si

MO,Si 25 V

Mo)Si Hl 6 700 A 155 A Ar 19 90% Mo)Si (a = 4..915 A), 10% Mo

45 V 55 V H~ 2

Ar 10 SOOA Ar 24 35% Mo)Si. 35% MOsSi). 30% Mo

25 V Hl 2.4
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2.10. AEROSPACE REQUIRMENTS

Chapter 2

2.10.1. Density

Numerous research aetivities are currently involved in the development of advanced materials

for aerospace applications. Studies on various types oÏ aerospace vehicles have verified that

a reduction in density is the most important material property for achieving a better

performance[49J. Density is often three to five times more effective in reducing structural

weight than are proportional changes in strength, fraeture-toughness, modulus of elacticity,

or fatigue properties, as shown in Figure 2.7. Among the elements listed in Table 2.3, Ti

offers the highest weight saving as an aIloying element in Al for high temperature applications.
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Figure 2.7 The relative effects ofvarious material properties on reducing structural
weight in a Lockheed S-3 A aircraft.
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2.10.2. Microstructure

Chapter 2

1

Microstructural conditions necessary to attain maximum strength include a high volume

fraction ofinterrnetallics, a fine intermetallic particle size, a uniform particle distribution, and

a thermally stable particle. Fabricated products should exhibit the highest yield and tensile

strengths. Conventional metallurgical processes are not capable of producing such products.

The air-atomized powder ofAI-Fe-Ni-Co found to have the smallest, most unifonn particles

exhibited the highest strengths when compared with the argon splat and air splat material[50).

In the same study, it has been shown that alloys containing up to 25 vol.% second phase

show an increased strength-toughness relationship, while the reverse is observed for alloys

containing more than 25 vol.% second phase.

For elevated temperature applications, the aUoy microstructure must exhibit a prolonged

thermal stability, and the dispersed phase in the microstructure must be thermodYfiamicaIly

stable. Moreover, in order to maintain the alloy strength and, in addition to have acceptable

fracture properties, the dispersed phase should resist coarsening when the alloy is exposed to

elevated temperatures. The driving force for coarsening is a reduction in overall interfacial

energy ofthe system, and the mechanism for coarsening may be volume diffusion controlled,

grain-boundary or substructures diffusion controlled, or interface controlled. An ideal high

temperature Al alloy, therefore, would have the following characteristics [51]:

(a) low diffusivity of solute in the Al matrix,

(b) thermodynamically stable dispersed phase, and

(c) low interfacial energy between the matrix and the dispersed phase.
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2.11. HIGH TEMPERATURE AI-ALLOYS

Chapter 2

2.11.1. AI-Zr-V Alloys

Table 2.3 lists the volume diffusivities at 427°C for a number of alloying elements in AI. The

lowest diffusivity belongs to Zr. It forros a metastable L1 2 phase, Al3Zr, wrnch precipitates

at high temperatures. This phase is quite stable at normal solution treating temperatures and

is an effective grain refiner for AI-al1oys. The solid solubility limit ofZr in Al is very small.

Therefore, an effective high temperature alloy cannot be made by conventional ingot

metallurgy. With arc melting on a water cooled Cu cathode using a W electrode, the

solidification rate is fast enough to dissolve enough Zr ta give 1 voL% cubic AI3Zr on ageing.

Zedalis [52]showed that the mismatch between cubic AI3Zr and Al alloy matrix is reduced on

partially substituting V for Zr, reaching zero at approximately the AIlZrO.2Vo.s)

composition[531·
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AIloy System Maximum Solid Diffusivityat 427°C
Solubility, CR, at. % at.% cm2/sec

AI-Ti 0.8 3.86 xlO·15

Al-V 0.2 3.94 x 10-15

AI-Cr 0.42 2.3 x 10-14

Al-Mn 0.92 2.12 x 10-10

Al-Fe 0.026 1.12 x 10-15

Al-Co 0.45 2.15 x 10-Il

Al-Ni 0.023 8.4 x 10-15

Al-Cu 2.45 1.6 x 10-10

Al-Zr 0.07 6.6 x 10-17

Al-Nb 0.065 1.9 x 10-1~

Al-Mo 0.07 6.03 x 10-15
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2.11.2. AI-Fe-Si-VAlloys

Chapter 2

The leading high temperature commercial Al alloys developed so far are the Al-Fe-V-Si alloys

by Allied-Signal Inc. [54],[55J. and are made using planar flow casting. For example. alloys

FVS-0812 (with 8 %wt Fe, 1 %wt V and 2 %\Vt Si) and FVS-1212 (with 12 %wt Fe, 1 wt%

V and 2 wt% Si) display exceptionally high strengths at 3 15 °C and usable strengths upto

425°C. These alloys contain high-volume fractions ofsilicides that also increase the elastic

modulus. The dispersed silicides are so fine that they greatly contribute to high strength over

a wide temperature range.

2.11.3. Thernla/ Stability in the Al-TiAIJ Systenl

St. John et al. [56] studied the stability of an unidirectionally solidified Al-2 wt% Ti alloy by

annealing it for 24 hrs. at 435, 535, 635 and 660°C. They concluded that TiAl3 particles are

stable up to a temperature of about 500°C and above tbis temperature, the particles tend to

spherodize. They also reported a diffusion coefficient of 2 x 10-11 cm2 sec-l for Ti in Al at

635°C. Srinivasan et al. [57] followed another approach by mechanical alloying (MA) of Al

and Ti powders to prepare their specimens. It was concluded that TiAl3 occurs with the L12

structure. This structure is then transformed into an intermediate metastable DOn phase

during annealing, before transfonning ioto the stable 0022 phase. The lattice parameters of

these metastable phases and their mismatches with Al are reported in Table 2.4.
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The Al rich section of Al-Ti phase diagram ranging from 0.003 ta 0.015 % has been

interesting for casting ofAl aIloys. [59] Ti is widely used as grain refiner for Al aIloys. There

is no doubt that TiAl3 is an active nucleus for Al because it is found at the centers ofAl grains

and there is well-established orientation relationship between the lattices of the two

phases. [60]
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Ti in solution in the liquid metal at a concentration above about 0.15 at. % would be

expected to he precipitated as TiAl3 in the peritectic reaction shown in Figure 2.8.[61] In

this peritectic reaction, the liquid phase plus TiAl3 forro an Al solid solution, in which the

maximum Ti solubility is about 0.7 at. %. [62]
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Figure 2.8 AI-rich section ofAl-Ti phase diagram.
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2.11.4. Al-Ti System

Chapter2

•

Recent research has shown that rapid solidification and mechanically alloyed Al-Ti Alloys

have good ambient and elevated temperature properties [63],[64],[65]. The aluminide, TiAI3,

can be fonned either during solidificatio~ as a result of a periteetic transformation or during

precipitation from a Al-Ti solid solution as shown in Figure 2.S. A periteetic phase

transformation occurs at 665°C and 1.15 wt%, i.e., L + AIJTi - a(AI).[66] The exact wt.%

Ti contained in the tirst solid to form during the peritectic decomposition is reported to be

between 1.15-1.3%.[67] At the transformation temperature, Ti solubility in the liquid is 0.12

wt.%. TiAl3 has a body centered tetragonal structure, space group 14/mmm, with 8 atoms/unit

cell and lattice parameters ofa= 0.3851 nm and c= 0.86 nm with a density of3370 kg/m3.[68]

Precipitation ofTiA13 from a supersaturated solid solution has been reported to result in an

intennediate metastable semicoherent phase, TiAl/. This phase is believed to be similar to the

cubic Al3Zr' phase [2-67]; and may belong to the space group P6 3/mmc.[69]

2.11.5 Mechanical Properties ofAl-Ti aUoys

The MA Al-Ti alleys have been extensively investigated. [70], [71], [72], [73], [74], [75].

The modulus values were reported to be about 86 to 103 GPa. This shows a significant

advantage in specifie stiflhess at ambient temperature compared to either the eompeting Al­

Fe-X (X= V, Si) type Al materials or Ti-6242 alloy. Figure 2.9. shows this comparison vs

temperature. The MA Ti-Al has higher specific stifihess than other materials up to 371 0 C.

This is attnouted to the presence ofa significant amount ofTiAl3 which increases stiffuess and

to the minimal increase in density resultant from the Ti additions. The comparison of specific

strength ofMA Al-Ti alloy with other materials results in a lower strength than the Ti-6242

alley but lie within conventienal Al-alloys.
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Figure 2.9 Specifie stifihess for MA Al-Ti alloys compared to current and competitive
elevated temperature alloys. [2-70]

•

Mrchandani et al. [2-71] evaluated the creep-rupture properties ofMA Al-(O-12Ti) a1loys.

The results are summarized in Figure 2.10 (a) and show that alloys containing Ti exhibit

higher rupture strengths in the low temperature-high stress regime whereas at high

temperature, they exhihit lower rupture strengths. It can he concluded that the TiAl3

dispersoids exert a stronger influence in controlling the rupture stress at lower temperatures.

They have also found that elongation to fracture at room temperature decreases hy increasing

Ti content. The elongation to fracture behavior ofMA Al-alloys containing 0-12 wt.% Ti as

a function of temperature is illustrated in Figure 2.10 (b). MA Al exhibits a monotonie

decrease in ductility with increasing temperature before 200°C followed by increasing in

elongation ta fracture.
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This is the intrinsic characteristics offCC metal with high stacking fault energies i.e. crystal

structures with high stacking fault energy exhibit a decrease in ductility with increasing

temperature[76]. However~ these data contradict data reported in other literature,[77) where

the elongation to fracture increases with increasing temperature, i.e. this is more conventional

behavior, since plastic flow processes become easy with increasing temperature. On the other

hand, alloys containing Ti initially exhibit a decrease in ductility up to sorne intermediate

temperature, foliowed by an increase in ductility. That has been attributed to the presence of

TiAl3 particles and the constraint they can provide. It is also postulated that the TiAl3 particle

can develop a multi-axial stress state locally within Al grains in their vicinity altering the slip

behavior on planes of maximum shear stress (i.e. planes inclined at 45 a to the tensile axis).

Rence, slip occurs in a larger number of Al grains providing higher ductility.
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• CHAPTER3

OBJECTIVES

The objectives ofthis study were to:

•

1-

2-

3-

4-

Synthesize Al-TiAl3 composites through reactive plasma spraying using TiCI" Al powder, and

single plasma torch, in order to confirm previous findings reported in the literature.

Produce Al-TiAl3 composites through other metallurgical processes such as casting, powder

metallurgy, HIPping:r as weIl as vacuum plasma spraying for comparison with reactively

produced materials.

Synthesize ofAl-TiA13 composites through reactive plasma spraying using TiCl 4, Al wire or

molten Al, using a triple plasma system for comparison with products obtained using a single

plasma torch.

Charaeterize the powders produced by plasma atomization in terms of average particle size,

size distribution, and production rate; also, optimize the process parameters such as wire feed

rate, plasma power, and reactor geometry in arder ta obtain a suitable product for reactive

plasma atomization.
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•

5- Characterize reactive plasma atomization deposits in terms ofmicrostructural uniformity and

distribution of porosity through the deposit. Furthermore, ta develop the properties of the

deposits through a post treatment process such as HIPping or rolling.
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CHAPTER4

EXPERIMENTAL

PROCEDURES

4.1. Introduction

Two major experimental procedures were undertaken during this study: reactive plasma

spraying, and plasma atomization using a triple plasma configuration. Although single plasma

atomization was used, emphasis was placed on the triple plasma system.

Reactive plasma spraying was used to react Al with TiCl4 in a high temperature plasma

environment to produce Al-TiAl3 composites. Plasma atomization was studied in order to

produce very fine molten particles for the reaction since their sizes have an important impact

on the reaetion yield.

This chapter aIso describes experimental procedures used to measure the Ti, and Cl content

of the product, particle size distribution, porosity level, microstructural features, and

mechanical properties.
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4.2. Plasma Torch

Chapter 4

A non-transferred reverse-polarity (R-P) plasma torch was used throughout this study. The

conceptionai schematic ofthis torch is shown in Figure 4.1.· The electrodes of this torch are

tubular with 8 mm LD.. The plasma fonning gas introdueed between the eleetrodes is swirled

tangentially using a vortex generator. The R-P plasma toreh is a high temperature and

enthalpy heater. The torch converts electricity into heat via the Joule heating of a small flow

of gas that has been energized to the plasma state. The arc column in the plasma state is

stabilized within the core ofa rotating gas. The Joule-heated arc column of the plasma torch

Ptasmagas

+

••

Figure 4.1 Schematic ofthe non-transfer D.C. plasma torch used for plasma atomization and
reactive plasma spraying.

readily heats up the rotating gas that surrounds the column to high temperatures ranging from

2000 to SOGaoc .

• RPTI torch made by PERMA, a division ofPyroGenesis Ine.
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4.3. TiCI4 Injection System

Chapter4

TiCI" is liquid at room temperature and bolls at 140°C at atmospheric pressure. [7S] TiCl~ was

vaporized in a hot-box kept at a constant temperature of 350°C. This facilitates its

introduction into the plasmajet region and prevents quenching of the plasma to sorne extent.

In addition, better mixing with the plasma jet is achieved. The TiCI" vapor temperature after

exiting the hot-box and before entering the plasma jet was measured as 200°C. TiCI" liquid

was transported using prestaltic pumps while its vapor was carried with an Ar carrier gas. The

Ar carrier gas was also passed through the hot-box and heated to 200°C. The schematic set­

up ofthe TiCI4 injection system is show in Figure 4.2.

To Plasma Torches

t
TiCI.. + Ar

Figure 4.2 Schematic of the TiC14 injection system.•
Ar TiCl4 Tank

TiCl4 Vaporizer
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The mixture of Ar and TiC1.l was injected into the graphite nozzles and plasma jets using

molybdenum tubes, as shawn in Figure 4.3.

6mm 37mm .. ,

,

~.
8 mm: i i.....-- Graphite, ' :

~~ nozzle

~B~
Lt~'" Molybdenum

Tube

TiCI4

Figure 4.3 Graphite nozzle used to inject TiC1.l into the plasma jet stream.
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4.4. Reactive Plasma Spraying Using a Single Plasma System

C/tapter 4

••

The Al-TiAl3 composite was produced using a D.C. plasma torch, a cylindrical reactor, and

a graphite substrate. Figure 4.4 shows the experimental set-up. The reactants, Al powder

and TiCI~ vapar, were fed through two concentric tubes into the plasma region at the rate of

lOg/min and 20 ml/min, respectively.

The Al powder was injected ta the plasma regian using a Miller powder feeder Model 1251.

The liquid TiCI~ was the source ofTi. The liquid TiCI~ was pumped using a peristaItic pump

through stainIess steel tubing to an evaporator set at 200°C. The injection rate ofthe TiCI~

was controlled by the pump. The plasma fonning gas was pure argon, and the products were

colleeted as deposits from the graphite substrate and graphite sleeve around the plasma torch.

Anode

Deposnedlayer ~

~ /
'-~~
~_.

-~"iiiiiilii.water-cooled substrate

Figure 4.4 Schematic ofreactive plasma spraying using a single plasma torch and Al
powder as raw material.

41



•• Experimental Procedures

4.5. Reactive Plasma Spraying Using a Triple Plasma System

Chapter 4

TiCl4 was the source of Ti, whereas Al wires with two different gauges of 1/16" and 3/32"

diameters were used as the Al source. The raw materials were injected into the focal point

where multiple plasma jets converged, as shown in Figure 4.5. Liquid TiCl4 was first

evaporated and then injected into the plasma region. Experiments were performed with a

constant torch power of33 kW and 110 SLM ofargon per torch. The reaction products were

collected on the surface of a water-cooled substrate and neutralized with water before

collection. For each experiment, a precise sequence of steps was followed: (a) obtain a

vacuum level of O. 1 mbar inside the reactor, (b) purge several times with argon,

Plasma Torches

42
Figure 4.5 Schematic of the reactive plasma spraying.

AJuminum Spool

Water-cooled

Substrate

Deposit

T0 vacuum pum p
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(c) ignite aIl three plasma torches, (d) feed Al and TiCI4J Ce) spray-form the AI-Ti aIloys, and

(f) neutralize and recover the sample. The effect ofAIl TiCI4 molar ratio was varied to verify

the Nagamori model predictions[79]. The products were evaluated based on: (a) Ti and Cl

content, (b) distribution ofTi, and (c) porosity.

• Experimental Procedures Chapter4

•

4.6. Production of Al-TiAI3 Composites through other Processes

Al-TiAl3 composites are not commercially available. One of the objectives ofthis study was

to synthesize this material through a variety of metallurgical processes in order to provide

reference material for comparison with the reactively synthesized composites. The

understanding of the Al-Ti system, using other processes, could also provide a better

understanding of the reactive system. Therefore, apart from plasma spraying, casting and

powder metallurgy techniques were investigated as possible methods for producing Al-TiAI3

composites.

4.7. Plasma Spraying

4.7.1 Starting Materials

A premixture ofelemental powders ofAl, with an average particle size of40 J.lm, and Ti, and

an average particle size of 60 J.lffi, was supplied as a spray material for the low pressure

reactive plasma spraying of Al-Ti composites with an argon and hydrogen mixed plasma

forming gas. Two premixtures of AI and Ti were prepared containing 5 and 15 wt% ofTi.

The micrographs of the starting materials are presented in Figure 4.6.

4.7.2. Experimental Design

A fractional factorial design of experiments was used to evaluate the effects of the plasma

reactor variables on the final microstructure[80) .

43



, E.xperÙnelltal Procedures

(a)

(b)

C/zapter 4

1
Figure 4.6 Scanning electron micrographs of the starting materials (a) Al powder, (b) Ti
powder.
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The set-up ofthe experiments and their responses based on thickness of the coatings are listed

in Table 4.1. The plasma forming gas was kept constant at a mixture of 100 LPM argon and

la LPM hydrogen dllring all experiments. The powder feed rate was chosen to be 2.5 glmin.

Torch CUITent was kept at 200 Amps. Both stainless steel (4x4 cm) and Ti substrates (5x5cm)

were llsed for this series of experiments.

1 Experimelltal Procedures Chapter4

,

Table 4.1 Experimental set-up and their responses after 5 minutes of spraying.

Run A B C 0 RI
order Chamber Spray Substrate Ti Thickness

pressure distance material content (f.l.I11)
(mbar) (cm) (%)

1 60 40 SS 15 75

2 40 55 SS 15 50

3 40 40 Ti 15 10

4 40 40 SS 5 90

5 60 55 SS 5 460

6 60 40 Ti 5 97

7 60 55 Ti 15 100

8 40 55 Ti 5 0

The other factors that affect the process were kept constant and are listed below:

Plasma forming gas: argon/hydrogen = 100/10 (LPM)

Powder feed rate: 2.5 g/min (2 rpm, 15 LPM of argon as carrier gas)

CUITent: 190-200 Amps

Voltage: 70-80 Volts

Spray distance: 40-55 cm

Powder injection time: 5 min

Substrate: stainless steel or Ti plates
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4.8. Casting

Chapter4
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Pure At was melted in an induction fumace. After melting (30 min), the melt was superheated

ta 800°C. The Ti powder, as reported earlier in this section, was then added to the melt to

provide the desired composition. The melts were then heated to above the liquidus

temperatures according to the Al-Ti phase diagram (SOO-1250°C), were weil stirred by the

induced magnetic fIow and cast mto a water cooled copper mould.

4.9. Powder Metallurgy

Three compositions of Al at 5, 10 and 15 wt.% Ti were prepared. The powder mixtures

comprising of 200 g of Al and Ti powders, were ball milled in isopropyl alcohol for 30

minutes in a plastic container of4 L capacity to prevent oxidation of the elemental powder

and aIso ta breakup their surface oxide layer. The ratio of liquid to powder was 2 to 1 by

weight. Si3N4 media having a diameter of4mm was used for milling. The proportion of media

to that ofpowder was 2 to 1 by weight. The sluny was then passed through a 212 /-lm sieve

to separate it from the media and dried in an air oven heated ta 120°C. Green samples were

formed by die-pressing approximately 7g ofthe powder mixture at a pressure of about 5Wa,

forming pellets of 10 mm in diameter and 20 mm in height. The pellets were then isostatically

pressed at 300 MPa.

The green samples were sintered at three temperatures (600, 700 and 1000°C) in a vacuum

fumace operating at 10-2 mbar for 30 minutes. The samples were then furnace cooled to room

temperature.

The powder ofthe composite material and the spray deposited layer were then characterized

• Grade 1060, 99.9 % Alcan
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using optical microscopy, scanning electron microscopy (SEM), X-Ray diffraction (XRD),

thermogravimetry anaIysis (TGA). and energy dispersive spectroscopy (EDS).

