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ABSTRACT

Hygrogen causes defects, for which aluminium alloy products are rejected. The
behaviour of hydrogen in aluminium-magnesium-silicon alloy extrusion ingots, has
been studied throughout the course of manufacture from freshly reduced aluminium.

It 1s shown that hydrogen in the liquid metal is produced by temperature-dependent
reaction between the metal and water vapour in the atmosphere. As the metal is
received from the reduction cells, its temperature is ~850 °C and its hydrogen content,
>0.4 cm’/100 g, is too high for casting sound ingots. The metal is transferred first to a
so-called melting furnace, where it is alloyed and stirred, thence to a holding furnace,
where the composition is adjusted, the metal is degassed by gas sparging and allowed to
settle before casting. The metal cools throughout these operations and as the
temperature falls, the calculated value for the hydrogen content in equilibrium with the

atmosphere falls in response to the reduced hydrogen solubility. The actual hydrogen
content of the metal exhibited marked hysteresis in following the equilibrium value.

Significant reduction of the hydrogen content occurred only when the metal was
agitated. The hydrogen content never fell below the equilibrium value even during the
nominal degassing operation, leading to the conclusion that gas sparging in a furnace
does not positively remove hydrogen but only assists the equilibration.

The hot-top DC casting process yielded a 8 m x 0.18 m diameter ingot with a
virtually uniform hydrogen content. When this ingot was homogenised by heating it to
590 °C 1n a 7h cycle, a significant proportion of the hydrogen content was lost from the
surface zone. By matching the loss to a theoretical model assuming diffusion control, it
was shown that the loss of hydrogen is attenuated by trapping in micropores.

The effects of simulated industrial atmospheres on the loss or absorption of
hydrogen by the solid alloy were investigated in an extended series of laboratory
heat-treatments. The interaction of the metal with these atmospheres was found to be
determined by the nature of the oxide films formed and therefore the films were
investigated by XPS and SIMS surface analysis techniques. In clean atmospheres the
absorption or loss of hydrogen was determined by the balance between inward
migration of protons and outward diffusion of hydrogen atoms through the oxide.
Pollution of the air by chlorine or especially sulphur stimulated hydrogen absorption to
a degree which seriously damaged the metal by pore growth. These effects are

explained by modified compositions and structures in the surface oxide.
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1. INTRODUCTION

1.1 Philosophy Of Approach

This thesis describes a project designed to develop a scientific approach to a serious

industrial problem.

In Industry, recurrent difficulties associated with a chronic problem incur
unacceptable costs and disruption. They must be rectified expeditiously as they arise,

if necessary by empirical means, and incentives to address the fundamental principles

underlying the problem diminish with temporary remission of immediate difficulties.

Conversely, a University has resources and opportunity for impartial study but the
small scale of the work and artificial conditions applied to control experiments often
leads to oversimplified models which are unrelated or even irrelevant to the industrial
problems they are intended to address. A few examples illustrate the point. Small-scale

experiments cannot simulate the behaviour of liquid metal handled in bulk. The

atmospheres in industrial melting or heat-treatment furnaces are not amenable to the

same degree of evaluation and control as atmospheres simulated in laboratories.
Isothermal heat-treatment of solid metal in batch furnaces is usually impossible because
of the thermal capacity of the load and the finite time needed for heat conduction

through large pieces. Above all, idealised procedures are often excluded by costs.

In the present work, the project was devised to combine the advantage of the author's
continuing association with the plant of a large aluminium producer with extended
access to the scientific attitudes and resources of a University. Various aspects of the
project were conducted in the plant and in the laboratory as appropriate. This approach
has its particular frustrations. Industrial experiments require Management sanction
because they disrupt the regular operation of the plant and can seldom be repeated. Bulk
materials selected for study must be accepted as they are and cannot be conditioned to
aid interpretation of the results obtained from them. However, the merit of the

approach 1is that any conclusions drawn are both fundamentally sound and directly

relevant to the real problems of interest.



1.2 Purpose And Objectives

The occlusion and effects of hydrogen in aluminium and its alloys have been
extensively investigated both empirically and in the laboratory. Nevertheless, the
interactions which can occur are so complex and variable that aluminium producers and

manufacturers can still experience intractable problems attributable to hydrogen

occluded in the metal.

An example of such a problem is the unpredictable sporadic incidence of fine
blisters, 1-3 mm in diameter on the surface of aluminium-magnesium-silicon alloy
extrusion billets, within the AA6063 specification, occurring after "homogenisation".
The incidence of blistering does not correlate with any obvious variations in metal
origin or production procedures, both of which are nominally consistent. As used in the
Aluminium Industry, the word homogenisation does not necessarily have its usual
meaning of eliminating variations in composition but is an established term describing
any production process in which cast material is heat-treated for several hours at high

temperatures, to develop desirable characteristics for subsequent fabrication.

This particular problem was selected for study because it has many features typical

of the industrial difficulties which remain through insufficient information on the
underlying fundamental principles and their application. A comprehensive approach
was adopted in which carefully designed and executed experiments in a major
aluminium plant were integrated with corresponding laboratory experiments at Brunel
University. In this way, a systematic assessment was built up to explain the interaction
of hydrogen With the liquid and solid metal as it progressed through the production

sequences by which the extrusion billet is produced.

The objectives were:

¢ to identify conditions which influence the hydrogen of the liquid metal, with
special reference to metal transfer operations and to degassing procedures.
¢ to identify and quantify factors which control the absorption or loss of hydrogen

by interaction of the solid metal with the atmosphere to which it is exposed

during heat-treatment.



¢ to 1dentify factors which promote un-soundness, i. e. porosity and blisters.
generated by hydrogen in the metal.
¢ to optimise existing practices or to suggest alternative procedures to minimise

unsoundness in commercially-produced AA6063 extrusion ingots.

1.3 Scope And Organisation

1.3.1 The Industrial Context

The production of aluminium alloy ingots is dominated by the need to ensure that
- high quality is maintained, because defects of any kind in the ingots are inherited by

semi-finished products fabricated from them. Such products are supplied for critical
applications in a cost-conscious market in which there is intense competition between

manufagturcrs.

The thesis begins by describing the industrial context to which the work is related.
Section 2 is a comprehensive review of the theory and practice of metal treatment
processes by which liquid metal is prepared and solidified as ingots. This is followed in

Section 3 by a more detailed description of direct chill (DC) casting, which controls the

structure of the ingots and which has been intensively developed, culminating in

- advanced techniques such as the Airslip® process by which the material used in the

present work was cast.

1.3.2 Theoretical and Practical As_pects of the Effects of Hydrogen

The extensive theory which underlies the effects of hydrogen in aluminium alloys
is critically reviewed in Section 4. This covers the nature of hydrogen occlusion, the

thermodynamics of metal-hydrogen systems , and theories and measurements of

solubility and diffusivity. Practical matters considered include methods of measurement

and effects of hydrogen in manufactured products.



