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ABSTRACT (ENGLISH VERSION)

This dissertation concerns the development of aemizal modelling of cold crucible induction melting

(CCIM) and the fabrication of high value added comgnts of titanium and its alloys.

Titanium and its alloys have emerged as a venaditre metal for numerous applications: medical
prostheses, aerospace industry, automotive induptrwer generation, sport equipment, and marine
engineering. The reason lie in their attractiveperties, such as excellent biocompatibility, higledsfic
strength, excellent corrosion resistance, excelgglh temperature creep resistance, and good fectu
toughness. However, the application of titaniuroften limited by its relatively high cost. This higost

of titanium makes casting very attractive route.wdwer, is it difficult to cast these alloys by
conventional casting techniques because of theidibareactivity at high temperatures, which readts

the crucible and mould components. The CCIM proéessirrently the most effective means of melting
these alloys.

The CCIM is an innovative process to melt high mglpoint reactive materials such as titanium aloy
The melting and casting of the material is perfatrirevacuum or in a protective atmosphere in otder
prevent any contamination of the charge. Moreoaavater cooled segmented crucible is used insttad o
a ceramic crucible to avoid any kind of reactionoag the charge and the crucible. The magnetic field
generated by an external coil penetrates througsiits of the crucible and generates induced otsri&

the charge, which are responsible of melting it lugoule heating.

The drawbacks of this process are the poor effigiatue to great percentage of heat that is rembyed

the cooling system and the small superheat of #l& mhich can cause solidification problems.

In this dissertation, we have selected the CCIMcess to melt and cast titanium alloys. The aimhisf t
dissertation consists on increasing the scienkifiowledge about the CCIM process by means of both a

numerical and an experimental approach.

The main part of the dissertation focuses on theeldpment of a numerical modelling of CCIM to
optimize of the main parameters of the process.t@$le of optimizing melt superheat faces the chagke

of finding optimal combination of crucible height tiameter ratio, number of inductor turns, crugibl



design, current strength, and frequency. Variatibrany of the after mentioned factors influences th
shape of melt meniscus and, as a result, flow patad energy balance. The second part deals kagth t

set-up of an installation of CCIM and the fabrioas of titanium components.

As a result of the present work some goals hava bebieved, being the most important:

a) Development of numerical modelling of CCIM,

b) setting up of a CCIM installation, and

c) casting of titanium parts.



ABSTRACT (SPANISHVERSION)

Esta tesis trata sobre el desarrollo de un modeteénico del “cold crucible induction melting (CCIMW)

la fabricacion de componentes de alto valor afiadétitanio y sus aleaciones mediante este proceso.

El titanio y sus aleaciones se han convertido emetal muy atractivo para numerosas aplicaciones:
prétesis médicas, industria aeroespacial, industeéaautomocién, generacion de energia, deporte e
ingenieria marina. La razon radica en sus propieslatractivas, tales como excelente biocompatéullid
alta resistencia especifica, excelente resistemd#corrosion, excelente resistencia a la flueacata
temperatura y buena resistencia a la fracturaeBibargo, la aplicacion de titanio es a menudo didait

por su coste relativamente alto. Los procesos deid¢ion conducen a productos de menores costes. Sin
embargo, es dificil fundir estas aleaciones parmités de moldeo convencionales, debido a la redativ

de titanio a altas temperaturas, que reaccionatorisol y molde. El proceso CCIM es actualmerite e

medio mas eficaz de fusidn de estas aleaciones.

El CCIM es un proceso innovador en la que la fugi@olada del material se realiza bajo vacio ordent
de una atmosfera protectora y donde se utilizarisolaefrigerado segmentado de cobre en vez de los
habituales crisoles cerdmicos para evitar cualdiperde reaccion entre la carga y el crisol. Ehpa
magnético generado por una bobina externa pendtewés de las ranuras del crisol y genera cogsent

inducidas en la carga, las cuales son las resplassad la fusion debido al calentamiento Joule.

Los inconvenientes de este proceso son la bajemfia debido al gran porcentaje de calor que se
elimina por el sistema de refrigeracion y el pegueébrecalentamiento del metal fundido, que puede

causar problemas de solidificacion.

En esta tesis, hemos seleccionado el proceso CG@isl fandir y colar las aleaciones de titanio. El
objetivo de esta tesis consiste en aumentar elcimignto cientifico sobre el proceso CCIM tantoute

modo numérico como un modo experimental.

La parte principal de la tesis se centra en elrdgade un modelo numérico de CCIM para optimidar
los principales parametros del proceso. La tareaptienizar sobrecalentamiento se enfrenta al reto d

encontrar la combinacién éptima de la altura disbtia diametro, nUmero de espiras del inducteefith



del crisol, intensidad de corriente y frecuencia.Variacion de cualquiera de los factores mencioniad
influye en la forma del menisco del metal liquidacgmo resultado, el patrén del fluido y el baladee
energia. La segunda parte trata de la puesta esthande una instalacion de CCIM vy la fabricacion de

componentes de alto valor afiadido de titanio.

Como resultado de este trabajo se han logrado @guisjetivos, siendo los mas importantes:
a) Desarrollo de modelos numéricos del CCIM.

b) Puesta a punto de una instalacién CCIM.

¢) Fundicion de piezas de titanio.



ABSTRACT (BASQUE VERSION)

Tesi honek “Cold crucible induction melting (CCIMptrozesuaren simulazio numerikoaren gainean eta

prozesu honen bidez titaniozko balio erantsi altogagaiak ekoizteko modua tratatzen du.

Titanioak eta bere aleazioek interes handia soute dplikazio industrial askotan: mediku protesiak,
aeronautika, automozioa, energia generazioa, kkgpamendua eta itsas ingeniaritza. Arrazoia bere
ezaugarri erakargarrietan errotzen da: biokonpiditd bikaina, erresistentzia espezifiko altua,
korrosioaren aurkako erresistentzia ezin hobegetatura alturako isurpenaren aurkako erresistentzi
paregabea eta hausturaren aurkako erresistentia.dre, bere kostu altuak bere aplikazioak memizt
ditu. Galdaketa-prozesuek kostu txikiagoko prodetdta daramate. Hala ere, zaila da aleazio hauek
galdaketa prozesu konbentzionalekin urtzea, tetyraradhanditan erreaktibotasun handia daukate eta.

CCIM prozesua aleazio hauek galdatzeko prozesund@gen arten dago gaur egun.

CCIM prozesua material erreaktiboak urtzeko prozesutzailea da. Bai urtze bai galdaketa hutsekn e

atmosfera babesle baten egiten da materialarermkeioa saihesteko. Gainera, ohiko zeramikozko
arragoen ordez segmentudun kobrezko arragoa eebilda. Kanpoko harilak sortutako kanpo
magnetikoa arragoaren arteketatik barneratzenalmeétikziozko korronteak sortzen ditu kargan, karga

bera urtuz Joule beroketagatik.

Prozesu honen arazoak efizientzia eskasa (hoztemsik xurgatzen duen beroagatik) eta solidotze-

arazoak eragin ditzakeen gainberotze txikia dira.

Tesi honetan, CCIM prozesua aukeratu dugu titawmiozlteazioak galdaketa prozesuaren bidez
fabrikatzeko. Tesi honen helburua CCIM prozesugaineko ezaguera zientifikoa handitzean datza bai

ikuspegi teorikoa bai ikuspegi esperimentala eiabil

Tesiko alderdi nagusia prozesuaren parametro relgugitimizatzeko CCIM prozesuaren zenbakizko
modelizazioaren garapenaran gainean tratatzen dinb&otze tenperatura optimizatzeko zeregina
arragoaren altura diametro ratioa, harilaren espiogpurua, arragoaren diseinua, korrontea eta

frekuentziaren balio optimoa aurkitzean datza. Aifsko faktoreen edozein aldaketek meniskoaren

xiii



egoeran eragiten du, eta ondorioz, jariakinarerojzat eta energi balantzean. Tesiaren bigarrealatal

CCIM instalazio bat abiarazteaz eta titaniozko assgfabrikatzeaz dihardu

Lan honen emaitz garrantzitsuenak hurrengokoak dira

a) CCIM prozesuaren modelo numerikoaren garapena.

b) CCIM prozesuaren instalazio baten abiaraztea.

c) Titaniozko piezen galdaketa.

xiv
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CHAPTER 1

INTRODUCTION

In this first chapter we present the framework lod dissertation and the motivation to carry ous thi
research. Then, we detail the research objectMelast, we explain the working methodology follodve

to accomplish the objectives and we summarize thi@ chapters of the dissertation.

1.1 Motivation and background

This dissertation concerns the development of aemizal modelling of cold crucible induction melting
(CCIM) process. This numerical models lead to debbainderstanding of the parameters of the process
and will help for the production of high value add@mmponents of titanium and its alloys. The mairt p

of the dissertation focuses on the development mdraerical modelling of CCIM to optimize the main
parameters of the process. The second part dediisthne set-up of an installation of CCIM and the

production of high value added components of titanand its alloys.

In the last years, titanium and its alloys are iggttmuch attention because of their excellent
biocompatibility, light weight, excellent balancd mechanical properties, and excellent corrosion
resistance (Niinomi 2008, Niinomi 2003a, NiinomiG&b, Kudrman 2007, Bi 1997, Da Rocha 2005,
Jovanovic 2006, Mohammadi 2001). These great ctemisiics make titanium and its alloys very
interesting for numerous applications such as na¢gimstheses (Wetzel 2008) and aerospace industry
(Harding 2003, Tetsui 2011). However, the relagivéligh costs during the fabrication of these
components have restricted their applications @&@as2006). If the aim is to manufacture cheap
components, a casting route is often the mosteffsttive means of producing engineering components
(Harding 2006, Yongliang 2008, Gomes 2011, Nels@®?] Larsen 1996). However, it is difficult to cast
titanium by conventional casting techniques becafsés reactivity at high temperatures, which ttsac
with the crucible and mould components. Among défe casting processes (VIM, VAR, ESR, EBM,
ESR), the cold crucible induction melting (CCIM)opess is currently the most effective way to melt
these alloys for the fabrication of high value atl@®@mponents (Reed 2003, Bojarevics 2003, Dlouhy
2003).

fuy
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The CCIM process uses a segmented water cooledecaopcible to avoid contamination of reactive
alloys. The cooper wall is made of electricallyuladed segment. Thus, the magnetic field suppliethe
induction coil passes through the crucible segméitis magnetic field generates induced currerds th
heat and melt the metal charge. The drawbacks isfptocess are the poor efficiency due to great
percentage of heat that is removed by the coolyistesn and the small superheat of the melt, which ca

cause solidification problems.

In this dissertation, we have selected the CCIMcess to melt and cast titanium alloys. In order to
overcome the drawbacks of the process, we havelapma a numerical model. Practical experiments
show that the superheat of the entire melt, whictdtermined by the electromagnetic, hydrodynamic,
and thermal processes factors, is one of the kegnpeters of this technological process. The task of
optimizing melt superheat faces the challenge oflifig optimal combination of crucible height to

diameter ratio, coil design, crucible design, cotrstrength, and frequency. Variation of any of the

aforementioned factors influences the shape of meltiscus and, as a result, flow pattern and energy

balance.

Besides performing numerical calculations for thiroization of the process, we have also set up an

installation of CCIM and we have cast differeraitum parts.

1.2 Objectives

The main objective of this dissertation is the depment of a numerical model of a of cold crucible
induction melting (CCIM) that helps for the prodoct of high value added components of titanium and
its alloys. For such purpose, the following speaifbjectives have been identified:

< Analysis of different methodologies to simulate Gl

« Development of a simulation methodology capableregresenting a CCIM process in an

accurate way.

¢ Calculations of the free surface of melt.

« Electromagnetic analysis of induction system inirigdestimation of power losses, distribution

of eddy currents, heat sources, and Lorentz forces.

e Study of transient 3D hydrodynamics problems.

« Model verification comparing results to availablegperimental data or to other computational
results.

e Set-up and optimization of a CCIM installation.
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» Evaluation of the influence of the main parametér€CIM.

« Identification of parts to manufacture.

* Selection of mould material.

« Design of filling and rising system of the mould.

e Fabrication of titanium parts.

1.3 Outline of the present dissertation

This dissertation covers both theoretical and erpantal work. The research exposed in this dissenta

is divided into nine chapters. The first one is tinitroduction.

Chapter 2 describes the state of the art of exjistimsting processes of titanium and titanium alloys
Different technologies to melt and cast titaniune #riefly presented and we explain why the cold
crucible induction melting (CCIM) process has béea choice for the fabrication of high value added

components.

Chapter 3 deals with the literature review of CCMe study in detail the influence of the parametdrs
CCIM in the superheat of the melt and in the edficly of the process. In addition, we present &f brie
review of investment casting of titanium and titanialloys, which is the traditional route to catstrtium
parts in combination with CCIM. Finally, we repat®me methods to tilt the molten metal form the

crucible to the moulds.

In chapter 4, the theoretical background of thalistl physical phenomena is presented. It contains a
basic description of the main physical principle§ magnetohydrodynamics, which covers
electromagnetism, fluid dynamic, and temperaturefterA describing a general approach to
magnetohydrodynamic problems, we explain the gomgrrequations and boundary conditions of

electromagnetic, heat transfer, and fluid mechafietds and we depict the coupling conditions.

Chapter 5 describes the numerical modelling mettsadl to simulate the CCIM problem. First, we give a
literature review of numerical methods used for eilidg CCIM and we introduce the one used in our
simulations. Then, we explain the hypothesis agpleethe numerical modelling and we describe both
two and three dimensional models. Finally, we didteé advantages and limitations of our simulation

methodology.

In Chapter 6, we first validate our numerical mededmparing the numerical results with experimental

results carried out by other authors. Then, wegmeadditional numerical results in 2D and 3D.
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In Chapter 7 we present the cold crucible inductizelting furnace at Mondragon Unibertsitatea (MU).
We state the characteristics of the facility anel phoblems that we have overcome during the setting
of the installation, which is capable of meltingd. of Ti-6Al-4V. We also explain the experimentath

we have performed to obtain high value added compisn
Chapter 8 contains the main accomplishments ofdiksertation.

Chapter 9 describes the conclusions of this dissent and the future work.



CHAPTER 2

CASTING PROCESSE3OF TITANIUM

This chapter is an introduction to the state ofatteof existing casting processes of titanium ttiachium
alloys. Different technologies to melt and casirtium are briefly presented and an explanation fof w
the cold crucible induction melting (CCIM) procdsss been the choice for the fabrication of higlueal

added components is given.

2.1 Introduction

Titanium and its alloys have emerged as a veraditre metal for numerous applications: medical
prostheses, aerospace industry, automotive induptrwer generation, sport equipment, and marine
engineering. The reason lie in their attractiveperties, such as excellent biocompatibility, higledsfic
strength, excellent corrosion resistance, excelfégh temperature creep resistance and good fectur
toughness (Niinomi 2008, Kudrman 2007, Niinomi 2DHowever, the application of titanium is often
limited by its relatively high cost (Nastac 200&lkr 1997).

This high cost of titanium makes net shape manufaj a very attractive route. If the aim is to iecle
cheap products, casting is a near net shape manafacroute that offers significant cost advantage
over forgings or fabricated structures (Yongliang08 Gomes 2011, Nelson 1992, Larsen 1996,
Bermingham 2007). However, the wide use of titanialfoys casting has been limited because of its

reactivity in molten states, poor fluidity, the bipcase formation, and the casting defects (Re@d)20

Currently, in the industry, there are a great wgrad processes to melt titanium and titanium aloyhe
principal melting processes of titanium are lisiadtable 2-1. Each processes or technology has its
advantages and disadvantages. Generally, the iselaat melting process of titanium must be done
considering alloys composition, the size and studfhe required product, the production operatiostc

and the quality requirements.

ot



CHAPTERII. CASTINGPROCESSESOF TITANIUM

Table 2-1. Comparison of different melting processe

Melting method Pressure  Efficiency COT}POSitiO” Applications
change
Refractory Vacuum induction melting | Vacuum/ Ingots
crucible (VIM) 9 inert gas Middle Low Final parts
melting 9 Electrodes
. Ingots
Vacuum arc remelting (VAR)|  Vacuum Low Low .
Final parts
. High . Ingots
Cold Electron beam melting (EBM vacuum Low High Final parts
crucible Plasma arc melting (PAM) Inert gals Middle Low Ingots
melting Final parts
Cold crucible induction . .
melting (CCIM) Inert gas Middle Low Final parts
Electroslag remelting .
(ESR) Air Low Low Ingots

The majority of casting processes reported in Tableare based on vacuum melting and were developed
50 years ago. During the World War I, the design@nd metallurgists started using refractory metals
(alloys of Ti, Nb, Mo, and W) and nickel base s@hlelys to produce products (such as gas turbine
engines and nuclear reactors) that required a cwtibn of high temperature, stress, and oxidative
operational environments. These materials in liqaigde are very reactive with oxygen, nitrogenboar

and in many cases with hydrogen. Furthermore, dwsalidification, the reaction products precipitate
ceramic and/or intermetallic particles which actnasleation sites for fatigue cracks. In order adves
these drawbacks, these products started to be madeuum because early work showed that melting
these materials in a vacuum or controlled atmogppeyduced an improvement in fracture toughness and
resistance to fatigue. Up until the late 1940s uatumelting processes were vacuum induction melting
(VIM), vacuum arc remelting (VAR), and electron beanelting (EBM). There were laboratory scale

units used to produce small research quantiti@satérials (Zanner 2004).

During the 1950s and 1960s the commercial demanthé&se vacuum melted materials increased. This
tremendous growth generated great innovationsrimafte design, operation, and process control tmere
the mature vacuum melting industry of today. Thatkkssacuum melt processing, it is possible the
existence of many of the advanced alloy systemisateaused today in the aerospace, automotive, and

energy industries.

In the past few years, several new melting techesgoave been industrialized for the production of
superalloys, titanium alloys, and steels. Thesbriggies include plasma arc melting (PAM), tripleltme
(VIM + ESR + VAR), and cold crucible induction mielg (CCIM).

2.2 Process I: VIM

Vacuum induction melting (VIM) process is the madtiof metals by induction performed under vacuum

or controlled atmosphere. In VIM, the charge (thetal) is located inside a ceramic crucible. A ¢bdt
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surrounds the crucible generates induced currentbd charge by electromagnetic induction that are

responsible of heating and melting the charge.

The first large commercial furnaces of VIM weretaiked in Germany in 1923 (Zanner 2004). However,
it was not until 1950s when the process first bez@mportant since it was found that heat resistithgys

or superalloys (which contain large amounts of tigacelements such as aluminum or titanium) had
superior service life and reliability when were tadlin vacuum. Jet engine produced by VIM offered
great advance in performance and durability, whitds been so important to both military and
commercial aviation. The success in the productibruperalloys by VIM for the gas turbine industry
stimulated interest of VIM for the manufacture dtical products used in other sector as nucleactas
and electronics (CMP 1987).

VIM furnaces utilize a ceramic crucible to place thetal. Heating is accomplished with an AC magneti
field generated by a water cooled coil surroundirgcrucible. As the ceramic crucible is transpafen
the magnetic field, eddy currents within the meta generated, creating internal resistance heafimg
depth of penetration of the eddy currents is insfgrproportional to the coil frequency. Greaterrsig of

the molten metal is achieved at larger penetradigths. Thus, the frequency of the power supplytmus
be tuned to the furnace geometry. In addition,cihiemust also be carefully insulated to preveritage

breakdown between coil turns in the vacuum ambient.

The basic equipment of VIM is composed by melt cheammould chamber, pumping system, power
supply, and a control station (Figure 2.1). In sdommaces, the melt chamber and mould chamber are
separated. When are separated, they are also sdpgramped to enable the furnace to operate in a
semicontinuos mode. This improves efficiency beeatsllows a melt to be started while the mould
chamber is being prepared at the beginning of &cyidhe mould chamber contains the ingot moulds,
independent instrumentation, and sometimes prin@arg secondary tundishes. The control station
contains all valve actuators, sensor instrumenmis,racorders for control of the process. Melt obston

is conducted directly through shielded sights owlgleo cameras and recorders. Both the crucible and

coil are located inside a melt chamber.

.\!

Figure 2.1. Installation of VIM (Zanner 2004).
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The products obtained from VIM are usually longimgtical ingots cast in iron or steel moulds. These
ingots range in diameter from 0.1 m to 1 m. Singgots are usually very long (>2 m) compared to the
diameter, solidification is almost horizontal frahe mould wall into the center. This condition fesin
entrapped solidification shrinkage or pipe cavédpd for this reason, these ingots are primarilyduse
electrodes for subsequent vacuum arc remelting (MV@&Relectroslag remelting (ESR) processes (Zanner
2004). The casting weight vary from 1 kg to 30 tongeven more, depending on whether the furnace is
being used for precision casting or for the proiucof ingots or electrodes for further processiatd
2012). Besides titanium and titanium alloys, VIMuised to melt and cast superalloys based nickel and
cobalt and high-strength steels which require vacyarocessing because they contain refractory and
reactive elements such as Nb, Ti, and Al. VIM isoalised to melt special copper base, uranium, and
other unique materials (CMP 1987).