4.10. Thermal Analysis

The effect of temperature on thennal dissociation of residual chIorine compounds detected

in the composite material was studied using TGA-. The samples 1 cm3 in volume were heated

to 1000°C in helium and weight changes were simultaneousLy registered as a function oftime

and temperature. The heating rate used was 10°C/min. An isothermaI soak was also given to

the sampLe at 120°C for 20 minutes to remove absorbed moisture.

The reaction between Al and Ti powders was studied using differential thermal analysis

(DTA). The main objective of the OTA was to determine the substrate temperature for

vacuum plasma spraying using elemental powders of Al and Ti. Five grams premixtures of Al

containing 5, la and 15 wt.olé Ti were prepared and heated to 1500°C in helium. The flow

rate of the heLium was 100 ml/min and the heating rate used was 10°C/nûn.

4.11. Plasma Atomization

The experimental set-up used in this study, was very similar to that explained in section five

of this chapter, and consisted of a water cooled chamber, a metai feeding mechanism, and

three plasma generating systems. Three different chambers were used. The first chamber was

smaller (60 cm 1.0. x 75 cm high) and was used for preliminary studies. The second chamber

was larger (150 cm 1.0. x 200 cm high) and was used for the production ofpowders. The

third chamber, the largest (140 cm 1.0. x 435 cm high), was used to study particle size

distribution during the atomization process. The metal feeding mechanism consisted of either

-95 1 Thermogravimetry analyzer, Dupont Instruments.
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a resistive heating furnace, used ta melt the metaI and feed the molten stream into the

chamber through a nozzle using a graphite plug for flow control, or a wire feeder. The plasma

jets were generated by three non-transferred D.C. guns capable of operating in the power

range of20 ta 40 kW. The threejets converged into an apex where the metal was introduced.

A schematic representation of the plasma atomization equipment is shawn in Figure 4.7.

For the plasma atomization experiments. each plasma torch was operated at 30 kW, with

argon as the plasma forming gas (flow rates of 100 L/min). Graphite and tungsten nozzles

were used in front of the plasma torches ta accelerate the plasma jet and ta retard the

entrainment ofsurrounding gases into the plasma jet. The entrainment of the cold gases cools

and reduces the speed of the plasma jet, thus limiting its thermal processing and atomization

capabilities. Bath straight and convergent/divergent nozzle designs weïe tested for this

purpose. Figure 4.8 shows the convergent/divergent nozzle.

Metting
Fumace

Plasma Torch

Ta \·acuum pump

o
Alunùnum spool

••
~--

Powder coUection

Figure 4.7 Plasma atomization reactor used for powder production study.
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The experimental program

was divided into two steps:

(a) a feasibility and

optimization study in a small

reactor; and Cb) a scaled-up

study in a larger reactor. The

initial feasibility and

optimization study for the

production of powders took
Figure 4.8 Schematic of the convergent/divergent
nozzle used for plasma atomization.

••

place in a reactor with an

inside diameter of 1.5 m and a height of 2 m. The production of large quantities of powder

required a larger reactor with an inside diameter of lA m and a height of4.35 ffi.

The raw materiaIs investigated included molten metaI and metaI wires. AlI of the molten metai

feed experiments were perfonned with Al. Al \vas melted and super-heated in a resistance

fumace and poured into the atomization region by unplugging the graphite nozzle. The feed

rate ofthe molten Al was controlled by vaI);ng the feed nozzle diameter. Two different wire

sizes (l/16"and 3/32") were used in order to understand the effect ofwire size on the average

particle size and distribution of the atomized products. The plasma atomization process was

tested for the production ofTi. Ni. Cu. Cu-Ni. and Al powders.

4.12. Particle Size Distribution

In order to study the particle size distribution in the central and peripheral regions of the

atonUzation plume. a set of cylindricai containers were located below the atomizer. Fifteen

containers oftwo different diameters of(38.1 and 44.5 mm) were used to caver the majority

of the area beneath the atomizer. The plasma atomizer was run for five minutes with argon

as the plasma forming gas at a total power of90 kW. The powder collected in each container

was tested for mass and particle size distribution. Powder particles collected from individual
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containers were subjected to sieve particle size analysis.

4.13. Hot Rolling

C/lapter 4
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The as-sprayed deposits contained 5 to 10 voL% porosity. Hot rolling was used for

consolidation ofthese samples. Samples for roIIing were ground to a rectangular shape with

a cross-section of lcm x 0.5 cm. A rolIing machine was arranged close to a fumace and the

rolling temperature and reduetion varied in order to optimize the rolling conditions of the Al­

TiAI) composites.

4.14. Chemical Analyses

The chemical composition of the deposits was detennined using atomic absorption

spectroscopyand metallography. Image analysis was used ooly to determine the Ti content

of the products.

4.15. Atomic Absorption (AA)

Three standard solutions with known Ti concentration of 5, 10, 25% were prepared and

injected into the AA instrument.· A calibration curve was constructed for the Ti concentration

as a function of the readings obtained from these tests. One-tenth ofa gram of the unknown

samples was disolved in a mixture of acids diluted to volume of 50 mL and measured. The

readings from the instrument for these measurements were compared with the calibration

curve and Ti contents were obtained. Each samples was tested three times and the average

value was repoI1ed as the Ti content.

• Perkin Elmer
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4.16. Microstructural Sample Preparation

Cllapter4

Bach sample was cut and mounted for microstructural examination. It was then ground using

successively finer silicon carbide grit discs down to 600 grit and polished with 6 ~m, 1 Jlffi,

and an alumina suspension down to 0.05 J.lm. The polished specimens were then carbon

coated for Energy Dispersive Spectroscopy EDS analysis. Backscatter and secondary images

were taken using an Arnray 1610 scanning electron microscope (SEM). The semi-qualitative

chemical analysis was obtained using a Link EDS system attached to this microscope.

4.17. Microstructural Analysis

The TiA13 phase content of the deposits were measured using an optical microscope and a

computer image analysis software.· The TiA13 phase appeared as a bright phase in a grey

matrix ofAl. Using the image analyzer, the volume fraction of the TiAl3 phase was calculated

from the ratio ofthe measured area to the total surface area of the designated field as:

TiAI Area
TiA/3 Vol. % 3 X 100

Total Sample Suiface Area
(4.1)

•

and the Ti wt.% ofthe composite was measured using the Al-Ti phase diagram and respective

densities (2.7 g/cm3 for Al and 3.4 glcm3 for TiAl)) ofthe two phases.

• Image-Pro Plus from Media Cybemetics
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CHAPTER 5

PLASMA

ATOMIZATION

5.1 INTRODUCTION

In the reactive plasma spraying of materials using a triple plasma system, there are at least

seven chemical and physical events which take place. Sorne of these are: (a) melting and

superheating, or boiling of precursors: (b) atomization of the molten materials into very fine

particles~ (c) chemical reactions: (d) formation of new cornpounds; (e) acceleration of the

reaetion products toward a substrate~ (f) impingement and flattening of the molten or semi­

molten products onto the surface of the substrate: and (g) solidification through splat

quenching.

AImoS! all ofthese events are either direetly or indirectly affected by the atomization process.

It was realized early in the study that the atomization played a key role in the reactive plasma

process and, thus, required further analysis. In addition, it was mentioned in § 2.9 that the Ti
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content ofthe Al-TiAl3 composites is a function of the molten Al particle temperature at the

time ofits reaction with the TiCI4• The size and temperature of the Al particles are contralIed

by the plasma atomization process which takes place prior ta reaction. Therefore, an

understanding of plasma atomization was deemed necessary in arder to control the process

for the production ofmolten particies with the desired physicai and chemical characteristics.

The desired characteristics for moiten Al particles for a reaction with TiCl4 are:

(a) very fine particle size of<100 Jlm~

Cb) narrow particle size distribution~ and

(c) a liquid temperature higher than melting point ofTiAl3.

Without an understanding of the plasma atomization process, it is almost impossible to

produce suitable conditions where the molten Al droplets would be processed ta attain the

above characteristics.

Plasma atomization is similar to gas atomization, however, there are two distinct differences

between these !Wo processes. In gas atomization, the feed metai is in the liquid state, whereas

in plasma atomization (as used for reactive plasma atomization), it is in the solid state. In

plasma atomization, extremely hot plasma jets are used to break up the feed materiais which

results in a superheated mel! and a slower solidification rate. In contrast, in gas atomization,

superheating of the melt during atomization is not possible unless the gas temperature is

higher than the melt temperature.

In the following paragraphs, various powder production techniques are reviewed with a

emphasis on atomization since it most resembles the plasma atomization processes.
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5.2 LITERATURE REVIEW

5.2.1 Powder Production

Chapter 5

••

Metal powders are produced commercially by one of four processes. These are: chemical,

eleetrolytic, mechanical, and atomization[81J,[82]. Among these processes, atomization has

become the dominant mode of powder fabrication. This can be explained by: (a) the high

powder production rate, as metaI feed rates up to 400 kg/min are used[83]; (b) the possibility

of controlling the size, size distribution, shape, and surface morphology of the powder

particles: and (c) a high degree of aIIoying flexibility. In addition, atomization is frequentIy a

captive process, constituting the onIy viable fabrication process for bighly aIloyed speciaity

powders.

5.2.1.1 Atomization

Atomization is the breakup ofa liquid into fine droplets. Thus, any material in the molten state

can be atomized. The breakup of a Iiquid stream into discrete particles can be caused by

impingement with water or gas, often termed two-fluid atomization. Despite the rnethod of

fabrication, the major event in the production of metai or alloy in a finely divided form is the

generation ofnew surfaces. If a cubic meter of the material is broken into spherical particles

rneasuring 1Jlm in diameter, the total number of particles is approximately 2x1018
, with a total

surface area of6xl06 ml. Ifthe surface energy is taken as 1500 J/m 2, then the energy required

to fonn this amount of surface is 9 MJ! As a second example, a 1 gram sample ofiron will

generate 2.4x10 11 spherical monosize particles with a diameter of l Jlm, and the total surface

energy associated with the iron powder is about 1J.

The bulk of atomized powder is made by the two-fluid method. In tbis method, the Iiquid

metai stream is atomized by the impact of a stream of another fluid which emerges from a

nozzle. The atonùzing fluid may be either gas or liquid (usually water). Where the atomizing
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stream is gaseous. the process IS caIled extemaI pneumatic atomization or simply gas

atomization.

More than 60% by \veight of all the powders produced in North America are manufactured

by atomization. It is estimated that worldwide, atomization capacity is approaching 106 metric

tons per year[84].

5.2.1.1.1 Gas Atomization

In maS! versions ofgas atomization. the liquid metaI tlows by gravity trom a tundish, below

the ttrndish orifice. the liquid metaI stream is impinged by a gas jet or severaI jets. The primary

stage of atomization occurs at the apex of the jet intersection. Here, the molten metaI is

disintegrated. accelerated, and eventually cooled and solidified. to fonu very small powder

particles. Two typical gas atomization processes are shawn in Figure S.L

Air is often used in gas atomization. although it promotes oxidation of the powder particles.

When the oxidation of powder is a concem, inert gases such as argon and helium are used.

Powders produced by gas atomization are spherical, unlike the water atomized powders that

are irregularly shaped. General opinion has it that highly irregular powders have the best

compaction behaviour therefore. water atomized powders are desirable. However, this has

to be balanced with the caution that the gas atomized powders are usually less oxidized. In

production, the metal flow rates for gas atomization are about 1-70 kg/min. however. a 120

kg/min metal flow rate has aIso been reported. The size of the molten metaI stream measures

2 to 15 mm in diameter. In conventionai commercial gas atomization, gas pressures are

between 0.5 and 9 rvlPa~ with corresponding gas flow rates between 0.02 and 0.24 m3/s. The

gas velocities depend on the nozzle design and range from 20 mis to supersonic

velocities[85] .
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Melt

(a)

Melt

(b)

Figure 5.1 Gas atomization designs Ca) free fall and Cb) confined.

Chapter 5
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The literature contains a large quantity of data on atomization. Most of these data are

gathered in empirical equations. This is most probably due to the dependence of the powder

size and distribution on the atomization process, and more specifically on the nozzle design.

Thompson[86] reported that for Al powder the average powder particle size decreased when

the liquid metaI f10w rate, melt superheat, and the jet pressure increased. Joyce[87] reponed

that a minimum of 110 K melt superheat is required for successful atomization. It aIso was

reported that by increasing the apex angle the average particle size is decreased. Rao [88]

found that by increasing the jet distance, more irregular particle shapes are produced.

•• Plasma Atomization Chapter 5

Small and Bruce [89] observed that the width of the particle size distribution depends on the

atomizing fluid used and the shape of the powder particles is independent of the atomizing

pressure leveI. In addition, it was concluded that the shape is also independent of superheat.

They also developed the following equation:

where:

dm = In(Pict

cIm = mean particle diameter, P= atomizing pressure, and n,e = constants.

(5.1)

••

Lubanska[90] modelled the gas atomization of Iiquid iron using a multiple jet configuration.

It was predicted that the average particle size varies inversely with the jet fluid velocity.

Goldaev et al.[91] used a jet engine to atomize Iiquid metals at a supersonic velocity and

claimed improvement in particle size as compared with subsonic veloeity.

KIar and Shafer[921 reported that the confined nozzle is more efficient than the free-fall

nozzle but it is more difficult ta use. Their results on copper show that as the gas flow is

inereased, the particle size and size distribution are reduced. It was also found that the jet

angle contraIs the patternization. If the jet angle increased, a more even spread of droplets

is obtained.
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5.2.1.2 Droplet Formation Mechanisms

Droplet formation during atomization is a complicated set of events. Most ofthe reported

data on particle shape, size, and size distribution is empirical in charaeter, and refers to

specifie atornizing systems_ Therefore, the information can act only as a general guide_

The proposed particle fonnation mechanism for gas atomization starting with a liquid stream

involves: (a) initiation ofa sinuous wave that rapidly inereases in amplitude; (b) detaehment

ofthe wave from the bulk of the liquid to produce a ligament whose dimensions depend on

the wavelength at disintegration~and (c) break up ofthe ligament into spherical droplets, as

shown in Figure 5.2. Rayleigh[93] presented an analysis of the break up ofa stream of liquid
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into droplets. He considered that the continuous stream tirst breaks into ligaments which then

break into droplets. He showed that the droplet diameter is equal to 1.88 times the ligament

diameter. Dombrowski and Hooper[94] reported that the ligament diameter depends on the

initial liquid sheet thickness (s) and its wavelength (À) as:

(5.2)

Squire[95) aIso found that:

(5.3)

where À, Vfi' and y are the sheet wavelength, liquid velocity (at the break up stage), and

surface tension ofthe liquid, respectively. By combining equations 5.2 and 5.3, the ligament

diameter can be obtained as:

d= constant (YS)l/2
V

ni

(5.4)

Naida[96] studied the stability of a liquid metal drop in an accelerating field and derived the

following equation:

(5.5)

••

where:

'tdc:f = time elapsed to reach critical defonnation (s)

P and Pg = densities of the liquid metaI and gas, respectively (kgm-3
)

Dn= nominal drop diameter (m)

vp and vg = drop and gas velocities, respectively (mis) .
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In this modeL the particle disintegrates ifthe criticaI defonnation time 'tdef~ is less than the time

needed for the liquid metaI droplet to reach a velocity at which it is dynamically stable.

Another mechanism called "twinning" was proposed by Silaev[97]. In this mechanism, the

droplet splits into two parts because of the interactions between the external drag, surface

tension, and internai viscous effects. Putimtsev[98] confirmed the twinning mechanism by

obtaining a photograph of the actual process. He showed that ligament fonnation is the tirst

stage ofatomization. The second stage of atomization can occur through an explosive shock

mechanism at a high gas pressure or twinning mechanism at a low gas pressure.

Hinze[99] identified three different mechanisms of splitting: (a) lenticular occurs when the

particle flattens, then opens into a bag, and finaIly bursts into smaller particles; (b) cigar­

shaped occurs by particle elongation in one direction followed by splitting; and (c) bu/gy

occurs in certain flow fields when local deformations protrude mto the atomizing fluid and

shear off to form new particles.

Lubanska[90] studied the atomization of iron, steel~ and tin in a multiple jet system using

nitrogen as the atomizing gas. He derived an equation for particle mass median as:

(5.6)

••

v

M/A

= mass median diameter of the atomized powder (m)

= liquid metaI stream diameter (m),

= kinematic viscosity(m2/s),

= Weber number corresponding to vgpdja,

= mass flow rate of metal to gas ratio,

= constant between 40 and 50, and V= gas velocity at the apex (mis) .
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5.2.1.3 Kinetics of Droplet Solidification and Spheroidization

Chapter5

The final shape of a liquid metal droplet in gas atomization is influenced by the relative

magnitudes of the time required for solidification and the time required for surface tension

forces to spheroclize the droplet. Without other effects (e.g., oxide films and modification of

surface tension by surface active additions), the spherodization time ofthe liquid droplet is

small compared with its solidification rime, then the powder particles spherodize. In the model

developed by Nichiporenko and N aida[l00] for the solidification time in gas atomization, it

was assumed that the molten droplets did not undercool, that the relative velocity between

the gas phase and the particle was constant and that only convective heat transfer was

important. This model was modified by See and Johnson [101] to include the time necessary

for the particle to lose its latent heat offusion; with this modification, the total solidification

time !sol (in seconds) is given by:

(5.7)

where: dm

Pm

= mass median particle diameter(m),

= convective heat transfer coefficient of the gas (W/(m2 K»,

= density of the liquid metal (kg/m3
),

= heat capacity of the liquid metal (J/(kg K»,

= initial temperature of the particle (K),

= gas temperature (K),

= melting point ofthe metal; liquidus temperature for alloys (K), and

= latent heat offusion ofthe metal (J/kg).

•
The value of he is given by:
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k
he=---!.(2.0+0.6Re O.SPr 0.33)

dm

Chapter5

(5.8)

where: kg = thermal conductivity ofthe gas (W/m K), Re = Reynolds number ofthe particle,

and Pr =Prandtl number for the gas.

Under the influence of surface tension forces alone, the time for spheroidization tsph is given

by [100]:

1t21l
t =~(__m)(R4_r4)
sph 4 Va

m

(5.9)

where: Jlm

r

R

= dynamic viscosity ofthe liquid metal (pa.s), V = particle volume (m3
),

= surface tension of the liquid metaI (N/m),

= cylinder radius before transformation to spherical droplets (m), and

= particle radius after transformation to spherical droplets (m).

•

A detailed mode! and more general model which can be used ta estimate the time for

spheroidization of a droplet has been given by Rao[88] and Rao and Tallmadge[102],

respeetively. Their predicted spheroidization times are not significantly different than those

described above.

In the above discussion, the focal point was on the break up ofa molten stream, as it is the

standard tenninology for atomization. Solid shapes can aIso be used as the feedstock for the

atomization process. In atomization processes involving solid feedstock, the time between

the melting and the atomization process is reduced by the application of a high heat transfer

mechanism such as an electric arc discharge or high velocity and extremely hot combustion
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or plasma jets.

Chapter 5

••

The use of an electric arc for atomization has been patented by Nuclear Metals, under the

trade mark of Rotating Electrode Process (REP) for the production of reactive metaI

powders. In this process, the electric arc is struck between a consumable rotating rod and a

stationary refraetory metal electrode. Due to the high energy associated with the electric arc

discharge, the rotating electrode (feedstock) experiences surface melting. SmalI droplets form

on the surface of the electrode and detach from the rod due to the centrifugai force. The

detached droplets then freeze in flight, forming spherical powder particles.

The other process uses !Wo consumable eleetrodes. An electric arc is struck between the two

eleetrodes which are continuously fed at an angle into a gas jet. As a result, molten droplets

form at the tip ofthe eleetrodes and are simultaneously biown away and atomized by the gas

jet flowing between the electrodes. The atomized particles accelerate and travel in the

direction ofthe gas jet untii impinging onto a substrate and flattening forming a coating. This

process has been used extensively for coating and has not found any commercial application

in powder production.

High velocity jets have also been used for melting, atomizing and coating. Wire-feed flame

sprays used with either low velocity or high velocity combustion flames have been used for

this purpose. The rapid convective heat transfer resulting from the hot and high velocity jets

rapidly melts the tip of the wire, therefore, molten droplets are formed and are detached,

atomized, accelerated and splat-formed on the surface of the substrate fonning coatings.