1.3.3 Quantitative Approach

The essence of the approach adopted was to obtain quantitative information for
interpretation and the accurate determination of the hydrogen of the metal 1s the basis of
the investigation. From a review of the available techniques given in Section S a
decision was made to base the investigation on the hot vacuum extraction (Ransley)
method, supported by in-plant measurements made with the Telegas. The principles of
these techniques and the construction, calibration and commissioning of suitable

equipment 1s described in Section 6.

The first stage of the experimental work was designed to examine the behaviour of

hydrogen in the liquid metal throughout the industrial processes in which the metal was

recetved from the reduction furnaces, alloyed, degassed and cast into ingots.

The second stage was to characterise the distribution of hydrogen within a selected

actual industrially-cast ingot before and after homogenisation.

The third stage was to examine the absorption or loss of hydrogen from samples of
metal in laboratory experiments simulating homogenisation. In these experiments, the

temperature and furnace atmosphere were systematically varied to represent conditions

which could conceivably prevail in a production environment. The experimental
atmospheres used included clean air and air contaminated with sulphur or with
chlorides, representing industrial and marine pollution. In the course of these
experiments, it became clear that the factor controlling the absorption or loss of
hydrogen was the nature of the oxides formed on the metal in these various
environments. Composition profiles of these oxides were therefore studied by surface

analysis techniques including XPS and SIMS.

Finally, the new information was assessed and used to evaluate existing industrial

processes and to suggest possible modifications.



2. THE PRODUCTION OF EXTRUSION INGOT

Aluminium is produced by electrolytic reduction of Alumina (Al,O,). The principal

commercial process in present day operation was developed in 1886 by Charles M.

Hall (USA) and Paul T. Heroult (France), thus is generally known as the Hall-Heroult

process.

The process consists of dissolving the alumina into molten cryolite (Na,AlF,) and

electrolysing the solution in electrolytic cell or "pot", as it is termed in industry. The

cell process 1s very complex but the overall reaction may be summarised by:
4A1,0, = 2 AI* +6A10; (primary ionisation)
6A10, + 3C (anode carbon) = 3ALO,+3CO+6e (anode reaction)

2 AI* +6e = 2 Al . (cathode reaction)

Liquid aluminium

Figure 2.1 End view of a pre-backed pot.

Figure 2.1 shows an end view sketch of a pre-baked type pot.

The . aluminium produced is normally in the commercial purity" range of 99.50 -
- 99.79% pure. High purity' grade of 99.80 - 99.949% pure aluminium can also bci
produced by Hall-Heroult process if great care is taken and high quality raw materials

are used in the process. °



2.1 Metal Quality And Liquid Metal Treatment

The extracted metal is delivered to the cast house or cast shop to be cast in a suitable

intermediate product 1.€. 1ngot.

The electrolysed metal is often not suitable for immediate casting and must undergo
some refining and treatment to achieve the required chemical composition and metal

quality.

Metal quality 1s a composite of three interrelated components, which are the level of
alkali and alkali earth trace elements, hydrogen, and inclusions in the metal. The
components are impurities of both elemental and compound state. The main sources of

these impurities in aluminium are:;

¢ The electrolysis process, e.g. Na and Ca,

¢ the alloying elements, e.g. MgO, SiOZ ,

¢ turbulence in the transfer and treatment of liquid metal, e.g. Al,O, ,

¢ chemical reaction of fluxing agent, e.g. AlCl3 , MgCl, ,

¢ the reaction of liquid aluminium with water vapour which is the source of

hydrogen.

A survey of impurities in the metal from the electrolysis cell and impurities
attributed to alloying elements .are listed in table 2.1%34 and 2.2} respectively. In an
un-treated'al_urninium melt, the inclusion conéentmtion could be 0.005 - 0.02> volume

fraction (5000 - 20000 ppm). The observed inclusion particle size’ range from MgO
dispersoids of a few pum in size to ALO, films and clusters that extend several

millimetres. The concentration of alkaline and alkali earth metals in un-treated liquid

aluminium can be as high as 80 ppm.

Hydrogen is a major detrimental impurity which is the main subject of the work at

hand, and will be dealt with in detail on its own.



Table 2.1
A survey of impurities in aluminium
from electrolysis cells.

(wt ppm)

H 0.2-0.5

C 5-13*

Na |40 - 80

Mg | 10 - 20

Si 300 - 700

Ca 3-10

Ti 30-50

V 100 - 200

Mn 10 - 30

Fe 500 - 2000

Ni 10 - 80

Cu 5-30

Zn 20 - 200

Ga 80 - 180

Carbides 1-35 0.1-20
Borides 0.1-1 0.1-10
Nitrides 0.3-2

Oxides 0.3-3 10 - 300
Salts . |~0.1 | 10 - 20
*C content is nearer to 50 ppm and is precipitated as TiC
or ZnC.

Therefore an aluminium melt is refined prior to casting. The degree of refinement
necessary is dictated by requirements in the subsequent fabrication process, and

ultimately by the final product, for example although many products require the particle

size of an inclusion population to be less than 50 um’ , much smaller particles size of

several pm could have a deleterious effect in the production of 5 pm (thickness)

aluminium foll.
The treatment of aluminium melt typically involves:

¢ Settling, floatation, and filtration for removal of inclusions,
¢ fluxing out dissolved alkali impurities,

¢ degassing for hydrogen removal.



Table 2.2
Impurities in alloying elements.

Alloying |Mg Si Ti Mn Fe Cu Zn
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2.1.1 Settling

Settling entails simple gravity sedimentation of inclusions heavier than the melt,

which is achieved by leaving the melt undisturbed for 0.5 to 2.0 hours in the holding

furnace, thus is an in-furnace melt treatment.

The mechanism of settling is commonly expressed™®” by Stokes law:

2R
Vs = T (Pp— Par)8 (2.1)

Where;

V. = settling velocity,

R, = particle radius,

Na = viscosity of aluminium,

P, pa = particle and aluminium densities and,
g = gravitational acceleration (9,80665 m sec™)



Based on Stokes law Martin et al* predicted that all MgO inclusions (density =

3.58 g cm™) with diameters greater than 30 tm can be separated out, over a distance of

1 m, in half an hour, but the results of their experimental investigations did not fit the
static model, however modifying the model to include the inclusions capture
mechanism was said to have improved its correspondence to the observed trends.
Nevertheless the investigations confirmed the benefit of settling treatment by reporting
significant reduction (over 60%) in the inclusions concentration. Common industrial

practice 1s to include settling along with other melt treatment.
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Figure 2.2 Settling of inclusions.

2.1.2 Melt Treatment by Gas Sparging

The floatation of inclusions, fluxing of the alkali impunties and the removal of
hydrogen or "degassing" are carried out by sparging the melt with an 1nert gas (argon or

nitrogen) or with a mixture of an active gas (mainly chlorine) and an inert gas.