Advantages/disadvantages
The specific advantages of vacuum induction meltiogude (CMP 1987, Si-Young 2007):

«  Elimination of gases:under very low pressures (i@nbar) undesirable gases and potentially

harmful volatile elements are eliminated from tharged raw materials during the melting.

« Close control of chemical analysisexceptional and reproducible control of reactivenant
containing compositions is possible because ofldabk of atmosphere. Thus, it is possible to
achieve a very close compositional tolerance (ageleent chemistry precision). Furthermore,

the charge material chemistry is the same oneaagl#sired for the casting.

e Slag free melting: melting in vacuum eliminates the need for a pratecslag cover and

decreases the potential of accidental slag contimmor inclusions in the ingot.
e Melt protection: vacuum prevents deleterious contaminating reactiotisatmospheric gases.
e Controlled superheating: possibility of control the superheat.

The shortfalls include the fact that the meltingl gamocessing take place in a ceramic crucible aed t
difficulty in feeding solidificationshrinkage(CMP 1987). The use of an oxide refractory intrcefic
exogenous oxide particles into the alloy. Sevemireaches have been developed over the years to
mitigate such as add a tundishes system with paretamic filters. However, there are not methods to

eliminate these inclusions completely.

As there is no practical alternative to VIM procémsobtaining close chemical control and homoggnei
required by specification (Mitchell 1992), the imsthial solution has been to assume that the metal
produced by VIM contains inclusions and furtherimefnent is necessary in order to remove them by

remelting processes (Mitchell 1994).
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2.3 Process II: VAR

Vacuum arc remelting (VAR) is the oldest remeltipgpcesses. VAR is a continuous remelting of a
consumable electrode by means of an arc under wacliwo can be the origin of these electrodes: a)
ingots produced by ESR, VIM, and EBM are utilizesl electrodes in the VAR process in order to
improve their purity and refine their structure f@ar 2004); b) mechanically compacted blocks of
sponge and alloying elements are also used as afegltrode. In this case, the sponge and alloying
elements are blended together in a twin cone blentleis mixture is then placed in a die and

mechanically compacted at room temperature inteksiausing a hydraulic press. The as-compacted
blocks have adequate “green strength” to remaiactnduring handling and melting. These blocks are

welded together in an inert gas welding chambereate the first melt electrode (Lutjering 2007).

The electrode is suspended from a water cooledaro@m into a long cylindrical water cooled cooper
crucible. The entire assembly containing the etetdrand crucible is evacuated and the electrode and
crucible are connected to the negative and podiitive bars, respectively, of a large DC power supply
Melting starts after an arc is started betweenetlketrode and the base plate of the copper moudid. T
intense heat generated by the electric arc madtsiphof the electrode. Molten metal drops drigsfrthe
electrode into a molten pool contained by the tiecand a new ingot is progressively formed in the

water cooled mould (Figure 2.2).

VAR process is mostly used to fabricate ingotsotagproduced by VAR range in size from 0.05 m to 1
m in diameter and weigh from 1 kg to 15000 kg (ktitjg 2007).

Electrode

¢ o 0o o o

Focusing

or
"Stirring" Coil

Copper 228
Crucible
Water Jacket |-—

00 cG0oO0O0DOGOGOGOD0OO0G O 6N

50080l oasas

\

Cooling
Water

Figure 2.2. Scheme of VAR installation (LutjeringQ).
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Initially developed in the 1950s as a process ffier production of titanium alloy ingots, it was ralyi
picked up by superalloys producers in order to niagets of forging grades of alloys (Mitchell 1994)
The process requires a homogeneous electrode @naetér slightly smaller than the final ingot. The
VAR process does not change the basic alloy cortippsand no additions can be incorporated during
the operation. The original intent of the process wo remove any residual inclusion content invthéd
electrode. However, with the development of the \fiMcess for producing cleaner electrodes, the role

of VAR has become less to remove inclusions ancermbsolidification control.

The arc is the most important parameter of the \fkBcess. It provides the electrical conduction path
that couples the electrode and molten pool andigesvthe heat for melting. The arc is sustained by
ionized metal vapors evolved by evaporation fromélectrode (cathode) and molten pool (anode).tingo
quality is controlled by how uniformly the arc ioje current into the molten pool. Melt rate and the
electrode gap are manipulated to control the adt pnovide a steady heat source. Arc behavior is

optimized when the arc behaves as a macro-unifeah $ource (Zanner 2004).

Solidification starts at the crucible wall and peeds inward with upward curvature so that the calm
dendrites are almost vertical at the ingot cemterliFurthermore, the ingot solidification pattem i
essentially directional (Mitchell 1994). When tinetmal gradient in the center region is low (causgd
high melt rate creating a deep pool), equiaxedhgraiill be found in the center region of the ingthere

is a general consensus in the industry that ingitis complete columnar structure yield the highest-
quality material. Since molten metal is dropped titmously form the electrode to the pool, the
solidification is upwards. Thus, the solidificatishrinkage is constantly being fed, resulting iscéid
ingot (Zanner 2004).

Advantages/disadvantages
The specific advantages of VAR are the followingY8ung 2007):

« Improvement of cleanliness by removal of oxideDxide removal is achieved by chemical and

physical processes.

* Solidification control.

« Decrease of undesirable trace elements of highryaqgssures content.

« Remove of dissolved gasses, such as hydrogen &ingem.

< Directional solidification: Achievement of directional solidification of thegot from bottom to

top in order to avoid macro-segregation and mingnmEcro-segregation.

*« Absence of ceramics.

The drawbacks are (Si-Young 2007):

10
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e The necessity to employ prealloyed electrodes d@eioto produce castings makes it extremely

difficult and expensive to produce nonstandard ggaaf titanium.

e Castings must undergo HIP treatment to minimizeinternal porosities.

e Application of VAR process is not suitable for tfabrication of thin wall and complex parts.

Only for the fabrication of ingots and simply langarts.

*  Sensitivity of solidification structure to the arc.

However, in spite of the merit of directional sdfiichtion, various defects such as freckles, whjets,
and porosities can occur in a remelted ingot. ldeorto avoid these ingot defects, it is necessary t
control the correlated operating parameters sualsaf homogeneous electrode, remelting rateidliqu

pool depth, and arc column.

2.4 Process III: ESR

An alternative remelting process to VAR that hasrbwidely used for several years is the electroslag
remelting process (ESR). Invented in the UnitedeStat was extensively developed in the USSR én th
1960s and became of general use in that decadeewownowadays, it is not extensively used. The
reasons are probably more connected with the doshanging specifications historically written for
VAR than with the intrinsic quality issues of ESBgcause a number of studies have shown that a
properly conducted ESR process is capable of pingwsuperalloys that are at least as free fromatgfe

as those produced by VAR ingots (Mitchell 1994).

The equipment is similar to VAR. However, the nradtiis performed using a slag rather than under a
vacuum. Whereas VAR needs vacuum for refining, 3iREhe consumable electrode is dipped into a pool
of slag in a water cooled mould. An electric cutr@msually AC) passes through the slag, between the
electrode and the ingot being formed and superhibatslag so that drops of metal are melted froen th
electrode. These drops travel through the slach¢éobiottom of the water cooled mould, where they
solidify. As the developing droplets pass througg slag, the metal is cleaned of non-metallic intjas;
which are removed by chemical reaction with they gia by physical flotation to the top of the molten

pool.

The slag pool is carried upwards as the ingot forifie new ingot of refined material builds up sipwl
from the bottom of the mould. It is homogeneousedtionally solidified, and free from the central
unsoundness that can occur in conventionally cegits as they solidify from the outside inwardsd(Al
2012).

11
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The primary purpose of the ESR is to form an ingbich will constitute the most stable electrode for
VAR. The principal differences between ESR and VIiRin the more complex ESR chemical system
and in the slightly different thermal regimes (Mgl 1992).

Advantages/disadvantages

The ESR process has two significant technical atdggs over VAR,; first, it is less sensitive to ¢lede

quality; second, it removes more inclusions tharR/AMitchell 1994).

Probably, its mayor disadvantage lies in the défifees in heat transfer regime between the two
processes, which results in ESR ingots having gdorsolidification time at the ingot center when
operating at the limit of the permissible rangermyot diameters. As a result, there is a tendenoc¥ESR
ingots to have a coarser ingot center structura ¥R ingots (Mitchell 1994). As in VAR, various
defects such as freckles can occur in ingots rexhddy ESR. Reasons for the occurrence of thesetdefe

are the same as in VAR. It is important to note tiaite spots normally do not occur in ESR ingots.

2.5 Process IV: Triple melt

An attempt has been made recently to combine thésvd the two remelting process noted above in a
process called triple melt. In this process, trextebde is created by VIM, remelted by ESR, and the
remelted again by VAR. The objective is to take deantage of chemical refining offered by ESR and

the microstructure control in the final ingot WMAR process (Mitchell 1994).

2.6 Process V: EBM

Electron beam melting (EBM) is a process wherectigrge located inside a cooper water cooled hearth
(or crucible) is melted by electron beam gun (FégRr3). Subsequently, the molten metal passesghrou

one or several refining hearth before flowing iatmould in order to form an ingot or a slab.

Ti Water cooled
Ingot &j\ Copper hearth

Copper mold

Figure 2.3. Schematic diagram of EBM (Sakamoto 1992
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In EBM, the heat input from the electron beam itabeed against the rate of heat extraction from the
water cooled cooper hearth. This maintains a #yei of solid titanium alloy in contact with thaucible.
Electron guns must operate at voltage, power, aesdspre levels below the conditions for high vaitag

breakdown or arc down.

Up to the 1960s, EBM was primarily used to constidTa, Nb, Mo, and W by drip melting into water
cooled cooper crucibles. In some instances, thdtheg ingots were subsequently vacuum arc remelted
These materials were electron beam melted bechaegeate embrittled by O, N, and in some cases H,
and they have very high melting points. Refractotals were the first candidates for EBM, becahbse t
furnace chamber operating pressures were quite &pprox. 0.133 Pa, and the ambient furnace
conditions could be tolerated by the available tetec gun technology (Zanner 2004). Until recently,
although electron beam heating was an acceptedtit@autechnique, in melting applications it haa th

well-deserved reputation of unreliable and comgMditchell 1994).

Electron beam guns represent high temperaturedoemtes capable of exceeding the melting and even
evaporation temperatures of all materials. By mégmkeflection and rapid scanning at high frequesci
the electron beam can be effectively directed ieta of multiple shapes and is thus the mosthlexi

heat source in remelting technology.

The commercial furnaces of electron beam meltingnait titanium and titanium alloys are not fit for

melting TiAl because the evaporation loss in thigllof titanium alloys is evident (Su 2005).

Among the feature of EBM (Si-Young 2007), it is pime to remark: a) The flexibility and
controllability of the process temperature, speadi reactions; b) The use of a wide variety of $émck

materials on terms of materials quality, size, sinape.

Advantages/disadvantages

The main advantages of this processing includeh@)rémoval of high-density inclusions of WC by
sinking to the bottom of the hearth, decompositiamd/or capture of hard-particles (TiN) because of
the long time in the liquid, b) the ability to rexdg Ti scrap (Zanner 2004), and c) the improvenient
ingot quality, since melting is conducted undethieigvacuum and for a longer time, thus, enablingemo

complete degassing and dissolution of low densitjuisions (Semiatin 2004).

One of the biggest, yet unexploited, advantagesl@ftron beam melting is the potential to precisely
control solidification. Since the electron beam t&naccurately focused and deflected much fasger th
the thermal diffusion speed in the ingot, it shob&lpossible to control, in space and time, thenthé
environment in the solidification region. Onlineupding of this control capability with numerical
simulation could provide the potential to use EBMthe final melt process and the potential to gsce

superalloys that are subject to severe macrosegré@anner 2004).

However, EBM melting process use the water cootgxper crucibles, thus an EBM process cannot solve

the HIP treatment problem due to porosity (Si-You2@07). Furthermore, it is difficult to adjust

13
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chemistry of alloys because some alloying elemuiitts higher vapor pressure (Al, Sn, and Cr) easily
vaporize under vacuum range required for workinggBM (Semiatin 2004, Suzuki 2003). In addition, it
is also difficult to control chemical compositiofi @loying elements in the specified range becahse

control of the melt rate has not been quantitagieslaracterized.

2.7 Process VI: PAM

Plasma arc melting (PAM) is a technique in whicthermal plasma is used to melt the feed material.
Plasma arc melting furnaces are usually operatdéruslightly positive pressure to prevent the piaén
atmospheric contamination by oxygen and nitrogdasrRa torches are normally operated with argon
plasma gas. The operating pressure is around A8 (1988). Also, the high pressure is an essential
requirement for preventing the selective evaponatiballoying elements that are characterized g hi

activity coefficient or vapor pressures such asGkl,and Mg in titanium alloys.

Plasma technique has been employed as a meltintpggdrequently over the years, but with the
exception of some titanium applications, the methad not been widely accepted. The reasons for this
are a complex mixture of commercial and technieatdrs. Although the process appears rather simple,

in practice the equipment and operation are conghacammplex (Mitchell 1994).

Advantages/disadvantages

Plasma arc melting is characterized by the follgwdistinct advantages (Jha 2008):

 PAM can be used at atmospheric pressure, resuttiagtremely low alloy losses.

* PAM can handle charge of different type and dessiti

« Refractory contamination is avoided through skull.

The disadvantages of PAM are the impossibility émtool the superheat (increased power results in
increased melting rates instead of superheat) amduse of an expensive electrode. Furthermore, the
PAM process uses the water cooled cooper cruciblesce, the PAM process is not free from porosity

and low fluidity problems in titanium casting.

2.8 Process VII: CCIM/ ISM

The cold crucible induction melting (CCIM) has besstablished for many years as being a clean and
rapid technique for melting reactive alloys. Inste# the typical ceramic crucibles used in VIM, the

alloys are commonly induction melted in a waterledaooper crucible to prevent the contamination.

14
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The crucible wall is segmented so that the magrietid generated by the coil surrounding the crlecib
penetrates through the slits. This magnetic fieddagates induced currents to melt the charge ble Jou
effect. Furthermore, the Lorentz forces generatetie charge due to the variable magnetic fieldhghe
melt away from the water cooled crucible wall tonimise heat loss. The first metal to melt immedyate
re-solidifies on the inside of the cooper contaiaed acts as a protective layer for the remainéi¢ne
melt. This skull is located at all contact areasiefcible and melt, at the bottom as well as atvié.
After pouring the molten metal into a mould, a tekin of metal remains in the crucible and is chle

“skull”, and hence, the process is often calledictbn skull melting (ISM).

The basic components of a CCIM machine are a chansb@ower supply, a water cooled cooper
crucible, a coil, and a mould (Figure 2.4). In artte prevent the reaction of titanium with oxygemda
nitrogen, melting, casting, and cooling are perfednmn vacuum or in inert atmosphere. At presem, th

maximum capacity of these furnaces is approx. IP6fkri (Harding 2011).

Figure 2.4. A CCIM installation.

Advantages/disadvantages

The process offers several advantages:

e The melt stock can be basically anything that pdajki fits into the crucible.

e Capable of melting nearly any alloy.

e CCIM offers homogeneity of alloys due its inheranblten metal stirring caused by the

magnetic field of the induction coil.

* Since the charge is melted by the applied magrieid, there is no need for electrode

fabrication.

15
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« Copper crucible avoids any contamination of therghanaterial.

Disadvantages include the requirement of a muahetapower supply than VIM, low melt weight, a
limited melt superheat, skull removal every time tinelt chemistry is changed, and a very poor
efficiency.

2.9 Conclusion: Why CCIM is select as an adequate process for high value
added applications

In this chapter, we have briefly described différeristing processes for melting and casting titami
More detailed information of each process can hendoelsewhere (Mitchell 1992, Litjering 2007,
Sakamoto 1992, ASM 1988, Mitchell 2009, Birben 2007

Our aim is to select a suitable melting processtlier fabrication of high value added components of
titanium and its alloys such as maxillofacial phestes and turbine blades (Figure 2.5). In this

dissertation, one of the parts selected to fal®izatitanium has been a turbine blade.

Figure 2.5. a) Maxillofacial prosthesis and b) toebblades.

As has been previously stated, the melting prooégganium must be selected with consideration for

alloys composition, shape, size, economics, andingifactors.

Mostly, high value added components require a gdumical composition and zero inclusion. As has
been reported, the currently available methodsnfetting titanium mainly include VAR, VIM, ESR,
EBM, PAM, and CCIM.

VIM process cannot support products without indasiHence, it is not a proper choice. Among the
remaining methods, VAR, ESR, and PAM requires J&gh quality electrodes and raw materials, and
needs additional alloy melting and casting to prepthe electrodes, which frequently have many
shrinkage holes and impurities that adversely &ffae quality of final products. Because EBM is
conducted under a high vacuum, there is an evaporat high vapour pressure elements that cantead

noticeable changes in composition, decreasing thamical properties of the components.
Thus we have selected CCIM as the most suitablénggirocess for our application.
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CHAPTER 3

COLD CRUCIBLE INDUCTION
MELTING

In this chapter, the main features of cold crucihtiuction melting process are described. Moreaver,
influence of the parameters of CCIM in the supertoéahe melt and in the efficiency of the process
studied in detail. In addition, a brief review ofzestment casting of titanium and titanium alloyhich
is the traditional route to cast titanium partc@mbination with CCIM, is also presented. Finaigme

methods to tilt the molten metal form the crucitdéhe mould are reported.

3.1 A detailed description of CCIM

The cold crucible induction melting (CCIM) is oné the few processes suitable for melting reactive
metal alloys as titanium and tantalum. Its printigature is the use of a water cooled cooper bltedb
prevent the contamination of the metal. As the ibleds segmented, the magnetic field generatethéy
coil surrounding the crucible can penetrate throtighslits of the crucible and melt the charge dwyle
effect. Furthermore, both melting and casting adggomed under vacuum or controlled atmosphere to

ensure the lack of contamination of titanium wittiagen and oxygen.

Once the charge is melted, the metal is held anay the wall due to the Lorentz forces. Thus, thath
loss by conduction from the copper crucible is mized. Moreover, because of these electromagnetic

forces, the molten metal exhibits a meniscus shape.

When the metal starts to melt, the first part imiatedy re-solidifies inside the copper crucibleyca the
melt is in contact with the crucible and acts gsaective layer for the remainder of the melt. sThiyer
is commonly called “skull”. Characteristics of tekull such as the height and width depend on CCIM
parameters as the power. After pouring the moltetahinto a mould, this skull remains in the crieib

Because of the presence of the skull, the prosesften called induction skull melting (ISM).



CHAPTERIII. CoLD CRUCIBLEINDUCTIONMELTING

The basic components of a CCIM machine are the bkama power supply, a water cooled cooper
crucible, a coil, a mould, a cooling circuit, angumping system (Figure 3.1). Generally, the checéind

the mould are located in the same chamber. In dodprevent the reaction of titanium with oxygerdan
nitrogen, melting, casting, and solidification grerformed under vacuum or inert atmosphere. Typical
melt weights are between 5 and 100 kg (Harding 2011

Crucible

/

@_

Vacuum T

Coil

000000
000000

Argon
Mould

Figure 3.1. Scheme of a CCIM installation.

3.1.1 Stages of CCIM

CCIM has two distinguished stages: melting andiwgsiThe first stage is related to the melting lod t
metal and it happens inside the cooper cruciblee Thcond stage concerns to the casting and

solidification of the metal in the mould after theuring.

Melting

The first stage of the process is carried out mdite segmented water cooled cooper crucible. This
crucible is surrounded by a coil supplying enougérgy to melt and stir the molten metal. The magnet
field generated by the coil produces eddy curramtihe metal. Due to the resistance of the metea, t
charge is heated and melted by Joule heating.ditian, the metal is stirred and becomes in a sudpe

state under the effect of the electromagnetic dield

When the charge starts to melt, a solidified lagadted skull arises between the cooper crucibletand

melt due to severe water cooling. This inner layas the same ingredients as those of the melt and
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therefore avoids contamination of the melt by thecible, enabling the melting of pure metals ooyl
(Figure 3.2).

magnetic field
melt flow  heat radiation e

slit

crucible
(water-cocled)

inductor |

(water-cocled) /

current

melt \ —
\EM-forces

~
bottom N ™~
(water-cooled)  skull

heat conduction

Figure 3.2. Melting, the first step of the procéidmbrashko 2005).

The main features of this stage are the superligheanelt and the efficiency of the process. Hemce
optimal selection of the main parameters of CCIMwpr supplied, frequency, crucible design, filling
level of the crucible, coil design, and type of agphere) is essential in order to maximize botleduwgat
and efficiency.