There is no commercial powder production process using this technique. However, it is

widely used for the application of coatings.
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5.2.2 Wire Atomization

Chapter 5

A large number of papers are available which examine the behaviour of particle-plasma and

HVOF 1 jets. Most of these data deal with powder-feed devices. Very little data exists on

wire-fed systems. Particle velocimetry data was presented by KowaIsky et al. for the single

wire arc process, but no information was reported on droplet sizes[103]. Much more data

are available on liquid metaI droplet formation studied for various spray-casting or spray­

forming processes. The ratio of metaI to gas mass flowrate is typically much greater in the

liquid-fed spray forrning process than solid-fed (such as wire) spray processes. Despite these

differences, expecting sorne similarity in the droplet-fonning mechanisms of the two processes

is reasonable. Gas velocities in the Ospray process are much lower than those typically

encountered in thermal spray processes, resulting in much larger-sized particles. For exarnple,

Bewlay and Cantor reported particle sizes in the hundreds of microns range for an atomized

lead-tin alloy[104]. Higher jet velocities are present in the de Laval spray forming nozzle,

producing atomizing conditions similar to those of the HVOF processes(105].

Pilch and Erdman(I06] show that droplet breakup in an atomizing gas flow depends on the

initial Weber number of the system. The size of the largest droplets (dma.J can be predicted

using the critical Weber number (Wecrit) by the following equation:

oW
p e crlf

p (v -v )2
g g p

(5.10)

••

where Pg and vg are the density and velocity of the gas., and vp and op are the velocity and the

surface tension of the droplet, respectively. It can be seen that the maximum particle size is

decreased by decreasing the surface tension ofthe metai and critical Wc number, by increasing

the gas density and increasing the difference between the gas and the particle velocities.

lHigh Velocity Oxygen Fuel
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5.2.3 Effeet of Particle Size on Particle Velocity

Chapter 5

A simple calculation involving the size dependence on particle velocity predicts a stronger

effect than the previous equation. For a spherical particle of diameter, dp, and density, Pp,

moving at a velocity, vp' in a gas stream ofvelocity, v~ and density p~ Newton's second law

can be expressed as:

P 1Cd 3 dv
ppp

6 dt

rrd 2 Cv -v )2
P cp g p

4 g 2
(5.11)

where the drag coefficient Cc) is a constant. Ifone assumes that vg » vp and the chain rule is

used to replace dv/dt with vdvldx,

p rcd 3 vdv rcd 2 v 2
PPP =-_P-cp -.L

6 dx 4 g 2

then an integrable differential equation is obtained:

p rrd 3 rcd 2 v 2
P P vdv =_P-cp -.Ldx

6 P 4 g 2

using the condition that vp = 0 at x=O, then vp can be calculated as:

(5.12)

(5.13)

v =
p \

3cLixp v 2
g g

2p d
p P

(5.14)

••

where ~x is the distance travelled by the particle. If particles of various sizes are exposed to

the same aerodynamic driving force, Pg~g' then Equation (5.14) predicts that the velocity of

the particle will vary inversely as the square root of its size. Thus, a 50Jlm particle should

travel twice as fast as a 200Jlm particle. If the changes in drag coefficient with particle size

are taken into account, the predieted velocity is an even stronger function of particle size than

Equation (5.14) .
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5.2.4 The Effect ofWire Feeding Rate on Atomization Mechanism

Wrre melting and droplet formation during the plasma atomization process play an important

role in determining the microstructure ofthe reactively sprayed deposit. In other words, the

plasma atomization is the heart of reactive plasma atomization. Finely atomized sprays will

yield higher temperature than a coarse spray. The higher partic1e temperature besides the

higher reaction surface increases the yield ofthe reactÏon. Furthermore, finely atomized sprays

will yield higher velocities and, as a Olle, can be expected to produce smoother, denser

coatings. Oxide content, bond strength, wear resistance, and many other coating properties

will aIso be affeeted by the atomized particle size and velocity. Wire melting rate is aIso the

key factor in the economy ofthe reactive plasma atomization process. The following presents

data from a series ofexperiments aimed at improving our understanding ofwire melting and

droplet breakup and identifies sorne factors affecting them.

The ratio ofwire feeding rate to the plasma power determines the atomization mechanism in

the PA process. The low wire feeding rate ta power ratio results in early melting of wire

before reaching the apex where the highest kinetic energy is available for atomization. As a

result, large droplets form at the tip of the wire and gradually grow until the gravitational

force is large enough to overcome the surface tension which holds the droplets to the wire

(ifthe venturi effect and turbulent flow in this region are ignored). Therefore, the density and

surface tension of the metal at its melting point controls the drop size at the time of

detachment. Consequently, this affects the final average size of the particles resulting from

the atomization ofthe drop. Therefore, ifm is the mass of the drop attached to a vertical wire

ofdiameter cl, the equilibration ofgravitational force and surrace tension forces can be written

as:

mg=y1td (5.15)

•
where ris the surface tension ofthe molten drop and g is the gravitational acceleratioD. If the
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size of the drop exceeds a critical value, separation of the droplet occurs. Assuming a

spherical shape dropiet and that only gravitational and the surface tension forces act on the

drop (i.e., the effect of vibration and turbulent flow are ignored), Equation 5.15 can he

rewritten as:

D = ~ 6yd
pg

(5.16)

••

where D is the drop diameter and p is the density of the molten drop at its melting point.

The physical properties of severai metals of industrial interest and their critical drop size are

listed in Table 5. 1.

Table 5.1 Physical properties of sorne widely used rnetals

Physical Property

Metal
Density Melting Point Surface Tension Drop size

Cg/cm 3) (OC) (N/m)[107] (m)

Al 2.38 660 0.91 7.03 x 10-3

Ti 4.13 1660 1.65 7.13 x 10-3

Ni 7.90 1453 1.78 5.89 x 10-3

Cu 8.00 1083 1.3 5.28 x 10-3

It can be seen that large particles are produced through this mechanism. As it was mentioned,

this is an ideal case where only the effect of gravitational and surface tension forces are

considered. In the PA process, three atomization mechanisms were observed as a function of

wire feeding rate to power ratio .
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5.3 RESULTS AND DISCUSSION

5.3.1 Metal Feeding

Chapter 5

In reaetive plasma sprayin~ the yield of reaction between reactants depends on temperature.

Several factors determine the particle temperature in the plasma environment. These are:

plasma power, plasma gas composition., particle residence time in the plasma jet, particle size

and shape, particle trajectory in the plasma jet, and physical and chemical properties of the

particle. Among these, particle size and particle size distribution control particle temperature

and reaction. The ideal case for reactive plasma spraying or even plasma spraying is to inject

mono-size powder with uniforrn shape into the plasma region and expect them to follow the

same trajectory. OveraII, four methods of metaI injection into the plasma stream can be

considered:

(a) Injection ofmetal vapour into the reactive plasma environment. This might be the

most desirable way of metaI introduction since a high surface area and a high

temperature are guaranteed for the reaction. However, this method is very energy

intensive and requires a very high level of vacuum during vaporization and

transportation of the metal vapour.

(b) Mo/ten metal can aIso be injected to the plasma system. This method guarantees the

supply ofhigh temperature metaI into the reaetion zone, however, it does not produce

a unifonn molten droplets for the reaction. Therefore, particles react differently and

upon deposition produce a non-uniforrn microstructure.

••

(c) Metal powder can be the metaI source for the reaction that occurs in the plasma. This

is the best method of supplying a uniforrn particle size metaI droplet since powders

can be classified according to their size before injection. However, a mono-size

powder of metaIs (if available) is very expensive. In addition., since the metal is
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•

injected in the solid form, high temperatures cannot be obtained. The thermal energy

ofthe plasma is used to melt the powder particles and sa reduces the overall efficiency

of the process. Therefore, to obtain a high particle temperature, very fine metai

powder should be injeeted into the plasma. Therefore, this creates a technical

problem associated with feeding very fine particles inta a plasma stream.

(d) Solidshapes ofme/ais cao he fed iota the plasmajet. The soIid shapes of metals such

as: wire or rad are injeeted into the hot plasma jet where they melt by the thermal

energy ofthe plasma, and are atomized by the high velocity plasma jet. A distribution

ofmolten droplet size is produced which is intrinsic to most of atomization processes.

The great advantage of this method is in the feed control, which unlike molten metal

feeding, provides less control and precision of feeding. However, it uses the plasma

energy for the melting process, and hence limits the maximum temperature attainable

by particles.

AlI ofthese cases except case (a) were investigated in this study. In this chapter only case

(b) and (d) are discussed since they dealt with atomization.

5.3.1.1 Feeding Molten Metal

The feeding of molten Al into the triple plasma system was investigated by melting Al in a

bottom pouring resistance fumace which delivered the molten Al into the apex of the

impinging plasmajets through a graphite nozzle. The powder produced was collected in the

medium size reactor (2 m height and 1.5 m diameter). Part ofthe spray was produced as a

deposited cake at the bottom ofthe reactor since the travel time for these particles was not

long enough for complete solidification. Therefore, they deformed on impact and produced

a deposit.
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The main objective for feeding molten AI was to study the average particle size of the

atomized powder and investigate the possibility ofproducing fine powder (-50 flm) with a

narrow particle size distribution. The advantages ofmolten metal feeding into the system are:

Ca) the elimination of melting and thus a higher particle temperature resulting in a high

reaction yield, and (b) increased production rate (- 200 glmin) as compared with wire feeding

(30 glIrÛn). The effects ofthree important process parameters which were plasma current (or

power), argon gas flow rate, and Al melt temperature were investigated according to the

experimental design shown in Table 5.2.

Table 5.2. Experimental design and responses for liquid AI feed plasma atomization

Experiment CUITent Argon flow rate Al melt Average particle Al feedrate

# (A) (Umin) temperature eC) size (JlIll) (g/min)

1 250 110 800 218 171

2 200 130 750 345 106

2 200 130 750 249 163

3 250 110 800 351 127

3 250 110 800 274 198

4 300 130 850 262 117

5 300 130 750 294 110

6 200 90 750 242 90

7 200 130 850 242 169

8 200 90 850 260 106

9 300 90 850 245 52

10 250 110 800 339 62

11 250 110 800 407 67

The analysis ofthe dataalso are shawn in Table 5.2 reveaIs no reproducibility of the results.

In other words, no trends can be seen between the investigated variables. The main objective
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Figure 5.3. Average particle size as a function of the product
ofpower and argon gas flow rate per gram ofAl.

ofusing such experimental design was ta understand the dependancy of the variables on each

other and the importance of each variable on the average particle size. These results aIso

dictate that other variables are more important than those considered in Table 5.2. Increase

in gas flow rate and power ofthe plasma is expected ta produce a finer particle size since bath

increase the momentum of the impinging jet on the molten stream. The combined effect of

these two parameters revealed no trend in the results, as shown in Figure 5.3. Alignment of

the three plasma torches, non-uniform plasma jets, difficulty in maintaining a constant flow

rate ofmolten Metal feed, and erosion of the graphite nozzles were identified as the major

sources of error in this set of experiments. Later in plasma atomization study using Metal

wires it was found that the alignment of the three plasma jets is very important. Slight

deviation of torch center Hne from the apex reduces the overall energy available for

atomization.

•
The uniformity of the plasma jet depends on: plasma power, plasmagas flowrate, and

geometry ofthe accelerating nozzle. Plasma power is the product of ampere and voltage of

the torch. The plasma power can be adjusted by the CUITent only and the operating voltage
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ofa torch varies by the arc attachments and the arc length inside the electrode and are out of

the operator's control. Therefore, by establishing a constant current for ail torches, a

constant power cannat be expected. Theoretically, if all of three torches are the same design

and electrodes are changed regularly and simultaneously, obtaining uniform jets is possible.

However, maintaining such conditions is very difficult and very costly.

Another reason for discrepancy in the results originated from the use ofaccelerating nozzles.

Sïnce they are installed manually, a unifonn alignment through all ofthe experiment was not

maintained. In addition, enlargement of the nozzle I.D. was observed as a function of time

and due to the eccentricity ofthe nozzle I.D. in respect ta that ofcathode LD., a non-unïform

erosion was observed from one nozzle to another.

A constant level of molten metal was maintained (at the beginning ofthe experiments) and

the same nozzle size was used through all ofthe experiments, however, a uniforrn flow rate

ofmolten metal was not obtained. The main reason for this was the displacement of the metal

feeding nozzle from one experiment ta another. The jet velocity and pressure change abruptly

due to the turbulent nature of the system at the regions near the impingement of the three

plasma jets. It is postulated that there exist a variation of pressure at the tip of the molten

metal feeding nozzle. Due ta the displacement of this nozzle from one experiment to another

and pressure variation, non-unifonn molten metal feedrate was observed. The importance of

metal feeding nozzle alignment with the apex was realized with atomization experiments using

we. The other fact is the change ofplasma jet characteristics (i.e., velocity, pressure, and

dimensions) by variation ofplasmagas flowrate and the plasma power. Both parameters were

altered in the experimental design, as shawn in Table 5.2, which may affect the aerodYQamics

at the nozzle tip and consequently the molten metal feed rate. Overall, it can be concluded

that powder with an average particle size between 200 and 400 Jlffi and production rates as

high as 177 g/min can be achieved using molten metal feed approach.
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5.3.2 Feeding Metal Wire

Initial setup

Chapter5

•

Metal wires were fed into the triple plasma spray system and the average particle size of the

product powder was measured as a function of power per gram of Al, as shown in Figure

5.4. In these experiments, Al wire (2.38 mm diameter) was atomized; no plasma jet

acceleration nozzle was used; and powder was collected in the small atornization reactor.

These date are based on about 30% of the total powder product since the rest of powder

(70%) could not be collected since it formed a deposit at the bottorn of the reactor. These

results show that at low kW/g of Al, larger partic1e sizes are produced. In addition, for a

given kW/g, finer average partic1e size powders are produced with high power. This can be

explained by an increase in plasma jet velocity resulting from an increase in power. It was

mentioned earlier that in gas atomization, higher gas velocity reduces the average particle size

of the powder. It aIso can be seen that at higher kW/g, the average particle size increases

again showing that there is an optimum value for kW/go It is believed that the ratio ofkW/g

plays an important role in defining the rnelting location of the wire.

5.3.2.1 Law Ratio of Wire Feed Rate to POlfler

under these conditions, a mechanisrn simiIar to drop fonnation explained above at a low ratio

ofwire feed rate to plasma power is observed. This is shown schematically in Figure 5.5(c).

However, about two orders ofmagnitude tiner particles were produced than those given in

Table 5.1. The reason being that following the detachment ofa molten droplet from the wire,

it travels through the high velocity and hot regions created by the triple plasma jet system.

A probable drop formation mechanism is that rnolten metal on the wire surface is formed and

is pushed toward the tip by the drag force ofthe gas. However, this is opposed by the surface

tension force acting on the wire. This force attempts to retain the droplet attached ta the wire.
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Figure 5.4. Average particle size ofAl powder produced
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wire dia. and no accelerating nozzle were used.

•

As more metal accumulates, the area over which the drag force applies is increased. As it is

pushed toward the tip, the perimeter of the droplet attachrnent point decreases. When the

drag force overcomes the surface tension, the droplet detaches from the wire and another

starts to form. After the molten droplet leaves the wire tip, it is broken apart by the gas

stream and bursts into a cloud containing thousands offinely atomized particles. This suggests

that molten metal would he removed periodically in discrete droplets. The molten droplet,

travelling in this region is subjected ta turbulent aerodynamic forces, loses its structural

integrity and breaks-up into finer particles. This stage can be considered as a secondary

atomization process. The particle trajeetory in this region greatly determines its breakup into

fine particles. The ideal case is when the molten drop travels through the apex where the

highest atomization efficiency is expected. However, this is not always the case, often the

turbulent flow around the molten droplets causes them to become unstable, thus an arbitrary

path through the impinging jets is taken. Therefore, drops are not treated evenly through the

atomization region and particles with various sizes are produced. This variation in size

determines the particle temperature and velocity in the hot combined jets of plasmas.

Consequently, the resultant partic1e velocity and temperature govern the reaction yield
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the quality ofthe spray-formed deposit which will be discussed in the reactive plasma spraying

chapter.

5.3.2.2 High Ratio ofWire Feed Rate to Power

In the PA process, the production rate is controlled by the melting rate of the feed wÏre. If the

wire is fed faster than the melting capability of the syste~ only surface melting of wire

occurs. The core ofthe feed wire is passed through the hot region and remains unmelted. An

example ofthis case is shown schematically in Figure 5.5(b). A combined particle formation

mechanism is the mos! probable approach. This is a combination of drop formation explained

above and another mechanism based on shear forces. Upon the passage of the wire through

the high temperature region., the wire tip reaches high temperatures and softens. The shear

forces applied by the high velocity jets either peels off a thin layer of the metal on the surface

or defonns the wire tip to fracture separating it from the feed wire. Powders produced with

high ratios of wire feed rates to power are coarse and elongated.

5.3.2.3 Optimum Ratio of Wire Feed Rate to Power

At an optimum ratio of wire feed rate ta power, the wire melts and is atomized at the apex

ofthe system where the highest temperature and velocity of the plasma jets act on the wire.

This case is shown schematically in Figure 5.5(a). Upon formation of a very small quantity

of molten metaI, it is detached from the wire by the high velocity jets and further atomized

to finer particles. In other word, no chance is given for the drop to grow in size before

detachments. T0 obtain a simultaneous melting and atomization at the apex in the triple

plasma system, an energy balance is required between the energy supplied ta the wire and the

energy consumed by the wire for melting.
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Figure 5.5. Various mechanisms of melting and atomization of wire in plasma atomization.
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5.3.3 Melting Rate

Chapter 5

Wire feeding into a very hot plasma jet, as in the plasma atomization processes, can be

considered as heat flow in a semi-infinite system. The thermal energy of the very high

temperature and high velocity plasma jets is convectively transferred to the surface of the feed

wire which consequently is transferred through the wire by conductive heat transfer. Here,

it is assumed that the convective heat transfer to the surface of the wire by the plasma jets is

extremely rapid and the overall heat transfer to the wire is controlled by conductive heat

transfer.

The general heat conduction equation for one-dimensional heat f1ow,

aT a2T
-=(X--
al 2x 2

shows that T depends on x and 1. The solution of this equation results in:

(5.17)

(5.18)

,

where, Ti' To' T and are initial and along the wire temperature, hot end temperature at x=O,

and temperature at distance x and t Figure 5.6.

For the plasma atomization processes, it can be assumed that the tip ofwire is always at the

melting temperature (TJ ofthe feed metaI since the molten metai drop is sheared offby high

velocity jets upon formation. For unit surface area ofa drop-wire interface, the rate ofmelting

(x) can be formulated as:
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wire in triple plasma system.

-k aT=aq
max ax

using the definition of the error function,

aT Tm -Ta
ë1x Ix~o= ..jrtat

and substitution in Eq. (5.19),

2(T -T) __
q- m ./kC PVt.fi V p

(5.19)

(5.20)

(5.21)

••
Therefore, the rate of heat extraction by wire through the system is determined by: melting

temperature, thennal conductivity, heat capacity, and the density of the metaI. The melting

rate for a metal wire therefore, depends on the energy required for melting that wire and its

78



• Plasma Atomization Chapter5

•

energy extraction power from the system. Heat diffusivity (kCpp) ofa material should not be

confused with thermal diffusivity. Heat di:ffùsivity is a measure of the ability ofthe material

to absorb heat. In Bq. 5.21, the rate ofheat absorption by wire is increased by increasing Tm

since a larger temperature gradient is obtained, and increasing the heat diffusivity of the wire.

The optimum wire feed rates ofvarious materials are plotted versus heat diffusivity in Figure

5.7.

The melting rate ofa metallie wire in a triple plasma system depends on various parameters

including:

-the physical properties of the feed metal such as: thermal conductivity, heat capacity, and

the energy required for melting. Higher thermal conduetivity and thermal difiùsivity and

lower energy required for melting increase the melting rate ofthe feed wire. Heat di:ffùsivity

is believed ta represent the melting behavieur ofthe wires in the triple plasma system since

it combines the physical and thermal properties of the materiaI. Thermal ditfusivity (ct) can

aIse be used to represent the melting behaviour of metallic wires in triple plasma system.
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Figure 5.7 Optimum feed rate as a function ofheat difiùsivity..
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Thermal diftùsivity is:

k
a=--

pep

Chapter5

(5.22)

•

where: k , p, and Cp are thermal conductivity, density and specifie heat, respectively.

The physical interpretation of (J. is that it provides a measure ofheat transport (k) relative to

energy storage (pC~. However, (J. is not the only factor deterrnining the melting rate and the

energy required for melting should aIso be taken into account. The results of optimum feed

rates for atomized metaI and their physical properties are listed in Table 5.3. and shown

schematically in Figure 5.S.

Table 5.3. Physical Properties and the Optimum Atomization Feed Rate ofAtornized Metals

Il

Physical Properties

Tm k p Cp Heat Diff. Feed Latent heat Energyreq.