The gas sparging may be performed in the holding or casting furnace in which case it

is known as in-furnace melt treatment, or in a dedicated reactor unit in in-line melt

treatment.



2.1.2.1 In-furnace Melt Treatment

In furnace melt treatment consists of either injecting the sparging gas through a lance
into the melt, or by submerging a reactive compound such as hexachloroethane (C,Cl,),

which generate the sparging gasses of Cl, and AICl,.
Although still widely practised, this process suffers a numbers of drawbacks:

¢ The holding furnace commonly a large (typically 30-50 tonne) reverberatory type

1s designed for thermal efficiency is not suited for gas purging thus leading to
poor gas utilisation,

¢ the process produces large gas bubbles™ (45 mm dia.), which contribute to
reﬁning inefficiency,

¢ the large gas bubbles rise up rapidly through the melt causing extremely turbulent
melt surface, thus contributing to inclusion content'?.

¢ the sparging gas reacts with water moisture in the atmosphere resulting in
environmental pollution with HCI, 2AICl, + 3H,0 = Al,O, + 6HCI (g)

However Nilmani et al* suggest that adding diffusers to the lance, or by using helical

plug lance the efficiency of the process is improved, and Grandfield® reports significant

reduction in inclusion content can be achieved if chlorine is added to the purge gas.

2.1.2.2 In-line Melt Treatment

To 1mprove melt treatment efficiency and productivity in-line melt treatment was

adopted.

An in-line melt treatment process is defined as a continuous refining of the melt
during casting. Liquid aluminium is continuously fed into the treatment vessel from the

holding furnace. The treated metal which leaves the vessel is then often filtered before

it 1S cast.

"~ The carlf versions (still used) of in-line éystcms consisted of a vessel containing fine
tabular alumina balls, tabular alumina flakes and a graphite, quartz or porcelain
~enamelled steel tube'" to inject purging gas at the bottom of the vessel. This set up

provided for melt treatment ‘by filtration and gas sparging. Alcoa's 181 (Figure 2.3), 469
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and British Aluminium's FILD are some examples of this type of system.
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Figure 2.3 Alcoa 18]1.

The efforts to understand bubble dynamics and the behaviour of gas bubbles in
molten metals, particularly in steel, resulted in the concept of gas injection into the melt
through rotating impeller. The first embodiment of this technology for the aluminium

FTM

industry® was the introduction of Spinning Nozzle Inert Flotation (SNIF™ ) unit by

Union Carbide in the early seventies.

Currently the in-line melt treatment by rotating-impeller gas injection is the
dominant technology in the aluminium industry. There are numerous units of this type
commercially available, such as; Alcoa's 622 (Figure 2.4), Pechiney's Alpur, Norsk
Hydro's Hycast, and others.
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Figure 2.4 Alcoa 622.

11



The system consists of a refractory lined vessel, and one or more impeller assemblies

which can be inserted vertically into the vessel from the top. The impellers design

varies with each unit, but are mainly made of graphite. Most systems include &
provision for heating such as gas fired burner. immersion heater or induction heater to

maintain the melt temperature at desirable level.

The operation of the unit consists of feeding it with liquid metal from the holding

furnace, lowering the impeller into the melt, and injecting inert or mixture of inert with

active gas through the impeller while it is being rotated. Consequently the metal is
sparged with well dispersed fine gas bubbles. The gas bubbles refine the liquid metal
by:

¢ Floatation of inclusions,
¢ fluxing out of active elements,
¢ degassing.

These refining mechanisms are discussed next.

2.1.2.3 Flotation

One of the major benefits of gas purging is the removal of inclusions by floatation.
The theory of operation is that if a gas bubble contacts a particle non-wetted by the melt
the two join and the particle is carried to the surface with the bubble.

The mechanisms of particle flotation have been comprehensively investigated by
Szekely'*, Eckert et al*, and Simensen* who predicted that all large p*artic.lcs (> 80 pm)
should be removed by inertial impaction on gas bubbles and an efficient particle
removal 1s expected down to 6 pxﬁ particle size by peripheral i_ntérccption iIf the size of

bubbles is in the 1-10 mm range.

Experimentally Simensen* found that all inclusions greater than 100 pm and

approximately 90% of oxides with diametgrs"75 and 25 pm were removed by in-line

treatment.

Simensen® also reported that oxide films 100 pm long had been observed to have

escaped being removed and had passed thrdugh the in-line treatment, which he

12



explained could occur if the oxide is oriented with its major axis parallel to the velocity
vector of the bubbles, in which case the bubble can "see” a much smaller inclusion

(thickness 1-2 um).

All theoretical and experimental investigations have shown that the effectiveness of
melt treatments by gas purging are inversely related to the gas bubbles size. A

simplified expression for 100% inclusion removal for various gas bubble diameters is

derived by Eckert et al”, which is:
d,= 0.222 d* (2.2)

Where: d, and d, are particle and bubble dia. in pm and mm. This expression is

plotted 1n figure 2.5.

The addition of chlorine to the purge gas is believed to be beneficial by increasing
the probability of capturing oxide inclusions by the salt formed on the gas bubbles as

inclusions are well wetted by the salt and not by the melt*, and also by reducing melt

loss by promoting dry dross'*,
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Figure 2.5 Bubble size for 100% inclusion removal
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2.1.2.4 Fluxing

The removal of alkali and alkali earth metals by their reactions with AICl, in the gas

bubbles 1s often termed as fluxing.

Significant reduction in sodium content of the melt, as a consequence of settling and
sparging with inert gas, due to its high vapour pressure has been reported>. But if
extremely low level of sodium, calcium and lithium is required, which is the case for
some rolling ingots, then gas sparging with a mixture of chlorine-inert gas is
required'*.The fluxing out of alkali and alkali earth impurities by chlorine is due to the
higher chemical affinity of chlorine for these elements versus aluminium. And the more
stable chloride an element forms the easier it is to remove, i.e. calcium will be removed
to its thermodynamically lowest concentration”, followed by sodium and lithium. If the
amount of chlorine used is in excess of that required for alkali and alkali earth removal,

magnesium level will start to be reduced.

The theoretical chlorine requirement (1 min™) in the purge gas, for the removal of

Na, Li, and Ca, can be estimated by the following expression”:

(wt.%Na) ;~(wt.%Na). + (Wt.%Li) ~(wt.%Li).

2My., ;
QClz =F (2.24F m) N(wt.%Ca) ,*—(Wt.%Ca)szL (2.3)
+—
M Ca
Where:

Fn = metal flow rate (kg min™),

M = molecular weigth,

i = inlet condition,

e = equilibrium condition,

Qci, = flow rate of chlorine (I min™"), and,

F = correction factor ~ 2-3, as actual Cl, utilization is not 100%.
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2.1.2.5 Degassing

The term degassing in aluminium industry is often used to describe the whole melt
treatment system, as in in-line degassing or in-furnace degassing which are in-line and

in-furnace melt treatment systems.