Physically, the problem can be described in thiefohg way: according to Ampere’s law, an alterngti
current that flows through a coil generates a tiraemnonic magnetic field. Ideally, the magnitudetted
magnetic field is related to the current by thepmmtionality factory,, which is the constant permeability
for the space or vacuum. This magnetic field pentesrinside the segmented crucible through its. 8iy
Faraday’s law, a voltage is induced in the chavgth an intensity proportional to the rate of chargy

the magnetic flux in the area encircled by the lobphe conductor and opposite in sign. The cusrent
generated by the induced voltage, commonly calledckult, dissipate the heat due to Joule effect.
Moreover, the currents generated by this inducdthge results in a magnetic field that opposes the
external magnetic field. At the same time, electignetic forces are also generated (Lorentz forces),
which makes the charge to levitate, keeping it avillym the crucible walls and avoiding the
contamination of the molten metal. The Lorentz ésr@t a point is defined as the cross product ef th
electric current and the magnetic field vectors.e@ithat eddy currents and the associated magdiedtic

are tangential to the material surface, the Loréarze is always normal and pointing into the scefa

In a classical induction furnace, the free surfacdeformed in a static dome or meniscus shaper Aft
some simplifications, the height, of the dome is the result of the balance betwkerstatic pressure and
the electromagnetic pressure (Fautrelle 2009, Xa09p
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h = (3-1)

whereBg is the magnetic field strength (r.m.s. valug)is the permeability of vacuur, is the relative

permeabilityp is the density, and is the gravity. The same equation can be apphediGIM.
The mathematical formulation of the problem is d&sed in detail in chapter 4.
Casting

The second stage consists of pouring the moltealrfreim the crucible to the mould, which is follodve
by a solidification process. For the case of titamiand titanium alloys, refractory moulds are oftsed
with materials that do not react with the titaniaftoys or have inhibitors that reduce or avoid ées
reactions. Furthermore, in order to increase thielifly of the metal and fill all the cavities ofetmoulds,

centrifugal casting and/or moulds preheated to teghperatures (800°C-900°C) are used.

3.1.2 Advantages/disadvantages

As reported in chapter 2, the CCIM exhibits sevachlantages:
e The melt stock can be basically anything that pdajki fits into the crucible.
e Itis capable of melting nearly any alloy.

* CCIM offers homogeneity in alloys due to its inh@renolten metal stirring caused by the

magnetic field of the induction coil.

* Since the charge is melted by the applied magrieid, there is no need for electrode

fabrication.
e Copper crucible avoids any contamination of therghanaterial.

The major problem in CCIM is that the cooling watéithe crucible carries out a large amount of heat
reducing the melting efficiency of the cold crueiblThis energetic efficiency is low, about 5 to 20%

Furthermore, the superheat achieved by the mithited.

Although skull melting processes are capable ofiping molten metal of high purity, they all haveet
disadvantage of providing only a low superheatcesimuch of the energy applied is lost in the water
cooled crucible. The low superheat is often couatded by pouring the molten alloy rapidly into the
mould. However, this result in surface turbulenaa generate bubbles, which are readily trappedhéy t

rapidly solidifying metal (Harding 2006).

Other disadvantages include the requirement of ehnfarger power supply than VIM, low melt weight,

and skull removal every time the melt chemistrghanged.
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3.1.3 Materials melt in CCIM

The materials used in CCIM can be metals, ceramglasses, and even nuclear waste. Among the metals,

the typical ones employed in CCIM are reactive fsetach as Ti, TiAl, Zr, and Mo.

3.1.4 CCIM applications

Some applications of CCIM include:

e Fabrication of different products of titanium anthnium alloys such as intermetallics for a)
biomaterials applications because of its excell@ntompatibility, corrosion resistance, and
mechanical properties (Niinomi 2003a, Guillemot 200b) aeronautic components such as
turbine blades, turbocharger rotors, and exhauatldsl (Harding 2003, Tetsui 2011); c)
automotive industry such as connection rods, exhsystem, and suspension springs (Gomes
2011); d) sports such golf club heads of titanittargding 2003).

< Fabrication of TiAl matrix composites (Kampe 1984y 2012).

e Vitrification of radioactive waste (Sugilal 200Guhn 1996, Gombert 2003).

e Vitrification of glasses (Gombert 2003, Arellano0Z().

« Artificial generation of particulate material ofdrganic compounds such as CsOH, NaOH,
SnQ,, and UQ (Riemer 2011).

*  Production of silicon (Kim 2007).

< Fabrication of directional solidification produgtdongsheng 2005).

3.1.5 Brief history of CCIM

In the 1970s, the U.S. Bureau of Mines (USBM) depel the first induction melting unit capable of
economically melting reactive metals in a waterledocooper crucible. Known as “induction slag”
melting, this process used nonconductive calciwmoritie as electrically insulating slag between the
titanium charge and the cooper crucible to pretleatarcing and crucible damage (Reed 1990). In 1980
the Duriron Co. investigated the casting of its awactive metal components using its own variatibn
USBM'’s induction slag process (Peters 1996). Dutirg80s, the technology was further developed into

CCIM, which permits the melting of virtually anyaretive metal or alloy without using an insulatinags

Since the beginning of the 1980s, intensive expemtal studies have been carried out. Several grolups
physicists and engineers have been active in igflid, fparticularly at Research Institutes in Moscand
Grenoble. Tir published investigations on how tgiove the efficiency of CCIM (Tir 1984, Nikiforova
1984, Nikiforova 1990). The MADYLAM group coordiret by Garnier (Delage 1984, Delage 1981,
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Gagnoud 1988, Gagnoud 1985, Gagnoud 1991) alsergessremarkable theoretical and experimental

results.

At the same time, several groups in Germany stadedarching in this process. The team directed by
Choudhury at the ALD Company produced great adwafCaoudhury 1996, Choudhury 1997). ALD, a
manufacturer of modern melting units, concentraieddeveloping production processes for innovative
and competitive TiAl parts for the automobile inttys Mathematical models of the electromagnetic,
thermal, and fluid flow fields in CCIM were devekxg by the team of Muehlbauer at the Hanover
University. In addition to these theoretical studiexperimental melting and casting tests of Tidlaust

valves for automotive applications were also pented in Hanover (Bernier 2000, Baake 2003a).

Intensive investigations of the cold crucible pssiag of reactive metals were also undertaken ima&h
(Guo 1999, Yanging 2001), United Kingdom (Hardirip2, Bojarevics 2003), and other countries.

At the beginning stage of the cold crucible tecbgy| the complexity of the problem only allowed
analytical investigations of the induction cold ahle melting. Nevertheless, the improvement in the
computer resources has made possible to perforanadd numerical models, coupling electromagnetic,

thermal, and fluid flow fields.

3.2 Parameters

In the CCIM process, it is possible to distingugetrameters that act in the melting steps and paease
that play an important role in the casting proc@$e first ones have an influence in the superbttie
melt and in the efficiency of the process (sec8a?). The later ones, namely the intrinsic pararmedé
the investment casting process (section 3.3) amdilting system of the molten metal from the chleito

the mould (Section 3.4), play an important rol¢hi@ soundness of the fabricated parts.

3.2.1 Superheat and efficiency

The superheat of CCIM tends to be very small bexdusre is a great heat loss by conduction from the
charge to the crucible. This is undesired becangether with the poor fluidity of titanium and tiiam
alloys, misruns can appear in thin wall castingente, it is very important to generate a significan
amount of superheat in order to avoid both misramd cold laps in the cast parts (Gomes 2011). The
superheating temperature of the entire melt isrdéted by the electromagnetic, hydrodynamic, and
thermal behavior of the CCIM installation (Umbrashk005). Baaket al. (Baake 2003a) showed that
the maximum superheating temperature is attainadthe crucible wall and above the wall skull. st
point, the melt is close to the crucible wall buthout direct contact to the skull. Thus, the rdieween

the induced power density and the heat loss ismmami. In the center region of the melt, the tempeeat

distribution is quite homogeneous due to the gamdulent mixing of the melt. The lowest temperature
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values are attained near the skull, where no pasveirectly induced and high heat conduction losses

occur.

Hence, it is important a good selection of paransetalues in order to maximize both the superhedt a
the efficiency. The most important parameters ef itielting step of CCIM are the power supplied (the
current that emanates through the coil), the frequethe crucible design, the filling level of tbeucible,
the coil design, and the type of atmosphere. Manatin any of the above factors influence the shaip
the melt meniscus, and also the flow pattern amdggnbalance. Therefore, the influence in the Jugesr

and the efficiency of the each parameter shouldradyzed taking into account all of them.

3.2.2 Power (Current)

One of the first consequences of increasing thegpdsvthat the meniscus/dome height increases r(§igu
3.3). In addition, there is less melt surface intaot with the crucible. This occurs because theehiz

forces are greater. This change in the meniscysesiiffects in the superheat and the efficiency.

(a) | (b) (©)

Figure 3.3. Free surfaces éxperimental measurements andumerical calculation) for different
inductor effective currentiss (a) 1;=1929 A, b)ls=2956 A, and c¢)s=3566 A (Spitans 2013).

Bojarevicset al. (Bojarevics 2004) reported that superheat incieagi¢h higher power (Figure 3.4).
However, the superheat only rises until a particuédue. This value depends on the characteri$tibe
installation and the parameters used. From thaieydhere is not a consistent increment in the rbigae.

An explanation of this phenomenon is that rising gower tends to increase the melt temperature and
this reduces the combined thickness of the mushe znd the solid skull, increasing the heat loss
through the base and the wall. Getoal (Guo 2000) noted that the thickness of the skall decreases
and its height falls continuously with higher powaccording to Baaket al. (Baake 2003a), there is not
an increment of the superheat because the menisckgep far from the crucible, reducing the

electromagnetic coupling and hence, the total p@eeeration in the melt.
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Figure 3.4. Water and metal temperatures during\Caf13.6 kg of an Al alloy (Bojarevics 2004).
Bojarevicset al. (Bojarevics 2004) also demonstrated that theiefiity of the process reduces rising the

power because the molten metal temperature dodscerease whereas the heat loss of the crucible doe
(Figure 3.5).
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Figure 3.5. Energy efficiency of CCIM furnace whaelting Al and TiAl alloys (Bojarevics 2004).
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3.2.3 Frequency

The influence of the frequency in the meniscus shapess sensitive than that of the power. Spithas
(Spitans 2010) observed that the largest meniseftsrdation occurs at a particular frequency (400rHz
their experiment). A frequency increase generattsp surface deformation only near the crucitdé. w
The surface becomes flat close to the symmetry @drdsn 5 kHz the height of the meniscus remains

almost constant).

The theory predicts that the power released witténinductively heated charge increases propottipna
with the square root of the AC frequency. Howevhis is true only for a given fixed external magoet
field intensity, which is equivalent to a fixed oemt magnitude in the exciting coil. Keeping thereuat
constant and increasing the frequency, the heatetlin the charge rises (Table 3-1). Howeverghéri
frequency entails a significant power loss in b# system (crucible, cables,...). Hence, for a figeil
current, the superheat increases rising frequelmgty this requires a higher power input in the power

supply (Bojarevics 2004).

On the other hand, for a fixed power, a frequergdjuction increases the current that emanates fnem t
coil. Thus, melt temperature rises significantlyowéver, at low frequencies, instability of the free
surface can appear, leading to free surface patiors. Hence, larger frequencies are preferabl¢hto

confinement stability and heating rate, althougdttical breakdown may appear in the coil.

The temperature variations for different frequesaiader the conditions of both fixed current anedi

electrical power released in the melt are summarizd able 3-1 (Bojarevics 2004).

Table 3-1. Effect of coil frequency on the maximtemperature under conditions of either fixed coil

currentl or fixed electrical powel, for TiAl intermetallics (Bojarevics 2004).

Constant current Constant power

f,kHz I, A Pe, kW T,°C LA P, kW T,°C

3.5 6700 160 1565 8040 220 1623

7 6700 223 1588 6700 220 1588

14 6700 345 1615 5695 220 1583

Baakeet al (Baake 2003a) observed the same results (FigajeWith a fixed power, a lower operating

frequency leads to a higher superheat, since thaedeaduction losses through the wall skull deeeas
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Figure 3.6. Influence of the frequency on the maugsshape and superheat (Baake 2003a).

Regarding the efficiency, both Bojarevies al. (Bojarevics 2011) and Delaget al (Delage 1984)
discovered that for a fixed current in the coile thlectrical efficiency improves when increasing th
frequency until certain saturation value. This s#tion value depends on characteristics of the CCIM

installation.

3.2.4 Influence of the crucible filling level

The filling level is another important parametéfieafing the superheat and the efficiency. The ofsihe

melt mass leads to a stronger electromagnetic cmupktween the melt and the inductor. As a retht,
electrical efficiency increases and the superhegiraves (Figure 3.7). The main reason lies on the
increment of the induced power in the melt, whiskereompensates the heat conduction losses through
the crucible (Baake 2003a). Hence, the melting gssdn CCIM should be always carried out with a
maximum filling level to boost the superheat, takalways into consideration possible instabilitéshe

free surface, which can spill the melt out of thecible.

S overheating

temperature K]

+.

8 &g
TiAl, total power: 190 €W, =10 kHz

7 kg

Figure 3.7. Influence of the filling level in thegerheat (Baake 2003a).
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Bojarevicset al. (Bojarevics 2004) stated that if the coil currémput is kept constant for all charge
weights, the resulting temperatures at the top @athe molten metal are significantly differenhis is
mostly related to the electrical efficiency of tbeupled system: the higher the filling factor, thigher
the efficiency and, as a result, the higher thepnature (Figure 3.8).
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Figure 3.8. Comparison of numerically simulatedpgenatures for various melt weights of TiAl and

measured temperature data for 4 kg load (Bojar&G€g}).

3.2.5 Crucible design

3.2.5.1 Ratio height/diameter of the crucibld/D)

The ratio between the height and the diameteretthcible H/D) is another important design criterion
of CCIM, since it has an influence in the shapehef free surface. Baalst al. (Baake 2003a) showed
that the electrical efficiency increases with highD (the height of the crucible is kept constant while

the diameter is reduced).

Despite heat conduction losses rise with high& ratio due to the increment of the height of thdl wa

skull, the induced power in the melt also increagssa result, the superheat is improved (Figugg. 3.
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Figure 3.9. Influence of the H/D ratio in the supeat (Baake 2003a).

3.2.5.2 Number and dimensions of the slits

The power induced in the melt strongly dependshennumber and width of the slits. The heat losges i
the copper fingers are significant due to the coppgh thermal and electric conductivities. Therefo
the goal is to optimize the number and positiothef cooper sector in the crucible in order to minam
these losses. Cingosét al. (Cingoski 1994) demonstrated that the efficientyhe furnace depends on
the number and the width of the slits/gaps and méitegaps improve the efficiency.

Iwai et al. (Iwai 1995) reported that the resistance of theible decreases and the inductance increases
with wider slits (Figure 3.10).

2.6 1.0
O D) 08}
=
52.0 @

g 0.6

without with charge

charge

1.4 : : - 0.4 : : :

0 2 4 6 8 0 2 4 6 8
Slit Width (mm) Slit Width (mm)

a) b)

Figure 3.10. a) Effect of the slit width on theistance of the crucible respd®y, which is evaluated
under condition of neither charge nor crucible Bpéffect of the slit width on the inductance of th
crucible (lwai 1995).
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Iwai et al. (lwai 1995) reported that under a constant coitent and high frequencies, the total heat in

the charge (@) and the crucible () decreases with wider slits (Figure 3.11).

20
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+
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Figure 3.11. Heat generation in the charge andrtheible in relation to slit width (Iwai 1995) .

Figure 3.12 shows the effect of slit width on th#ia of the heat generation in the charge, theilokeic
and the coil regarding to the total heat. The lathe slit width, the larger are the ratios in tharge and
the coil, and the smaller is the ratio in the dolei Hence, there is an improvement of the efficygn

although the power in the melt decreases.

0.6
X
O crucible
04T Hequency :0KHz,
coil .
02—y

Slit Width (mm)

Figure 3.12. Effect of the slit width on the ratibheat generation in the charge, crucible, anbveaith
respect to the total heat (Ilwai 1995).

It is important to take into account that the ciimttion of the inductance is usually much largearth
resistance at high frequencies. Narrow slits coletible produces low voltage operations (lwai 1995)

Furthermore, the width of the slits should be veayrow since wider slits allow molten metal load to
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penetrate in the slits, where it freezes as sBlull formed with these irregular protrusions itibe slits

becomes extremely difficult to remove from the dblecand typically results in damage to the cruibl

On the other hand, several authors (Delage 1984gPe 983) have reported that there is an increment
eddy current losses (power transmitted) in the ibteicfor a given current with the increment in the
number of segments. Hence, it is possible to rediexdrical losses by reducing the number of seggnen
Nikiforova et al. (Nikiforova 1990) reported that the efficiency deses as the number of crucible
segments increases. However, this method is ngtpremising since there is an abrupt fall in thease

on the energy (Tir 1984). Usually, cold crucibles enade of several segments to keep the voltage dro

low enough between two adjacent segments (Dela8)19

For a fixed power, variations in the number ofsshind their width change the total resistance ef th

crucible, and therefore, the current that flowstfa coil also varies.

3.2.6 Coil design

The design of the cail is another important paramef CCIM. Ruiruret al. (Ruirun 2012) demonstrated
that the induction coil with racetrack section sBawe optimal performance for increasing the magnet

field intensity.

The increase in the number of turns coil turns poed greater Lorentz forces, being the magnetid fie
distribution similar. However, the required voltaigedrive the needed current limits the numberaf c

turns.

3.2.7 Type of atmosphere and partial pressure of the gas

Harding et al. (Harding 2003) showed that the superheat incredsd®e melting of the charge is
performed in argon rather than in vacuum. Moreokigher argon pressure increases the superhelag of t
melt. The average superheat was 33°C when TiAlwaasum melted, the superheat increased to 44°C
when TiAl was melted under a partial pressure @i &har and to 62°C with an argon pressure of 800

mbar.

The type of atmosphere and the partial pressutbeofjas play a crucial role in the compositionhef t
final components (Guo 2000). Depending on the vacuevel in the melting chamber, losses by
evaporation of elements with high vapour pressuee \@&ry significant. This aspect is particularly
important when melting TiAl based alloys due to tiigh vapour pressure of Al, which is 300 times
higher than Ti, and its low melting temperature paned with Ti (Gomes 2013). On the other hand, if
melting is performed at high pressure, metal comation will occur between the molten metal and the
atmosphere. Thus, a suitable equilibrium betweessqures has to be established to avoid alloy

contamination and/or excessive aluminium loss.
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In case of titanium intermetallics as Ti-48Al, G al (Gomes 2013) identified two threshold level
pressures corresponding to a critical pressure @Ad) an impending pressure (Pi). Melting pressure
below around 1 mbar increases aluminium losses. The rate of lb&h is the ratio of aluminium
atomic percentage to time (at%/s), increases asinggbressure decreases until a maximum rate is
reached. Then, the loss rate keeps constant farlpvessures (Figure 3.13). Jinggieal. (Jingjie 2002)
developed a theoretical model to describe this enzjon.
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Figure 3.13. Al loss rate (at%/s) as a functiomefting chamber pressure and melt temperature (§ome
2013).

3.2.8 Skull formation

The skull acts as a protective layer. However,eagamount of skull in the crucible after pouringans
that not all material in the charge has been uGenh et al. (Guo 2005) investigated the ratio of skull
weight and charge weighR§. They set up an exponential relationship betwieeand both the input
power and the weight of the load. They noted thatdasing the input power both the thickness of the
skull bottom and the height of the skull wall dexse. Westphatt al. (Westphal 1995) calculated the
skull thickness and height analytically.

3.2.9 Improve of superheat using a DC magnetic field

Hardinget al. (Harding 2005) showed that the addition of a D&ldfincreased the superheat in TiAl from
45°C (AC field only) to 81°C (DC+AC).

DC current flowing through the DC coil creates a D&gnetic field that is superimposed to the ACHfiel
When the molten charge moves across the field liidbe DC field, additional currents are induced i
the moving metal. Such currents react with the & fo produce a braking action that reduces thiel fl

velocity (Davidson 2001). Such damping reduceduhgulence in the liquid metal near the bottomhef t
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cold crucible, reducing the heat convective tramstefrom the liquid metal into the skull. Thereltyere

is a significant increase of superheat (Widlund@®bjarevics 2006).

3.2.10 Power demand

The total energy transmitted by the power supplyads only used to melt the charge. Electric losses
appear both in the segments of the crucible arttiéncoil due to Joule effect. They also appeahé t
power leads and coaxial port. Thus, the power &t,heelt, and superheat the charge can be caldulate

as:

I:,melt (t):Ppower supplxt)'Pinductor (t)'PcrucibIe (t)'PIeads (t)'Pcoaxial port(t)'PIoss (t)1 (3-2)

where Ry (1) is the power losses in the melt,oR; suppy(t) is the power losses in the power supply,
Pinauctor () is the power losses in the inductog, e (t) is the power losses in the cruciblesR(t) is the
power losses in the leadsoRia port(t) is the power losses in the coaxial port apg @) is the remaining

power losses.