Material K W/ml< kg/m3 (JIkg.K) (m2/s) x rate offusion Formelting

*[108] 106
g/s J/g[109] J/g

Ti 1953 23 4500 510 10.02 0.27 400 1244.05

Cu 1358 368.5 8933 385 107.15 0.60 213.18 621.28

Al 933 225.5 2702 902 92.52 0.43 397 969.77

*Mean value of thermal conductivity

-The surface chemistry of the wire changes the heat transfer mechanism trom the high

temperature plasma jets ta the wire. For example, Al wire aIways has a thin layer of AIz0 3 on
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its surface which requires 2135 (J/g) for melting and is 2.2 times more energy than that of

non-oxidized Al. In addition, due to the low thermal conductivity ofAl20 3, 16.5 (W/m.K)

which is 14.4 rimes lower than Al, it aets as a thermal barrier coating on the surface of the Al

wire and slows the heat transfer through the wire. Plasmajets thermalproperties aIso can

affect the melting rate of the wire in the triple plasma system. The important thermal

properties ofthe plasmajets, in this regard, are: temperature, jet velocity, power, density, and

viscosity of the plasma jet. For the simplicity of this study a constant plasma power and

chemistry (pure argon), and a fixed nozzle geometry were used during the atomization

experiments. The evaluation of these parameters on melting rate of feed wire is a complex

task since they are dependent variables. For example, by increasing the plasma power; the

temperature distnoution pattern in plasmajet changes which alters the plasma jet velocity and

viscosity. Plasma chemistry also changes the plasma temperature, density, temperature, and

velocity.

81



•• Plasma Atomization Chapter 5

influence the melting rate of a wire. The dependance of melting rate on the energy required

for melting is rather obvious and it can be expected that metaIs which require higher energy

for melting, melt slower since the energy input is kept constant for the feed rates reported in

Table 5.3.

Ifthe effects ofthese two variables (i.e., energy required for melting(E, J/g») and k,

W/m.K) on optimum wire melting rate (F, gis) ofa 1.5 mm diameter wire are studied,

linear empirical relationships are obtained as shown below:

F = 9xlO -4 k + 0.205

F = -5.4xlO -4 E + 0.905

(5.23)

(5.24)

••

From the above discussion, the melting ofa new metal or an aIloy can be estimated in a triple

plasma system. It is aIso interesting to understand the relationships between the melting rate

and plasma power, plasma forming gas composition and wire diameter. The effect of these

parameters on wire melting rate were not studied in depth due to limitation in the power

supply, availability of wire in various diameters.

The understanding ofmelting rate ofvarious wires in the triple plasma system was necessary

to determine the amount of TiCI.$ or any other reactants required for reactive plasma spray

forming. Another important factor in reactive plasma atomization is the size of the metai

particles produced by plasma atomization before their reaction with reactive gases such as

TiCl4 and Al. Therefore, understanding the average particle size of the powder produced

through plasma atomization was essential.
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5.4 Reducing tlte Average Powder Size

It was shawn in Figure 5.4 that powders with an average particle size of200-250 Jl.m can be

produced. This size range is large for reactive plasma spraying since the total surface area

available for reaction is low and high particle temperature cannot be achieved. Three

approaches were taken to reduce the average partic1e size of the product powder. These

were: (a) using a liquid metal feed~ (b) decreasing the wire diameter:r (c) aligning of the jets,

and (d) using a plasma jet accelerating nozzle. Processing with Iiquid Metal was discussed

earlier in this chapter and proved to be difficult to control. In addition, the average particle

size was between 200 and 400 flm which is large for both reactive plasma spraying and simple

powder production.

5.4.1 Effect of Wire Diameter on Average Particle Size

300250

••.•.•- ...._ •.••••.••••......._._._- .-._. ..-....•....-........ ·-o-T:s87iiiiD····

---G 2.381 mm
._ _ - - _._ _................ ..._.=+= .

100 -r--------------....-------,

83

The idea of decreasing average particle size by reducing the wire diameter can be derived

from Eq. (5.16). This equation is true for static conditions when a liquid is hanging from a rad

or wïre. The validity of this equation

has not been proven in the literature

for the case of turbulent or dynamic c

di , hih' . f~con tIons, W C Isrepresentatlve 0 t= 60

triple plasma atomization, Therefore, ~
~

two wire sizes of Al were subjected i 40

to triple plasma atomization with 100 ~
kW plasma power and the average

particle size of the powder produced 0 J.4.----r-----l!.-.....,,-!----.-------r--------r--l

o 4S 7S 106
was compared as shawn in Figure Particle Size (juil)

5.9. Figure 5.9. Average partic1e size as a function ofwire
diameter.

•



•• Plasma Atomization Chapter 5

••

The average particle size was reduced from 80 to 65Jlm when the wire diameter changed from

2.4 to 1.6 mm. Equation (5.16) prediets a 12% difference in the powder size while the plasma

atomization results show 19% difference. The difference can easily be attributed to the

turbulent nature ofthe impingingjets in the plasma atomization system. Equation (5.16) only

considers gravitational and surface tension forces while in plasma atomization aerodynamic

forces play an important role which cannot be easily quantified. However, this equation can

be used ta predict reasonably closely the average particle size as a function ofwire size for

the plasma atomization design used in this study.

5.4.2 Torch Alignment

Nozzle design is the heart of any atomization process and the challenge is to design a nozzle

which maximizes the impingement of the gas and the liquid. Plasma atomization is no

exception, and the best results were obtained when the alignment of three torches was

improved. In gas atomization, the adjustment and alignment of the liquid stream with

impinging gas are easier than plasma atomization since both the gas jet and the liquid channel

can be configured into one piece. Figure 5.10 shows the misalignment of the torches before

correction. It can be seen that one torch is not aligned with the other two.

5.4.3 Torch Tip Distancefrom the Apex

In the original design, the torch tip distance from the apex was 12.5 cm. The plasma jet

velocity sharply diminishes after exiting the torch, as shown in Figure 2.2. Therefore, the

shorter the distance of the torch tip from the apex, the higher will be the jet velocity at the

apex or in other words, at the time of atomization. This distance was reduced to 5 cm by

moving the three torches doser together.

The individual effects of torch alignment and torch tip distance from the apex were not
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identified since these !wo modifications were performed concurrently. However, the

combined effect ofthese two factors was measured. The average particle size of powder was

reduced to 145± 28 from about 250±34 ~m.

••
Plasma Atomization Chapter 5

••

Figure 5.10. Photograph of the Wlre feeding nozzle before correction of the torch
misalignment.

5.4.4 Plasma Jet Accelerating Nozzle

Plasma jet velocity is the most influential parameter for the reduction of the average particle

size during plasma atomization. The aerodynamic pressure (pgy2J acting on a molten droplet,

travelling in the plasma jet or attached to the wire, changes as the square function of the

plasma jet velocity. It can aIso vary with plasma forming gas however, due to the only lirnited

range ofplasma fonning gas compositions employed, this effect was insignificant. In contras!,

a change in plasma jet velocity can affect the atomization process. The plasma jet velocity is
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a complex funetion oftorch design. type of plasma forming gas, gas flowrate, plasma power,

and front nozzle design. Among these parameters, the plasma CUITent and plasma forming gas

flowrate were set at their maxima of300 A and 120 Umin, respectively. The plasma fonning

gas was selected as argon and the option of introducing a secondary plasma fonning gas such

as hydrogen was not considered. Two design modifications were made on the torch. The tirst

modification was a change in cathode LD. from 7.5 to 6.35 mm and the second was using a

plasma jet accelerating nozzle (Figure 5.11). This is a typical de Laval nozzle with a

restriction diameter of4.76 mm. The nozzle geometry was developed using various graphite

nozzle sizes and visuaI observation of the shock waves in the plasma jet. The use of the

plasma jet accelerating nozzle reduced the average powder size from 145± 28 to 60 ± 14 ~m_

Graphite was used as nozzle material and fast nozzle erosion was observed which resulted in

enlargement ofthe nozzle LD. and consequently changed the plasma jet characteristics over

time. In addition, graphite contamination was detected in the powder products wmch is

undesirable. This problem may be resolved by using a water cooled refractory metaI nozzle.

Two typicaI plasma atomizaed powders of Ti and IN 718 produced with optimum nozzle

geometry are shown in Figure 5.12.

80m ~ -tï6 d:>5mn

r i
i t

~ysnnJ.:
Figure 5.11. Schematic of the optimum nozzle
design for plasma atomization.

86



•• Plasma Atomization

(a)

Chapter 5

••
Cb)

Figure 5.12. SEM of (a) IN 718 and Cb) Ti-6-4 powders (+45-75 J.lm) produced by plasma
atomization process.
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The powders produced through plasma atomization are very sphericaI with a very few

satellites attached as can be seen fram their micrographs. The high sphericity of these

powders is very beneficial for applications, which require high flowability (such as plasma

spraying) and high tap density (such as HIPping).

Besides a decrease in average powder size, the powder produced has a narrow distribution~

\vhich can be characterized by dlQ = 10 !lm and d 90 = 110 !lm. This is cansidered a very

narrow particle size distribution ifit is compared with metaI powders produced through water

or gas atomization processes. It should be noted that production of a mono-size powder is

almast impossible due to the non-unïform energy transfer from the atomizing medium to a

liquid. This irregularity, which involves either velocity or temperature, is inherent to the

nozzle design. For most nozzles, the velocity ofthe atomizing fluid in the center line is higher

than that of the peripherais. Therefore, draplets are treated differently during atomization and

a powder product with varying size is produced. The progress in reducing the average

particle size and powder size distribution are summarized in Figure 5.13. Very similar powder
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•

size distributions were obtained for various atomized powders. The average powder size

produced from the wire of(1.6 mm diam.) ofTi, Cu, and IN-718 (a nickel-based superalloy)

showed only 10% ± 4.5 % difference at their optimum atomization conditions. These results

are very close since an 8 % error is usually associated with screen analysis[110]. This implies

that the physical properties of the atomized materials are more important in defining the

powder production rate and are less influential in controlling the powder size distribution.

5.5 Droplet Formation during Plasma Atomization

The exact mechanism of droplet formation from a wire fed into a plasma jet is not known.

Understanding ofthe droplet formation in plasma atomization can be very helpful to predict

their behavior in reactive plasma atomization. Furthermore, studying the droplet formation

mechanism in plasma atomization can determine and classify the role of the important

parameters during droplet breakup. The best method of investigating plasma atomization is

to install and focus a camera on the wire tip and record the process. Unfortunately, such

equipment was not available at the time of this research program. However, SEM was used

to examine the morphology of the final powders. Morphological study of the powders

revealed that the general particle fonnation mechanism for gas atomization (as shown in (5.1»)

can be applied to plasma atomization using the wire feed system. Micrographs shown in

Figure 5.14 were taken from the powders produced by the plasma atomization process.

Ligament formation, necking, and spheroidization steps are observed for the powders

produced through plasma atomization. These powder examples for sorne reason solidified in

flight before completion ofthe atomization process. Depending on the ratio of power to wire

feed rate, onlytwo to 10 percent of the total powder produced were irregular. 1t is believed

that two droplet formation mechanisms are responsible for overall atomization. The first

mechanism can be called primary atomization and occurs by the removal of small droplets

from the wire tip. These particles spheroidize and solidifY in flight without further breakup.
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The other mechanism can be called secondary atomization which is the breakup ofthe large

particles already detached from the wire tip. These droplets are further atomized by the high

velocity plasma jets in flight. Since the droplet breakup bas been deIayed for these particles

due to their size, they do not undergo a complete breakup and become irreguIar.
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(a)

(c)

Chapter5

(b)

25p.m

•
Figure 5.14. Droplet formation during plasma atomization; (a) necking, (b) spheroidization
in progress, and (c) end of droplet spheroidization.
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5.6 Comparison ofPlasma Atomization (PA) with Other Competitive Technologies

Other atomization processes such as gas atomization (GA), rapid spinning cup (RSC),

rotating electrode process (REP), and rapid solidification rate (RSR) are able to produce a

specifie range ofparticle size and distribution. The best method of comparing PA with these

proeesses is based on average particle size, particle size distribution, powder morphology,

contamination, and the microstructure [Ill].

5.6.1 Average Particle Size

Typical particle size distribution of powders produced by a variety of the atornization

processes (as weIl as the plasma atomization) are shown in Figure 5.15 [112]. The average

particle size of a powder produced the PA process is 50 !lm which is finer than those of the

GA (80 J,lm), the RSR (65 Ilm), and the REP (150 Ilm); but is larger than that of the RSC (25

Ilm). The unique advantage of the PA process is the ability of incorporating a reaction into

the atomization process and possibility of materials synthesis. In contrast, other atomization
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Figure 5.15. Comparison of average particle size distribution of atomization processes.
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process cannot easily be used for such applications.

5.6.2 Particle Size Distribution

Chapter 5

••

The particle size distribution for the PA process is narrower than those of the GA and REP.

is in the same range ofthe RSC. and is wider than that for RSR. The particle size distribution

for the powder produced through these atomization processes are summarized in Table 5_4.

It should be realized that both the narrow and the wide particle size distributions are desirable

depending on their applications. For example, thermal spraying requires a narrow partiele size

distribution while powder metallurgy demands a wider range in order to obtain a reasonable

green packing density. The advantage of the powders produced through the PA process is

that its average particle size and distribution can easily be classified for either thermal spraying

or powder metallurgy.

Table 5.4. Average particle size and distribution for the atomization processes

Process RSR RSC REP GA PA

10 % below ( /lm) 40 10 70 30 15

90 % below (/lm) 90 40 200 500 100

Average paniele size 65 25 150 80 50

5.6.3 Cooling Rate

The solidification rates for Cu and Al in the PA process were measured trom dendrite arm

spacing (DAS) observed on the surface ofthe powders and using the relationship between the

secondary DAS and solidification rate provided in the literature and shown in Figure 5.16

[112]. The solidification rates for Cu powder and Al powder produced through the PA

process were 2xI05 Kls and for 3xlO-l KJs, respectively. The solidification rate for Ti powder
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was measured from the average pgrain size[113]. The solidification rate was a function of

the powder particle size and it was measured as 105 Kls for an average paniele size of 50 ~m.

From these solidification rates, the PA process can be classified as a rapid solidification

process. Consequently, powders produced through this process can produce PlM parts which

benefit from significant improvements in terms of mechanical, electrical, and thermal

properties as well as corrosion resistance.

1 Plasma Atomization
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Figure 5.16 Secondary DAS and Pgrain size as a function of
solidification rate.
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5.7 CONCLUSIONS ON PLASMA ATOMIZATION

Chapter 5

,

1- Torch alignment, the plasma jet acceLerating nozzle, the ratio of total pLasma power

to wire feed rate, and wire diameter are the most influential processing parameters in

determining the average particle size and size distribution of the powders produced

through plasma atomization.

2- The plasma atomization process can produce powders with an average particle size

of 50 to 60 flm with a narrow particle size distribution which is characterized by dlQ=

15 and d9Q= 100.

3- Although plasma atomization produces high quaIity powder, the production rate

(meLting rate) is limited ta 1-2 kglhr with the type of plasma equipment used in the

CUITent study.

4- Heat diffusivity, thermal conduetivity, and thermal difiùsivity of the feed wires are the

mas! important criteria for predicting their melting rates and therefore atomÏzation.

5- Poor data reproducibility were obtained using molten metaI feed during plasma

atomization which can be attributed to Ca) the importance of metal feed rate to the

system and (b) inaccuracy of controlling the molten metai feed rate.
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CHAPTER 6

,

Al-Ti COMPOSITES

6.1. INTRODUCTION

Many advances in the aerospace and automotive industries are aimed at improving the

efficiency and performance of their products by increasing the operating temperature and

reducing weight. These improvements require materials with better mechamcal properties but

at a lower cost. Currently. conventional rnaterials are used to the tirnits oftheir perfonnance

and cannot rneet new design requirements.

Al-TiAl3 composites are candidate materials for high temperature (>450°C) applications ta

replace sorne Ti-based alloys in the aerospace industry. The main advantage ofthis material

over other composite materials is the presence of TiAl3 phase, which is crystallographically

similar to the Al matrix, and is stable at higher temperatures. The production of Al-TiAl3 is

associated with a few technical limitations due to the intrinsic characteristics of the Al-Ti

system (Chapter 2. §Il).
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The mechanical properties of the Al-TiA13 composites depend on various microstructural

features. In this regard, size, morphology, and distribution of TiAI3 are the most important

factors, which depend strongly on the manufacturing process. In the following sections, the

production ofAl-TiAl3 composites will he investigated through five manufacturing processes:

casting, powder metallurgy, reactive hot isostatic pressing (RHIPping), plasma spraying using

elemental powders., and reactive plasma spraying. The emphasis will he on reactive plasma

atomization and the comparison of results will he based on the morphology of the

intermetallic phase. The mechanical properties ofthe material produced by reactive plasma

spraying will also be assessed. Finally, the production problems associated with this process

will be discussed and possible solutions addressed.

6.2. PRODUCTION OF Al-TiAl3 COMPOSITES

6.2.1. Vacuum Plasma Spraying Using Elemental Powders

Plasma spraying is classified as a rapid solidification process and is likely to produce a

supersaturated microstructure of Ti in AL Such a supersaturated solid solution can he

subjected to heat treatment to produce a fine and a well-distributed reinforcing phase

throughout the matrix. However, there are technicallimitations associated with the plasma

spray process such as feed materials which are introduced in the solid state either as powder

or wire. This greatly limits the choice of raw materials. For example, in the Al-Ti system, a

supersaturated molten system is required which cannot be easily fed into the conventional

plasma spray systems. To overcome this limitation, elemental powder of Al and Ti were

mixed and sprayed using a powder feeder. The objective was to combine alloYÎng with the

plasma spray process. AIloying may occur either in flight or upon deposition.
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6.2.1.1. Spraying on Stainless Steel (SS)

Chapter 6

•

A typical microstructure of a coating obtained on a stainless steel substrate is shown in

Figure 6. l(a). This microstructure is the result ofthe experiment 1 in Table 6.1. Complete

reaction between Al and Ti is observed in tbis microstructure forming TiAl3 phase (gray

phases). The EDS spectrurn ofthis phase is shown in Figure 6. l(b). The interrnetallic phase

bas an average particle size ofabout 5 Jlm which is finer than the average particle size ofboth

the Al and Ti starting powders. The TiAI3 phase is aIso evenly distributed in the Al matrix.

The combination ofthese two factors, i.e., a fine and a well-distributed intermetallic phase in

the Al matrix should grant good mechanical properties ta the coating. A bright needle-like

phase is aIso observed in the microstructure. The EDS spectrum obtained from tbis phase is

shawn in Figure 6. 2(a). It is composed ofmainly Al, Cr, Fe, and trace amounts ofTi and Ni.

A reaction occurs at the interface between the Al-Ti coating and the SS substrate. The results

of qualitative EDS analysis on the reaction zone showed a wide range of chemical

compositions containing Fe, Cr, Ni, Ti and Al. This is a complex and brittle intermetallic

compound causing cracking at the interface. The EDS spectrum of a typical reaetion zone is

shown in Figure 6. 2(b).

Table 6.1 Experimental set-up and their responses after 5 minutes of spraying.

ExP. C.P.(mbar) S.D.(ern) Substrate Ti(%) T (J,UIl)

1 60 40 SS 15 75

2 40 55 SS 15 50

3 40 40 Ti 15 10

4 40 40 5S 5 90

5 60 55 SS 5 460

6 60 40 Ti 5 97

7 60 55 Ti 15 100

8 40 55 Ti 5 0

C.P.: ChamberPressure, S.D.: Spray DIstance, T: Thiekness

98



•• AI-TiAI] Composites Clzapter 6

Coating •

Reaction zone --...

Substrate~

(a)

Al

Ti

~r Cr
-:

A.A

Figure 6. 1 (a) Backscatter image, and Cb) EDS spectrum of the gray phase.••
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Figure 6.2 EDS spectrum obtained trom Ca) needle like phase (b) reaction zone.

100



• AI-TiAI3 Composites

6.2.1.2. Spraying on Ti Suhstrate
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Compared with the coating deposited on SS, less reaction occurred between the Al-Ti coating

and the Ti substrate, and a very narrow reaction zone was observed at the interface. Figure

6. 3(a) shows the back-scattered electron image (BEI) corresponding to experiment 7 in

Table 4.1. The overall microstructure contains intermetallic particles in a matrix ofAl. The

interface is an Al-Ti intennetallic with a similar chemistry ta the intermetallic phase in the

matrix, but higher Ti content (see Figure 6. 3(b») which might be coming from the Ti

substrate. The interface of this series of coatings on the Ti substrate shows no sign of

cracking or delamination. This can be attributed to the chemical and physical compatibility

ofthe intermetallic phase with the Ti substrate.