A more accurate definition of the term is, the removal of hydrogen from liquid

aluminium or its alloys by gas sparging, which may be said to be a primary objective of

the melt treatment systems mentioned above.

Hydrogen dissolved in molten aluminium has a relatively high vapour pressure”, and
this fact 1s the basis for its removal by gas sparging. Atomic hydrogen passes from the
liquid metal phase to the gas phase (sparging gas bubbles) where it forms di-atomic
hydrogen gas. The hydrogen concentration difference between these two phases being

the driving force for mass transport. This phenomenon can be represented by the

following reaction:
2[H], = (Hl)g

For hydrogen to be removed by the ascending gas bubble, it is transferred by a series

of steps outlined below and in Figure 2.6.

1. Transport of atomic hydrogen in the melt to the vicinity of a gas bubble by a
combination of convection and diffusion,

2. Diffusive transport through the liquid boundary layer, to the bubble surface,

3. The chemical adsorption on to the outside and subsequent desorption from the
inside of the bubble surface, and the formation of di-atomic hydrogen.

4, Diffusion as a gaseous species into the gas bubble.

The mechanism and efficiency of hydrogen removal by gas purging have been
extensively investigated by Engh et al™ '* > and others. The following equation by

Engh, expresses the efficiency of gas purging (Z), as a function of "dimensionless”

melt/gas contact area (¢4) .
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Figure 2.6 Hydrogen removal by purge gas
Z=1- Cxp('-q)A) (2.4)
and,
¢’A o K+ Pm AP e
100 ms G f, K (2.5)
where:

ke = total mass transfer coefficient (m s'l),

Pm = density of the metal (kg m™),

A = interfaccial contact area (m?),

Pinern = partial pressure of inert gas (atm),

m; = molar mass of component x (kg kmol™),

G = flow of gas (kmol s™),

Jx = activity coefficient for component x in melt and,
K = equilibrium constant,

From Equation 2.5, it is apparent that ¢4 increases with the ratio between contact
7

area and gas flow rate == , it also increases when equilibrium constant K is small.

G

When K 1s small, the bubble in equilibrium will have a low partial pressure of x

(hydrogen) and the "x-capacity" of the bubble is low. Similarly ¢4 increases with P

inert

which 1s approximately equal to the total pressure. When the total pressure is high, the

gas volume available to be "filled" with hydrogen is low.

16



To approach equilibrium, Z = 1 (100% efficiency ),04 must be greater ~ than 3.

Engh'™ has estimated that gas purging efficiency (Z) for in-furnace treatment by lance

and for in-line treatment by spinning impeller to be ~0.1 and ~0.7 respectively.

The addition of chlorine has traditionally been believed to increase hydrogen

removal. But recently this beneficial effect has been questioned, with Engh et al”

stating that chlorine will not react with hydrogen, therefore based on thermodynamic
reasoning there seems to be no advantage in its use. Grandfieled et al'> adding that the

chloride formed on the gas bubble may present a diffusion barrier preventing the

hydrogen removal from the melt, and this view is supported experimentally by Stevens

et al'”-.

Nevertheless, Engh'* suggests that if the degassing process is mass transfer
controlled; that is, if bubbles are large, the chlorine may improve hydrogen removal,
because the mass transfer coefficient increases by about two times in the presence of
halogen, but the mass transfer coefficient is not important if very small purge gas

bubbles are present, as the efficiency is already nearly 100 percent

2.1.3 Filtration

Filtration of liquid aluminium and its alloys is another mean of removing inclusions,
which is widely employed either as an integral part of the in-line melt treatment unit as
in Alcoa 469 or as a separate unit located immediately before the casting unit,

supplementing the melt treatment by gas sparging.

Filtration consist of passing the melt through a porous medium designed to arrest and

retain particulate matters..

The porous media available for filtration of liquid aluminium can be classified in the

following types:

17



2.1.3.1 Woven glass fibre filter

Is the simplest type of filter, made of woven glass fibre. shaped in the form of bag
of various sizes which are commonly known as filter or trough "sock", which can be

fitted in the trough or over the mould at the liquid metal feeding point.

The filtration efficiency of this type of filters are limited to large particulates.

(> 500 pm ) but they are often used to supplement other filter types, with the aim of

removing particles such as pieces of trough lining or foreign objects which may enter

the liquid metal between the main filtration unit and the casting unit.
2.1.3.2 Packed bed filter

It is usually constructed of a refractory lined steel "box" packed with loose ceramic
particulate such as tabular alumina flakes and/or alumina balls, which form the filter

"bed”. The filter bed varies in size, but 50-70 cm may be a common thickness range.

Liquid metal enters on to the top of the filter bed and is collected from the bottom.
Thus the unit must be engineered between the casting furnace and the casting station. If

an 1n-line gas sparging unit is used, then the filter is located immediately after it.

If dcsigncd with proper filter factor i.e. filter bed surface area appropriate for the
metal flow rate, packed bed filter or deep bed filter as they are commonly known are

considered to be the most efficient'® '* type of filter. Netter et al** predict efficient

removal of inclusions down to 6 . tm in size by deep bed filtration.

Packed bed filters such as British Aluminium FILD, Swiss Aluminium DUFFI,
Alcoa 469 and 528, were the predominant filtration technology until the ceramic foam

filters where introduced on to the market in the seventies.

2.1.3.3 Ceramic foam filter (CFF)

They are available in plate shape, typically 17"x17" or 20"x20" and 2" thick, made

~ by replication of reticulated polyurethane foam, and are currently produced In a range .

18



of compositions* including phosphate bonded alumina, sintered alumina.

zirconia/alumina and others.

The filters are characterised by their pore size in term of number of pores per linear
inch (ppi1). The phosphate bonded alumina filters in the pore size range of 20-60 pp1 are

commonly used in aluminium casting>". Each filter is normally used once and for one

cast.

To accommodate the filter and provide for rapid filter changing, a filter holder (filter

"bowl") 1s fitted in the trough immediately before the casting station.

For CFF of 30 ppi, an efficiency of 80-100% is expected® for oxide and boride

particles larger than 50 um.

2.1.3.4 Rigid media filters (RMF)

Rigid media filters are made of alumina or silicon carbide refractory grains which
are bonded together. This type of filter is characterised by its grain size or grit number,

with a 6 grit designation being most appropriate* for use with aluminium extrusion

billet casting.

Rigid media filter in form of tube was developed by Tokyo Koyo Rozal and has been

in use in Japan since the seventies, but due to'cost consideration it has.not been widely

. used elsewhere. RMF (TKR HCO) is claimed® to have a filtration cfﬁc1ency of >80%

for particles >8 um as determined by PoDFA type assessment..