In the melt, there is a heat flow from the melotigh the skull to the crucible, where the heateimdp
removed by the cooling water. In addition, heasésscan occur due to radiation, especially for melt
crucibles with large diameter. In order to obtamncawerall power balance, these losses must becexgpla
by an equivalent energy absorption in the meli,JRGross 1999). The water of the crucible cooling
system contains the ohmic losses due to the ceuaibirents and the conduction, radiation, and
convective thermal losses of the melt. In casehefihductor losses, there are only ohmic losses. Th

remaining part of the power is used to melt thegba

The required electrical power strongly dependshenselected frequency, which must be adjustedeto th
electrical conductivity of the melt and size of trecible. The electromagnetic field is not onlsatbed

in the melt, but also in the inductor coil and thacible, which are usually made of copper. Thdsmio
losses can become significant at an unfavourabbset frequency. Above a characteristic frequency,
where the skin depth is equal to about one hathefmelt radius, only a small percentage of theallve

power is lost in the copper coil (Gross 1999).

Westphalet al. (Westphal 1995) made very interesting analytiedtwations of the power loss for each

element, analyzing the influence of each parameter.

3.3 Investment casting of titanium

The second step of CCIM consists of casting. Taditional route to cast titanium part is the coralion
of cold crucible induction melting with the investnt casting process (Bojarevics 2003b, Choudhury
1996, Choudhury 1997). The investment casting & ihost used technology to cast high quality

components (Mueller 2005). The reason is that imvest casting offers several advantages in the

32



CHAPTERIII. CoLD CRUCIBLEINDUCTIONMELTING

fabrication of titanium components in its applioas in relation to permanent moulds and graphite

moulds, which are the other feasible alternatifé® advantages of investment casting include:
« Very high precision.
< Fabrication of any shape or complexity castings.

< Production of near net shaped castings. The ptigsitt complete elimination or substantial

minimization of machining work on castings may mé#ke process very cost effective.
« Although castings of 20 kg or more are producedilsoastings of 10 g can also be produced.
* Fabrication of thin walled castings (approx. 0.7% no 1.00 mm).

The process of the creation of investment mouldsiclv consist of covering the wax patterns with
ceramic materials, involves a number of basic stEgure 3.14). Firstly, a wax pattern is produgath

the same geometry of the final product. Wax gatingttached to the pattern to allow the metal dovfl
inside the mould. The wax assembly is then dipped series of ceramic slurries to build up a cecami
shell. The application of slurry coating and studeefractory particles) on wax pattern assembly is
repeated, with drying between each successive ontl,a shell mould of sufficient thickness devedo
The first layer consists normally of a fine coatingorder to obtain a good surface finish on thtiog.
Subsequent layers are made of ceramic slurry drattery granules. The wax is then removed from the
shell in an autoclave by exposure to moderateli égnperature and pressure. Finally, the sheltasl f

at high temperature to increase the strength of¢h@mic mould (Aguilara 2011).

| —7 |

Stuccoing Dewaxing

Firing Paouring Knockout Finishing Inspection

Figure 3.14. Basic steps of investment casting (A48).
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The key requirements of an investment casting nsouicdude (Jones 2003):

»  Sufficient green (unfired) strength to withstandxwamoval without failure.

- Sufficient fired strength to withstand the weightast metal.

< Sufficiently weak to prevent hot-tearing in susdaptalloys.

< High thermal shock resistance to prevent crackimind metal pouring.

* High chemical stability.

* Low reactivity with the metals being cast to impedhe surface finish.

« Sufficient mould permeability and thermal conduityito maintain an adequate thermal transfer

through the mould wall and hence, allow the metaldol.

e Low thermal expansion to limit dimensional changéthin the mould wall and ultimately, the

casting.

3.3.1 Reactivity and alpha case

The production of quality titanium castings is Hidilt task due to the next three factors:

1) High melting point.

2) Low fluidity.

3) Highly reactive with nearly all gasses, liquids solids.

Although each factor generates processing difiiesiltit is the third one the one that most hindbes

capability of titanium casting technology.

Due to the great chemical reactivity of titaniumhégh temperatures, reactions occur between molten
titanium and the shell mould. This is due to thpatality of titanium to reduce some oxides usuakgd
for the fabrication of mould materials. The resfitthis interaction is an oxygen enriched surfaget

known as alpha case-tase) (Frueh 1997).

This hard surface layer ef-case is composed of titanium oxide, titanium atés, and solid solutions
(Papadopoulos 1999). Miyakawed al(Miyakawa 1989) reported that for titanium castinte a-case is

constituted by four layers.

The presence of the-case is responsible for the inferior mechanicapprties of titanium castings and
compromises the mechanical properties (Papadop@f69). It is a very deep brittle layer and lends

itself to crack initiation and propagation.
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Several researchers have investigatechtbase. Boettingeet al. (Boettinger 2000) predicted thecase
thickness by coupling the cooling histories obtdifrem heat flow simulations with a simple modet fo
diffusion of oxygen in the bulk alloy for Ti-6Al-4VSunget al (Sung 2007, Sung 2008) analyzed the
formation of a-case and confirmed that it is formed not only by iaterstitial element, but also by

substitutional metallic elements dissolved from tdauaterials.

Investment mould oxide compaosition, mould tempemgtand casting temperature are the most important
parameters to reduce as much as possible-tiase layer and increase the soundness of thswdate
(Cruz 2005).

3.3.1.1 Investment mould oxide composition

The most obvious difference in the investment ogstf titanium alloys regarding other metals is the
investment slurry formulation. In ferrous castinbe investment mould materials usually consist of
zirconia, silica, and alumina. The same refractogannot be used to construct moulds for titanium
castings due to the titanium strong affinity witkygen. These refractories would lead to moulds that

would produce titanium castings with unacceptabiéase finish and gross porosity.

It has been reported by many authors that mouldedan silica are not adequate to melt titaniuntilun
now, as reported by Gomes al. (Gomes 2011), there are no refractory materiatolakely inert for
titanium and titanium alloys. Interactions betwe@anium and mould materials always take place,

leading to metal contamination.

Thermodynamic helps researchers to identify swgtahbuld materials. A typical analysis involves a
comparison of the free energy of formatidw{) of the candidate refractory in relation to titami. This

free energy of formation is also called Gibbs feeergy of formation.

The comparison of the free energy of formation leetav compounds is a rather simplistic approach
because it neglects solution effects. Moreover,tngosnmercial binders in ceramic shell moulds are
made from colloidal silica. Thus, regardless of themical stability of the refractory, its effeciess

will be undermined by the presence of the silicebinsler (Frueh 1997). However, researchers continue

using this methodology.

As more negative i&\g%, more stable is the compound. Figure 3.15 showsstandard free energy
dependence on temperature, where it is possibbbsgerve that Y05, ZrO,, Al,O;, CaO, and MgO lead

to good results.
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Figure 3.15. Standard free energy of formationxifies (Kuang 2001).

Consistently, ceramics such as CaO (Tsutsumi 2Qih0,2002), ZrQ (Lin 1999, Jia 2006), MgO (Hung
2003, Ida 1982, Hung 2004), /&); (Yu 2010), and ¥O3 (Kim 2002, Renjie 2010, Suzuki 1997) have

been adopted for mould materials, because theidatd free energy are more negative than that©4. Ti

Taking into account the Gibbs free energy of foiorgtKostovet al found that ¥Os; presents the most
negative value among common metallic oxides, sugggeshat it is a suitable material to be used as
moulds for casting TiAl alloys (Kostov 2005). Sukk al. (Suzuki 1997) also demonstrated thaDy
exhibits a superior stability with the most favdeafeatures of surface properties. However, theaise
Y03 is limited by its prohibitive cost (Frueh 1997).

Among the other refractory materials, CaO is thestistable. However, CaO still has operative probtem
it hydrates easily and it is difficult to manipudafiKuang 2001). Thus, the process of making antghsto

CaO moulds becomes challenging. Pei-Lén@l (Pei-Ling 2011) reported the same conclusion.

Kuanget al. (Kuang 2001) concluded that Zr@3 unsuitable as mould whereas@dshows good results.

Kim et al. (Kim 2002) realized that not visible interactiorists between the AD; moulds and TiAl
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melts, nor an increase of hardness at the interfdo®ever, pure titanium reacts with,8k, resulting in

the formation of a TiO and a sAl phases.

Hence, %03 and CaO are the materials that less reaction tmtitganium. However, they are not used
because they are expensive and difficult to fakeicaspectively. Among Zrand ALO;, Al,O; offers
better results. The reactions of MgO are lowehalgh the duration of the bath is too short, cativgr
MgO industrially inefficient.

More studies comparing different investment materéan be found in the literature (Miyakawa 1989,
Zhao 2011, Altindis 2011, Kikuchi 2001).

3.3.1.2 Mould temperature

The mould temperature is another important parantieng casting. If the mould temperature is too
low, the metal cannot flow easily inside it. Pretimgg the ceramic mould is beneficial because fewer
bubble defects appear in the final product sind&ifoation rate is lower. Furthermore, the lower
temperature gradient reduces the total level obgitr (Campbell 1991). However, higher temperature
increases the risk of metal mould reactions affigcthe surface structure and properties (Gomes,2011
Harding 2011). Thus, a reasonable value of the dhtarhperature is very important for the investment

casting of titanium alloys.

Oliveira et al. (Oliveira 2006) reported that the critical temparatto avoid contamination was 600°C.
Above this temperature, the contamination was gemere. liyamaet al. (liyama 2009) discovered that
the a-case could increase to 50én if the mould temperature was above 600°C andmewanded to

carry out titanium casting at mould temperaturelwe400°C. They also reported that high mould

temperatures adversely affected durability as ag&lnechanical strength of the parts.

3.3.1.3 Casting temperature

The temperature of the titanium entering in the Ilthaffects to the soundness of the casting. If the
superheating temperature of the molten metal isr,pthias can lead to shrinkage. However, if the

temperature is too high, porosity and mould medattions may appear.

3.3.2  Fluidity

Section 3.3.1 discussed the negative influencéefréactivity of titanium in the properties to theal
product. The other negative factor for productidngoality titanium (together with the titanium high

melting point) is the low fluidity of titanium.

Due to the low superheat of CCIM, it is difficutt fill thin castings, which results in casting defe
Furthermore, this poor fluidity leads to shrinkemyed gas defects. The low superheat is often counter
acted by pouring the molten alloy rapidly into theuld. But this can result in surface turbulence
(Harding 2006).
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The preheating of the moulds is one of the solgtimnovercome this poor fluidity (Harding 2011, Vgan
2011). Other factors that play an important roléhia porosity and/or inadequate mould filling i@tium

castings include:

e The pressure of inert gas and gas type (Zineli®2B8@ro 1993).

e Permeability of the investment casting (Zinelis @0Bero 1993).

e Venting (Wang 2011, Hero 1993).

3.4 Casting processes

Investment casting process is the traditional raateast titanium parts with the combination ofdcol
crucible melting. This means the use of ceramicailldwinstead of permanent or graphite moulds.
Casting processes can also be differentiated dépgrah how the titanium is transferred from the

crucible to the mould.

To date, titanium castings have been fabricatedgugiravity casting, tilting casting, countergravity

casting, and centrifugal casting (Kuang 2001, Hagd004).

e Gravity casting

The majority of castings of titanium are made usimg gated gravity casting, which consist of pogrin
the metal downhill from the crucible into the mauld order to overcome the poor fluidity of titamu
alloys (caused by the low superheat), the moltetalne poured rapidly into the mould (Harding 2004)
Unfortunately, turbulences occur once metal exceedstical velocity (Harding 2006). This can egsil
result in a thin oxide film defect. This surfacebulence also leads to the development and entssibm
of bubbles, which sometimes are trapped inside sthiaifying metal generating undesired porosity
(Figure 3.16).

(a)
Oxide film
S
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Breaking wave | |(d) SOlldlﬁﬂdxasung
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- Double oxide

Figure 3.16. Schematic effect of surface turbuleshagng mould filling (Harding 2006).
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Hardinget al. (Harding 2006, Harding 2004) demonstrated thatolpoigated gravity casting offers better

results. As a result of controlling the criticala@ty, the surface turbulence can be drasticabuced.
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Figure 3.17. a) Top gated gravity casting and ltjono gated gravity casting (Harding 2004).

e Tilting casting

A lower proportion of titanium casting is produdeyl a tilting technique, where the crucible and rdoul
are brought together and rotated about their mdinbntact (Wang 2012).

« Countergravity casting

The third fundamental metal transfer mode is thentergravity filling, where metal is pumped uphill
into the mould (Harding 2006).

e Centrifugal casting

The last technique is the centrifugal casting. Teatrifugal forces enhance the fluidity of molten

titanium. There are two ways of applying the cdéagal force: the vertical and horizontal ones.

In case of CCIM, all of these casting processesheansed. However, the centrifugal casting (togethe
with the gravity casting) is the most used (Bojarew003b, Harding 2011, Li 2010, Aoyama 2005). The
rotational velocity of the mould is the most im@ont parameter to control the porosity and the aatequ

filling of this casting process (Yongliang 2008,2010).

In these processes, it is crucial to avoid turbegsn Before pouring, the free surface of most molte
metals and alloys is covered by a film (usuallyaide) with a composition, thickness, and physical
properties that depend on the alloy, the tempesatand the surrounding environment. Many molten

metal transfer operations often occur under camattithat lead to surface turbulence, which resuthé
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surface folding over onto itself. Contact can odoetween the oxide films. Thus, wetting and bonding
not occur between these films. Hence, these defafcigjuid persist even in the solidified casting.

Moreover, turbulent flow can also generate bubfitesding 2006).

Despite the improvements performed in these cagimogesses, the casting of titanium remains as a
significant challenge to industry and often leanlsdme deleterious defects, such as a) misrunghwhi
arises if the melt has too low superheat, b) serfwrinkage due to the collapse of entrained bsbhled

¢) hot-tearing and cracking during solidificationdacooling (Harding 2001). Muraleedharah al.
(Muraleedharan 1996) showed that the cooling ritgspan important role in the quality of the cagsin
The variations of the cooling rates affects in Huodidification structure, and thereby, in the résgl

mechanical properties.

3.5 Conclusions

Several parameters and factors play a crucialdoteng the fabrication of titanium parts. In theltimg
stage, variations in any mentioned parametersenfia the shape of melt meniscus, and as a rdsuit, f

pattern and energy balance.

There exist a plethora articles dedicated to tlagnce of the power, the filling level, and theduency
in the superheat and the efficiency of the prockssvever, there are not much works studying crecibl
design and coil design. Furthermore, depending uihen power values and frequencies used, the

influence of the number and width of slits may effdifferently to the efficiency.

It is clear that investment casting is the mostalisasting process to melt titanium alloys. Howear
efficient and cheap material for shell mould is agailable. A great deal of attention has beendedwn
the influence of investment materials. Differenstoag technologies for the production of thin walle
titanium alloy castings have been investigated, exmkrimental results demonstrate that it is rarehe
titanium alloy melt to fill the thin walled cavieonly with the help of gravity. In the castingthin and

complex sections, centrifugal casting seems neogdsgether with a good mould temperature.

It is important to remark that there exist addiibparameters affecting the soundness of castifuyse
are intrinsic parameters of any casting processadeguate mould design is vital for a good fillofghe
mould, and the filling time (or cooling rate) deesdthe microstructure of the final product, anddeeiits

mechanical properties.
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CHAPTER 4

MATHEMATICAL FORMULATION
OF THE PROBLEM

This chapter discusses the theory for the numenicatelling of magnetohydrodynamics. After
describing a general approach to magnetohydrodyngmoblems, the governing equations and
boundary conditions of electromagnetic, heat tremsind fluid mechanics fields are depicted and the

coupling conditions explained. Finally, the maimclusions are presented.

4.1 Approach to magnetohydrodynamics

In the early 19 century, Faraday and his contemporaries were aafithe interaction between a
magnetic field and an object moving through it. Wheew that if an electrically conducting solid
object or a fluid moves through a magnetic fiefte generated magnetic field induced currents in the
fluid or solid object. Hannes Alfvén introduced theagnetohydrodynamics (MHD) term in 1942
(Widlund 2000).

At the beginning, alternating currents (AC) magndields were only used for heating and melting
electrically conducting materials. However, magnéglds are capable of achieving many other e$fect
Nowadays, alternating magnetic fields are commaskd in the metal industry to impart thermal and
mechanical energies to a liquid metal. AC magriégids may be used to shape, to levitate, or toasti
fluid. Also for controlling the solidification of ametallic alloy. The various applications of
electromagnetism presently in use in the metalsistig include: CCIM, electromagnetic casting,
induction stirring, levitation melting, inductioneatting, electromagnetic shaping, and electromagneti
braking (Yasuda 2007).

Several physical effects occur in MHD. When a lejuietal is subject to an AC magnetic field, eddy
currents are induced in the metal, which is hedtedesistive heating. Moreover, the induced eddy

currents interact with the external magnetic fieltgating Lorentz forces in the molten metal. These
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forces originate a fluid flow by stirring and alswdify the geometry of the surface of the moltenahe
In addition,the currents induce a new magnetic field, whichiodis the original field. The magnetic
field at the boundary of the liquid metal can bewéd as a superposition of the external field sagdpl
by the fixed AC coil with an oppositely directe@lfi generated by the induced currents in the metal.

These changes in the magnetic field make the pmohighly non-linear.

In case of CCIM, when the metal is being melte@, thagnetic confining force pushes the liquid
radially inwards to the symmetry axis and upwardsl @ balance with gravity force is reached. With
the inertial effects, this can lead to an osciligtinterface motion and waves may appear, where the

damping of the fluid depends on the effective tightiviscosity.

In order to develop a suitable numerical model@&IM, the fundamental laws of MHD have to be
understood. The laws of magnetism and fluid flow hardly a 2B century innovation, since MHD
became a developed subject only in late 1930s.dEwelopment of MHD in engineering was slower

and did not really become popular until 1960s.

4.2 Governing equations: partial differential equations and boundary

conditions

In CCIM, the governing equations must represene@vcoupled phenomena: the electromagnetic
interaction between the induction coil, the cruejband the conducting metal charge within it, the
turbulent fluid flow in the melt, the heat transfend the phase change. The additional challenge

concerns the time dependent variation in the megtgetry.

4.2.1 Electromagnetic - Time and frequency domain

The problem of electromagnetic analysis on a maogis level is governed by Maxwell's equations
subject to certain boundary conditions. Maxwelkgiations are a set of first order partial differaint

equations establishing the relationships betweeriuhdamental electromagnetic quantities:

» electric field intensityg,

e electric displacement or electric flux dendity

* magnetic field intensity,

* magnetic flux densit{,

» electric current density, and

» electric charge densipg.

42



CHAPTERIV. MATHEMATICALFORMULATIONOF THE PROBLEM

The equations can be formulated in differentiainbegral form. The differential form is presentestd
because it leads to differential equations thatfihiee element method can handle. For general-time

varying fields, Maxwell’s equations can be writi@s

DXH:J+6—D, 4.1)
ot

DXE:—a—B, (4.2)
ot

0B =0, (4.3)

UID=p,. (4.4)

The first two equations are Maxwell-Ampeére’s lavddraraday’s law, respectively. Equations (4.3) and

(4.4) are two forms of Gauss’ law: the electric amagnetic form, respectively.

Maxwell's equations can be written both in time drefjuency domain. When the time variation is

harmonic, the mathematical analysis of the Maxwe#iuations can be analyzed in the Fourier's
domain. In case of CCIM, it is interesting the wédrequency domain because alternating quantities
are usually specified or measured in effective @alu

Hence, Maxwell's equations in frequency domain roayewritten after Fourier transformation as:

OxH=J+ jwD, (4.5)
OxE=-jwB, (4.6)
diB =0, (4.7)
OID=p,, (4.8)

wherej is the imaginary unit and=2xf, beingf the AC frequency.

In the numerical models developed in Chapter 5, dleetromagnetic field is solved in frequency
domain, meanwhile both the heat transfer and fliyidamics are solved in time domain. This approach
is extensively used in the literature (Lavers 2008)

In addition, Ohm’s law states that:
J=0o(E+uxB)+J,, (4.9)

whereu is the fluid velocityg is the electrical conductivity, arid is the external current density.
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The constitutive equations that describe the maojis properties of the medium are described as:

D=¢¢E+P, (4.10)

B =y t(H+M), (4.11)

whereg, is the permittivity of vacuung; is the relative permittivityy, is the permeability of vacuum,

is the relative permeability? is the electric polarization vector, aMl is the magnetization vector. In
the international system, the permeability of vanus 4t- 10’ H/m and the permittivity of vacuum is
8.85-10"% F/m.

The electric polarization vectd® describes how the material is polarized when aotet field E is
present. It can be interpreted as the volume deoktlectric dipole moment® is generally a function
of E. Some materials can have a nonz&oalso when there is no electric field present. The
magnetization vecta¥l similarly describes how the material is magnetizden a magnetic fieldl is
present. It can be interpreted as the volume deiditmagnetic dipole moment#l is generally a
function ofH. Permanent magnets, for instance, have a noleatso when there is no magnetic field

present.