6.2.1.3. Qualitative Chemical Analysis ofthe Deposits

The sprayed samples had a higher Ti content (4 ±1.3 wt.%) than the bulk mixture of the

powders used to spray these composites. This can be attributed to the separation of the

powders in the powder feeder due to differences in density, particle size and morphology (see

Figure 4.6). In addition, separation occurs in the plasma flame, since Al and Ti powders

undergo different behaviour in the plasma tlame due to their differences in physicai properties

(see Table 6.2). If we consider reactive plasma sprayjng using elemental powders as a

combination of melting, aIloyjng and casting, then the behaviour of these elements in the

plasma flame can be compared. Al needs much less energy to melt (981 kJlkg) than Ti (1295

kJ/kg). This difference would increase significantly ifwe compare the energy required for

boiling. It can be concluded that most of the Al particles reach the suhstrate at a higher

temperature than Ti powders. In fact, the shape of sorne ofTi particles in the microstructure

confinned that these particles had been only partially melted when they reached the substrate

and only partially reacted with Al to fonn TiAl3. A typical microstructure illustrating this

behaviour is shawn in Figure 6.4.
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Figure 6.3 (a) BEI, and (b) the EDS spectrum of the interface of the Al-Ti powder
sprayed on Ti substrate.
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Table 6.2. Physical properties of Al and Ti.
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1 Physical Property 1 Al 1 Ti 1

Melting point (OC) 660 1660

Latent heat of fusion (kJ/kg) 387 434

Boiling point (0 C) 2467 3287

Specifie heat (J/kg.K) 900 5i9

Density (kglm3
) 2700 4500

Ti

Reaction zone

Substrate

Figure 6. 4. Typical coating microstructure showing the unmelted Ti particles.

The high Ti content of the coatings can aiso be attributed to the high temperature of the

substrate. The high temperature of the substrate provided a high fluidity for the Al phase in
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the composites. Since the substrate stands vertically in front ofthe plasma torc~ the molten

Al flowed downward causing an overall increase of the Ti content. Sorne Al droplets flowed

down and collided with Ti partic1es, fonning other solid AIxTiy phases, which have higher

melting points, ranging from 1370-1430°C.

• Al-TiAl! Composites Chapter 6

•

One solution to replace the Al flow is to lower the substrate temperature. However, this

ternperature should not be lower than 852 0 C in order ta promote reaction. This temperature

was detennined from differential thermal analyses (DTA) performed on the powder mixtures

ofAl-5% T~ Al-IO%T~ and AI-15%Ti, the results ofwhich are shown in Figure 6. 5(a), (b),

and Figure 6. 6, respectively. The results show various peak temperatures for the exothermic

reaetion of Al and Ti. This variation of the peak temperatures can he attributed to the

different Ti content involved in the reaction. The peak temperature of the reaction decreases

with increasing the Ti content.

In plasma spraying, fixing the substrate temperature would be difficult since it varies with

torch cUITent, spray distance, plasma gas flow rate, powder carrier gas flow rate, vacuum

chamher pressure, spray time, and Ti content of the premixture. In faet a new experimental

design is required to optimize these factors to obtain the optimum substrate temperature.

It seems that tms problem would be reduced by increasing the Ti content. The increase in the

Ti content will increase the probability of collision between the Al and Ti powder particles

for a given residence time on the substrate. Then the Al droplets will collide with the Ti

powders and react ta form a high temperature intermetallic before flowing off the substrate.

This needs a uniform flow ofhoth the Al and Ti powders through the feed system. Another

solution might be using finer Ti powder. In this way, the distance between Ti partic1es in the

coating will be decreased. The overall reaction would he completed in a shorter time

providing less time for AI to flow off the substrate. Even if AI flows on the substrate, there

would be a greater chance for it to pass over a Ti particle and react with it.
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Figure 6. 6 DTA analysis for Al-15%Ti.

The flow ofAl on the substrate is desirable ta sorne extent. The flow of Al over Ti particles

disperses the intermetallic phases formed at the interface, increasing the concentration

gradient at that interface and resulting in accelerated diffusion. In fact, the rate of the process

is controlled by the ability ofthe molten metal to carry away the intermetallic phases produced

through the reaction between Al and Ti at the interface. Although, a high substrate

temperature is desirable for reaction, it limits the coating thickness ta about 100 llm.

Therefore, only thin foils of the Al-TiAl] can be produced through this process.
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A typical microstructure obtained through casting an Al-5%Ti alloy is shawn in Figure 6. 7.

This micrograph contains a needle-like morphology of TiA13 phase in an Al matrix. The

acicular morphology of the intermetallic phase might be questioned since it appears in two

dimensions as plates in the microstructure. However, this morphology for the TiAl3 phase

was confirmed by examining the fracture surface where no plates or parts of embedded plates

were observed on the fracture surface. Moreover, in the literature, ocly the presence of

needle and blocky morphologies are reported [114]. The needles were found to have an

average length of30 flm and were evenly distributed in the microstructure. No residual Ti

was detected in the microstructure indicating that dissolution and reaction was complete.

Al matrix

•
Figure 6. 13. Typical microstructure (5 wt.%Ti) obtained from casting in water-cooled
copper mould.
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This microstructure would not offer high mechanicai properties since the long and sharp

needles would act as stress raisers causing premature crack initiation under tensile stresses.

In contrast, it may represent high wear resistance at high temperature. However, further

analysis will be required to determine the performance ofthis microstructure.

• AI-TUI] Composites Chapter 6

•

The quantitative EDS analysis showed that the intermetallic phase cantains 27 at.% Ti and

73 at.% AI. This composition is close to that of stoichiometric TiAl3 • This phase precipitates

from high temperatures (from 1300°C down to 660°C) depending on the Ti content ofthe

melt. In this range, the Iiquidus temperature ofAl alloys sharply increases with small increases

in the Ti contents, Le., a 2 wt.% Ti addition increases the liquidus temperature ta above

1000°C. This rapid increase in the liquidus temperature lowers the casting charaeteristics of

this series of Al alloys. The solidification ranges are between 450 and 700°C for Al alloys

containing 5 to 15 wt.% Ti, respectively. The longer the solidification range the more difficult

is the feeding of molten Metal between solid dendrites, resulting in high shrinkage porosity

and coring. These alloys aiso need ta be cast at higher temperatures which cause casting

problems such as an increase in oxide content of the melt. In addition, as the Ti content

increases, the reactivity of the Al-Ti alloys increases, thus limiting the use of conventional

fumaces, crucibles, ladIes, and moulding materials.

6.2.3. Powder Metallllrgy ofAI-TiAl] Composites

Typical microstructures obtained from this process for a la wt.% Ti are iIlustrated in Figure

6. 8. There was no significant change in the size of the TW3 particles sintered at 600°C and

70QoC. In contrast, the TiAl3 particles of the composites sintered at 1100°C were much

coarser than the other microstructures, see Figure 6. 9. The coarsening ofthe intermetallic

phase can be explained by the dissolution of fine particles and re-precipitation of the larger

ones. Above 700°C, liquid phase sintering is the dominant process responsible for coarsening,

since the formation of a liquid Al-phase would facilitate mass transfer.
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(c)

(b)
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••
Figure 6. 8. Typical microstructures of composites conraining 10 % Ti sinrered at Ca)
600°C, (b) 700°C and Cc) 1100°C for 30 minutes.
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Figure 6. 9 The effect of sintering temperature on the
TiAl3 particle size of a composite containing 10 wt.%
Ti.

Cracking and separation ofintennetaIlic phases were observed for all samples, and increased

with sintering temperature. Samples sintered at l1000 e presented the largest number of

cracks. This may be attributed tû the differences in coefficient oftherrnaI expansion (eTE)

of the Al-matrix and that of the intermetallic phase I
. The presence of these microcracks in

TiAl3 microstructure has been previously reported, although no explanation for their

formation has been given [115].

The TiAl3 phase appears as particulates in the Al-rnatrix, but with a different morphology to

that observed for cast microstructures. This difference can be explained by the different

mechanism offonnation ofTiAl3. During casting, the intermetallic phase precipitates at high

temperature from a liquid phase which is very fluid. In contrast, in powder metallurgy, the

intermeta11ic phase is fonned because of diffusion and reaction between solid Al and Ti

powders which is a much slower mass transport mechanism than occurs during solidification.

INo data has been found for eTE ofTiAl3 so far.
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powders which is a much slower mass transport mechanism than occurs during solidification.

Moreover, due to the stirring effect of the induction fumace used for casting, the saturated

liquid AI at the interface of molten Al and Ti particles is readily dissolved in the bulk Al,

therefore, TiAl3 grows in a less saturated environment than that ofpowder metallurgy.

• AI-TL41} Composites Cllapter 6

•

The average size ofTiAl3 particles was finer than the size ofTi powder (60 Ilm) used in the

mixture. The average particle sizes for the composites, containing 10 wt.% Ti, sintered at 600

and 7000 e were 6 and 9 Il~ respectively. This observation can be explained by Ca) the

formation of the intermetailic phase at the interface between Al and Ti, (b) a breakdown of

the intermetallic phase and Cc) a redistribution ofthis phase in the Al matrix. The breakdown

ofthe intennetaIlic phase at the interface can be explained by both the eTE mismatch between

Al, Ti and TiAl:b and a dissolution ofthis intennetallic phase in the liquid Al. This mechanism

can be better explained by referring to the SEM micrograph shown in Figure 6.4, where the

fonnation ofTiAl3 phase at the interface and its breakdown to smaller particulates is clearly

evident. This microstructure has been obtained though plasma spraying of an Al and Ti

mixture on a substrate preheated to about 300°C. The beauty ofthis microstructure is that

it shows the process arrested before completion of the reaction and precipitation.

The fonnation ofa finer intennetallic phase in the Al matrix can be explained by two possible

mechanisms: firstly, the irregular dendritic shape of the Ti powder, (see Figure 4.6), which

contains small branches. These can be easily broken down, separated from the main body and

provide a finer particulate in the matrix. Secondly, the exothermic reaction which occurs

between Al and Ti (Figure 6. 6) provides a local region of molten material at the interface

that cao carry away the intennetallic particles and redistribute them in the matrix.

The morphology of the aluminide phase in the Al-TiAl3 composites is detennined by the

process used to produce this material. For a needle-like structure, the Ti must be added to the
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from a source of Ti in the presence of a melt saturated in Ti. This occurs at temperatures

where the solubility ofTi in the melt is small; i.e., < 9000 e [6.114J.

, AI-TiAI3 Composites Chapter 6

,

6.2.4. Reactive Hot Isostatic Pressing (RHIPping)

In brief, the HIP process involves sealing metailic powders, under a vacuurn~ in a metal or a

glass can, which is then subjeeted to both heat and pressure resulting in a dense part. HIPping

is used as a consolidation technique for the near-net-shape production ofadvanced materials.

.In RHIPping, a reaction is aIso involved between the canned powder mixture resulting in the

formation ofnew compounds. This process was very attractive for the production of Al-TiAl)

since the high pressure (200 NfPa) applied to the powder mixture guarantees an intimate

contact between Al and Ti powder particles. Therefore, a higher mass transfer rate is

expeeted with the RHIPping process. In additio~ the parts produced through this process are

dense and the mechanical properties can be assessed without the influence of the secondary

factors such as porosity and porosity distribution in the consolidated parts.
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The HIPping temperature was found to be the most important factor in the production of Al­

TiAI3 composites. The critical HIP temperature is the melting point ofAl. Cans HIPped below

the melting point of Al showed a microstructure of an Al matrix containing Ti particles

reacted only on the surface to form a thin layer of TiAl3 • It is believed that the exothermic

reaetion between Al and Ti increases the local temperature at the AlJTi interface. Most of the

heat generated is consumed by the latent heat required for melting the adjacent AI. Therefore,

a local melting ofAl occurs and the TiAl3 phase partially dissolves in the Al fomùng discrete

particles. The formation of discrete TiAl3 particles can aIso be explained by the volume

increase (23%) encountered with the formation of the new phase (TiAI3) compared to the

original Ti [116]. In addition, because of the exothermic reaction at the interface, a

temperature gradient is established as being highest at the interface but decreases lateraIly.

The temperature gradient fractures the interface and the intermetailic layer due to the eTE

mismatch between the Ti core and the intermetailic layer.

As the reaetion proceeds, the formation of the intermetailic sheIl around the Ti particles acts

as a diffusion barrier and slows the mass transport of Al to the unreacted Ti. FinaIly, at

equilibrium, the rate of heat generation by the reaction equals the rate of heat loss to the

sUIToundings. Al begins ta solidify and the reaction slows down. A typicai micrograph of a

sample RHIPped at 600°C for one hour showing the formation ofTiAl3 phase at the interface

is displayed in Figure 6. 10.

RHIPping at a temperature above the melting point of Al accelerates the TiAl3 formation

kinetics. Molten Al graduaIly dissolves the Ti from the TiA13 layer surrounding the Ti core.

Since mass transport in the liquid phase is faster than the solid phase, the Ti concentration in

the molten Al adjacent to the intermetailic phase is quickly depleted. This results in a steeper

concentration gradient and a faster dissolution rate ofTi fram the intermetailic layer into the
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Figure 6. 10 Microstructure of a Ti particle reacted on the surface forming TiAl3 phase.

molten Al. Furthermore, the reverse diffusion, i.e., diffusion of Al through the intennetallic

layer accelerates at higher temperatures. RHIPped samples consolidated above the rnelting

point of Al for as little as 0.5 hr. showed complete dissolution of Ti particles in molten Al.

A typical microstructure is shown in Figure 6. Il. The growth of the intermetallic layer as

a function oftime and temperature is shown in Figure 6. 12. These data represent the growth

of the intermetallic layer both be10w and above the rnelting point of Al. The growth of the

intermetallic layer at high temperatures is rapid resulting in convergence of the curves. It

would have been preferable to present these data separately since Al melts at 660°C and a

major change in rnass transport is observed. This would have required an extensive series of

experiments below and above 660°C, which were beyond the scope ofthis study.
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Figure 6. Il A typical microstructure of the RHIPped samples consolidated at
700°C for 10 min.
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The reaction rate above the melting point of Al was so fast that even at 0.5 M. holding at

670°C the reaction was complete. However, the growth of the intermetallic layer below the

melting point of AI was slow and measurable. Therefore, the growth of the intermetallic layer

was studied below 660°C and is shown in Figure 6. 13 for various temperatures. In order

ta obtain the activation energy for the growth ofthe intermetallic layer. the slopes of the lines

(ln k) in Figure 6. 13 were plotted versus liT in Figure 6. 14. The activation energy for the

gro'Vlth of the intermetallic layer was found to be 116 kJ/g mol which is in good agreement

with Mackowiak et. al 's[117] work which resulted in an activation energy of 121 kJ/g mol.
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Figure 6. 13 Thickness of the intermetallic layer as a
function ofRHIPping time.
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Two major technical problems were experienced with HIPping above the melting point of AI.

The fust was deformation ofthe cylindrical canning tube ta an aval shape during processing,

as shown in Figure 6. 15. The unexpected large amount of deformation was attributed to the

low tap density (48%) of the powder mixture in the cano The low tap density was due to the

irreguIar shape of the powders ofboth Ti and Al. Generally, spherical powders are used for

HIPping since they result in a tap density of about 65%. The tap density of the mixture was

increased to 55% by die pressing the powder mixture inside the can however, no change was

observed in the ovality ofthe cano It was then

decided to machine flat tensile specimens

directly from the oval shape.

The second was a problem associated with

the reaction between molten Al and the can

material itself OriginaUy stainless steel (SS) Figure 6. 15 Final shape of the IllP cao
ft HIP·was used and severe reaction was observed a er pmg.

at the interface of the S5 and the HIPped sample. Elongated complex intermetallics also were

observed in the microstructure which were very similar ta those observed for the vacuum

plasma sprayed material on S5 substrates illustrated in Figure 6. 1. Therefore, Ti tube was

seleeted then used and only a very tbin reaction layer was observed at the interface between

the cao and the RHIPped sample, which was removed by grinding prior to hot rolling.
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In aU of the processes discussed above, elemental powder of Ti was used as the starting

material. In this section, the production of Al-TiAl3 composites through reactive plasma

spraying will be examined. The original idea was ta use TiCl4 as Ti source instead of

elemental Ti metal and react it with molten Al to produce Al-Ti intennetallics. The advantages

ofusing TiCl4 are: Ca) it easily boils at 138°C enhancing the reaction kinetics with Al; and (b)

it is more economicai than elemental Ti powder. TiCI, cast $2/kg whereas Ti powder is

typicalIy $250Ikg; this makes the process commercially very attractive. This concept provides

unique capabilities since it combines severa! metallurgical processes, the reduction ofTi from

TiCI" alloying, rapid solidification and spray forming in one single step_

Up to now, the idea ofreducing TiCl4 by Al has two approaches. The first was undertaken

by Sale[118] who studied the reaction between TiCl4 and molten Al. The products ofthis

approach were then investigated based on the effects of the temperature, time and partial

pressure ofthe TiC},_ It was found possible to produce interrnetallic compounds ranging from

TiAl3 ta T~Al at temperatures ranging from 700°C ta 950°C using different TiÇl partial

pressures. A wide range of morphologies were reported for the produets, ranging from a

needle-like growth for Ti3Al ta fine particulates ofTiAl3.

The other approach is using plasma. The feasibility of this concept was evaluated by

Tsantrizos[119] who injected the AI powder and TiCl4 into a D.C. plasma torch with the

reaction taking place in the taU flame of the plasma flame. This process is called REactive

plasma FORMîng (REFORM). The products were found to contain up to 85 wt.% Ti

depending on the plasma conditions and AIlTi molar ratio[120). The resultant microstructures

were reported ta contain intermetallic phases, with morphologies ranging from needle-like to

spherical particulates corresponding to increasing the Ti content in the Al matrix.
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Severa! years ago, Kroll and Hunter introduced the use ofmetallic reducing agents (Mg and

Na) for the extraction of Ti and Zr from their volatile tetrachlorides [121],[122]. One

requirement for the metallic reducing agent is that it forms a more stable chloride than

tetrachlorides. This can be easily detennined using Ellingham diagram for chlorides [123]. The

other is the immiscibility ofthe chloride by-products in the metal product.

This concept can aIso be applied to Al-TiCl4 system. The standard free energies (1) ofAlC13,

AlCI;b TiCl4 and overall reaction (see Equation 6.1-6.7), per gram-mole of chlorine, occurring

between Al and TiCl4 are represented in Figure 6. 16[124]. The temperature of these

reactions (m plasma) are assumed to be 2000°C. It can be seen that Al can reduce TiCl4 since

its chlorides (AlCl2 and AlCI3) are more stable than TiCl4 above 600°C.

Al (1) + C/2 (g) = A/CI2 (g)

âGOR = -338016.51 - 9.50 T

Al (1) + 1.5CI2 (g) = AICI3 (g)

âGOR = -587854.8 + 29.51 T + 10.46 T log T

Ti (1) + 2Cl2 (g) = TiCf4 (g)

IlGOR = -771245.4 + 152.47 T - 7.54 T log T

(6.1)

(6.2)

(6.3)

(6.4)

(6.5)

(6.6)

•
+ 2AI(l ) = 2AlCf2 (g) + Ti(l) (6.7)
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Figure 6.16. The standard of free energies of Al-chlorides and overal1 reaction as a
function oftemperature.

According to Equation 6.7, TiCl4 is reduced by metallic Al to form Ti and AlCI 2' However,

interesting industrial possibilities arise ifAl is supplied in excess and is allowed to react with

the Ti obtained by the reduction of TiCI4 • Therefore, the final product will be an alloy in the

Al-Ti system. This product can then be collected as powder for further processing powder

metallurgy, sprayed as a coating or used as an Al-Ti master alloy in Al casting.
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Using the FACT equilibrium program~ the chemical equilibria of the TiClol-Al system were

investigated at various temperatures (from 1000 to 2000 K) and a constant pressure (1 atm.)~

as shown in Figure 6. 17. From the preliminary microstructural analysis it was found that

more than 90% of the Al particles achieved a temperature between 1000 and 2000 K

(discussed in details in § 6.3.2.2.).