2.1.4 Mode of filtration

The mode and mechanism of filtration have been extensively investigated™*+**,

therefore only a brief description of modes will follow:
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2.1.4.1 Filtration by straining

If the inclusions are larger than the filter pores, they will be retained on the filter's

inlet surface by straining, this is the primary filtration mode for glass fibre type filter.
2.1.4.2 Cake mode filtration

When the particles size are large compared to the filter pore size and their
concentrations are high (>500 ppm)®>, they form a layer on the inlet surface of the filter
effectively reducing the pores sizes, leading to the build up of more layers of smaller
particles. The accumulation of these inclusion layers on the inlet surface 1s termed cake

formation.

2.1.4.3 Depth or deep bed filtration

Normally the melt has already been treated prior to filtration, thus should only
contain low concentration ( < 100 ppm )* of small inclusions, which can not be
removed by straining and cake mode. Therefore the particles will follow the melt

through the filter until they contact the filter where they are retained.

S. oo, o . . . ' .
Eckert et al™ state that " it is believed that impingement is the main transport
mechanism in aluminium melt filtration, and pressure Van der Waal forces are

responsible for particle attachment" to the filter media.

Table 2.3
Inclusion removal efficiency for various types of filter

Filter type | Thickness | Melt veloc. |Inclusion Inclusion Inclusion |[Inclusion
(cm) (cm/s) 6-12um | 13-20um | 20-30pm | >30um
Packed bed | 20(fine)or 0.1 00-100% 100% 100% 100%
50(coarse)

Packed bed | 20(fine)or 0.4 60-85%
50(coarse)

85-98% 98-100% 100%

>98%
>95%
>85%

>70%

95-98%
90-95%
70-85%
55-70%

85-95%
70-90%
50-70%
35-55%

I.

55-80%
30-70%
25-50%
22-35%

0.03

40 ppi 0.25

40 pp1

A

Inclusion removal efficiency for various types of filters based on the removal of TiB,

(density of 4.5 g.cm™ ) are listed** in Table 2.3.

20



2.3 Aluminium- Magnesium- Silicon Alloys

In 1906 Alfred Wilm** (Germany) discovered the phenomenon of precipitation
hardening at room temperature (natural ageing) following quenching. The aluminium

alloy contained about 4% Cu, 0.5% Mg, 0.5% Mn, and the usual Fe and S1 impurities

that were around 0.5% each.

Wilm's discovery led to a search for other alloys that could age-harden. In 1921 a
copper-free alloy containing 1% Si and 0.5% Mg (AA 6051) was successfully heat
treated in the United States®. Following this success a major class of age-hardenable

aluminium alloy, AA 6XXX was developed. Some of the major alloys within this class

are listed*®%"?* in table 2.6 .

The ratio of magnesium to silicon added is normally 1.73:1 (wt%) or with slight

excess silicon which leads to the formation of Mg,Si intermetallic compound.

The equilibrium-phase diagram (Figure 2.7) is pseudo binary Al-Mg,Si with the
pseudo binary eutectic horizontal at 868 K. The composition of the eutectic liquid is

8.15 wt% magnesium and 4.74 wt% silicon in equilibrium with aluminium solid

solution containing 1.13 wt% magnesium and 0.67 wt% silicon ( ~ 1.85 wt%
Mg, Si)*,
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Figure 2.7 Al - Mg, Si phase diagram.
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2.2 Aluminium Alloys

Most of the aluminium used is alloyed, with the principal alloying elements being
copper, manganese, silicon, magnesium and zinc. Other elements are also added in
smaller amount for grain refinement and to develop special properties; e.g. titanium,

strontium etc.

Since there are[wide variety of aluminium alloys, special designation were developed 4""

by the Aluminium Association® (AA) as listed in Tables 2.4 for wrought and 2.5 for

cast alloys.

Table 2.4
Designation system for wrought aluminium alloys

Alloy series Description or major alloying element

1 XXX 99.00% minimum aluminium
2XXX Copper
3XXX Manganese
4XXX Silicon
6 XXX Magnesium and Silicon
XXX Zinc
SXXX Other elements
OXXX Unused series
Table 2.5

Designation system for cast aluminium alloys.

Alloy series Description or major alloying element.

1XX.X 99.00% minimum aluminium

2XX.X Copper

IXX.X Silicon plus Copper and/or Magnesium
4XX.X Silicon

SXX.X Magnesium

6XX.X Unused series

7XX.X Zinc

8XX.X Tin

O0XX.X Other elements
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Table 2.6 Chemical composition of some aluminium alloys, AA6XXX series

oy | 6151 | 6351

Year 1928 1935 1954 | 1962 | 1976 -

04-0.8 | 0206 | 09-1.8 | 10-1.7 | 06-16 | 0.6-1.0
0.70
0.15-0.4
040-08 | 0.15
0.45-0.8 | 0.40-0.8 | 0.8-1.2
0.15-0.35| -  |0.04-0.35
025 | 020 | 025 | 0.10
015 | 020 | 015 | 0.10 0.15 | 0.10

:

0.6-1.2 {0.70-1.30

0.50

¢’

O | ® T =
o
7 i

0.35
0.20

—

0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
(each)
Others 0.15 0.15 0.15 0.15 15 0.15 0.15 0.15
(total)

i

Balance | Balance

0
Balance | Balance Balance

Composition given in wt% either as maximum or range.

2.3.1 AA 6063 Aluminium alloys

The alloy nominally contains 0.67% Mg and 0.4% Si, but more versions of this alloy

are probably made than there are versions of any other alloy™*.

The favourable characteristics of this alloy family includes, moderately high

strength (see Table 2.7), relatively low quench sensitivity", good corrosion resistance

and good extrudability (see Table 2.8) in case of AA6063 extrusion ingot.
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Table 2.7 AA6063 Mechanical properties at various heat treatment-".

Temper | Ultimate Yield |Elongation| Hardness Shear Fatigue |
| Tnsile | Tensile™ | %inS0 | BHN® | Strength |limit'”MPa
Strength |  Strength mm MPu
MPa MPa |

0 90 50 70 S35

90 —- 95 70
-—m—— o | .
TS5 12 60 115 70 |

T6 240 215 12 73 150 70)
T83 240 | 9 82 150 e

T83] -_ 10 125 | ..
T I I AT - T N

(a) At 0.2% offset, (b) S00 kg load 10 mm ball, (c) Based on 500 million cycle using|
R. R. More-Type rotating machine.

Table 2.8 Relative extrudability of aluminium alloys*".

Aoy [ 1350] 1100[3003] 0636061 2011s086[2014] 083 202 G7S[ 7178
Exmdabiiny” | 160] 135 [ 120] 100] 60 | 35 | 25 |20 [20 | 15[ 9 | 8

* Extrudability, % of rate for AA6063. The key factors which are often used i

determining extrudability are "break in pressure”, extrusion speed. and surface conditio
of the extrusion.

2.4 Solidification

- Following all the necessary liquid metal treatment and alloying, the metal 1s cast into
suitable ingot. Although an intermediate product, the quality and the metallurgical

properties of the ingot has profound effect on the efficiency of the operations that

30.31.

follows™ " the ingot casting e. g extrusion and rolling.