A full Maxwell's system can be simplified for magoleydrodynamic (MHD) applications (Davidson
2001). Assuming that liquid metal is a non-magnetiaterial with large electrical conductivity
(displacement currents are negligible by the comparwith the current densit}), and accumulation

of the electrical charge does not occur in the omadisimplifying Maxwell's equations to:

OxH=J, (4.12)
OxXxE=-jwB, (4.13)
diB =0, (4.14)
Oib=0. (4.15)

In order to solve these equations, it is sometimelpful to formulate the problems in terms of a
magnetic vector potentiah. The defining equation for the magnetic vectoreptill is a direct

consequence of the magnetic Gauss’ law:
B=0OxA. (4.16)

Combining Ohm’s law (4.9), Maxwell-Ampere’s law {2), and Faraday’'s law (4.13), together with
(4.16):

(jo, 0~ wie,)A +Dx (gt Ox A =M )-qux (OxA) = .. (4.17)
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The induced current density and the correspondidgdtion heat in the molten metal are calculated

using magnetic vector potential.

The action of the electromagnetic field to the amicthg medium has as a consequence the heating of
the fluid and the generation of electromagneticédsrin the fluid. The magnetic force can be reamitt

as:
F=JxB. (4.18)

Magnetohydrodynamic Ampere’s law yields to:
UxB = 4Jd. (4.19)

Replacing equation (4.19) into equation (4.18):

2
F:DXBXB:—D( = B[IBJ+( 1 BDD]B:—D£ 5 J+ ~ (BB (420
U Ly 20, 1, M Hy 2t ) et

The first term of the right hand side is the irtimtaal part (V(B%2uuo)), which leads to the
development of a convex meniscus on the moltenlnmiBhés irrotational part is called electromagnetic
pressure, and only affects to the free surfacehefrelt. The second term is the rotational part (1/

o (B-V)B), which generates the stirring in the melt.

The action of the electromagnetic field has anotioesequence in the fluid: the temperature risthef

body due to the Joule heating. The resistive hggthmic heating) due to the electric current is:

Q=—, (4.21)
o

whereJ is the electric current density aads the conductivity of the fluid.

To solve all these equations, boundary conditiorsnacessary. The magnetic insulation has been used

in all outer surfaces as boundary condition indleetromagnetic field:
nxA =0, (4.22)
wheren is the direction of the normal vector aAds the magnetic vector potential.

The magnetic insulation boundary condition sets th& tangential components of the magnetic

potential have to be zero at the boundary.

At interfaces between two media, the boundary d@rdi can be expressed mathematically as:
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nZ[(Jl_JZ):_ja‘fps' (4.23)

wherepsdenotes the surface charge densltyandJ, are the electric current density of the medium 1

and 2 respectively, ant is the outward normal vector from medium 2.

An important theoretical concept in electromagmetis the skin depthdj. According to the value of
the frequency of the applied electric current a#l e the electrical conductivity of the materiaise
induced electric current density does not penetdateply into the materials (Fautrelle 2009). The

induced current is limited to a “skin” layer. Thédth of this skin layer is:

0= /L, (4.24)
Wnuof

whereo is the electrical conductivity of the melt,is the relativemagnetic permeability of the melt,
Lo 1S themagnetic permeability of vacuum, anélis the operating frequency. Approximately 86% (1-

1/€) of the energy transferred by the induction ceiléposited in the skin depth.

4.2.2 Heat transfer - Time domain

The fundamental law governing all heat transfehésfirst law of thermodynamics, commonly referred
to as the principle of conservation of energy. Hesve internal energyJe is a rather inconvenient
guantity to measure and use in simulations. Thegefthe basic law is usually rewritten in terms of
temperatureT. For a fluid, the resulting heat equation is (CGDAS2013):

_To

ot p 0T

pCp[a—T+(u D]])Tj=—([] @)+1:S p

[@+(u Eﬂ])p)+Q, (4.25)
p

wherep is the densityC, is the specific heat capacity at constant pres3Juissabsolute temperature,
is the velocity vectory is the heat flux by conductiop,is the pressure, is the viscous stress tenssr,

is the strain-rate tensor, a@dcontains heat sources other than viscous heating.

The conductive heat flux| is proportional to the temperature according tarkes’s law of heat
conduction:

q=-kOT, (4.26)
wherek; is thermal conductivity.

In CCIM problem, the viscous heating and pressuwekysecond and third term of the equation (4.25))
are ignored. Substituting equation (4.26) into ¢igua(4.25), we obtain:
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aT
’OC”E +pC ulllT =0k OT)+Q. (4.27)
In contrast to electromagnetism, the heat trarefieiation (4.27) is solved in time domain and isyonl

analysed in the charge.

In the solid walls, we use the specified tempemhgundary condition:
T=T,, (4.28)

where T is the prescribed temperature on the boundary.t@im@erature is equal to the crystallization

temperature of the molten material. In the cag@arium, the temperature will be 1600°C.

In free surface, a radiation boundary condition besn used. The net inward heat flux from surface-t

ambient radiation is

q=eqy (T4, -T*), (4.29)

amb

where e is the surface emissivityz is the Stefan-Boltzmann constant, afg,, is the ambient

temperature.

In some three dimensional nhumerical models, duthéoazimuthal periodicity of the problem around
the vertical axis, it is possible to study only csector of the real problem. In this case, a périod

condition has been used in the sides:

- ndst |:m<tl:|T)dSt = nSrC I:qleT)src’ (430)

Tdst = T

src?

(4.31)

wheren is direction of the normal vector amt$t and src are the destination and source boundaries
respectively. Equations (4.30) and (4.31) impose the heat fluxes and temperatures in both sices a

equals.

4.2.3 Navier-Stokes equations - Time domain

In MHD problems, the Lorentz forces generate a mu@ in the fluid. This movement may be
laminar or turbulent. Reynolds numbeR:) measures the tendency of a laminar flow to become

turbulent:

R =5, (4.32)
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wherelL is the radius of the cruciblg,is the dynamic viscosity of the fluigd,is the density of the fluid,

andU is the mean value velocity.

R. represents the ratio between inertial and vis¢orees. At lowR,, viscous forces dominate and tend
to reduces all disturbances, which lead to lamfluav. At high R., the damping in the system is very
low, giving small disturbances the possibility t@gy by nonlinear interactions. If the is high enough,
the fluid flow field eventually ends up in a chaostate called turbulence. Turbulence is a proparty
the flow field and it is mainly characterized byvale range of flow scales: the largest occurringjes,

depending upon the geometry, the smallest quidbtdating scales, and the scales between them.

One of the problems to calculal is the estimation on the mean value velotity Barbieret al.
(Delage 1984) showed that the mean value veldgity the liquid metal is about a 10 to 20% of the
Alfvén velocity U,), defined as:

U,= Ber (4.33)
i |

whereBgis the magnetic field strengthg is the magnetic permeability of vacuum, anid the density
of the fluid.

If the Reynolds number achieves large values, Ithid flow becomes turbulent. In case of CCIM, the
flow intensity can achieve several meters per sgéahre to the large intensity of the electromagnetic
field, which corresponds to Reynolds numbers grettian 10. Therefore, liquid metal flows in
induction furnaces are usually turbulent. Theseteenagnetically driven turbulent flows occur in a
large variety of industrial applications such asitgmious casting, liquid metal treatment stirring,
aluminium electrolysis, induction melting, and mefically stabilize crystal growth (Yasuda 2007,
Fautrelle 2009).

Turbulence consists of a continuous spectrum olescar vortices ranging from largest to smallest.
These turbulent flow vortices receive energy frdra tnacroscopic flow, participating in the energy
transfer with ever decreasing vortices, which iBedathe spectral energy transfer (Baake 2007). In
order to visualize a turbulent flow with a spectrofmscales, turbulent eddies are defined. A tuntiule
eddy can be thought of as a local swirling motidroge characteristic dimension is the local turbegen
scale. Turbulence is composed of eddies of diffeseaes. The large eddies are unstable and break up
transferring their energy to smaller eddies. Twehtlflows contain eddies with a range of length and
time scales that interact in a dynamically compleay. The kinetic energy is transferred from the
largest eddies to the smallest ones. Ultimately stinallest eddies dissipate into heat through dtiera

of molecular viscosity.

The turbulence can introduce positive or negatiffeces into the melting process depending on the
desired properties of the final product and comsion of melting equipment. Turbulence can improve

quality of the final alloy with the effective metiixing and temperature homogenization. However, the
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turbulence is often a reason for the rigorous tilecierosion. Moreover, the turbulent melt flow
generates free surface instabilities, which meamface waves or oscillations that can introduce air

bubbles into the melt.

Historically, the first turbulence study was perfied by Reynolds in the end of the™@entury, but
until now, the complete description of the turbalens a fundamental unsolved problem of physics.
The general theory of turbulence, which can prowadalytical or exact solution of the problems, d$ n
built yet. Numerous attempts to simulate the ligoidtal flow in a cylindrical induction furnace both

experimentally and numerically have been perforingtie last decades.
Hence, we can define the movement of a fluid asnamor turbulent.
* Laminar flow

Navier-Stokes equations describe the motion of fangl. When the velocities of these flows are too
small, the fluid retain an ordered layered struetlin these rare cases, the flows are considensidda
and the dynamic turbulent is constant. Hence, theidi-Stokes equations for incompressible and

Newtonian fluids are:

pUlu=0, (4.34)

X-momentum % +0 [G,Ouxu) = —% +0 [G,UDUX) +F, (4.35)
oleu,) __op

y-momentum o +[ Eﬁpuyu) = _E +[ Eﬁ,uDuy)+ F (4.36)

z-momentum G(QJZ) +0 [G,Ouzu) = —% +0 [G,UDUZ)+ F,. (4.37)

whereu is the fluid velocityu, is the fluid velocity inx direction,uy is the fluid velocity iny direction,
u, is the fluid velocity inz direction,p is the density of the fluidy is the pressure; is the dynamic
viscosity,F, is external forces ir direction,F, is external forces ig direction, and-, is external forces
in thez direction.

Equation (4.34) is the continuity equation. In gah&érm, the momentum equation is:

p% + pu [u =—Ep+D[bd(Du +(Du)T)]+F. (4.38)

These equations are calculated from the conservigios of mass and momentum. The development of

these equations can be found in (Versteeg 2007).
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e Turbulent flow

When theR, exceeds a critical value, the fluid structure lmees increasingly perturbed by developing
internal non-stabilities, whose energy is not giated into heat to a sufficient degree. The fllddvf

becomes turbulent.

In principle, the time dependent three dimensidnelier-Stokes equation contains all of the physics
a given turbulent flow. Nevertheless, the smaltestles of turbulence are still extremely small. yThe
are generally many orders of magnitude smaller thadargest scales of turbulence. Unfortunately, t
make an accurate numerical simulation of a turduftaw, all physically relevant scales must be
resolved (Wilcox 1998).

Numerical experiments have shown that in some indilisengineering applications, a sufficient
precision in calculations of the averaged flow eéles can be achieved even when assuming that the
dynamic turbulent viscosityuf) is constant. An advantage of this approach it the equation to be
solved is precisely the same as in the case ofminéa flow (equations (4.34)-(4.37)), where the
effective viscosityuer (uer = ut+ pr) should be taken to be 2-3 orders of magnitudatgrethanu in
order to take into account the additional turbuldigsipation. Its disadvantage is the inadequate
description of dissipation in some regions of thewf e.g near the wall or in the zones with low

intensity of the flow.

Hence, since in many practical problems the appicaof the constant turbulent viscosity gives tesu
differing from experimental ones, a whole palletesfpirical and semi-empirical turbulence models
have been developed. The transient nature of tembuprocesses and three dimensional (3D)
representation of the flow introduce particulafidifities for turbulence study. Computer methods fo
solving the differential equations of fluid dynan@ice well advanced. However, there are no computer
models of large turbulent flows because the necgssamputer storage exceeds by many orders of

magnitude what is currently available.

To overcome the problem, turbulence models haven ieeented. These consist of differential
equations and associated algebraic equations anstacds that in conjunctions the Navier-Stokes

equations, closely simulate the behaviours ofihlulent fluids (Launder 1974).

The methods to solve turbulence can be groupedhietéollowing three categories:

* Reynolds averaged Navier-Stokes (RANS).

* Large eddy simulation (LES).

» Direct numerical simulation (DNS).
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4.2.3.1 Turbulence models for Reynolds averaged Navier<#¢RANS) equations

In order to analyse turbulent flows, its velocisymost often divided into several summands, using a
filtering procedure (Baake 2007). The velocity bé tflow (Figure 4.1) is decomposed into a steady
mean valudJ, with a fluctuating componeni/(t) superimposed on it,(t) = U, + u,/(t). This is called

the Reynolds decomposition.

u A

Figure 4.1. Typical point velocity measurementurbtlent flow (Versteeg 2007).

A turbulent flow can now be characterised in tewhshe mean values of flow propertidd,( Uy, U,,
andP) and some statistical properties of their fludtwag Uy, u,/, u;/, andp’) (Versteeg 2007). Thus,
using the Reynolds decomposition and replacingltive variablesu (henceu,, u,, andu,) andp by the

sum of a mean and fluctuating component:

u=U+u’, (4.39)
U= Uy + Uy, (4.40)
uy = Uy +uy, (4.41)
u,=U,+u,, (4.42)
p=P+p. (4.43)

Replacing equations (4.40)-(4.43) in the NavierkBtoequations (4.34)-(4.37) and developing these
equations:

pULlU=0, (4.44)

a(/;[J )+D[G/1J U) a(l;(-'z)-'- a);/'uy') a(p'] ) = aX+D[GMjU )+FX,(445)
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(SU )+Dtﬁpu u)+ a(p‘;i“y')ﬁ 6;'2)+a( avZ'“z') =_Z_S+DEQﬂDUy)+Fy,(4.4e)

a(mz) a( x'uzl) a(mxluyl) a(szlz)_ — _@
at +0 [GPU ZU)+ OX + ay + 62 - 62 +0 [G,LEUZ)"' Fx‘ (4'47)

The equation set (4.44)-(4.47) is called the Reyswalveraged Navier—Stokes equations (Versteeg
2007). In a general form, we obtain:

pOLU =0, (4.48)

p%—u+pUDDU+D(pu'Du) —gp+0du(ou+(@u) |+F, (4.49)

whereU is the averaged velocity field a®l is the outer vector product.

Comparing equations (4.45)-(4.47) and (4.49) iatieh to the analogous equations of laminar fldw, t
only difference is the appearance of the last tenrtthe left hand side of these equations. This term

represents the interaction between the fluctuatéigcities and is called the Reynolds stress tensor

These extra terms are modelled with different etassurbulence models. Since these models and
especially empirical constants contained in themeweostly used for a narrow range of problems, at

the current stage of their development they cacdldmssified as follows:
» Algebraic or zero equation models,
* One equation models, and
» Two equation models.

The computing resources required for a reasonabtyirate flow computation are modest, so this

approach has been the mainstay of engineeringdtdeulations over the last three decades.
4.2.3.1.1 Algebraic or zero equation model

The earliest attempt at developing a mathematiesiciiption of turbulent stresses was made by
Boussinesq, when he introduced the concept of &tktysity. Prandtl, introduced the mixing length
and a straightforward prescription for computing #ddy viscosity in terms of the mixing length.
Algebraic turbulence models do not require the tsmhuof any additional equations, and are calcdlate
directly from the flow variables. As a consequerzarp equation models may not be able to properly
account for history effects on the turbulence, sasttonvection and diffusion of turbulent energy. A
mixing length model is an algebraic turbulence nhode
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4.2.3.1.2 One equation models

To improve the ability to predict properties of dukent flows and to develop a more realistic
mathematical description of the turbulent stres$&sndtl postulated a model in which the eddy
viscosity depends upon the kinetic energy of twbulfluctuations,k. He proposed a modelled

differential equation approximating the exact egumafor k. This improvement, on a conceptual level,

takes into account that the eddy viscosity is aéfgdy the previous location of the flow.
4.2.3.1.3Two equation models

While having an eddy viscosity that depends upom fhistory provides a more physically realistic
model, the need to specify a turbulence lengtheseahains. Since the length scale can be thougds of
a characteristic eddy size and since such scatedifierent for each flow, turbulence models that d

not provide a length scale are incomplete (Wilce28).

Kolmogorov introduced the first complete model afbulence. In addition to having a modelled
equation fork, he introduced a second parametemwhich is the rate of dissipation of energy intuni
volume and time. The reciprocal of serves as turbulence time scale, whité/w serves as the
analogue of the mixing length. In this model, knoask-o» model,» satisfies a differential equation
similar to the equatiok. The model is thus termed a “two equation modeiudbulence”. While this
model offered great promise, it went with virtuatlg applications for the next quarter century beeau

of the unavailability of computers to solve its tinear differential equations.

Launder’sk-¢ model, where is proportional to the product &fandw, is as well-known as the mixing-
length model, and it is the most widely used twaatpn model. In the 80-90s, versatile modificasion
of this model were developed in order to adaptiverde practical situations, from which the followgi

could be mentioned:

« Small Reynolds number model, which modifies thecwaaltions of turbulent viscosity in the

regions with relatively lower flow intensity.

* Renormalization group (RNG) model, which accountsemprecisely for general features of
chaotic processes and better describes the tranmpoesses in rotating flows and the cases of

multiple vortices;

* Momentum models of the 2nd and higher orders. Thesenainly designed for flows with an

expressed turbulence anisotropy which cannot imcjpie be described Wi type models.
4.2.3.2 Large eddy simulation (LES)

In case of large eddy simulation, the velocity lod flow is not decomposed into a steady mean value
with fluctuating components. The large eddies efttirbulence are resolved and the smallest eddies a

modelled. The underlying premise is that the largsidies are directly affected by the boundary

53



CHAPTERIV. MATHEMATICALFORMULATIONOF THE PROBLEM

conditions and must be computed. By contrast, thallsscale turbulence is more nearly isotropic and

has universal characteristic.

The method involves space filtering of the unstedyier-Stokes equations prior to the computations,
which passes the largest eddies and rejects thiéestranes. The large scale turbulent flow is cotegu
directly with time-dependent simulation and thduahce of the small scales is taken into account by

appropriate subgrid scale models.
4.2.3.3 Direct numerical simulation (DNS)

In direct numerical simulations, the unsteady Naftokes equations are solved on spatial grids that
are sufficiently fine to resolve the Kolmogorov ¢¢h scales at which energy dissipation takes pace
with time steps sufficiently small to resolve theripd of the fastest fluctuations. These calculatiare

costly in terms of computing resources, so the owkth not used for industrial flow computations.

An extensive catalogue of turbulence models andilget explanations of each model can be found in
the literature (Wilcox 1998, Versteeg 2007).

In CCIM, the flow is highly turbulent. In the nunieal models developed in Chapter 5, Wilcox revised
k-o RANS model has been used to solve the ReynoldssssgWilcox 1998). Navier-Stokes equations

are solved in time domain. Hence, for an incompiéssnd Newtonian fluid

Oi(pu)=0, (4.50)

p%ﬂ)uﬂﬂu:—[p+D[{(y+M)(Du+(Du)T)]+§,d<l +F, (4.51)
oT

PCp 5 +PCU T =0k +kr)DT) +Q, (4.52)

whereu is the fluid velocityp is the density of the fluid) is the pressure, is the dynamic viscositysr
is the dynamic turbulent viscositl,is the turbulent kinetic energ, is the external force&;, is the
specific heat capacity at constant pressiiis,absolute temperaturg,is the thermal conductivitk; is

thermal turbulent conductivity, ar@ contains heat sources other than viscous hedtimgdefined as:
=ty

= —, (4.53)
T PI’T

wherePry is turbulent Prandtl number.

Equations (4.50), (4.51), and (4.52) are the lafwsooservation of mass, conservation of momentum,

and conservation of energy, respectively.
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The Wilcox revisek-wo RANS model introduces two additional transportans and two dependent

variables: the turbulent kinetic energyand specific dissipation rate,

p%+pu Mk =P, —pﬁ*kw+D[ﬁ(y+a*yT)Dk), (4.54)
p%—?+pu DDw=a%Pk—p,8a)2 +D[ﬁ(/,1+az/,1T)Da)). (4.55)

The turbulent viscosity, the production term, amel different model constants are defined as:

K
Uy = p—, (4.56)
w
P, :,uT[Du:(Du +(Du)T)] , (4.57)
13 9 9 ., 1 .1
a=—, =—, =—, g =—, ag, =—. 4.58
25 A 12¢ 2 10C 2 2 (4.58)

The development of these equations can be fou(iilcox 1998).

In turbulent flows, close to solid wall, there a@mevitably regions where the local Reynolds nundfer
turbulence is so small that viscous effects predaitsi over turbulent ones. There are two methods to
account for these regions in numerical methods wt@mputing turbulent flow: the wall function
method and the low Reynolds number modelling methadinder 1974). The wall function method is

the one which has been most widely used for maagtijzal purposes.

In solid walls, we use the wall condition:

uln =0, (4.59)
{(ﬂ’fﬁ‘r)(DUJf(DU)T)‘%/N}” =—p% TH (4.60)
Uy =U=(uB)n, (4.61)

Okin=0, (4.62)

w=p—5_ (4.63)

ke
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whereu, is the friction velocityk, is is the von Karman constant, amﬁ: is the distance from the wall

to the computational domain.

In free surface, we use the following open boundamnditions:

{— pl +(,u+,ur)(Du +(Du)T)—§,d<l}n =-fn, (4.64)
[kin=0 Oaln=0 if uln=0, (4.65)
_§ ) B k1/2 .

k-z(ureflT) P it uln <0, (4.66)

wherefy is the normal stress of the boundady |+ andLy has been assumed 1, 0.005 m/s,lan@l1m

respectively.