At high temperatures, the production of Al chlorides with low CVAl ratios (such as AlCI and

AlC1:J are promoted. It shows that a higher Al is consumed for the reduction of every mole

ofTiCl4. In praetice, forming Al chlorides with higher CVAl ratios is desirable (such as AlCI3)

since a lower Al will be required for full reduction of TiCI4 . It can also he seen that at low

reaction temperatures (i.e.~ 1200 K), TiAl forms while at high reaction temperature (1800 K)

Ti is produced. In contrast to the results of the thermodYfiamics predicting the formation

ofTiAl at low reaetion temperatures, the microstructllral analyses of the product showed that

TiAl3 is the dominant phase. Finding experimentally which phase forms first requires a series

of reaetion tests followed by rapid quenching. However, due to the high Al concentration on

the surface of the molten Al droplet, and according to the Al-Ti phase diagram (see §
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Figure 6. 17 Chemical equilibrium of Al-TiCl4 system as a
function oftemperature (the presence of species with a
concentration lower than 10-2 are not shown). 121



the surface of the molten Al droplet, and according to the Al-Ti phase diagram (see §

6.3.2.1), TiAl3 forms despite the chemistry of the phases formed through the Al-TiCl4

reaction. In fact the reaction between TiAl3 and TiC~ should be investigated, since below

1600 K TiAl3 forms on the surface of the molten Al resulting in a solid outer sheLl and

isolating the core from further reaction with TiCI4 • The results ofthe thermodynamic study

on the TiAl3- TiCl4 reaction are shown in Figure 6.18. By increasing the reaction

temperature, less TiCI3, higher Ti, and AlCI are produced. Agam, it is shawn that at iow

temperatures TiAl is more stable than TiAl3- Above 1600 K, TiAl3 melts and forms a Ti-Al

melt. Tt is believed that this temperature is a breakthrough in the TiAl3- TiCl4 reaction since

above this temperature, molten Al-Ti reacts with TiCl4 and is expected to have a higher

reaction rate.
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Al-TiAl) materials were produced through reactive plasma spraying using a single plasma

torch. Al powder and TiCI~ vapor were injected into the plasma jet at the plasma torch exit

using argon as the carrier gas. The products of the reactive plasma spraying were collected

both as a deposited layer and powder. The schematic ofthe process was shown in Figure 4.4.

Various microstructures were obtained throughout this process. The best microstructure of

the reactively fonned Al-TiAl3 composite is shown in Figure 6. 19. Only 15% of the deposit

volume contained such a microstructure. The backscatter electron image shown in this figure

reveals!Wo major phases, a light and a dark gray phase. EDS analyses showed that the bright

phase contains 25 at.% Ti and 75 at.% Al which corresponds to the composition ofTiAl3.

The even distribution of the fine (- l ~m) intermetallic particles in an Al-matrix may result

in a good ductility. This illustrates the strong potential of reactive plasma spraying to

Al matrix

Figure 6. 19 Microstructure of the Al-TiAl3 composite produced through reactive plasma
spraying.
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overcome the lo\v ductility of the Al-TiAl) composites. The results of EDS analysis also

revealed the presence of chIorine on the flat surface ofthe powders. In contrast. no chlorine

\vas detected in the cross-section of the powders. This implies that chIorine might only be

surface contamination. The chIorine content was also quantitatively analyzed by ICP-AES

(Induetively Coupled Plasma-Atomic Emission Spectrometry) and was found to contain 1.5

aL% chIorine.

•• AI-TMI3 Composites C/zapter 6

••

6.3.1.1 Thermogravimetry Analysis

Chlorine in the composite material can be either chemically bonded to Al and Ti or physically

adsorbed on the surface of the particles. In the former case, selection of the dechlorination

procedure strongly depends on the physical and chemical properties of the chloride

compounds. None of the Al and Ti chloride compounds are stable above 660°C. Based on

this fact, heat treatment of the chIorine contaminated composite in this temperature range

should remove all traces ofchIorine. The results of the TGA confirmed this fact, as shawn in

Figure 6. 20. The TGA represents three distinct events which can be described as follows:

-The fust event occurs at 70°C when the rate of weight loss slows. This temperature is close

to the melting point of aluminum per-chlorate, [Al(CI04))).6H!O].

-The second event occurs at about looec. It is very close ta the temperature at which

aluminum chloride hexa-hydrate, [AlCI3.6H20], decomposes through a dehydrolysis reaction.

-The third event occurs at about 120°C and finishes at about 170°C. This temperature is close

to the boiling point of aluminum chloride (AlCI3 ).

-The final event is over the range 250-625°C where the weight loss can be attributed to

evaporation and dissociation oftitanium chlorides (e.g. TiCl! or TiCl)) [125] .
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Figure 6. 20 The results ofTGA performed on reactiveIy formed
composites contaminated with chIonne. Weight changes versus Ca)
temperature and Cb) time.
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For a few reacted powder particles, the intermetallic phase was observed only formed on the

surface of the Al powder, see Figure 6. 21. It can be seen that the reaction between Al and

TiCI.; initiates at the surface of the Al and proceeded inward although not to completion.

Forty percent ofthe Al particles produced similar microstructures and the remaining deposit

on the surface ofthe substrate remained unreaeted forming the Al matrix, as shown in Figure

6. 22. Obviously, a uniform distribution of the intermetallic phase is desirable for the final

product. Uniform particle reaction and mixing depend on particle temperature. Treating

individuaI particles evenly is aImost impossible due to the intrinsic presence of temperature

and velocity gradients in the plasma jet. An attempt ta improve the product by parametric

variation of: Al carrier gas, plasma power, and Al/TiCl.; feed ratio did not result in an

improved product.

, Al-TiAI] Composites C/zapter 6

,

The most significant problem associated with single plasma system was the difficulty in

maintaining a constant flow rate of Al. Clogging of the injector was frequent due to the

sintering of Al powder at the injection point. Many measures such as using gas cooled coaxial

tubes, changing the injection position, and increasing the carrier gas flow rate extended the

maximum duration of the experiments to only five more minutes. On average, each

experiment lasted 15 minutes and was stopped due to clogging of the AI injection port.

Another problern with single plasma spraying was the presence of unmelted particles in the

spray deposit. Apparently, sorne Al powder particles followed arbitrary trajectories in the

plasma jet and that resulted in unmelted particles. The unmelted particles do not bond well

to other splat formed particles since they are in the soIid state when they reach the substrate.

Usually, porosity was found next to these unrnelted particles and their presence in the deposit

are undesirable since they lead to a deterioration of the physical and mechanical properties of

the material. From the above results conceming product quality and inability of the process

for mass production of Al-TiAI], it was decided ta use a triple plasma system.
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Figure 6. 21 Backscatter image of the reactively formed composite showing that reaction
has occurred only on the surface of the powder particles.
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Figure 6. 22 Particle status according to extent of their reaction with TiCI~.

P=20kW, Spray Distance=40cm, Al feed rate=20g/min, TiCl~= 15mL/min, Al
feed carrier gas= 5L/min, TiCI~ carrier gas= 4 L/min.
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6.3.2. Triple Plasma System

C/zapter 6

The experimental setup for reactive plasma spraying using a triple plasma system was shown

in Figure 4.5. Al wire is injected inta the apex of the system while TiCI~ is introduced in

front of individual torches through the graphite nozzles. The products are collected on the

surface of a water cooled substrate. Image analysis was used to measure the Ti content and

the distribution of the intermetallic phase across the deposit.

6.3.2.1. Ti Distribution Across the Deposit

A non-uniform distribution of Ti was observed across the deposit, resulting in a low

concentration of Ti at the center and a higher concentration in the peripheral region, as

shawn in Figure 6. 23. These results represent the average of four experiments done under

the same conditions.
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Figure 6. 23 Ti Concentration in the reactively sprayed deposit as a
function of distance.••
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It was proposed that this difference may be due to:

Cilapter 6

a) non-uniform mass distribution ofreactants (i.g., TiCI.f and Al) in the reaction

reglOn~

b) particle size difference between the particles travelling in the center and on the

periphery~

c) temperature and velocity differences in the central and peripheral regions.

The hypotheses (a) and (b) were investigated using containers under the atornÏzer to collect

powders which represent atomized powders from the central and peripheral regions of the

atomization plume. Powder particles collected from individual containers were weighed and

subjeeted to particle size analysis. The results of mass distribution are shown in Figure 6. 24.

It can be seen that most of the sprayed

o 2 -& 6 8 10
-2

Distance from center (m x 10 )

Figure 6. 24 Mass distribution as a function of
distance.••

particles land in the central regions. In

other words, the mass distribution

across the reaction zone is not unifonn

and the AJlTiCl~ ratio varies

significantly as a function of distance

from the apex. In the central regions,

a high A1ITiCI~ ratio can explain [ow Ti

content in these regions. This is true if

we assume that there is a uniform

distribution ofTiClo! across the reaction

zone. The same analogy can be used

to show a low Al/TiCl~ ratio in the

peripheral regions and therefore, a

higher concentration of Ti is obtained.
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The results of particle size distribution trom central and peripheral regions are shown in

Figure 6. 25. The average particle size for the powders which landed in the central region is

82 ± 1% Jlm whereas that of the peripheral region is 60 ±1% Jlm. Therefore, the particles

moving in the peripheral region are finer and thus reach a higher temperature (compared with

coarser particles) due to their smaller mass, assuming a uniform temperature distribution in

the system. This results in a high reaction yield and therefore, a higher Ti content in these

regions. It is believed that a larger size difference exists between particles in the central and

peripheral regions which cannot be measured due ta the presence of turbulent flo\v and

vortices in the atomization reactor. The latter mixes the powders from the two regions

resulting in false sampling and errors. Klar et al., examined the average panicle size as a

function of distance tram the nozzle center and reported a 100 Jlm difference in average
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Figure 6. 25 Particle size distribution for powders collected in the central and peripheral
regions.
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particle size between powders in the central and peripheral regions, i.e. coarser in the centre

[126]. Another diagnostic procedure, preferably an on-line method based on image analysis

or light detection, [127] should be performed on the atomization plume to increase the

confidence level of the above findings. Using these methods., temperature, velocity, and

particle diameter can be measured. In addition. the effects of process parameters such as

plasma power, Al feed rate., TiCl~ carrier gas flow rate, and plasma jet accelerating nozzle

dimensions can be measured more accurately and optimized on-line. Unfortunately, the

complex geometry of the triple plasma system hindered the use of standard equipment.

Furthermore, the low emissivity of Al particles tiroits the use of such equipment.

1 AI-TiAI3 Composites C/zapter 6

1

Hypothesis (c) assumes that in the reaction zone or atomization plume there are temperature

and velocity profiles providing atomized powders with different temperature histories. Before

discussing the variation oftemperature and velocity in the atomization process it is preferable

to emphasize on the importance of particle temperature both on its reaction with TiCI~ and

its rnicrostructural development.
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6.3.2.2. Microstructural Evolution
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1

The reaction yield of TiAl] is determined by the reaction temperature. In other words, the

process is temperature controlled. Besides the yield ofTiAl), the ternperature attained by the

particles aIso influence their microstructure. There are four possible thermal histories for Al

particles:

1) The Al particle may exceed its melting temperature (>660°C), but it may have no

TiCl~ for reaction and such a particle will deposit as pure Al. These particles form the

matrix in all ofthe microstructures shown in this study and the thermal history for this

group ofparticles is represented by case (1) in Figure 6. 26. In a single torch reactive

plasma spraying, there is a chance that sorne Al particles may not even melt during the

spray process and land on the substrate unreacted~
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Figure 6. 26 Al-Ti phase diagram with the proposed thermal histories for Al powder

particles.
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2) The particle rnay be heated above 664 0 e but lower than about 700°C and react with

Tiel~, forming a solid layer ofTiAl 3 around the particle according to reaction (6.7).

Upon cooling, the reaction stops and the particle solidifies with a TiN3 shell and an

Al core. Depending on the thickness of the intermetallic layer, it may adhere to the

particle or separate forming a hollow sphere due to eTE misrnatch between Al and

TiAl3 and solidification shrinkage of the rnoiten Al droplet. The thermal history for

this group of particles is represented by case (2) in Figure 6. 26. The typical

microstructure and proposed model are shown in Figure 6. 27 and Figure 6. 28,

respectively;

•• At-TiAt3 Composites Chapter 6

••
Figure 6. 27 Microstructure of an Al particle which has undergone the thermal history
Case 2.
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soIidus < T <Iiquidus
Figure 6. 28 Proposed model for
thermal history Case 2.

C/zapter 6

3) The particle may be heated to a temperature above 660°C but below the

corresponding liquidus temperature, and then react with TiCl4 according to reaction

(7), forming a solid outer layer of TiAl). The reaction between Al and TiCI~ is

replaced with a slower reaction between TiCI~ and TiAl] that may be represented as:

2 TiA/3(s) + 3TiC1ig) = 6AIC/2(g) + 5 TiCs) (9)

1

When the particle stays molten, part of the TiAl) dissolves in the molten Al (core) to

satisfy the phase equilibrium. The overall reaction rate at this step is controlled by the

dissolution rate ofTiAlJ in the molten Al. Upon quenching, the final microstructure

is an Al-TiAl] composite inside a TiAl 3 sheIl. The typical microstructure, and its

schematic model are shown in (9). Again, case two in Figure 6. 26 represents its

corresponding thermal history; and
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Figure 6. 29 Ca) J\;!icrostructure, and Cb)
schematic model for thermal ristory, case 3.

C/zapter 6

(b)
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4) The particle may be heated above the liquidus temperature of the alloy. While the

reaetion starts on the surface ofthe particIe, the TiAl3 does not forme Instead, the Ti

recovered from the TiCl4 dissolves in the molten AL and the molten Al (containing Ti)

is exposed to TiCI4• The reaction proceeds according to reaction (6.7) but the reaction

kinetics is controlled by the activity of Al in the molten Al-Ti alloy. Gradually, the

concentration ofTi is increased on the surface ofthe droplet and Ti-rich intermetallics

such as TiAl or Ti3Al are fonned. Very fine particles sometimes obtain a very high

temperature and form such intermetallics. OccasionaIly, these intermetallics were

observed in the microstructure and their contents were estimated ta be less than one

vol.% using image analysis. Temperatures higher than liquidus temperature and long

reaction time promote the formation of Ti-rich intermetallics. Unfortunately, the

residence time in thermal plasma spray is of the order of milliseconds which is very

short for particle heating, melting, and full reaction. Eventually, the saturated molten

Al is quenched and the product consists of a very fine dispersion of TiAI3 in an Al

matrix. The thermal history corresponding to this case is represented by curve three

in Figure 6. 26. The microstructure ofthis group ofparticles and its schematic model

are shown in Figure 6. 30.

• Al-TiAt, Composites C/lapter 6

•

A case has not been considered above and that is when an Al particle is heated 50 quickly in

the plasma jet that only surface melting occurs. In other words, the convective rate ofheat

transfer on the surface is faster than the rate ofheat conduction through the Al particle thus

surface meIting occurs. Here, molten Al on the particle surface reacts with TiCl4 forming a

TiAl3 shell. This case is prone ta produce simiIar microstructure to case two as discussed

above.
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Cb)

••

T> liquidus
Figure 6. 30(a) microstructure, and Cb) schematic model for thermal history, case 4.
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6.3.2.3. Velocity and Temperature Distributions

8

NozzIe axis12

o

Nozzle axis

7

8

9

2

o

af5
U
t=
Cà .;.....
en.-
03

Distance, cm
Figure 6. 31 Lines of constant gas velocity (mis) in
gas atomization.

Velocity and temperature are the two most important characteristics of and thermal plasma

system. It was hypothesized in § 6.3.2.1 of this chapter that the temperature and velocity

distributions in the reaetion zone and atomization plume may cause Ti content variation from

the centre to the periphery ofthe reactively sprayed deposit. Typical velocity and temperature

distribution in a thermal plasma were shown in Figures 2.2 and 2.3. However~ no information

is available for temperature and velocity distributions within a triple plasma system in the

literature. This system is very similar to water or gas atomization and very little literature is

available on velocity distribution. For example, See et. al., have studied the quadruple gas jet

atomization system and have

measured the velocity profiles, as

shawn in Figure 6. 31. It can be

seen that in the centre of the

atomization plume the gas

velocity is higher than at the

periphery. Higher gas velocity

results in higher particle velocity

assuming that particles in the jet 5 6

obtain their adjacent gas velocity.

A very similar pattern is expected

for the triple plasma atomization

system but with much higher

velocity profiles.

The impact of tbis variation in

velocity on reactive plasma

atomization can be viewed as:,
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a) higher particle velocity means shorter residence time in the hot plasma jet~

which results in shorter reaction time and consequently lower Ti content~ and

vice versa; and

b) longer residence time can be translated into higher temperatures for these

particles~ as weil as a higher reaction yield, and Ti content.

The combination of longer residence time, higher temperature, Iarger surface area available

for reaction, and smaller mass characteristics for the partic1es travelling in the peripheral

regions can expIain the higher Ti content.

It should be noted that these particles (in the peripheral regions) are cooled faster than the

particles in the central regions due to the mixing with the surrounding gases. Considering their

lower mass, it can be concluded that these particles achieve a lower ternperature, which

contradiets the above conclusions. However, it is believed that both of the above arguments

play a role and the overall result is a combination ofboth effects.

6.3.2.4. Porosity Distribution

Porosity content of the reactively sprayed deposits as a function of position is shown in

Figure 6. 32. A higher porosity was measured in the peripheral regions than in the central

regions. The lower porosity content in the central regions can be explained by: Ca) the higher

velocity of the particles deposited in this region, and can be interpreted from Figure 6. 31;

and Cb) the higher melting point of the particles deposited in this region.
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Higher particle velocity means a

higher particle kinetic energy on

impact with the substrate

resulting in a high degree of

(deformation) flattening. The

better deformation of the molten

droplet on the substrate results in 1

1
better filling of the pores already 0.5 ,'--- --11
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present ln the deposlt. In Radial Distance (cm)

dynamic liquid compaction, there Figure 6. 32 . Porosity content as a function of radial

is a competition between heat distance.

transfer to the substrate and material deformation. Ideally, it is preferred to have complete

flattening before the start ofthe solidification process. During solidification, there is a higher

resistance to deformation than in the molten state. Higher particle velocity on impact

improves particle deformation while the substrate physical properties determine the heat

transfer or solidification rate.

,

The combination ofa lower particle velocity and a higher melting point (resulting from higher

Ti content) for the panicles deposited in the peripheral regions lowers the high temperature

ductility of the particles and a higher porosity content is obtained.

,
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6.4. PRODUCT DEVELOPMENT

6.4.1. Rolling

Chapter 6

•

The as-sprayed samples were porous and had an irregular shape which made them unsuitable

for testing. Coupons were eut from the sprayed deposits and subjeeted to rolling in order to:

(a) remove porosity and, (b) obtain a regular shape for mechanical testing.

The rolling ofa new material can be very challenging since there is usually little information

available on its mechanical properties. The rolling temperature and amount of reduetion in

each pass are the two most important variables of any rolling operation. These variables can

be easily estimated if the tensile properties of the material such as elongation, yield, and

ultimate strength to fracture are known. However, this information was not available for Al­

TiAl3 composites, although, the literature provides such data for sorne other composites with

similar microstructure but different chemistry. The mechanical properties and defonnation

characteristics ofAl-SiC[128] composites are weIl documented and these values were used

as the fust approximation for rolling ofAl-TiAl3• The reasons for selecting the Al-SiC data

as the fust approximation was their availability and the similarity in terms of the second phase

content.

6.4.1.1. Surface Condition ofCoupons

The uneven surface of the coupons caused rolling defeets due to inhomogeneities in

defonnation. In the initial rolling triaIs of Al-TiAl3, the two surfaces of the coupon passing

between the r01ls were not parallel thereby causing one edge ofthe coupon to be thinner than

the other. Sïnce volume and width remained constant, this edge elongated more than the

other and caused the roUed sheet to bow. Furthermore, edge barrelling was observed during

ail of the roUing experiments.
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6.4.1.2. Effect ofReduction on Rolled Sheets

Chapter 6

It was observed that the rolled samples at 3S0°C were elongated more in the center than

along the edges, thus fonning a pointed strip coming out of the roHing milL At high

reductions, between lS% and 2S%, edge cracking was experienced as shown in Figure 6.

33a. Further roUing of these sheets resulted in the lengthening of the cracks towards the

center of the sheets. Sometimes, edge cracking was observed at low reduetions (less than

10%). These samples were ground on their edges to remove the cracks before any further

rolling was performed. Under severe conditions~ above 2S% reduction, center splitting of the

sheet was observed, see Figure 6. 33b. In most of the rolling trials curling of the sheet was

observed, and in sorne cases alligatoring type of fracture was noticed (Figure 6. 33c). This

was attributed to: (a) misalignment ofthe roll from the centerline of the roll gap, and (b) spray

defects including porosity and poody bonded particles.

••

(a) Cb) (c)

Figure 6. 33 Rolling defects obsen,'ed during rolling of Al-TiAl], (a) edge
cracking, (b) center split, and (c) alligatoring.