To appreciate the factors that govern the as-cast structure it is necessary to first

consider some fundamental aspects of solidification science.

2.4.1 Nucleation

For solidification to occur it requires an out flow of heat which changes the free
energies, and therefore the relative thermodynamic stability of the phases present. Then

if the atoms cluster into "embryo" in the liquid or on a foreign substrate and at some
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temperature below the thermodynamic equilibrium melting temperature they reach a

critical size, they can become a stable nucleus and grow to form a solid grain.

2.4.1.1 Homogeneous nucleation.

When a solid forms with its own melt without the aid of foreign materials, it is said

to nucleate homogeneously.

The free energy change for the homogeneous nucleation of a spherical embryo is
given by >**:

AG, =4nrtc+ 43nr* AGy (2.6)

where:

A G, is the free energy (J mol™) to form the embryo of radius r,
o is the solid-liquid interfacial energy (J m™),

A Gy is the free energy per unit volume (J m™), and

AH, AT
AGy=—3 (2.7)

where;

A Hy is laten heat of fusion per mole (J mol™),
A T is undercooling (K),

T 1s the melting point of pure substance (K), and
V. is molar volume of the embryo (m’ mol™).

The variation of the different free energy terms and the overall change in free energy
Equation 2.6 is illustrated in figure 2.8. Any embryo which form above™T, will rapidly

disperse. On the other hand below T,, provided the embryo reaches a critical size with

radius r, at which

(0(AG)/ar) =0

it is equally probable that it will disperse or that it will grow as a stable nucleus. To

25



form this crnitical nucleus a random fluctuation producing a localised energy change

A G’ is required. differentiating Equation 2.6 and allowing for the signof A G,

Nucleus———pp»-

-}——Embryo

AG

43 TrAG,

Figure 2.8 The free energy change resulting from

homogeneous nucleation of sphere of radius r.

* 2 5 _ZUTfVm
AGy — ~ AH,AT (2.8)

~
1}
I
|

The localised energy change or the activation energy for nucleation A G" can be
determined by introducing r” into Equation 2.6:
16 no°T; V5,

A G# — 16 n o3 — .
3AG, 3 AH{ (AT)? (2.9)

Since A G, increases approximately linearly as temperature falls (see Equation 2.7),

the critical radius 7* decreases rapidly as does the activation energy of nucleation

(A G") as illustrated in figure 2.9.
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AG AG}- /"‘* """""

r.: r;' r
T, > T, >T,

Figure 2.9 The effect of decreasing temperature on the critical

radius for nucleation and on the activation energy for nucleation.

2.4.1.2 Heterogeneous nucleation

When the melt contains solid particles, or is in contact with a crystalline container or

oxide layer, nucleation may be facilitated if the number of atoms, or activation energy

required for nucleation, are reduced. This is known as heterogeneous nucleation.

Turnbull®* showed, that when the solid-liquid interface of the substance is partly
replaced by an area of low-energy solid-solid interface between the crystal and a

foreign particle, nucleation can be enhanced, and the magnitude of the effect was

expressed as:

£(6) = (2+CO.99):1—C0&'9)2 (2.10)

Where 0 is the wetting angle, in the presence of the melt, between a growing spherical

cap of solid (nucleus) and solid substrate (particle or mould), 1llustrated in Figure 2.10.

Numerical values of f(0), based on equation 2.10, are listed™ in Table 2.9, and

show that, under conditions of good solid-solid wetting (small 6 ) between the crystal

nucleus and the foreign substrate in the melt, a large decrease in A G (activation
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energy for nucleation) can be expected.

90

10
20
30
40
50
70
90
110
130
150
170
180

LS

GLC

Ao i

/

substrate

Figure 2.10 Heterogeneous nucleation of spherical

cap of solid formed on a planar substrate.

Table 2.9 Calculated values for f ( 6 ) , based on equation 2;10.

Type of nucleation

0 complete wetting {no nucleation barrier ( immediate growth can occur ).

heterogeneous
heterogeneous
heterogeneous

~ heterogeneous

heterogeneous
heterogeneous
heterogeneous
heterogeneous
heterogeneous
heterogeneous

heterogeneous

homogeneous

For spherical cap nucleus representation’* A G is expressed as:

AGY

. 16 O

3A Gy

f(©).
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f(8)
0

0.00017

0.0027
0.013
0.038
0.084
0.25

0.5
0.75
0.92
0.99

0.9998

1

(2.11) -



The critical nucleus radius ( r") is unaffected by nucleation site.

2.4.1.3 Rate of nucleation

An expression for the rate of nucleation ( /), essentially equivalent to that derived by

Turnbull and Fisher'”, based on earlier work’” of nucleation of droplets from the

vapour, can be stated as:

_ AG*+AG, .
I = Ip exp (__kT ) (2.12)
where:

Io 1s a pre-exponential factor,
A G.; 1s the activation energy for diffusion through the solid-liquid interface,

k 1s Boltzmann’s constant, and
T is temperature (K).

In Equation 2.12, AG" variesas-1/T (A T)*, while AG, as-1/T. An increase in

AT , giving more numerous and smaller nuclei of critical size ( see Equation. 2.8 -
2.11), is accompanied by a decrease in T. i.e. lower diffusion . These opposing

tendencies lead to a maximum in nucleation rate at a critical temperature, which is

approximately”” at ~ 0.2 I, undercooling for most metals for homogeneous nucleation

‘but at only ~0.027, undercooling for heterogeneous nucleation as shown®* in

Figure 2.11.

At low undercooling, equation 2.12 can be* approximated to :

1039 oo (LAGT | ‘ |
I_: 10”7 exp ( T | | '(2.13)

 Kurz and Fisher** illustrated ( figure 2.12) that due to the exponential relationship,
variation in the value of the term, (A G’ / k T), have a remarkable effect upon the rate

of nucleation, I . If, for an observable rate of /=1 cm™s?, the exponential term is

changed by a factor two, from 50 to 100 for example, the resultant change 1n. the

-nucleation rate is of the order of 10 . When A G’/ kT is equal to 50, 10° nuclei per
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litre of melt per microsecond are formed. If the latter term is equal to 100, only one

nucleus will be formed per litre of melt over a period of 3.2 years.

Thus changing the temperature or changing the value of A G* can enormously

increase or decrease the nucleation rate.

Minimisation of the activation energy for nucleation ( A G ) by the use of foreign

crystalline particles which are readily wet by the growing nucleus is the basis for the

inoculation and grain refining in the metallurgical industry.
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| /
homogeneous!

|
|

- 02T,
-

| |

AT

Figure 2.11 The critical undercooling for

homogeneous and heterogeneous nucleation

--------

100 million nucler 1n

1 litre per microsecond

- - - -

A G* /KT

Figure 2.12 Nucleation rate as a function of activation energy A G* .
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2.4.2 Crystal growth

Once nucleation has occurred, crystal growth begins and the structures that develop
can be related to the growth conditions. Crystal growth is a consequence of the

movement of the boundary separating the liquid from the solid 1.e. the solid-liquid
interface. Such a growth will be limited by*”:

 the kinetics of atoms attachment to the interface,
» capillanty,
» diffusion of heat and mass.