In some three dimensional numerical models, itissfble to study only one sector of the real proble
due to the azimuthal periodicity of the problemuard the vertical axis. In this case, we use the flo
periodic condition in the sides:

Uy, =Ug,, (4.67)
Past = Psre » (4.68)
Kast = Ksre (4.69)
Wyt = Wy » (4.70)

where the subscriptdstandsrc are the destination and source boundaries resp8ctiThis boundary

condition set that these parameters must haveathe salues in both boundaries.

The equations of Navier-Stokes are solved in tiowmain.

4.3 Coupling conditions

The characteristics of the melting process in aNC@te a function of multiple fields and effects ttha
are coupled to produce a quasi-steady state condifihese include electromagnetic, temperature, and
hydrodynamics, as well as temperature-dependentriabiproperties such as thermal conductivity,

electrical resistivity, specific heat, viscositydadensity. These effects are coupled and interokpe.
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The temperature field depends on the behaviouhefenergy deposition due to the electromagnetic
field. In turn, the characteristics of this energyue depend on the electrical resistivity of tiharge.
The electrical resistivity can vary by several esdef magnitude within the melt volume due to
temperature dependence.

Furthermore, in relation to the heat transfer, props such as thermal conductivity, specific heat,
viscosity, and density are also temperature depgnda case there is turbulence, the thermal
conductivity is related to turbulent viscosity wittie Prandtl number. In addition, the heat tran&fer
significantly affected by the turbulent nature ok tfluid flow, the melting front motion, and the

associated latent heat.

In the other hand, the electromagnetic field isethefent of the geometry of the charge. The Lorentz
forces modify the geometry. This geometrical chamadfect to the original electromagnetic field,

modifying again the Lorentz forces that act in tharge.

Figure 4.2 summarizes all these coupling conditions
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Figure 4.2. Coupling conditions.

4.4 Conclusions

The mathematical formulations of electromagnetddfi heat transfer, and fluid flow are well known.
The problem can come from the selection of a sl@talirbulence model of CCIM. The theoretical
formulation when simulating the flows is determingdthe problems to be solved, the flow conditions,
and the geometry of the melt regions. But the @hoica suitable model and its complexity is limited

the availability of numerical methods, the softwaaad computational resources. The latter one is
especially important for engineering and technaggdlications, when it is necessary to obtain resast

soon as possible.
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CHAPTER 5

NUMERICAL MODELLING

This chapter describes the numerical modelling oerttieveloped for CCIM problem. First, we give a
literature review of numerical methods used for eilidg CCIM and we introduce the one used in our
simulations. Then, we explain the assumptions eggdlr the numerical modelling and we describe both
two and three dimensional models. Finally, we didteé advantages and limitations of our simulation

methodology.

5.1 Numerical modelling (Literature Review)

Induction processes for heating, melting, stirriaggd confinement applications have become a subfect
numerical modelling. Lavers (Lavers 2008) presemte@xcellent state of the art of numerical modglli

of induction processes. He listed the referencesaitegories that cover a broad range of induction
modelling and application issues.

5.1.1 Numerical modelling of induction furnaces

Papers describing mathematical models developedelfectromagnetically driven flow in induction
furnaces appeared in the mid 70s (Tarapore 197#@pdee 1977, El Kaddah 1983). The electromagnetic
field and the fluid dynamic fields were solved upithe mutual inductance and finite difference
technique, respectively. These fluid numerical M®dpplied two equation turbulence models. Khe
model has long served as the basis for turbulemt 8alculations in electromagnetically stirred syss.
Baakeet al. (Baake 1995) reported that the calculations of rttean velocity with the aid of thie+«
standard model reveal good quantitative agreeméhttiae experimentally determined values. However,
the k— model fails to correctly describe the heat and ntasssfer processes between the main vortices
(Baake 2003b, Baake 2000).

The results ok-¢ simulations predict the highest values of turbulgscosity in the eddy centers and the

lowest between the eddies. Such distribution igasttaristic for thek-e model even in the case of 3D
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transient simulations. Since the effective theromadductivity directly depends on the turbulent osity,
this leads to the underestimation of the heat fearetween the eddies (Baake 2009).

Large Eddy Simulation (LES) numerical techniquears alternative fok-= models. The results of the
transient 3D LES simulation of the turbulent métfs reveal large scale periodic flow instabiliteasd a
homogeneous temperature distribution in the mehjckv both are in good agreement with the
expectations based on the data from the experiniBatke 2009, Umbrashko 2006).

LES and k-¢ approach utilize different turbulence modellinghefefore, the calculated viscosity
distribution behaves differently. The highest valoé the LES viscosity are located in the zonedufies
interaction in the near wall region. The turbuleisicosity in the case of LES is one order of magtet
below the one predicted by tke model (Figure 5.1) (Baake 2003b).
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Figure 5.1.Turbulent viscosity distribution (Pairstase ok-¢ (middle) and LES 3D modelling on mesh
with 0.25-16 (left) and 3.5- 19(right) elements (Umbrashko 2006).
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An alternativek-w turbulence model is also shown to be potentiallgcuate for complex turbulent flows
(Bojarevics 1999a). Thiew model accounts for nearly laminar fluid regionsewdy; is effectively zero,

and at the same time, highly intense turbulenteiisg generatea.g, in the regions where the rotational
body force is applied and at the wall layers (Reoias 2001). The general flow structure is repreduc

well and the local velocities and turbulence inignigvels are in good agreement.

Although the finite difference was the most commaimerical method to solve Navier-Stokes equations,
nowadays the finite volume method has the broaalgdtcability (Bakker 2013).

In relation to the electromagnetism, the earliegiqus describing the numerical solution of eddyenir
for induction heating problem were presented in3Ll9hese papers based on finite difference method t
solve the problem (Lavers 2008). Currently, thetvasjority of induction applications are modelled
using the finite element method (Lavers 2008, Betea2005).
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5.1.2 Numerical modelling of free surface

It is important to include the actual shape ofrii@ten metal free surface in induction melting mbde.
Sneyd and Moffat (Sneyd 1982) provided the firstatical model to simulate the free surface meniscus
They developed a “global” method for calculating tihee surface shape in electromagnetic levitation,
converting the equilibrium boundary condition (vath hydrodynamic pressure) into a variational eperg
principle. Subsequently, similar approaches weneeldped. Gagnoueét al (Gagnoud 1988) analyzed
the shape of the melt in the cold crucible usinthl@local and a global method. Meanwhile, Onistd a
Etay (Onishi 1992) solved the problem using a losathod with constant segments. Evanal. (Sakane
1988, Li 1994, Li 1993, Li 1991) simulated the nsenis shape in electromagnetic casting using the
mutual inductance method to calculate the electgyagc field. According to the pressure imbalaribe,
peripheral surface elements were moved radiallyanad& or outwards until equilibrium was reached on
the boundary. Laverst al. (Lavers 1988a) were the first to use the bounddeynent technique to
calculate the meniscus shape in melting and cabtyngeeking equilibrium between the electromagnetic
and hydrostatic pressures. Bhamidigatial. (Bhamidipati 1991) applied the volume integral hoet to
calculate the electromagnetic field and tackled ftee surface shape in the semi levitation indunctio
melting process by displacing the melt boundaheradial direction. Fukumotet al. (Fukumoto 1991)
developed a model using FEM that included the fteks. Kawaseet al. (Kawase 1993) used a 3D FEM
to obtain the free surface.

5.1.3 Numerical modelling of CCIM

Historically, this complex problem has been studétiensively both experimentally and numerically.
Delageet al. (Delage 1981, Delage 1983) studied electromagrestt thermal characteristics of a
cylindrical crucible. The approach led to the deti@ation of the resistance and the self-inductance
equivalent crucible. They ignored the meniscus shdpagnoudet al. (Gagnoud 1988) studied the
magnetic flux density and the shape of the meth@cold crucible using the distributed system.dkan
et al (Tanaka 1991) developed a model using the voleteenent method with an axisymmetric
geometry. Bhamidipatet al. (Bhamidipati 1991) published a simplified solutioh CCIM providing
quasi-static solutions that only take into accotlng irrational magnetic pressure term of the Larent
force. Gagnoudet al. (Gagnoud 1991) developed an early numerical sitiomla coupling
electromagnetism, fluid mechanics, and heat tranBlfeamidipatiet al. (Bhamidipati 1992, Bhamidipati
1995) employed a mutual inductance technique toutae the electromagnetic field and a control
volume technique for the temperature and flow Beldhuet al. (Zhu 1999) developed a CCIM model
considering the effect of the melt flow in the fimgface shape in 2D. They developed an iteratiodahn

to integrate the calculations of electromagnettdfiflow field, and free surface shape.

In recent years, Bojarevics (Bojarevics 1999), Ba#Raake 2007, Umbrashko 2006), and Spitans

(Spitans 2013) also performed intensive researthisnissue.

Bojarevicset al. (Bojarevics 1999) model is based in a continuamerdinate transformation method that

maps a deformed boundary to a sphere. The equati@h®oundary conditions that govern the heat and
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Navier-Stokes fields are expressed in sphericatdinates and then transformed to the new coordinate
with the appropriate expressions for the derivativEhe transformed equations are solved numerically
with a spectral-collections method (Pericleous }99he electromagnetic field is numerically solved
with a volume integral method. The electromagniiic force is calculated at each time step (Peouk
1997). The two equatiokrw time-dependent turbulence model is used to comipeteffective viscosity
and turbulent heat transport. The most signifiGgmtroximation for the magnetic induction melting is
that the problem can be considered as axisymmdtrigeality, three dimensional perturbations are
always present, especially with the waves at tke Burface. However, in a time average sense, the

problem can be approximated by an axisymmetric in@tgarevics 1999).

Baakeet al. (Baake 2009) resolve the electromagnetic parblaf crucible with the commercial software
ANSYS (ANSYS 2013) using a 3D model representing kalf-slit wide sector-cut of the complete
geometry. The shape of the free melt surface isutated using anin-houseprogram based on the
equilibrium equations between electromagnetic aydtdstatic pressure in the melt. The Navier-Stokes
equations are calculated using LES turbulence rfindeiethod in a fixed shape domain (Umbrasko
2008). This model assumes a low magnetic Reynoldsber, which allows to split the problem in

electromagnetic and hydrodynamic/heat transfeisgartl solve them sequentially.

Spitansel al. (Spitans 2013) solve the electromagnetic and hydvachic parts sequentially. The
calculation of free surface dynamics is performed rheans of ANSYS Classic (FEM) for the
electromagnetic part and ANSYS/CFX (VOF) for thelltodynamic part and their external coupler. The
hydrodynamic analysis uses the VOF numerical tepliin combination withk-o turbulence
description. For free dynamics calculation, theguased that for a sufficiently small time intervakt
change in shape is so insignificant that during timee step, the Lorentz force distribution can be

considered constant (Spitans 2013).

5.2 Method and hypothesis

We have used the commercial finite element packZ@®SOL Multiphysic§ (COMSOL 2013) for the
modelling of CCIM. The partial equations that govehe electromagnetic, heat transfer, and fluid
dynamics fields can be solved with different numerimethods. COMSOL Multiphysi®smplements a
finite element method (FEM) for solving the partidifferential equations (PDE) governing

electromagnetism, heat transfer, and fluid dynamics

The modelled cold cooper crucible has the same riimas as the crucible of the CCIM installation at
Mondragon Unibertsitatea, which is able to melt bfgitanium. Its inner diameter is 65 mm and its
height 105 mm. The crucible has 16 sectors anglifseare 0.5 mm thick (Figure 5.2).
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Figure 5.2. Crucible of the CCIM installation at Mivagon Unibertsitatea.

To obtain the flow field, the pressure distributidhe temperature, the solution of Maxwell's equiadi
for the electromagnetic field, we assume the foifmahypothesis:

e The charge is in molten state. The change fromdssiate to liquid state is ignored. The

solidification front is also neglected.

e The properties of the charge are constant. Thendigmee of some properties of the charge with
respect to the temperature is neglected. The ditarg@lloy Ti-6Al-4V has been selected for our
models. Table 5-1 shows the thermophysical progemif Ti-6Al-4V (COMSOL 2013, Mills
2002, Boivineau 2006).

Table 5-1. Properties of Ti-6Al-4V.

Symbol Units Ti-6Al-4V
Relative permeability Ly - 1
Relative permittivity & - 1
Electrical conductivity o S/m 7.407e5
Heat capacity Cp J/(kg-K) 710
Density P) kg/m® 4940
Thermal conductivity ke W/(m-K) 7.5
Dynamic viscosity U Pa-s 4.2e-3
Surface tension y N/m 1.7
Emissivity e - 0.4

e The fluid is incompressible and Newtonian.

e The oscillating part of the Lorentz forces is ngifflie (Spitans 2013, Umbrashko 2006, Felten
2004). We have imposed the time averaged Lorenth@source terms into the fluid model
(Fautrelle 2009).

e The electromagnetic forces are higher than theralatonvection (buoyancy forces induced by
temperature differences). Thus, buoyancy forcemegtected.
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« Thermocapillary (Marangoni effect) convection, whiesults from the temperature dependence

of the surface tension, is neglected.

e In the energy equation of the heat transfer amglydie viscous heating and pressure are

negligible.
« We ignore the coil helicity.

* We determine the meniscus shape of the melt wih aaxisymmetric model because of the
good electromagnetic transparency of the slittaatibte wall (Bojarevics 2003a, Westphal
1995, Muiznieks 1999, Enokizono 1993).

* The magnetic Reynolds number characterizes theattien between the fluid flow and the

magnetic field:
R, = H,0UL , (5.1)

where U is the characteristic velocity of the flow, is the length scale of the flow, is the
permeability of vacuum, anglis the electric conductivity of the fluidh induction furnacey, is
often considered as the crucible radius. The mtagfield behaves very differently depending
on the conductivity of the medium. R, is much less than unity, the magnetic diffusion
dominates over magnetic convection. Hence, thecitglof the flow has little influence in the
external magnetic field, since the field induced the induced currents is negligible in
comparison with the imposed field. In this case, magnetic field is dissipative, and it damps
the mechanical motion by converting kinetic enengfp heat via Joule dissipation (Davidson
2001). Hence, electromagnetic field can be decaufilem the hydrodynamic problem (Xhu

1996). In our case, as in most industrial and latmoy scalesR,is very low R,<<1).

5.3 Description of the discretization method for 2D numerical models

2D numerical models serve for the calculation & fiee surface of the melt. For the calculationhef

meniscus shape, we assume that the crucible hasdaelectromagnetic transparency.

The deformation of the free surface is due to thetemagnetic forces generated by the coil. Weshav
modelled this deformation using an Arbitrary Lagy@m-Eulerian (ALE) formulation. ALE is a hybrid
combination of the classical Lagrangian and Eutespproaches. The Lagrangian approach is useful for
mechanical problems or “contained fluids” in whidte boundary displacement is relatively small. Its
main disadvantage lies in its inability to followrge distortions without avoiding a highly contdrte
mesh. The Eulerian approach is suitable for fll@vfwhen there are no free surfaces or moving
boundaries. The ALE method combines the best feataf these approaches using a moving grid whose

velocity is neither zero (Eulerian) nor equal te telocity of the fluid (Lagrangian).
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The electromagnetic forces are defined as:

_ B? 1
F=-0 + (Bm)B, (52)
2lurluo lurluo

where g is the permeability of vacuum, is the relative permeability, arl8l is the magnetic vector
potential.

The first term of the right hand sideV(B%2u.u0)) is the irrotational part. The second term (1/
wito- (B-V)B) is the rotational part.

The free surface can be simulated taking into aucoualy the irrotational part (hydrostatic steadyte

free surface model) or both parts (hydrodynamie ferface model).

5.3.1 2D hydrostatic steady state free surface model

There exist multiple articles describing the cadtioih of steady state meniscus shape for induction
furnace taking into account only the irrotationattof the Lorentz force and neglecting the whglpart,
which corresponds to recirculating alloy movemehie irrotational part is called electromagnetic

pressure and is defined as (Davidson 2001):

- B
4lur IUO ,

(5.3)

EM

where By is the magnetic field in the surfage, is the permeability of vacuum, and is the relative

permeability of the fluid.

Since the electromagnetic field, the melt flow, dinel free surface shape of the liquid are highlypded,
iterations are necessary to search for the equifibiposition of the metal free surface. In hydrosta
steady state (equilibrium state), the hydrostatiesgure Pys), the surface tension pressufs, the

magnetic pressurégy), and the hydrodynamic pressuRe) must be in balance. Hence,

PHS + PST + PEM + PHD = O’ (54)
pgrL+;,K+—B§ +£(u-u)=0 (5.5)
4:ur/’10 2

wherep is the density of the fluidy is the gravityhs is melt head from the topmost point to the point
under consideratior, is the surface tensiok is the sum of the principal curvatures of the fseeface,

By is the magnetic field amplitude in the surfagg,s the permeability of vacuun, is the relative
permeability of the fluid, and is the velocity of the flow.
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At high frequencies, the hydrodynamic and surfassibn pressure are negligible comparing to the
hydrostatic and electromagnetic pressure (SakaB8,2¢hu 1996, Lavers 1989). Their contribution in
the surface geometry is small. Hence, along adweface, the hydrostatic pressure and magneticpres
have to be balanced. The result is a convex mesistence, from the equation (5.5), the time avatage

deformation(hs) of each point of the free surface can be written

___ B
= , (5.6)
hs 4/’Ir ﬂom

We calculate the deformation of the free surfaegattvely. In each iteration, we first calculatee th

electromagnetic field. Then, we estimate the disggi@ent at each point of the surface according to:
dz=zyg+Z+h;, (5.7)

where 2z, is the maximum height of the free surface, Z is treght of the free surface before

deformation, andizis the displacement at each iteration.

At each iteration, the nodes of the free surfaceserupwards and downwards according to the free
surface equation (5.7). The geometry changes dtizege movements of the nodes. Then, we calculate
the magnetic field again for the new geometry. Tviscess continues until the entire surface fslfill

equation (5.6). We ensure the mass conservatidnositinary differential equations.

5.3.2 2D hydrodynamic free surface model

The use of full Lorentz forces gives a more prediee surface shape. Due to the low magnetic Regnol
number Ry), the hydrodynamic calculation of the free surfaae be solved sequentially. For the initial
geometry, we calculate the electromagnetic field #e Lorentz force distribution. We use full Lotzn

forces as mechanical momentum source for hydrodigsacalculation. We use ALE formulation to force

the mesh nodes of the liquid surface to move vétipect to the charge velocity.

In order to follow the motion of the fluid with threoving mesh, it is necessary to equate the mesiomo

to the fluid normal to the surface. Hence, we apptyfollowing kinetic condition on the free surac
u, =u, [h, +u, [, (5.8)

where u, andu, are the components of the fluid velocity nandy direction andn, andn, are the

components of the normal vector.

The calculation of free surface is performed fosudficiently small time step. Subsequently, the new
shape of the free surface is used for the newrel@etgnetic calculation (Figure 5.3). The calculatid
free dynamics is based on the assumption that $orffeciently small time interval, the change irapk is

so insignificant that during one time step the Intzdforce distribution can be considered stationary
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We have selected thew turbulent model for the calculation of the melivil For the region of the
calculation where the melt touches the crucibletdmtand the crucible, we use the wall function
boundary condition. In the free surface, we useditren boundary condition. We have implemented the
surface tension according to the approach deschige@arin (Carin 2012) using the weak form of the
boundary condition:

[—pl +:U(DU+(DU)T)] n=0-Pn+n, (5.9)

wheren is the outward unit normaR, is the surrounding pressuré,£0), I'is the curvature of the free

surface, and is the surface tension.

We have used MATLAB (MATLAB 2012) integrated with COMSOL Multiphysi€sin order to

automatize this coupling. For that purpose, we tpregramed our own code in MATLAB environment.

| Start at t=0 |

l

’ Initial geometry ‘

J

’ Mesh generation ‘
2

H Electromagnetic calculatio+1

’ Obtain Lorentz forces ‘

!

’ Hydrodynamic calculation ‘

At=t+0.001

’ Obtain velocities ‘

J

’ New geometry ‘

No

Yes
End

Figure 5.3. Algorithm for coupled electromagneticd daydrodynamic free surface dynamic calculation.

5.4 Description of the discretization method for 3D numerical models

In theory, it is not possible to use two dimensld@®) models to simulate CCIM problems due to:
a) The slits of the crucible make the problenarisymmetric.

b) Three dimensional nature of turbulence in CCIM.
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Hence, 3D models are necessary to suitably simthat€CIM problem. In our 3D numerical models, we

have exported the free surface from 2D hydrostitiady state models.

As the magnetic Reynolds number is small, the miagfield can be calculated previous to the flovdan
temperature calculation. Hence, the numerical nliogetieveloped is divided into two steps: in thestfi
step, we calculate the heat source generated ligéddcurrents and the electromagnetic forces dtleeto
magnetic field in the frequency-domain. In the setetep, we introduce these values as input dataein
numerical modelling and we calculate the varialdéghe heat transfer (temperature) and fluid flow

(velocity components and pressure) fields.