6.4.1.2. Effect ofRolling Temperature

Increasing the roHing temperature from 3SO to 400 and to 4S0°C, improved the rolling of

these composites at high reductions (higherthan 10 %) resulting in fewer rolling defects. The

maximum reduction for hot rolling at 4S0°C was 15%~ above that edge cracking was

observed. The increase in temperature is believed to produce straïn-free grains through the

recovery and recrystallization ofthe Al matrix. These softening mechanisms cause a decrease

in the yield strength and an increase in ductility of the materiaL
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6.4.1.3. Annealing

Chapter 6

•

Hot rolling ofAl-TiAl3 composites (even at 450°C) caused an increase of25% in the hardness

ofthe sheets. In ather words, the roUed sheets did not fully recover from the work hardening

stresses developed during hot rolling. It is believed that this increase in hardness is due to the

faet that:

(a) either Al recovers and recrystallizes from rolling stresses, however, the

interrnetallic partic1es (TiAl3) interfaces with the matrix remain highly stressed. The

annealing temperature (450°C) is high enough for complete recovery and

recrystallization ofthe solid solution Al. It is assumed that the TiAl3 phase undergoes

very little deformation during rolling since this TiA13 phase has a very low ductility at

fracture i.e. 5% at 400°C[129]. However, any defonnation would not be stress

relieved by annealing at such a temperature.

(b) or the temperature loss during rolling lowers the process into a temperature range

where dynamic recovery and recrystallization of the Al rnatrix are incomplete.

Post annealing of the roUed sheets at 450°C for one hour decreased the hardness back to its

original value. This suggests that most of the increase in hardness was due to the strain

hardening of the Al matrix and the Al/TiA13 interfaces, and not by the TiAl 3 particles

themselves.

In order to optimize the annealing time and temperature, samples were annealed at 350, 400,

and 450°C, and three samples were removed from the fumace every 20 minutes. The hardness

values ofsamples ro11OO at 450°C with 10% reduction and annealed at the above temperatures

are shawn in Figure 6.34. The effect oftemperature on softening the rolled sheet is more
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Figure 6. 34 The effects of annealing time and temperature on the hardness of the Al­
TiAl3 composite (10% Ti) rolled at 450°C with la % reduction.

significant than time. This is due to the importance of temperature on difiùsion controlled

softening mechanisms such as recovery and recrystallization. Annealing temperatures above

400°C and periods longer than 60 minutes had little effect on the hardness of the rolled sheets.

,
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6.4.1.4. Effects ofRolling andAnnealing on the Microstructure oftlte deposits• AI-TiAI3 Composites C/zapter 6

•

The TEM microstructure ofan as-sprayed Al-TiAl3 composite with 10 wt.% Ti is shawn in

Figure 6. 35. This microstructure is characterized by the presence of Al grains and subgrains

forming the matrix ofthe composite and the presence of the TiAl3 precipitates. Moderately

dense dislocation networks were observed and resulted from the splat quenching of the

particles on the surface of the substrate and the impact of oncoming molten particles. The

contraction of the individual particles is hindered by neighbouring particles) resulting in the

creation of defonnation zones observed in the microstructure.

Figure 6.35 TEM micrograph showing the microstructure of the as-sprayed Al-TiAl3

composite.
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Hot rolling deforrned the as-sprayed microstructure and produced elongated subgrains after

annealing 350°C; they become equiaxed at 400 and 450°C· (Figure 6. 36).
• At-TiAt} Composites
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•
Figure 6.36 Elongated subgrains are observed for (a) sample tested at 350°C; equiaxed
substructure for samples tested at (b) 400 and (c) 450°C.

146



It can be seen that by increasing the roUing temperature. the dislocation density of the matrix

decreases while the subgrain size increases. The dislocation density decreases since they are

armihilated and consumed through the dynamic recovery and recrystallization processes. The

occurrence of dynamic recrystallization during hot roHing of Al-TiAl3 composites was

confirmed by the observation of the highly misoriented spots in the diffraction pattern. A.

typical dynamically recrystallized structure obtained after hot rolling at 400°C and its

corresponding diffraction pattern are shown in Figure 6. 37.

•• Al-TiAl] Composites

(a)

C/zapter 6

(h)

••
Figure 6. 37 (a) microstructure and Cb) diffraction pattern of the dynamically
recrystallized structure hot roUed at 400°C.
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Hot rolling produced a microstructure containing partially recrystallized grains and

deformation zones. Samples rolled at 450°C were annealed at various temperatures for a

longer period (196 hours) in order to study the effect of high temperature exposure on the

microstructure and roorn temperature tensile properties. It was observed that by increasing

the annealing temperature the dislocation density decreases and subgrains grow.

•• AI-TiAl; Composites C/tapter 6

New precipitates were formed during annealing at 300°C and above and were very fine;

measuring a few nanometres in size as shown in Figure 6. 38. The size of these precipitates

and their high interfacial coherency with the matrix indicates that they are formed from a

supersaturated matrix such as those seen with heat treatable Al alloys through solution and

aging treatment[130). At equilibrium, only 0.15 at.% ofTi can dissolve in Al at room
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Figure 6. 38 Very fine dispersion ofTiAl] in Al matrix formed during annealing at 300°C
for 196 hours.••
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temperature. However, it has been reported that up to 2 at.% of Ti can be dissolved in

through rapid solidification processes such as melt spinning and splat quenching[131]. Plasma

spray deposition is considered to be a rapid solidification technique, with a cooling rate as

high as 106 K1s.[132]

• Al-TiAl3 Composites Chapter 6

•

The image analysis performed on the micrographs obtained through TEM showed that 1.7

at.% ofTi can be dissolved in Al through reactive plasma spraying. Only TiA13 particles finer

than 100 nm were counted and considered as particles formed during annealing and

precipitation from salid solution. The TEM samples of the as-sprayed microstructure did not

reveal any particles finer than 100 nm. Therefore, particles finer than 100 nm observed after

annealing were considered to have precipitated from solid solution.

Annealing ofthe Al-TiAl] composites at 450°C for 196 hours showed three microstructural

changes which can be summarized as follows:

a) no grain boundary structure was observed under the optical microscopy and this

was attributed to the very fine grain size ( -2 Jlm) of the matrix developed during the

plasma spray deposition. TEM analysis performed on ten random locations showed

only 8% ±1.5 increase in the average grain size. A typical coarse grain structure

(>3 Jlm) is shown in Figure 6. 39a, which can be compared with the original

microstructure shown in Figure 6. 36c;

b) grain growth ofthe TiAl] particles, and

c) creation ofa low dislocation density (Figure 6. 39b).
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Figure 6. 39 TEM microstructure of the Al-TiAl3 composite annealed at 450°C for 196
hours showing Ca) grain growth and (b) low dislocation density.
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6.5. MECHANICAL PROPERTIES

6.5.1. Yield Strength

Chapter 6

The average yield strength ofthe as-sprayed material was 100 MPa (Figure 6.40) and was

increased by 5()OAJ after rolling and annealing. The reasons for this increase are: Ca) the

closure of the porosity and the increase in the effective surface area subjected to tensile

stresses; (b) the improvement of the surface finish and the elimination of the surface

irregularities associated with the as-sprayed surfaces; (c) the increase in matrix-particle

bonding; and (d) texture alignment. The effect ofannealing temperature on the yield strength

ofboth 2024-T4 Al alloy and reactive plasma sprayed deposit ofAl-l0% Ti are compared in

Figure 6. 40. It can be seen that above 250°C, the yield strength of the Al-TiAlJ alloy is

greater than that of2024-T4 alloy. It should be noted that pure Al was used for this reaction

and is the matrix of the microstructure. It is believed that by using Al alloys containing Mg

and Mn, a higher strength matrix will be obtained and, consequently, the overall properties

of the composite will improve markedly. However, assessing this possibility was beyond
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Figure 6.40 Room temperature Yield strength
ofAl-la wt.% Ti after annealing at various
temperatures.
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scope ofthe current investigation.

6.5.2. Tensile Strength

Cllapter 6

The average room temperature tensile strength of the as-sprayed materials containing la

wt.% Ti was 100 ~a. Rolling the sprayed material increased this value by 75%~ up to 175

MPa (Figure 6.41). It can he seen that the Al-Ti alloy retains its tensile and yjeld strengths

up to 300°C. This is a good indication that there is no significant change in chemistry and

microstructure of this material. Ahove 300°C, the tensile, and the yield strengths are

decreased significantly. This is believed to be due ta the removal of residual stresses,

recrystallization~ and growth of strain-free regions. In addition, the dissolution and growth

of the very fine intermetallic particles (shown in Figure 6. 38) in the Al matrix leads to

reduced strength. In general~ pure AI may not he a proper matrix for an aIloy designed for

high temperature application since it loses its tensile properties ahove ISOaC. The use of a

Rolled and Annealed As-sprayed 2024-T4

• • •

•
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Figure 6.41 Tensile strength ofthe reactive
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heat-treatable Al alloy instead of pure Al should result in a much higher strength. Pure Al

was used in this research program in order to simplify the complex chemistry involved in the

process.

• AI-TiAf, Composites Chapter 6

6.5.3. Elongation

The elongation ofthe as-sprayed material was approximately 1% and was increased to 5 %

after rolling and annealing (Figure 6. 42). The low ductility for the as-sprayed materials can

be explained by the presence ofporosity, made and chloride contents and low inter-particle

cohesion. Therefore, an irnprovement in the elongation was observed after hot rolling, since

this treatment improves the density, the particle-matrix, and the inter-particle bonding.

Furthermore, the growth of strain-free regions softens the materials at high temperatures.
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Figure 6.42 Elongation ofthe reactive plasma
sprayed material compared with 2024-T4.

153



However, the elongation ofthe sprayed material is very low as compared with that the 2024­

T4 alloy.
• Al-TiAl] Composites Chapter 6

•

The results of tensile tests perfonned on reactively sprayed materials and ffiPped are

compared with squeeze cast A356-20 vo1.% SiC and 2024-0 Al alloy in Table 6.3.

Table 6.3. Room temperature mechanical properties of the reactively sprayed
materials compared with competing materiaIs.

Matêrial Tensile Strength Yield Strength Elongation

(MPa) (MPa) (%)

HIPped, Rolled,• 210 170 8

Annealed

Reactively· 175 150 5

sprayed material

Squeeze cast 279 250 0.3

A356-20 vol. %SiC

2024-0[133] 180 75 20

• Pure Al matrix

It can be seen that the room temperature mechanical properties of the reactively sprayed

material are lower than that of the HIPped material. The main reason is the presence of

discontinuities such as: porosity, chlorides, and in-flight solidified particles in the sprayed

material. These defeets reduce the effective surface area subjeeted to the force applierl;

therefore, a lower value is obtained.
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6.5.4. Fractograplzy

C/zapter 6

,

A fracture surface ofthe reaetively sprayed material is shown in Figure 6. 43a. This sample

resuited in a yieid strength of80 rvfPa. The present ofspherical powder in the fracture surface

suggests that sorne particles solidifY in tlight after spherodization and before deposition. These

series of particles were not weIl bonded to other particles deposited on the substrate and

result in a lower strength and duetility. The spherical shape of these particles shows that they

have not experienced any deformation while impacting on the substrate. For this specimen,

a high volume of spherical powders (10 vol. %) is observed resulting from a long spray

distance (50 cm). The volume ofthese particles was redllced to 2 voL % by reducing the

spray distance to 35 cm. The fracture surface of a deposit sprayed at the shorter distance is

shown in Figure 6. 44. It can be seen that the fracture mode has been changed from

interparticle fracture to dirnple and, therefore, ductile fracture mode. This specimen resuited

in a yield strength of 160 rvfPa.

The EDS analysis of the fracture surface aiso revealed the presence ofchlonne and oxygen,

as shown in Figure 6. 43b. ChIonne was not detected on the surface of the polished samples

prepared for metallography. This implies that chIorine is orny a surface contaminant and has

deposited and become trapped in pores. The substrate temperature was kept at 600°C, as

found from TGA (§ 6.3 .1.1) to ensure that most of chloride compounds remain volatile and

are removed through the off-gas. However, it seems that a higher temperatllre will be

reqllired for complete rernoval of chlorine trom the reactively sprayed materials. A higher

substrate temperature (above 660°C) results in melting of the Al matrix defeating the purpose

of obtaining a splat quenched and fine microstructure.

Oxygen aIso was detected on the fracture surface suggesting the presence of mades, which

can also contribute to low ductility of the reactive plasma sprayed materiaIs. Surface oxides

may form during atomization as a result of the reaction between the molten Al droplet and
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Figure 6.43 Ca) Fracture surface of the reactive plasma sprayed materials and Cb) EDS
spectrum showing the presence of Cl.
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the oxygen. The presence of a refractory oxide on the surface of the droplets hinders

interparticle micro-welding which results in a lower inter particle bonding. The oxidation of

molten Al is almost inevitable due to the high affinity of Al for oxygen even at a very low

oxygen partial pressures «10-20 mbar). The oxygen contents of the reactively sprayed

deposits \vere analyzed to contain an average of 1.70 ± 0.5 wt.%. The original Al wire used

for these experiments had 1 wt.% percent ofoxygen. The major source ofoxygen is believed

to be the surface oxide on the Al wire. Since a very thin Al wire diameter (e 1.58 mm) was

used, a relatively large surface area of oxide was introduced to the system. For every gram

of Al, 20 cm of wire was fed to the reactor and is accompanied by 0.4 cm2 of oxidized

surface. Sorne precautions may have helped in reducing the oxygen content e.g. chemical

etching of the wire with a HF solution before feeding. Using a thicker wire reduces the

surface area per gram ofAl wire however, it influences the atomization process producing

large particles, as discussed in Chapter 5.

• AI-TiAl;, Composites C/zapter 6

25J.Lm

•
Figure 6.44 Fracture surface of the material formed at a spray distance of 35 cm.
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6.6. CHLORINE CONTENT

Chapter 6

•

The formation ofAl and Ti chlorides are inevitable in this system. Thus, their deposition on

the substrate shouId be avoided. The cWorine content ofthe reactively sprayed material varied

from 0.3 to 1.3 wt.% depending on the experimental conditions. Parameters intluencing the

presence ofchlorides in the products can be cIassified in two major groups. The tirst group

includes factors which promote Ti and Al chloride formation. The Al subchlorides can be

removed more easily than Ti subchloride. These parameters include: TiCI/AI ratio, argon

flow rate, TiCl4 injection port geometry, Al wire size, power!Al ratio, and TiCl 4 carrier gas

flowrate. The second group involves pararneters which prevent subchlorides deposition on

the substrate. These parameters include: substrate temperature, ternperature and pressure

inside the reactor, and spray distance. Most ofthese parameters are dependant parameters and

their study was beyound the scope ofthis research program. Sorne pararneters therefore, were

obtained from prior art and the effect of the key parameters are discussed here[134]. The

effeet of TiCl4 feed rates on chIorine content of the reactively sprayed material is shown in

Figure 6. 45. It can be seen that by increasing the TiC14 flow rate while maintaining the other

paramteres constant, the chlorine content of the products increases. At high TiCI/Al ratios,

TiCl4 cannat be cornpletely reduced thus Al subchlorides are not formed. Instead 1;iCI

dissociates forrning Ti subchlorides which have a higher boiling temperature than Al

subchlorides and thus deposit on the substrate and increase the chiorine content of the

deposit.

Power ta Al ratio determines the melting location of the wire, average particle size and

temperature ofthe powder produced, and were discussed in Chapter 5. The combination of

these effects influences reaction (6.7) to provide a higher reaction yield for Ti recovery from

TiCI4• The effect ofpower!Al ratio on Cl! and Ti contents ofthe sprayed deposit are shown

in Figure 6. 46. Higher CI2 and Ti contents were measured in the deposit by increasing the

power!Al ratio. Higher power in the system provides higher heat for the
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endothermic reduction of TiCI.J by Al. Therefore, reaction (6.7) shifts toward an increase

production of metallic Ti and subchlorides.

, AI-TiAI3 Composites Chapter 6

,

Decreasing the Al wire size increased the Ti and Cl:! contents of the deposit, as shown in

Figure 6. 47. Dnly two available wire sizes of 0.16 and 0.24 cm were tested. It is believed

that decreasing the wire size produces high temperature particles which produce higher Ti and

consequently higher subchlorides.
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Figure 6. 47 . Effect ofwire size on Ti and CI2 content of
the deposit.

6.6.1. C/zlorine Removal

The reactively over-sprayed powder was subjected to various time and temperatures under

vacuum (10-5 mbar) to remove the chIorine through vacuum sublimation. The results of

vacuum sublimation are shown in Figure 6. 48. The original sample contained 1.3 wt.%

of chlonne and a vacuum of 10-5 mbar reduced it to between 0.4 and 0.6 wt.%. Increasing

time and temperature also reduced the chlonne content. It cao be concluded that vacuum

sublimation cao be used to remove chIorine contamination from reactively produced powders.
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However, it cannot he so effective for reactively sprayed deposits since sorne chiorine is also

trapped inside pores while for powders it is onIy adsorbed on the surface. This was

confinned by the fraetography results where chlorine was detected on the fracture surface of

the tensile specimen.

, AI-TiAI3 Composites Chapter 6

The presence of chiorine is specifie to reactively sprayed Al-Ti materials. The same source

of chiorine contamination has been observed with the products produced through the Kroll

process. Ti sponge produced through this process contains about 0.12 wt.%CI and parts

produced using such powders have lower mechanical properties compared to chlonne-free

materials and has been attributed to the presence of chIonne in the closed pores [135].
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Figure 6. 48. ChIonne content of the reactively produced
powder.
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CHAPTER 7

ACHIEVEMENTS
and

CONCLUSIONS

7.1. Tec/lnical Acllievements

7.1.1. Reactive p/asnla atonlization

Al-IO wt.%Ti alloys were produced using bath a single plasma and a triple plasma

system, with Al and TiCI.. as raw materials.

A triple TiCI-l feeding system was built for triple plasma spraying.

A vacuum sublimation system was designed, bullt and used for chIorine removal from

reactively sprayed deposits.
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7.1.2. Plasma Atonlization

C/zapter 7

1

A new atomization process called Plasma Atomization was developed. This process

can produce fine spherical powders with an average particle size ranging from 40 ta

100 Ilm.

The effects ofprocessing parameters in the plasma atomization process such as wire

feed rate, wire feed size, plasma power to metaI feed rate ratio, reactor size, and front

nozzle design were optimized.

7.2. Conclusions

The following conclusions can be drawn from this investigation:

7.2.1. Reactive p/asnza spraying

The particle temperature is a very important factor controlling the reaction yield, and

microstructure of the reactively sprayed deposits.

The reaetively sprayed materials were characterized with an extremely fine dispersion

ofTiAl3 intermetallics « 5Jlm) within the aluminum matrix.

A non-uniform distribution ofTi was observed across the deposit, resulting in a low

concentration ofTi at the centre and a higher concentration in the peripheral regions.

The non-uniform Ti distribution was attributed to the particle size, velocity,

temperature. and mass differences between the central and peripheral regions.

163



It was established that within the central regions three times higher mass of materials

was deposited than in peripheral regions. In additio~ the average particle size for the

central and peripheral regions were measured to he 82 and 60 J1m~ respectively. It is

believed that finer particles on the periphery achieved a higher temperature and thus

a higher reaction yield which results in a higher Ti content.

•• Aclzievements and Conclusions C/zapter 7

:

ChIonne was found in reactively sprayed materials. The TGA performed on the

reactively sprayed powders revealed that chIorine compounds can be removed by

vacuum sublimation at 625°C. However, the EDS analysis of the tensile specimen

fracture surface, subjected to vacuum sublimation before testing, revealed the

presence of chIorine, confirming entrapment of chlorine in the reactiveLy sprayed

deposits.

Hot rolling of reactively produced materials was found very difficult. At high

reduction (>25%) centre splitting occurred, and at reductions between 15 and 25%,

edge cracking was observed. The optimum rolling conditions for reactively sprayed

material containing 10 wt.°J'o Ti were 450°C and 15% reduction per pass.

Thenno-mechanical treatments (roHing and annealing) increased the tensile and yield

strengths, and the elongation of the as-sprayed products. It was aiso shown that the

reactive plasma sprayed materials are thermally stable and retain their room

temperature mechanicaI strengths after annealing up to 300°C.

7.2.2. Plasma Atomization

Experiments with molten Al feed resulted in inconsistent data. It was found that the

alignment of the feeding nozzle tip with respect to the apex, the plasma forming gas

flowrate, and the control over the molten metal feed are the mas! important factors
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in this process. Overall, it can be concluded that powder with an average particle size

between 200 and 400 J.lm and production rates as high as 177 g/min can be produced

using the molten rnetal feed approach. The powders produced by molten metal feed

are too coarse for reactive plasma atomization.

• Achievements and Conclusions Chapter 7

•

For plasma atomization feeding metal wires, it was found that the metal feed rate to

power is a very important parameter determining the melting and atomization location

along the feed wire. It also was found that the optimum metal feed rate depended on

the physicaI properties of the metal. Metals with higher thermal conductivity and

diffusivity result in a higher optimum metal feed rate and a higher production rate.

The alignment of three plasma torches within the apex and the use of plasma jet

accelerating nozzIes in front of the plasma torches are the key factors for production

of high quality sphericaI powders in the 50 J.lm size range. Smaller wire diameters

produced a finer powder size.