The relatve importance of each of these factors depends upon the substance in

question and upon the solidification conditions.

There are basically two types® of solid-liquid interfaces; it is described as "smooth"
or "faceted” when the boundary is atomically flat and sharp, and "rough", "diffuse” or

"non-faceted” when the solid-liquid transition extend over a number of atomic layers.

Metals® are expected to grow with a rough interface.

Different mechanism of interface advance are attributed to the different interface
forms, the three listed by Davies®* are:

2.4.2.1 Normal or continuous*": growth

In normal growth all sites*> on the interface are considered to be equivalent and the
Interface advances by the continuous random addition of atoms. This theory was based

on carlier works by Wilson** and Frenkel** and predicts that the mean growth rate, is

proportional to imdcrcooling.

For normal growth the growth rate can be quite high and the requirement of site

equivalence implies the need for a rough interface. This is the growth mechanism

considered applicable to most metals.
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2.4.2.2 Growth by surface mechanism or lateral*" growth,

This theory’>** assumes that the crystal interface is smooth and that growth proceeds
by the homogeneous nucleation of new layers in the form of disc nuclei which grow
laterally until a complete layer is formed. This is shown schematically in Figure 2.13.

The theory predicts growth rates which. are negligibly slow at low undercooling.

Figure 2.13 Crystal growth by surface mechanism.

2.4.2.3 Growth on imperfections,

Here the assumption is that some form of continuous growth steps exists at which
atoms can be added. The simplest form of step is that formed when a screw dislocation
emerges at a crystallographically smooth interface. The theory of growth on screw
dislocation has been treated by Frank*® and Hillig and Tumnbull*”. In this case the
predicted growth rates are also very low and this is due to restriction on the number of

available growth sites.

2.5 Solidification of Pure Metals

Presuming the casting takes place in a container (mould), the solidification begins
with the initiation of crystallisation at the mould wall immediately after the liquid 1s

poured, thus forming a thin layer of solid metal there; for pure metals and in absence of

inoculant, the solidification proceeds*****°*! by gradual thickening of this layer of solid

metal i.e. by "skin formation". It had been’> "tacitly assumed that the solidification

front (solid-liquid interface) advancing from a plane mould wall is itself substantially
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plane”. Works by Chalmers, Weinberg and their associates™**°"", demonstrated that

certain conditions e.g. thermal gradient, constitutional supercooling, can cause

instability in the planar interface leading to cellular and dendnitic morphology.

The morphology of the advancing solid-liquid interface of pure metal 1s determined

by the thermal gradient, which refers to the gradient in the hquid ( G, ) away from the
interface. In keeping with Tiller et al’* convention, if the temperature increases. the

temperature gradient is considered to be positive and vice versa.

As illustrated™ in Figure 2.14, the growth of pure metals in a region of positive
temperature gradient is controlled by the flow of heat away from the interface through
the solid. Provided the interface is at a temperature below the equilibrium temperature,
just necessary to provide sufficient undercooling ( A T ) the interface should grow in a

stable planar form. Any localised instability formed on the interface would project into

a region at a temperature higher than the melting temperature (7, ) and would remelt to

restore the isothermal interface (Figure 2.14 b).

However, if a state of metastability is created on the growing interface 1n a region of
negative temperature gradient (see Figure 2.15), the growing planar interface will break

down as shown in Figure 2.15 (b).

In reality solidification morphology and the transition of solid-liquid interface from

blanar to cellular and to dendritic is extremely complex and has been the subject of

numerous investigations, the latest of which are a senies of papers by Trived: and Kurz

and co-workers’ =390
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Distance

Interface -—-.'

(a)
solid | liquid solid | liquid
{‘ solid | liquid f
Initial form Interface with unstable Final form
of interface  protuberance of interface
- (b)

Figure 2.14 Interface growing into liquid with positive temperature gradient

Temperature

Distance

Interface

(a)
solid | liquid
solid | liqud

Initial form  Interface with unstable  Stabilisation of
of interface  protuberance ~ protuberance

(b)

Figure 2.15 Interface growing into liquid with negative temperature gradient
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2.6 Alloy Solidification

The solidification of pure metal is rarely encountered in practice. Even commercially

pure metals contain sufficient impurities to change the characteristics of solidification

from pure metal to alloy behaviour.

When a liquid solution of uniform composition, is solidified, the distribution of

solute in the solid is different from that in the liquid, although the total amount is

unchanged.

2.6.1 Solute redistribution

Consider the freezing of binary eutectic alloy of composition C, shown in figure

2.16 (a). The first solid to freeze, at the liquidus temperature 7, , has the composition
kC, , where the partition coefficient (k) equals C, / C, ( where C, is approximately

equal to C, at liquidus temperature). If it is assumed that there 1s no diffusion in the

solid and complete diffusion in the liquid, then during subsequent solidification the
liquid becomes richer in solute and the solid that forms is of higher solute content at
later stages of solidification. This sequence of events is shown schematically in figure
2.16 (b-d). A quantitative expression may be obtained by equating the solute rejected
when a small amount of solid forms with the resulting solute increase in the liquid. This

balance i1s

(C.-C)df, = (1-£,)dC, (2.14)
Substituting the equilibrium partition ratio ( & ) and integrating C, =k C, atf,=0

yields the composition of the solid at the liquid-solid interface C,” as a function of

fraction solid.

C‘.=kco(1_j;)(k-l) (2.15)

or, in terms of liquid composition and fraction liquid,
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CL=Coj; (1) (2.16)

Equations 2.15 and 2.16 were first derived by Gulliver®" and later by Scheil®*, and

are termed the non-equilibrium lever rule, or the Scheil equation.

ICO
iCL
Ty "~ R Liquid
&) '
E |
s .
= |
5
-
Composition
(a)
C ---------
CL = Co
o S
kCo: I
I |
Distance ——» Distance — Distance —»
(b) (c) (d)

Figure 2.16 Solute redistribution at solidification.
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2.6.2 Constitutional supercooling

The consequence of limited diffusion in the liquid is the development of a solute-rich
boundary layer ahead of the growing interface. Chalmers and co-workers™ quantified

the concept and applied it to crystal growth from the melt. Figure 2.17 shows how the

driving force for instability of the planar front develops.

As 1illustrated in Figure 2.17(b), the concentration of solute at the interface (/)

reaches a maximum C/k then decreases according to the equation:

C. = Co I:l+'l';:-k'exp (—%X)] (2.17)

where R = rate of solidification, D = diffusion rate of solute in the liquid and

X = distance ahead of the interface.