The 3D numerical models are computationally intessHowever, it is possible to model only a sixtbéen
part of the real problem due to its geometricalquicity. As it can be observed in figure 5.4, thedel

has four different domains: the charge, the cregialthree turns coil, and the air.

il

Figure 5.4. Model geometry.

We solve the electromagnetic equations in the emtirmputational domain (including the air, crucjble
coil, and charge). The input data are the externaient that crosses through the three turns cailthe

working frequency.

An important feature in any electromagnetic analysithe concept of skin depth. For example, for a
working frequency of 9 kHz and titanium conductwitf 7.407e5 S/m, the skin depth is equal to 3.4 mm

Thus, we use 3.4 mm long elements to mesh the eharg
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The Lorentz forces accelerate the fluid in the ciom of the magnetic field gradient. Due to the
confinement of the magnetic field to the skin deptie Lorentz forces are restricted to this regiod

acceleration only takes place in a boundary.

In the outer boundaries of the computational doma@use the magnetic insulation boundary condition

which imposes that the normal component of the reigfield has to be zero.

The Navier-Stokes equations are only activatechéndharge. We use a periodic flow condition for the

exterior boundaries, wall function for the solidllsaand an open boundary condition at the freéaser

The temperature analysis is only activated in therge. For the temperature boundary conditionssee
the periodic heat condition for exterior boundariBise temperature boundary conditions for heatstiean
analysis also include constant temperature seftiogesponding the melting point of Ti) on the seds

that are in contact with the water cooled crucikédls, and radiation from the free surface of theltm

5.5 Simulation advantages/limitations

One of the advantages of the selected methodokthat using a finite element method to calculage t
different equations of each field makes easiectheling among different physical quantities. MareQ
the numerical models are suitable for differentrgetsty and parameters without any substantial clenge

in the model, and without including any correctfantor.

The formation of inverted mesh elements and thelegng of the shape of the free surface between
elements edge points are the biggest challengéssomethodology. In case of hydrostatic steadjesta
free surface models, we are unable to obtain aisolof the free surface when the current is taghhi
because the free surface deforms too much. For dugtents, the deformation leads to inverted mesh
elements and the divergence of the solution. Coarsshing made deformation for higher electric
currents possible but reduce the shape resolufidtheofree surface drastically. In this case, therent

has to be incremented in different steps.

The mesh size is a crucial parameter for the qualfitthe results and for the computational timeisit

convenient to carry out the meshing under manuatrob

5.6 Conclusions

In this chapter, we have shown the methodology useour models. We have also provided a brief

literature review on the subject.

There exist different humerical methods for solvielgctromagnetic, heat transfer, and fluid dynamic

equations. Among the numerical methods found inlitheature to approximate Maxwell equations, the

69



V. NUMERICALMODELLING

finite element method is the most extended onemksn advantages are its geometric flexibly and the
richness in theoretical mathematical tools usefidnalyse the approximation of the problem. Indase
of pure levitation melting, relatively high frequees are typically used (3a0° Hz), which justifies the
use of different electromagnetic skin-layer badebties. However, a typical frequency used in CCIM
process is an order of magnitude lower and the mtagfield penetration is significant. In relatitmthe
heat transfer analysis, both finite element metlaod finite difference method are the most used
numerical methods. In fluid dynamics, until theitiénvolume method was developed, the fluid dynamics
were calculated using the finite element methodwatiays, the finite volume method is the most

common method for fluid dynamic problems.

Softwares to model induction processes have addaricethe point where, today, several very
sophisticated packages are available commerciadliydre capable of taking into account most, ifaibpt
of the various factors noted in this dissertation.

In our case, we use the commercial finite elemackpge COMSOL Multiphysiésfor the modelling of
CCIM. As the finite element method is used to sadectromagnetic, heat transfer, and fluid dynamic
equations, the same mesh is used for all phystuss,Tthere is no additional complexity associatethé

heat source and electromagnetic forces calculatdftkifirst step as input data for the second step.

Despite the use of 2D axisymmetric models by sontkaas to simulate CCIM, 3D computations seem to
be necessary to reproduce the slits of the cruahbkk the three dimensional nature of turbulence in
CCIM. There exists a wide range of turbulence maagklpproaches for the simulation of the turbulent
melt flow and the heat and mass transfer proce&dsup to now, an universal and always reliable
modeling approach that can be used for the devedapnand design of industrial metallurgical
applications is not available. The well-knowr: model is not able to simulate well the heat transf
Both k-w and LES turbulent models give better results.unaase, since COMSOL Multiphysftdoes

not have the possibility to implement LES, we hased th&k-«» model.
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NUMERICAL RESULTS

In this chapter, we first validate our numericaldats comparing the numerical results with experitaen
results carried out by other authors. Then, wegmeadditional numerical results in 2D and 3D.db de
observed that increasing the current and the freguéhe superheat in the melt rises. The stronger
inductor current also increases the amplitude blrperturbation and the steady state meniscighhe

An increasing of current leads also to higher maximflow velocities. The frequency has a limited
influence in the velocity. In relation to the sudadeformation, the increasing frequency producesasgp

surface deformation only very close to the crucikél. Around the symmetry axis, the surface it fla

6.1 Validation of numerical models

In order to validate our numerical models, commparssof the numerical results with experiments are
necessary. During this dissertation, besides theldement of a numerical modelling of CCIM, we have
performed the setting up of an installation of CCévid the melting of titanium parts. The installatio

does not have any device to measure CCIM paramgbets as temperature, velocity, or efficiency. For
this reason, we have validated our models by coimgarur numerical results with the results obtained

from experiments performed by other researchers.pBnameters that have been compared are:
e Meniscus shape,
e temperature, and

- efficiency.

6.1.1 Meniscus shape

The free surface of 2D hydrostatic steady state 2idchydrodynamic free surface models have been

compared with appropriate experimental results.
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The experimental measurements used for the congparisre carried out by Kirpet al. (Kirpo 2008) in
the induction furnace at the Institute of Electobi@ology of Hannover. The induction furnace crueibl
(Figure 6.1) has an inner radius of 158 mm andightef 756 mm, where the inductor height is 570.mm
The material used is the one called Wood’s methichvhas a melting point of 72°C, a dynamic visgosi
of 4.2 10° kg/m- s, a density of 9.700 kg/rand a conductivity of 108/m.
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Figure 6.1. Induction furnace at the Institute tddfrotechnology of Hannover (Spitans 2013).

The experiment had an effective inductor curtei kA, an alternating current frequenie885 Hz, and
an initial crucible fillingh,=400 mm. Figure 6.2 shows the comparison of ouhg@rostatic steady state

and 2D hydrodynamic free surface models meniscagestvith experimental data (Kirpo 2008).
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Figure 6.2. Meniscus shape comparison among diffen®dels and experimental data.
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The hydrostatic model shows a better agreement thihexperimental data (points) in comparison with

the hydrodynamic model.

In Kirpo et al. experiment, the free surface deformation is infigant if compared with the initial

crucible filling hy. For this reason, we have also compared the hitiodree model meniscus shape
with Lavers and Ahmed experiments (Lavers 1988Ihe Trucible inner diameter is 124 mm, the coil
inner diameter is 195 mm, the coil length is 180 ,namd the melt is aluminum. The inside bottom

surface of the crucible is aligned with the bottohthe coil (Figure 6.3).
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Figure 6.3. Laverst al experiments crucible geometry (Lavers 1988b).

The shape of the surface has been predicted asvalufrequency 1330 Hz and current of 400 A, where
the level of the melt is 135 mm (Bojarevics 1998)this experiment, a considerable meniscus shape i

produced due to the Lorentz force acting on thiel flEigure 6.4).
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Figure 6.4. Meniscus shape.
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The meniscus shape of the 2D hydrostatic steadg steodel shows a good agreement with the

experimental data. A slight difference can be olesin the surface nearest to the crucible wall.

6.1.2 Temperature

We have validated the temperature distributionhim mnelt with the experimental investigations catrie
out in the laboratory induction furnaces of Ingstof Electrotechnology of Hannover (Baake 200he T
experimental investigations were performed usiigkg pure aluminium piece in a cold crucible with a
inner radius of 78 mm and a height of 260 mm (Fégbu5). The output power of the generator was 200
kW at a frequency range of 8-10 kHz. The CCIM isnposed of 14 segments. The five inductors coil
height is about 200 mm (Umbrasko 2008).

o K7

II40
ILZ 260
IT

l 156 I JL 2[mm]

Figure 6.5. Sketch of the induction furnace witkdazrucible (Baake 2007).

Figure 6.6a shows the time-averaged temperatursured by Baaket al. (Baake 2007). The maximum
superheat is located near the crucible wall abbeewall skull. At this point, the melt is close tle
crucible wall but without direct contact to the Bkthus the ratio between the induced power dgresid

the heat losses is maximum. In the region of thdt menter, the temperature distribution is quite
homogeneous due to the good turbulent mixing ofntleét. The lowest temperature value is located near
the bottom skull, where no power is directly inddi@nd high heat conduction losses are located. The

radiation losses from the free surface lead tdahmation of a relatively cold area at the top.

Figure 6.6b shows the temperature distributiorh@rnelt of our 3D numerical model. A good agreement
can be observed among the measured and calcudagxtature distribution. There is a slight differen
in the top. In the numerical modelling, the topaai®not as cold as in the measured calculatianctinad

be due to boundary conditions.
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Figure 6.6. a) Measured (Baake 2007) and b) simdisgmperature (°C) distribution.

6.1.3 Power efficiency

The efficiency of CCIM is a crucial parameter oétprocess. It is essential that the numerical nsodel
accurately estimate this quantity. We have compahed efficiency with Ernset al. (Ernst 2009)
experiments (Figure 6.7). The installation has aéd&or hemispherical cold crucible. The slit thieks
between sectors is 3%0n. The 200 g ellipsoidal shaped charge is puraitita corresponding a volume
of 45 cmi. The measurement is applied with the generatargiven power of 20 kW and frequency of
93.3 kHz.

25 9
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Figure 6.7. Sketch of cold crucible induction furedErnst 2009).

The second column of table 6-1 contains the erpmral Joule power values from different sub-
assemblies of CCIM installation. The third columispiays the Joule power values of our numerical

model.
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Table 6-1. Comparison among experimental and miodelésults.

Elements of CCIM Bp (Ernst 2009) (kW) Our model (kW)
Inductor+capacity 5.86 5.98
Crucible+casting finger 12.14 11.57
Charge 2.8 3
Total 20.8 20.55

There is good approximation among the results.érhar between the numerical results and experirhenta
data of the inductor, crucible, and charge are 2890, and 7% respectively. Hence, this model is &bl

predict qualitatively the tendencies and permittaly the influence of electrical parameters.

The 2D numerical approach for free surface calmdais formulated and it verification approves the
model accuracy. Inevitable imprecisions in geometrymaterial properties might lead to insensible
deviations of meniscus shape. Both 3D numerical etsottmperature and efficiency results show good

agreement with experimental measurements.

6.2 2D simulations

We have used 2D models to calculate the free suidaformations. The free surface of the melt affect
directly to the superheat. Hence, a good accuratlyeomeniscus shape is vital. The deformatiorhef t
free surface is affected by the electromagnetice®igenerated by the coil. In order to visualizedfiect

of the current in the meniscus shape, we have letzlithe steady state meniscus shapes for differen
currents for the installation of CCIM at MondragOnibertsitatea (MU) (Figure 5.2). Figure 6.8 shows
the meniscus shape for 2D hydrostatic steady Bttesurface model for different current intensitwgth

a frequencyf=9 kHz and an initial crucible fillindy=70 mm. Increasing the current magnifies the

electromagnetic force that squeezes the alloy ltg@iad leads to a greater surface deformation.

o
(<]

Melt height (mm)

= 500 A 2000 A ——3000 A

50

0 5 10 15 20 25 30
Crucible radius (mm)

Figure 6.8. Free surfaces for different inductdeetfve currentse : 500, 2000, and 3000 A.
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After deformation, the magnetic and hydrostaticsptees should coincide along the free surface.r&igu
6.9 shows the difference between the magnetic gddoktatic pressures at the surface before and afte
deformation for a 3000A current. After deformatiomagnetic and hydrostatic pressures are almost,equa

as presumed.
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Figure 6.9. Difference between magnetic and hydtmspressure along the free surface before aed aft

deformation for a current of 3000 A.

In case of hydrodynamic meniscus shape, figure shbvs the transient free surface shapes at ditfere
times for a currenit=2000 A,f=385 Hz, and initial crucible fillindn;=400 mm for a crucible geometry of
the Institute of Electrotechnology of Hannover (kg 6.1). The vertical axis represents the heifjtihe
melt (mm) and the horizontal axis indicates thecitrie radius (mm). It can be observed the dynamics
the process. When the current starts flowing thinatihg coil, the meniscus height increases and esaah
maximal value. Then, the height of the meniscusases. This fluctuation continues until the free
surface reaches a quasi-steady state. From thisemtoie free surface only oscillates slightly amu

this geometry.
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Figure 6.10. Free surface shapes at different timments for a curremt2000 A and=385 Hz.
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As example, figure 6.11 illustrates the meniscupehat=0.255 s. The flow pattern in these installations
is formed by the influence of electromagnetic ferand usually comprises two or more toroidal

dominating recirculating vortices.

A 122.97

120
100

Figure 6.11. Vorticity in the melt (1/s) &0.255 s for a current4500 A and a frequendy2 kHz for a
crucible geometry of CCIM at MU.

6.3 3D simulations

In the results shown in this section, we have etggbthe free surface from 2D hydrostatic steadtesta
models. We select a current of 3000 A and a frequeof 6.7 kHz, which are the parameters

corresponding to the CCIM installation we have ibM

The following pictures illustrate the most importaaracteristics of CCIM, such as the magnetig, flu
the current density in the melt, the Lorentz foroeshe melt, the velocity pattern in the melt, ahd

temperature in the melt.

Figure 6.12 shows a simulated numerical examplhefffects of a cold crucible on the magneticdfiel
distribution. It is possible to see how the magnétix passes through the air gap between two adjac
copper wall segments and penetrates in the chadggtaance similar to the skin depth. It can be Sesm

the figure that the flux density is maximum nea¥ toil and almost zero at the boundary of the eseco

domain.
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Figure 6.12. Magnetic flux lines.

Figure 6.13 presents the induced current densgtigénthe charge. It can be clearly seen from tiperéi
that the induced current density is higher at timfase of the charge due to the skin depth. Accgydd

the equation (4.24), the induced current densihefrates 3.98 mm in the melt.
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Figure 6.13. Normal component of the current dgr#itm?).
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Figure 6.14 shows both the radial and axial electgnetic forces. Due to the rotational Lorentz éstc
in the middle height of the melt the fluid is acalted in inward direction.

a) b)
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Figure 6.14. a) Radial Lorentz forces (N)jrand b) axial Lorentz forces (Nfjn

Figure 6.15 shows the velocity in the melt. Theetiaveraged flow pattern consists of two vortex@sel
averaged flow patterns simulated with the preseagmatohydrodynamic flow model appear to be
correct, since similar mean flow patterns have eend, both experimentally (Pericleous 2001) amd i
other numerical studies (Umbrasko 2008).
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Figure 6.15. Velocity vector (m/s).
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Averaged flow consists of two toroidal vortices,igihare placed symmetrically in the melt. The indvar
direction of the flow in the middle region is deténed by the Lorentz forces distribution in the mel
Lorentz forces are concentrated in the near walezuf the melt and have a maximum value in theoregi
where the free surface and the crucible wall apgrasach other (Figure 6.15, point) PAt this location,
the flow moves towards the centre of the crucilodenf all sides, dividing it into two parts. One meve
towards the top and another towards the bottomgatbe symmetry axis and, in the middle near the
crucible, they join together. It can be perceivediaollision of two fluid jets, which come frompmysite

directions. The flow achieves its maximal velogigar the crucible wall.

Figure 6.16 illustrates the temperature in the radér 20 seconds. The temperature distribution is
influenced by the thermal boundary conditions. eximum superheat is attained near the cruciblé wal
and above the wall skull ¢P In the center region of the melt, the tempemtdistribution is

homogenous. The lowest temperature values areedtaiear the skull. The radiation losses from the

surface lead to the formation of a relatively catda at the top, around 1692°G)(P

Pc
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Figure 6.16. Temperature (°C) in the melt aftes@€onds.

6.3.1 Influence of the current in the meniscus shape anthe superheat

An increased current magnifies the electromagrfetice, which squeezes the alloy radially and causes
greater surface deformation (Figure 6.17). Thréferdint current amplitudes are employed to anatiiee
influence of the inductor current in the meniscusnd: 500 A, 2000 A, and 3000 A. The selected
frequency ig=9 Hz.
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Figure 6.17.Influence of the current in the merssshiape and the temperature (°C) for differentdtatu
effective currentsg; s =500 A (left),ls =2000 A (center), ande; =3000 A (right).

Increasing the current (power) leads to a highavgsdanduced in the melt. Therefore, the temperature
increases. Furthermore, the free surface deformadihigher and the contact zone between the mdit a
the cooled crucible decreases.

On the other hand, an increase of the induced ptwaes to higher maximum flow velocities in the el

(Figure 6.18), as physically expected.
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Figure 6.18. Influence of the current in the memssshape and the velocity (m/s) for different induc
effective currents; s =500 A (left),ls =2000 A (center), andes =3000 A (right).
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6.3.2 Influence of the frequency in the meniscus shape drithe superheat for a given current

According to theoretical principles, the power asled within an inductively heated charge increases
proportionally with the square root of the AC freqay for a fixed current magnitude in the excitaug.

In order to see the influence of the frequencyharee used three different frequencies: 1 kHz, 5, ktiz

9 kHz. The current in all of them is 2000 A.

Figure 6.19 shows the influence of the operatiegdency on the surface deformation and temperafure

the melt. The superheat increases with the frequenc

The deformation augments when increasing the fregquérom 1 kHz to 5 kHz. However, there is no
noticeable increment in the deformation when insireathe frequency from 5 kHz to 9 kHz. An increase
on the frequency squeezes out the field, leading sharp surface deformation in the proximity af th

crucible wall. Around the symmetry axis, the suefésflat.
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Figure 6.19. Influence of the current in the meugsshape and the temperature (°C) at different
frequenciesf =1 kHz (left),f =5 kHz (center), anftl=9 kHz (right).

Figure 6.20 depicts the influence of the frequeincthe velocity. The frequency has a limited infice
in the velocity.
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Figure 6.20. Influence of the frequency in the reus shape and the velocity (m/s) for different

frequenciesf =1 kHz (left),f =5 kHz (center), antl=9 kHz (right).

6.3.3 Influence of the slit thickness in the efficiency

The power induced in the melt strongly dependshenwidth of the slits. The heat losses in the coppe
fingers are significant due to the copper highrerand electric conductivities. Therefore, thelgedo
optimize the number and position of the cooperaedh the crucible in order to minimize these ésss

Table 6-2 shows the influence of the slit thicknesthe different elements of CCIM for a currénB8980
A andf=1000 Hz.

Table 6-2. Power losses in each element of CCIM.

1 mm 2 mm 3 mm
Charge (kW) 1.27 1.35 1.4
Crucible(kW) 2.93 2.64 2.42
Coil (kW) 5.92 5.7 5.52
Total (kW) 10.12 9.7 9.35
Efficiency (%) 12.57 13.93 15.02

Increasing the slit thickness, the power lossebiéncrucible decrease and increase in the chargece
there is a significant improvement of the efficignc

6.4 Conclusions

In this chapter, we have first validated our nucarinodels and we have presented relevant numerical

results. The numerical results of the electromagmetthermal, and hydrodynamics behaviour of tHd co
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crucible induction furnace are in good agreemerth whe experimental data from different authors.
Moreover, the 2D numerical approach for melt freefexe calculation provides a sufficient model
accuracy. Hence, the generally good agreement battbee model and the experimental measurements
gives confidence that the model is realistic. Thpleyedk-w turbulence model seems to be suitable for
CCIM problems.

Also, our understandings of the complex interactithat occur inside the crucible have increasedtaue
the numerical results. These results give usefifits about the CCIM process. We have noticed that
increasing the current and the frequency, the figag¢rin the melt rises. The stronger inductor curre
also increases the amplitude of initial perturba@md the steady state meniscus height. The heidhe
steady state meniscus contributes to flow patemméation and vortex positional relationship. Thedels
provide useful information about the efficiency thle process, predicting the power released in the
crucible, coil, and charge. Increasing the slitkthess, the power losses in the crucible decreade a

increase in the charge. Hence, there is a significaprovement of the efficiency.

This model produces fast good quantitative redaltshe velocity, and it also describes the heamtdfer
quantities in the melt. Thus, our numerical modeis capable of predicting the superheat of the.melt
This is crucial because one of the most importaatameter of titanium casting is the pouring
temperature. Hence, our numerical models are a ffoivteol for optimizing the design and operational

parameters of CCIM furnaces.
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CHAPTER 7

EXPERIMENTAL RESULTS

In the first part of this chapter, we present tloddccrucible induction melting (CCIM) furnace of
Mondragon Unibertsitatea (MU). We state the charstics of the facility and the problems that we
have overcome during the setting-up of the indialta which is capable of melting 1 kg of Ti-6Al-4\h
the second part of this chapter, we explain thegrgents that we have performed.