When compared with existing atomization processes, the plasma atomization process

oirers unique capabilities in the atomization ofreaetive metals such as Ti, and Zr. It

is the only known process capable of producing spherical Ti powder in the 50 Ilm

range.

7.2.3. Casting, Powder Metallurgy, Hlpping, and Plasma Spraying

Casting produced acicular TiAl3 morphology while powder metallurgy and vacuum

plasma spraying produced blocky TiAl3 in an Al matrix. The average TiAl3 size was

found ta increase with sintering temperature.

SpraYÏng a mixture of AI and Ti powder onto a stainless steel substrate produced a
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thin layer of Al-TiAl) microstructure. It was found that the coating reacts with the

substrate fonning complex intermetallics at the interface. Spraying on Ti substrate

resulted in a very thin reaction zone at the interface.

• Achievements and Conclusions Chapter 7

•

The DTA perfonned on the elemental powder ofAl and Ti showed that they react at

about 825°C. Therefore, a substrate temperature ofat least 825°C is required.

IllPping elemental powders ofAl and Ti below the melting point ofAl produced an

Al matrix with partially reacted Ti particles. HIPping above the melting point ofAl

produced a sound fully dense and reacted microstructure.

166



Contribution To Knowledge

Contributions to Original Knowledge

The salient points of this thesis, with respect to novelty and originality, are given as follows:

1- For the first time, a triple plasma configuration was analysed for the bulk production of

structural materials (in particular Al-TiAI3 composites).

2- The produet obtained by reactive plasma sprayjng was compared with more conventional

metallurgical processes such as: casting, powder metallurgy, and reactive hot isostatic

pressing.

3- Through tbis study the importance of the plasma atornization step which occurs prior to

reaction was discovered. For the first time the plasma atomization process using a triple

plasma system was developed and used for powder production. The effeets of the most

important process parameters such as reactor size, wiee diameter, torch alignment, and

power/feed rate were studied and optimized.

4- Novel Al-TiAl3 composites were produced in large quantity using a triple plasma spray

system. The non-uniform distribution of Ti in the product was evaluated and attributed ta

partic1e velocity, size, and temperature.

5- For the first time the product ofreactive plasma spraYing using a triple plasma system (i.e.

Al-TiAl3 composites) was processed by hot rolling and the resulting mechanical properties

and microstructure were evaluated.
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Appendix 1

APPENDIX 1

100 PRINT "TSANT6 STh1ULATION OF TICL4-AL REACTIONS 1994-06-12"

101 PRINT "INITIAL G.ATOM Of ALillvfINIUM: ";

102 INPUT NOAL

103 PRINT "TOTAL PRESSURE (ATM): ";

104 INPUT P

105 PRINT "MOLE Of INPUT ARGON GAS: ";

106 INPUT NAR

107 PRINT "TEMPERATURE IN KELVIN: ";

108 INPUT T

190 PRINT " THREE STEPS FOR fNITIAL GUESS : 4th(NR) is the final results."

200 PRINT" "

210 PRINT "NOTICL4 = 1 MOLE (FIXED) : NOAL="; NOAL; "MOLES : NOAR="; NAR;

"MOLES"

220 PRINT "TEMPERATURE(K)="; T;" : PRESSURE(ATM)="; P

230 PRINT" Il

240 PRINT "APPROX. NTi NA! X=TiCI2 Z=TiCI3 V=A!Cl Y=AlCI2 iter."

250 PRECIS = .001

260 R= 1.986: RT = R * T

170 KI = EXP«74900! - 43.17 * T + 4.57 * T * LOG(T) / LOG(lO)) / -RT)

280 K2 = EXP«(l06090! - 40.52 * T + 3.02 * T * LOG(T) / LOG(IO» I-RT)

290 K3 = EXP«-12930 - 35.95 * T + 5.9 * T * LOG(T) / LOG(lO)) I-RT)

300 K4 = EXP« -80730! - 2.27 * T) / -RT)

310 K5 = EXP«-140400! + 7.05 * T + 2.5 * T * LOG(T) / LOG(lO)) / -RT)

320 K6 = EXP«30840 - 20.84 * T) / -RT)

330 K7 = EXP«-73400! - 1.54 * T) / -RT)

340 K8 = EXP«-132400! + 13.36 * T) / -RT)
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350 K9 = EXP«-184200! + 36.45 * T - 1.8 * T * LOG(T) 1LOG(lO» I-RT)

360 KIO = EXP«5820m - 25.63 * T) I-RT)

370 KIl = EXP«-7330 - .73 * T) I-RT): KI2 = EXP«44600! - 31.34 * T) / -RT)

380 KI3 = EXP«54870! - 69.63 * T + 11.8 * T * LOG(T) 1LOG(lO» / -RT)

390 YOAL = EXP(-27084 1 RT)

4001= 1: DrVI = .01

410 XAL = DIVI * I: XTI = 1 - XAL

420 YAL = EXP(2 * XAL * XTI /\ 2 * -47916! 1 RT + Cl - 2 * XAL) * XTI''\ 2 * -27084

1 RT)

430 YTr = EXP(2 * XTI * XAL /\ 2 * -270841 RT + (1 - 2 * XTI) * XAL /\ 2 * -47916! /

RT)

440 ALF = -47916! 1 RT: BET = -270831 RT

450 A = KIl * YAL - YTI: B = KIl * YAL * (NOAL - 2) + 3 * YTI: C = -2 * YTI

460 DISCRI = B * B - 4 * A * C

470 X = (-B + SQR(DISCRI» / 2 / A

480 NTI = 1 - X: NAL = NOAL - 2 + X: Y = 2 - X: NT = NAR + X + y

490 XIAL = NAL 1 (NAL + NTI): XITI = 1 - XIAL: ACTTI = YTI * XITI: ACTAL =

YAL * XIAL

500 DIFXAL = XAL - XIAL

510 IF (1 < 1.5) THEN GOTO 520 ELSE GOTO 530

520 DIFOLD = DIFXAL

530 RATDIF = DIFXAL 1DIFOLD

540 IF (RATDIF > 0) THEN GOTO 550 ELSE GOTO 560

550 1 = 1 + 1: GOTO 410

560 V = 0: Z = 0

570 XAL = XAL - DrVl: XTI = 1 - XAL

580 y AL = EXP(2 * XAL * XTI /\ 2 * -47916! 1RT + Cl - 2 * XAL) * XTI /\ 2 * -27084

/ RT)

590 YTI = EXP(2 * XTr * XAL /\ 2 * -27084/ RT + (1 - 2 * XTI) * XAL /\ 2 * -47916! /
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RT)

600 A = KIl * YAL - YTI: B = KIl * YAL * (NOAL - 2) + 3 * YTI: C = -2 * YTr

610 DISCRI = B * B - 4 * A * C

620 X = (-B + SQR(DISCRI) / 2 / A

630 NTI = 1 - X: NAL = NOAL - 2 + X: Y = 2 - X: NT = NAR + X + y

640 NALLOY = NTI + NAL

650 PRINT "ls! "; USING "###.####"; NTI; NAL; X; Z; V; y

660 DIV2 = .02: VBEGIN = OL II = I: Z = 0

670 V=DIV2 * II +VBEGIN: NT =NAR+2 +.5 * V: QI =K13 * YAL * NT

680 Q2 = KI3 * YAL * NT * (NOAL - V): Q3 = «(NOAL - V) * KI3 * YAL * NT) A 2

690 Q4 = 4 * KI3 * YAL * NT * P * V * V * (NOAL - 1 - .5 * V): Q5 = 2 * QI

700 Q3Q4 = Q3 - Q4

710 IF (Q3Q4 < 0) THEN Q3Q4 = 0

720 DISCR2 = SQR(Q3Q4): YI = (Q2 + DISCR2) / Q5: Y2 = (Q2 - DISCR2) / Q5

730 Xl = 2 -.5 * V - YI: NALI = NOAL - V - YI: NTII = -1 +.5 * V + YI

740 FIA = KIl * YAL * Xl * NALI - YTI * YI * NTIl

750 FIB =K1I * YAL * X2 * NAL2 - YTI * Y2 * NTI2

760 IF (II < 1.5) THEN GOTO 770 ELSE GOTO 780

770 FIAOLD = FIA

780 RATFIA = FIA / FlAOLD

790 IF (RATFlA > 0) THEN GOTO 800 ELSE GOTO 810

800 II = II + 1: GOTO 670

810 X=Xl: Y=Yl: NAL=NALI: NTI =NTII

820 x.J\L = NALI / (NALI + NTIl): XTr = 1 - XAL

830 YAL = EXP(2 * XAL * XTr A 2 * -47916! / RT + CI - 2 * XAL) * XTI A 2 * -27084

/RT)

840 YTI = EXP(2 * XTI * XAL A 2 * -27084/ RT + (l - 2 * XTI) * XAL A 2 * -47916l /

RT)

850 PRINT "2nd II; USING "###.####"; NTI; NAL; Xl; Z; V; YI
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860 X = Xl: Y = YI: NAL = NALl: NTI = NTII: NT = NAR + 2 + .5 * V: NALLOY =

NAL+NTI

870 DDD = 0

880 DDD = DDD + l

890 DPDV = (NAL * (NAL - 2 * NALLOY) / NALLOY /\ 2) * (2 * (BET - ALF) * NTI /

NALLOY + ALF) + NAL /\ 2 * (BET - ALF) * (NTI + NALLOY) / NALLOY /\ 4

900 DPDY = (-2 * NAL / NALLOY /'. 2) * (2 * (BET - ALF) * NTI / NALLOY + ALF) +

2 * (BET - ALF) * NAL /\ 21 NALLOY /\ 3

910 DQDV = (NTI * (NTI + NALLOY) / NALLOY /\ 3) * (2 * (ALF - BET) * NAL /

NALLOY + BET) + NTI /\ 2 * (ALF - BET) * (NAL - 2 * NALLOY) / NALLOY /\ 4

920 DQDY = (2 * NTI / NALLOY /\ 2) * (2 * (ALF - BET) * NAL / NALLOY + BET) ­

2 * NTI /\ 2 * (ALF - BET) / NALLOY /\ 3

930 FI = KIl * YAL * X * NAL - YTr * y * NTI

940 F2 = KI3 * YAL * Y * NAL * NT - P * V * V * NALLOY

950 Al = KIl * YAL * (DQDV * X * NAL - .5 * NAL - X) - YTr * y * (.5 + DPDV *

NTI)

960 BI = KIl * YAL * (DQDY * X * NAL - NAL - X) - YTI * (DPDY * y * NTI + NTI

+ Y)

970 A2 = K 13 * YAL * (DQDV * Y * NAL * NT - Y * NT + .5 * Y * NAL) - P * V * (2

* NALLOY - .5 * V)

980 B2 = KI3 * YAL * (DQDY * Y * NAL * NT + NAL * NT - Y * NT)

990 El = Al * V + BI * Y - FI: E2 = A2 * V + B2 * Y - F2

1000 D = Al * 82 - A2 * BI

1010 YB = CE 1 * B2 - B 1 * E2) / 0: YB = (A 1 * E2 - A2 * El) / D

1020 IF (DDD < 13) THEN GOTO 1030 ELSE GOTO 1140

1030 DDIF = ABS((ABS(V) - ABS(VB» / ABS(VB»

1040 IF (DDIF < PRECIS) THEN GOTO 1130 ELSE GOTO 1050

1050 V = VB: Y = YB: X = 2 - .5 * V - Y: NTI = -1 +.5 * V + Y: NAL = NOAL - V - Y

1060 IF (X < 0) THEN X = .01
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1070 IF (NTI > 1) THEN NTI = .8

1080 NALLOY = NTI + NAL: NT = NAR + 2 + .5 * V

1090 XTI = NTI / (NTI + NAL): XAL = 1 - XTI

1100 YAL =EXP(2 * XAL * XTI '"' 2 * -47916! / RT + (1 - 2 * XAL) * XTI /\ 2 * -27084

/RT)

1110 YTI = EXP(2 * XTI * XAL '"' 2 * -27084/ RT + (1 - 2 * XTI) * XAL '"' 2 * -47916!

/RT)

1120 GOTO 880

1130 ppp = LLK: GOTO 1150

1140 PRINT "LOOP LIMIT fOR 2ND APPROX, DDD="; DDD

1150 V= VB: y = YB: X=2 -.5 * V - Y: NTI =-1 +.5 * V+ Y: NAL = NOAL - V - Y:

NALLOY = NOAL - 1 - .5 * V

1160 NT =NAR+2 +.5 * V

1170 XTI = NTI / (NTI + NAL): XAL = 1 - XTI

1180 YAL = EXP(2 * XAL * XTI '"' 2 * -47916! / RT + (1 - 2 * XAL) * XTI '"' 2 * -27084

/ RT)

1190 YTI = EXP(2 * XTI * XAL '"' 2 * -27084/ RT + (1 - 2 * XTI) * XAL '"' 2 * -47916!

/ RT)

1200 PRINT "3rd(NR) "; USING "###.####": NTI~ NAL; X~ z; V; Y; DDD

1210 JKK = 0

1220 JKK = JKK + 1

1230 NPTI = -1 + V - X + 2 * Y: NAL = NOAL - V - Y: NPALLOY = 3 * NOAL - 1 - 2 *
V-X-Y

1240 NPT = 3 * NAR + 4 + 2 * V + X + Y: ZP = 4 - V - 2 * X - 2 * Y

1250 XAL = NAL / (NAL + NPTI / 3): XTr = 1 - XAL

1260 YAL = EXP(2 * XAL * XTI '"' 2 * -47916! / RT + (1 - 2 * XAL) * XTI '"' 2 * -27084

/RT)

1270 YTI = EXP(2 * XTI * XAL '"' 2 * -27084/ RT + (1 - 2 * XTI) * XAL /\ 2 * -47916!

/RT)
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1280 IF (ZP < .0001) THEN ZP = SQR(P * X * X * XI KI2 / ACTTI / NPT)

1290 FI = 3 * KIl * YAL * X * NAL - YTI * Y * NPTI

1300 F2 = KI2 * YTI * ZP * ZP * NPTI * NPT - 27 * P * X * X * X * NPALLOY

1310 F3 = K13 * YAL * Y * NAL * NPT - P * V * V * NPALLOY

1320 BETO = BET + 2 * (ALF - BET) * 3 * NAL / NPALLOY

1330 ALFO = ALF + 2 * (BET - ALF) * NPTI / NPALLOY

1340 DQDV=2 * NPTI * (NPALLOY + 2 * NPTI) * BETO /~rpALLOY /\ 3 + 6 * CALF

- BET) * ~jPTI * NPTI * (-NPALLOY + 2 * NAL) 1NPALLOY /\ 4

1350 DQDX = 2 * NPTI * (-NPALLOY + NPTI) * BETO / NPALLOY A 3 + 6 * (ALF­

BET) * NPTI *NPTI *NAL/NPALLOY/\4

1360 DQDY = 2 * NPTI * (2 * NPALLOY + NPTI) * BETO / NPALLOY /\ 3 + 6 * CALF

- BET) * NPTI * NPTI * (-NPALLOY + NAL) / NPALLOY /\ 4

1370 DPDV = 18 * NAL * (-NPALLOY + 2 * NAL) * ALFO 1NPALLOY A 3 + 18 * NAL

* NAL * (BET - ALF) * (NPALLOY + 2 * NPTI) / NPALLOY /\ 4

1380 DPDX = 18 * NAL * NAL * NAL * ALFO 1 NPALLOY /\ 3 + 18 * NAL * NAL *
(BET - ALF) * (-NPALLOY + NPTI) 1NPALLOY /\ 4

1390 DPDY = 18 * NAL * (-NPALLOY + NAL) * ALFO / NPALLOY /\ 3 + 18 * NAL *
NAL * (BET - ALF) * (2 * NPALLOY + NPTI) / NPALLOY /\ 4

1400 Al = 3 * KIl * (YAL * DQDV * X * NAL - YAL * X) - y * (YTI * DPDV * NPTI

+YTI)

1410 BI = 3 * KIl * NAL * (YAL * DQDX * X+ YAL) - Y * (YTI * DPDX * NPTI­

YTI)

1420 Cl =3 * KIl * X * (YAL * DQDY * NAL - YAL) - YTI * DPDY * Y * NPTI - YTI

* NPTI - 2 * YTI * Y

1430 A2 =K12 * YTI * (DPDV * ZP * ZP * NPTI * NPT - 2 * ZP * NPTI li< NPT + ZP *
ZP * NPT + 2 * ZP * ZP * NPTI) + 2 li< 27 * P * X * X * X

1440 B2 = KI2 * YTI * (DPDX * ZP * ZP * NPTI * NPT - 4 * ZP * NPTI * NPT - ZP *
ZP * NPT + ZP * ZP * NPTI) - 3 * 27 * P * X * X * NPALLOY + 27 * P * X * X * X

1450 C2 =KI2 * YTI * (DPDY * ZP li< Zp * NPTI * NPT - 4 li< ZP * NPTI * NPT + 2 * ZP
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* ZP * NPT + ZP * ZP * NPTI) + 27 * P * X * X * X

1460 A3 = KI3 * YAL * Y * (DQDV * NAL * NPT - NPT + 2 * NAL) - 2 * P * V *

NPALLOY + 2 * P * V * Y

1470 B3 =K13 * Y * NAL * YAL * (DQDX *NPT + 1) +P * V * V

1480 C3 =K13 * YAL * (DQDY * Y * NAL *NPT+ NAL * NPT - Y * NPT + y * NAL)

+p*y*V

1490 El = Al * Y + BI * X + Cl * Y - FI

1500 E2 = A2 * Y + B2 * X + C2 * y - F2

1510 E3 = A3 * V + B3 * X + C3 * y - F3

1520 D = Al * B2 * C3 + A3 * BI * C2 + A2 * B3 * Cl - A3 * B2 * Cl - Al * B3 * C2 ­

A2 * BI * C3

1530 YB = CE 1 * B2 * C3 + E3 * BI * C2 + E2 * B3 * CI - E3 * B2 * CI - El * B3 * C2

- E2 * B 1 * C3) / D

1540 XB = (A1 * E2 * C3 + A3 * El * C2 + A2 * E3 * Cl - A3 * E2 * Cl - Al * E3 * C2

- A2 * El * C3) / D

1550 YB = (Al * B2 * E3 + A3 * BI * E2 + A2 * B3 * El - A3 * 82 * El - Al * B3 * E2

- A2 * BI * E3) / 0

1560 IF (JKK < 10) THEN GOTO 1570 EL5E GOTO 1800

1570 DIF = ABS((ABS(X) - ABS(XB») / ABS(XB»

1580 IF (DIF < PRECIS) THEN GOTO 1600 ELSE GOTO 1590

1590 V = VB: X = XB: Y = YB: GOTO 1220

1600 V = VB: X = XB: Y = YB

1610 NAL = NOAL - V - Y: NTI = (-1 + V - X + 2 * Y) / 3: NALLOY = (3 * NOAL - 1 +

V - X + 2 * Y) 13

1620 NT = (3 * NAR + 4 + 2 * V + X + Y) / 3: Z = (4 - V - 2 * X - 2 * Y) / 3

1630 PRINT "4th(NR) "; USING "###.####"; NTI; NAL; X; Z~ V~ Y; JKK

1640 GRAMTI = NTI * 47.9: GRAMAL = 26.98 * NAL: WTPTI = 100 * GRAMTI /

(GRAMTI + GRAMAL)

1650 RECTr = 100 * NTI
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1660 ACTTI = YTI * XTI: ACTAL = YAL * XAL

1670 PAL = P * KI * ACTAL: PTI = P * K2 * ACTTI

1680 PTICL2 = P * XI NT: PTICL3 = P * Z 1NT: PALCL = P * V / NT: PALCL2 = P *

Y/NT: PAR=P * NAR/NT

1690 PCL2 = PALCL2 / ACTAL / K4: PCL = SQR(K10 * PCL2)

1700 PALCL3 = P * K5 * ACTAL * PCL2 /\ 1.5

1710 PTICL = P * K6 * ACTTI * PCL2 /\ .5: PTICL4 = P * K9 * ACTTr * PCL2 /\ 2

1720 PRINT "PRES.ATM": USING "###.####"; PTI; PAL; PTICL2; PTICL3; Pi\LCL:

PALCL2

1730 PRINT" "

1740 PRINT "PRES.ATM TiCl ="; PTICL;" TiC14="; PTICL4

1750 PRlNT "PRES.ATM AICi3="; PALCL3;" Argon="; PAR

1755 PRINT "PRES.ATM Cl ="; PCL;" CI2 ="; PCL2

1760 PRINT" "

1770 PRINT "Weight % Ti in AIloy ="; WTPTI; " : Ti Recovery ="; RECTI; "(%)"

1780 PRINT Il "

1790 GOTO 1810

1800 PRINT "END OF LOOP DUE Ta MAX JKK="; JKK

1810 END
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