7.1 CCIM facility

The main part of the thesis is focused on the @gveént of a numerical modelling of CCIM to help in
the optimization of the main parameters of the pssc The other part deals with the setting-up of a
CCIM installation and the fabrication of high addedue components. Figure 7.1 shows an overal vie
of the equipment of CCIM available at MU.

Figure 7.1. CCIM installation.
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The installation of CCIM consists in a vacuum chamba pumping system, a power supply, and a

cooling system. Figure 7.2 illustrates a simplifgetch of the installation of CCIM.

Pumping system

2 >t+—0O0

Vacuum chamber

Power supply

Cooling system

Figure 7.2. CCIM sketch.

The vacuum chamber is equipped with ports to accodate the pumping system, the cooling system,
the coaxial type power feedthrough, and the pumpiygtem. The coaxial type power feedthrough is
made of copper. The chamber is double wall and medeled. The internal surface is polished to
improve vacuum conditions. Furthermore, the furnhes a turn table for centrifugal casting. The
induction coil and the water cooled copper cructile attained inside the chamber. The crucibldtésit

using an electrical motor-reducer controlled bgysfick installed on the operator’s pulpit.

The CCIM installation at MU is able to melt 1kg tithnium (350 cr). The crucible must contain the
material prior to initiation of melting as well &se molten pool during processing. The heat exchang
capacity of the crucible must be sufficient to remdeat rapidly enough to maintain a metal skuthat
external surface of the melt and maintain the tledemperature below the material melting poirfteA
these prerequisites are fulfilled, the crucible tmbe designed to allow a varying magnetic field
associated with eddy current heating to pass thraug known and predictable way. It is also dédaa
that electrical energy losses in the crucible beimeal. There are mainly two types of cold cruciblée
first one has an inner wall of hemispherical (onical) shape for a given quantity of material. Beeond
one has a vertical straight cylindrical inner walllowing the continuous casting of a solidified dhg
thanks to a downward mechanical pulling devicehathiottom. The crucible of MU installation is okth
first type (Figure 7.3). Its inner diameter is 6&rand its height 105 mm. The crucible has 16 ssnd
the slits are 0.5 mm thick.
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Figure 7.3. Crucible.

The associated coil is also cylindrical with a fixd¢iameter. Conventional designs have a uniforntsiaga
between the induction coil and the exterior waflshe crucible. There are two reasons why a cylaadr
geometry has been adopted as common. First, tledeylexhibits a very low ratio of surface area to
volume relative to other geometries, reducing teatHoss. Second and perhaps more important, the
cylindrical shape simplifies calculations and mosisely matches the geometry of inductors for which
much theoretical work has been used. The coibinasqual spacing among the wires. The coil shoeld b
configured (diameter, number, and spacing of tutoghaximize efficiency of energy transfer from the
generator to the melt. The design is constrainethbyphysical dimensions of the crucible, the eieat
properties and volume of the melt, and the outfrdtecal properties of the generator. The inductaof

the coil increases with the area and the numbewiondiings. High impedance does not allow passing
sufficiently high currents through the coil. Thalirction coil is wound from a copper tube that iated
with a silicon thermal resistant insulating fibacket. The induction coil is internally providedthvia
cooling water circulation passage to communicatéhattwo ends with external water inlet and water
outlet made of cooper tubes. The power supply ieoted to the coil via busbars, flexible leads] an
coaxial port which feeds the power through the wélthe vacuum vessel and allows the crucible to be
tited. Moreover, the coaxial port allows water lie supplied to the coil. The power supply gives a

maximum current of 3 kA at a frequency of 6 kHz.

The pump system is composed of a rotary piston pMHPROVAC 149H and a mechanical booster
MB43 (Figure 7.4). The pumps are capable of achigd 5 1¢ mbar vacuum in the chamber. The

CCIM installation has also a partial pressure systestallation that permits to melt in argon.
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Figure 7.4. Rotary piston pump H149 (left) and nesttal booster MB43 pump (right).

Another important element of CCIM installation ietcooling system. The aim of the cooling circsitd

cool the crucible, the coil, the power supply, thenps, and the chamber. The cooling system has a
closed loop water-cooling circuit. The chiller pusnipnised water from the buffer tank to the cooling
circuit. The water is then split to cool all elertenf the installation. After cooling, the waterréeturned

to the buffer tank. The water chiller is a HypelictCE 116, with a capacity of 500 liter and a dagl
capacity of 116 kW. Drain lines of the crucible aratuum chamber are equipped with a flow sensor.
The flow sensors are interlocked with an audioisalarm system to provide advanced warning of
potentially serious furnace malfunctions. To protbe critical circuit in the event of line powailfire,

the system has an emergency supply of cooling.

7.2 CCIM facility’s set-up

During the setting-up of the CCIM installation, ¥eeed with various problems. One of the first pesh$

was the high voltage in the coil. This problem ey because the coil was designed for an original
CAMI 50 kW power supply. The installation supplielesigned the coil based on the original
characteristics of the power supply. However, thegr supply existent on MU is second handed and it
has some modification in its capacitors and tramséws. Specifically, it did not have the matchiraxb
that in theory it should have. The result was déigvoltage than the maximum accepted output veltag
of the coil, which is 110 V. Since this high voleagould cause a breakdown, the power supply was not

turned on.

We tried to solve the problem with the acquisit@fran external matching box. With the matching box,
the voltage in the coil was lower than the maxinuutput voltage of the coil. However, it was too #ma

46 V, due to the large resistance of the leadsh Wit voltage it was impossible to melt the charge
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The solution to overcome this problem was to mimarthe resistance of the leads buying more efficien
ones. The old leads had a voltage drop of 100 Vth@rother hand, the new efficient leads have tagel
drop of 50 V. Hence, the voltage in the coil is77/0. Although the voltage was correct, it was not
possible to melt the charge because the inlet wabaperature of the power supply attained a hidheva
As consequence, the power supply switched off aatimally. The reason of the heating of the water of
the power supply was that the chiller was not cgpab cooling enough to keep the water temperature
below 30°C. Finally, we decided to buy a new posegsply and chiller. The new power supply has been
designed to 'match' with the load. This load mehasoil, the crucible, and the metal to be meitethe
crucible. With the acquisition of the new power giypof 100 kW and a Hyperchill ICE 116 water

chiller, it has been possible to start meltingntigean.

We needed 28 months for the setting-up of the liasian.

7.3 Experiments

After the setting-up of the installation, we hawestcdifferent parts. One of them has been a turbinge
(Figure 7.5). Turbine blades are structural apptice ideally suited for the use of titanium pa@neral
dimensions of the part are 25 mm x 36 mm x 137 ifime. thinnest section of this thin walled component
is 1.5 mm. Investment casting is a suitable protesbtain such complex and high quality components

because of its repeatability, high dimensional emcy and surface finishing.

Figure 7.5. Turbine blade.

The first step of the investment casting procedbasdesign of the mould. In order to fabricatecad
mould design, we have used the commercial softi@oe3D® (FLOW-3D 2013). It is an essential
strategy the employment of filling and solidificai simulation software as Flow3Do optimize the
feeding systems of the mould. The filling of thimlied elements with titanium is quite challenginged

to its low fluidity. Flow3[P software has been used to validate the fillinghef mould, as well as to
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identify the process parameters required for thetimg of the thin-walled complex parts. We have
designed several gating and feeding systems befarhing an appropriate mould design. Finally ther
first experiments, we have used the gravity topdaasting method, which consists of pouring theame

downhill from the crucible into the mould.

After designing the mould, we have produced a watkepn with the same geometry of the final product
(Figure 7.6a). For that purpose, we have used tbé@eP"” 3000 3D printer. After the production of the
turbine blade, the wax assembly is attached (Figusb). The elements of the mould and gating system
were mostly handmade and hand assembled, whicheisniping construction times for each mould. All
the investment moulds were constructed at MICROBMSALFA, S.L.

Figure 7.6. a) Wax turbine blade and b) mould desig

For the first experiments, we have selected silisarefractory because it is the material that it wa
available and it was sufficiently good for our fitdgals (Figure 7.7). We have also used colloglita as

a binder.

Figure 7.7. Ceramic mould.

92



CHAPTERVII. EXPERIMENTALRESULTS

The ceramic mould has been placed inside the vaathamber, below the crucible. Inside the cooper
crucible we have placed a billet. We have usedaasmaterial a commercial Ti-6Al-4V alloy billet of

@60 mm and 90 mm length.

The melting process is performed from the operatpulpit. Before starting melting, an adequate vacu

is necessary. The furnace chamber has been evddaate5 10° mbar in order to reduce the risk of
oxygen contamination during the melting and castifigtitainum. Then, the melting of titanium is
performed. Once the charge appeared to be fullyempit is held under the selected holding powet an

then the titanium is tilted to the ceramic mould.

We have recorded the melting process using a Ub6P4camera of IDS with GMHR31614MCN optic
of GOYO OPTICAL INC (Figure 7.8). It is essential filter the wavelengths near the red spectrum. For
that purpose, we have used an ISP570 filter of Mltidp order to avoid that IR emission of the metal
reach the sensor and saturate it. During the trialbas not been possible to measure neither the

temperature nor the efficiency nor the meniscus.

Figure 7.8. Melting of titanium.

Besides the commercial Ti-6Al-4V alloy billets, vaave used titanium pucks fabricated in MU (Figure
7.9). The aid is to melt the chip generated in therkshop of MU. However, due to the bad
electromagnetic coupling, it was not possible tdt tteese chips. In order to improve this electronetiy
coupling, we have fabricated a die in order to gateetitanium pucks. These titanium pucks made of

titanium chips are possible to melt.
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Figure 7.9. Titanium pucks.

In the first trials, we have not used the centrfiugasting.

7.4 Results

The first trials performed in the installation ofUvhave shown the possibility to fabricate Ti-6Al-4V
parts. Figure 7.10 shows some of the fabricatetsparturbine blade and a stepped geometry. Artarbi
blade is a structural component while the steppasheetry is used to analyse the effect of the cgolin
rate in the microstructure. It can be observedoith Iparts that mould have been filled correctly.

Figure 7.10. Fabricated parts.

As these parts have been cast with gravity topdgessting method, the theory predicts that they wil
have castings defects. However, it is not the djecof this dissertation the analysis of the
microstructure and the mechanical properties. Hefuréher experiments are necessary to optimize the
process.
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7.5 Conclusions

Although the installation of CCIM may seem easyleiad we have encountered many difficulties. One of
the most challenges issues of the CCIM installatorthe electrical configuration. If an electrical
parameter of the oscillating circuit (capacitorranisformer + power leads + coil + crucible) changes
electrical parameter of the system have to beiedrih order to ensure a correct voltage in thé ddie
design of the pumping system and the cooling systemot need such rigorous dedication. The unique
requisite of the pumping system is that the chilias to be able to cool all the CCIM installatidm.
relation of the pumping system, the selection efpamps depends on the vacuum level and the time to

reach this vacuum level.

We have performed some experiments. The meltintheotharge is not easy. An adequate heating speed
is necessary in order to minimize the skull in ¢hacible. A highly heating speed can shorten théinge
down time, but it causes splash of the melt evennthl temperature and composition homogeneity. A
slow heating speed, although can avoid the shata§ehigh heating speed, can also cause the over
evaporation loss of alloying elements. We have saste parts using top gated gravity casting beciuse
is the easiest way to fill the mould. The prelinmineesults have shown the possibility to melt TilgV.
However, it is possible that the parts have a greaiunt of porosity. If it is the case, it will becessary

the use of bottom gated gravity casting methodeotrdfugal casting method.

We have carried out experiments using silica mouldis necessary the analysis of the surface layer
order to see the appearancenedase. In case of the appearance ofctlease, a mould material with
higher stability will be selected to avoid, or nmmze, the reactions between the cast metal and the

ceramic itself.

It would be interesting to mount an optical pyroenain a port assembly of the vacuum chamber inrorde

to measure the temperature and validate our nuateniodel.
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CHAPTER 8

MAIN ACCOMPLISHMENTS

The main accomplishments achieved in this disserntaire:

1) Learning: | have acquired knowledge about:
a) titanium and titanium alloys,
b) induction furnaces,
c) CCIM,
d) magnetohydrodynamics,
e) finite element method,
f) COMSOL Multiphysic§,
g) simulation of magnetohydrodynamics problems,
h) simulation of induction heating problems,
i) MATLAB®,
j) Flow3D®, and
k) design of investment casting moulds.

2) Scientific developments:
a) | have used MATLAB to simulate hydrodynamic free surface,

b) | have developed a numerical model to simulate C@hdblem using finite element

method,
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c) | have developed the 2D numerical approach for $teéace calculation,

d) | have set up CCIM facility, and

e) | have cast complex geometries as turbine bladeyusp gated gravity casting method.

3) Dissemination and transfer of knowledge:

a) | have published the following works:

Quintana, |.; Azpilgain, Z.; Hurtado. I. “Cold ciibte induction melting de
aleaciones de titanio”. Proceedings of the XI CesgrNacional de Materiales,
Zaragoza, 2010.

Quintana, |.; Azpilgain, Z.; Pardo, D.; Hurtado*NMumerical modeling of cold
crucible induction melting”. Proceedings of COMS@lonference, Stuttgart,
2011.

Quintana, 1.; Azpilgain, Z.; Pardo, D.; Hurtado. ‘ICalentamiento por
induccion de la aleacion de aluminio A356: modeii@ga y validacién del

proceso”. Proceedings of the Xl Congreso Nacia®Materiales, Alicante,
2012.

Quintana, I.; Azpilgain, Z.; Pardo, D.; “Numeriddbdelling of Cold Crucible
Induction Melting.” Metallurgical and Materials Transactions B: Process

Metallurgy and Materials Processing Science (unegew).

b) I have taken part in the following industry resdes

INNOTEK : “TiCast: Fusion y colada de aleacionegitinio de aleaciones de
titanio biocompatible bajo vacio para la fabricacae piezas del sector de
salud”. Basque Government Industry Project: IT-20000208.

Universidad-Empresa: “CASTI: Fusién por induccién aeaciones de titanio
bajo vacio y proceso de cera perdida para la oidtende protesis
maxilofaciales”. Basque Government Education, Ursities, and Research
Project: UE2010-2.

Universidad-Empresa extraordinario: “SIMUFIC: Simeibn multifisica del
proceso de fusibn por induccién”. Basque Governmdtducation,
Universities, and Research Project: UE09+/111.
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GAITEK: “TITAERO: aplicaciones avanzadas de aleae® de titanio para
componentes estructurales eficientes y de altorvaftadido del sector
aeronautico”. Basque Government Industry Projé&t2012/00189.
Universidad-Empresa: “TITAFLIGHT: Proceso de fabdomn de piezas de
aleaciones de titanio de alto valor afiadido mediamduction Skull Melting

para el sector aerondutico”. Basque Government &rbug Universities, and
Research Project: UE2012-06.
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CHAPTER 9

CONCLUSIONS AND FUTURE
RESEARCH

This chapter describes the conclusions of thisediason and some ideas for the future work.

9.1 Concluding remarks

In the first part of this dissertation, we havefpened a wide research in relation of the existimgjting

and casting processes of titanium, cold crucibtluation melting, and the mathematical formulatidn o
CCIM. In those chapters, we have realized thatetleist a plethora of melting and casting process f
titanium and its alloys. The selection of the psscdepends on the composition, shape, size, ecosomi
and working factors of the parts wish to fabricaie have selected CCIM as the most suitable melting
process for the fabrication of high value added poments such as turbine blades. We have also
described the main features of CCIM and we havézezhthat the mathematical formulations of the

physics that are involved in CCIM process are Wwathwn.

In the next chapter, we have observed that theis different methods for the numerical modelling o
CCIM. Our methodology, based in the finite elemethod, gives correct results. We have obtained the

following conclusions:

¢ We have developed a numerical model to simulateMC@roblem using finite element method.

With some modifications, this model can be usedfber magnetohydrodynamic problems.

e Comparing with other models of CCIM, our simulatiorethod is suitable for any geometry.
Moreover, the time necessary for the calculationtesfiperature and efficiency is relatively
small.

e Results from numerical simulations show good agezgmwith experimental measurements.
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The 2D numerical approach for free surface calmnas formulated and it verification approves

the model accuracy.

The influence of electrical properties respect terafure are not significant.

3D numerical models temperature and efficiencylteshow good agreement with experimental

measurements.

Thek-w turbulence model is appropriate for CCIM problems.

The numerical models can be used to predict theeposleased in the coil, crucible, and charge.

The numerical models can be used to predict tertyreran the charge.

This model usually produces good quantitative tesubr the time-averaged velocity

distribution.

Influence of CCIM parameters were numerically amaty, Results showed that when increasing
the inductor current, the height of the free swefabe superheat, and the velocity in the melt
increase. Increasing the frequency for a givenerityithe superheat increases. However, there is
not a noticeable change in the meniscus heightvahotity. The inductor current frequency
requires further investigations. Increasing thé tlickness, the power losses in the crucible

decrease and increase in the charge. Hence, thargignificant improvement of the efficiency.

The height of the steady state meniscus contribtdeflow pattern formation and vortex

positional relationship.

Large inductor currents and current frequenciesnifiadghe non-linear effects of free surface

dynamics.

The numerical models developed are not able toribestow-frequency pulsations. The main
reason is that RANS equations are unable to destwik-frequency pulsations, which arise due

to the large scale flow dynamics.

The mesh is shown to have a significant influemcéh@ numerical results, as expected.

The formation of inverted mesh elements and the&eeng of the shape of the free surface
between element edge points are the biggest clyaleiror higher currents, the deformation led
to inverted mesh elements and divergence of thatisnl Coarser meshing made deformation
for higher electric currents possible but it reduckastically the shape resolution of the free

surface drastically.

The assumption of decoupling the electromagnetitfpant the hydrodynamic and heat problem

part seems to be valid.



CHAPTERIX. CONCLUSIONSAND FUTURERESEARCH

e Unsteady 3D computer simulations are very time eggburce consuming, even on modern

computer systems.

In the second part of the dissertation, we havecriesd the setting-up of the installation and the

experimental work carried out. We have achieveddhewing conclusions:

e CCIM machine of MU is able to melt about 1 kg ¢&tiium alloys.

* The electrical configuration is a delicate issfi@n electrical parameter of the oscillating citcui
changes, the electrical parameter of the systera labe verified in order to ensure a correct

voltage in the coil.

* We have cast complex geometries as a turbine bisidg top gated gravity casting method.

e The charge geometry is very important for meltiBijets are easier to melt than scraps.

e The heating strategy is also important.

To summarize, in this dissertation, we have devadopumerical models capable of reproducing the
CCIM process parameters such as temperature ammieeffy. Furthermore, we have set up a CCIM

installation and we have cast Ti-6Al-4V parts.

We have shown that it is possible to melt high tigdg materials such titanium and titanium allaysing

CCIM. Moreover, it is possible manufacture comptgometry parts with the use of ceramics moulds
using as raw material new or recycled alloys. Weehalso developed numerical models capable of
simulating different industrials technologies s@ashCCIM and induction heating. These models help to
understand, develop, optimize, and control designd processes in a cost effective way. From a
scientific point of view, the numerical models diexged allow for a better understanding of the
magnetohydrodynamics problems. For example, theablenus to understand the influence of the

magnetic fields in liquid metals.

9.2 Future research

This dissertation has provided new insight on tH&N process. However, further research work is
recommended in order to completely understand smpea questions outlined in this dissertation. Some

future works respect to the numerical modellindude:

< In the numerical models developed, the charge bas lbonsidered in liquid state. It would be
very interesting to study the interaction betwdenrmelt flow and the growing mushy zone. The
mushy zone, which is the transition from the pul&jyid state to a complete solid state, plays

an important role in the melt flow pattern. Thisuldallow optimize the process.
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Calculation of 3D free surface (both static andaiyit) could lead to a more realistic result.

Implementation of the buoyancy and the Marangofdotfin the numerical models in order to

analyze the influence of these phenomena.

It would be interesting the analysis of particinsport within the melt.

The use of LES to describe the turbulence.

Strong coupling among the electromagnetism, haasfer, and fluids.

Regarding to experimental works, we have perfortiedpreliminary tests. There is long way to go in

order to acquire a full knowledge of the titaniumsting. The next steps could include the following

tasks:

104

It would be interesting to measure the temperatumg efficiency in order to have additional

information of the process.

Further experiments are necessary to optimize kegrpeters of the melting process, including:
superheat of the melt, control of melt composito possible evaporation of some elements of

the alloy, reduction of skull formation, and toliease the efficiency of the process.

It would be interesting to use a bottom gated gyasasting method or a centrifugal casting

method to prove which methods deliver better result

It would also be interesting to analyze thxease, the mechanical properties of the parts, and

perform material characterization.

Regarding ceramics, further experiments shoulddrfopmed using different ceramics materials.
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