It the liquidus line is assumed to be linear the liquidus temperature of any

composition is related to the freezing temperature of pure metal by the expression:

I =Ty — mCy (2.18)
so that;
I; = Ty — MC0[1+'1—;£CXP (—%X)] (2.19)

where T, = freezing temperature of pure metal, m = slope of the liquidus. The rise in
equilibrium liquidus temperature with distance from the interface 1s shown

schematically in Figure 2.17(c).

From equation 2.18:

Tr = To—m=2 (2.20)

where T, is the interface temperature.
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Thus the temperature in the liquid at a point X 1s:

T =T+ GX (2.21)
or

T=To-m=>+GX (2.22)

where G i1s the temperature gradient in the liquid. When the real temperature is

superimposed upon the equilibrium freezing temperature the situation is as in 2.17(d).

Note that this zone of supercooling is eliminated if the slope of the actual
temperature equals or exceeds the slope of the liquidus temperature curve. The

constitutional supercooling criteria given by Chalmers and co-workers is:

¢ > m3(%) (2.23)

Figure 2.17(d) shows two conditions, one in which the actual temperature 7 ' ahead of
the interface is above the equilibrium liquidus temperature and the other, T "', where it is
below the liquidus. In the former case the planar interface is stable because any
instability that would give rise to a protuberance will find itself in a super-heated
environment and melt-back. On the other hand, for T ", the melt is below the liquidus
temperature and 1s therefore supercooled. Constitutional supercooling results in
instability of the interface since any protuberance forming on the planar front would be

in supercooled liquid and would not remelt.

The factors that tend to maximise this zone, ahead of the advancing interface, are
important in the control of the as-cast grain structure. For heterogeneous nuclei to grow

in the melt, ahead of the interface, it is essential that there is a supercooled region.
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| where Co = alloy |
l Co Composition *

S k =Cs/CL

e T T T -t ----------------------------------------------------------------------

(a) (b)

Co/k

Actual temp.

TH
2
E A
v E - Equilibrium
- " liquidus temp.
. L) e - -
iR - ,
E“ Equilibrium ~ | Zone of supercoolinﬁ |
e liquidus temp.

BN AR ) - Dist. (X)_
(c) (d)

Figure 2.17 Origin of constitutional supercooling in alloy solidification
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3. DIRECT CHILL (DC) CASTING

The direct chill casting process developed in 1930s by W. T. Ennor, is still the

dominant method in the aluminium industry in making extrusion ingot.

The process consists of pouring liquid metal into a ring shaped shallow, and water
cooled mould which 1s closed off with the bottom block. When the metal begins to
solidify, the bottom block 1s lowered at a rate that provides for a balance between
solidification rate and the flow of liquid metal entering the mould. Water is sprayed on
the surface of the freshly solidified metal as it comes out of the mould, as illustrated in

Figure 3.1.
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Figure 3.1 Direct chill casting of aluminium extrusion ingot.

Solidification of outer skin of the ingot commences with the first contact of molten
metal with the water-cooled mould forming a solid shell to hold the liquid metal. The
shell pulls away from the mould wall due to solidification shrinkage, so continuous

removal of the ingot from the mould is made possible.

Direct chill casting method is a semi-continuous process, in which the rate at which
the process can be conducted is determined®” largely by the problem of the removal of
the latent heat and the flow of the metal during solidification. An important

characteristic of this process, is that a steady state is maintained. This corresponds to a

constant shape of the liquid-solid interface (solidification front), and a solidification
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rate that depends only on the position relative to the surface (metal head) and not on
time. The solidification rate is clearly not uniform, because as shown in Figure 3.2
solidification at A and B (and at all points on the solidification front) must take place at
rate such that the longitudinal components of the rates, AA' and BB', are equal to the

withdrawal ("casting”) rate of the billet (v.) . The rate of solidification, however, is the

rate along the local normal to the interface (BC), which is equal to BB' Sin ¢ , where

¢ is the local inclination of the interface to the direction of motion. It follows that, in

order to achieve an interface shape of the kind shown in®* Figure 3.2, it is necessary to
provide cooling conditions such that the rate of extraction of latent heat is greater at A
(i.e., on the axis of the billet) and least at D. This necessitate the secondary cooling of
the billet as it emerges from the mould. If the rate of solidification is a minimum at the
centre of the billet, then the interface will assume a shape of the type shown in

Figure 3.3. This 1s most undesirable because of the excessive solute accumulation

(terminal transient) and possibility that shrinkage and other type of defects can occur.

Figure 3.2 Interfacial shape and rate of Figure 3.3 Alternative interface

solidification 1n continuous casting. shape in continuous casting.

The quantitative aspect of continuous casting of cylindrical billet are discussed by

Boichenko®*, who expressed the depth of the liquid core, 4_, by the equation:

i IYR? v, 31
he = 4K (T;=Ts) (3.1
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where

I is latent heat plus heat extracted, for unit mass, during fall of temp. from 7, to
(Tf ¥ 5 ) [ 2,

y 1is density,

R 1is radius of billet,

v, rate of withrawal of billet ( casting rate),

K is thermal conductivity of the solid metal,

Ty melting point and,

T's 1s surface temperature (assumed uniform).

3.1 Structural Characteristics of D C Cast Ingot.

As illustrated schematically in figure 3.1, the combination of water-cooled mould

and direct impingement of water on the hot ingot surface as it emerges from the mould

result in moderately high cooling rate, (0.5 - 2 Ks™)*" and rapid solidification®".

3.1.1 Grain structure.

Traditionally the grain structure of rapidly and directionally solidified ingot is
depicted to comprise of three distinct regions, which are apparent in an etched ingot

section; an outer equiaxed "chill" zone, a columnar zone, and a central equiaxed zone as

sketched in Figure 3.4 .

Figure 3.4 Variation of shape and orientation of grains across an ingot section.
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Nevertheless, modern DC casting process, result in ingot with complete fine
equiaxed dendritic grain structure, which is attributed to either or combination of

constitutional supercooling®”, "crystal multiplication”" **¢*”" and convection’'’*.The

grain size ranges’” from about 50 to 500 pum in a grain-refined DC cast ingot.

Master alloys containing finely distributed TiB, prticles are used to obtain a uniform
and fine equiaxed grain structure. The master alloy must have higher Ti/B ratio than

stoichiometric as the grain-refinement is thought to be by TiAl complex overlaid on

TiB, particles.

. 20 jam
Figure 3.5 Dendritic structure of equiaxed grains in DC cast AA6063
extrusion ingot. Etched in Keller's reagent. x 100.

| Cells- or dendrites are the internal features of the gi'ains, see Figure 3.5. The cell size

or the secondary dendrite arms spacing (DAS) affects the heat treatment operation

(homogenisation), which follows the ingot casting. The cell size or DAS, for grain

refined DC cast aluminium alloy ingot range” from about 10 to 100 pm. An empirical

equation has been developed’, where the secondary dendrite arm spacing, d (in pm ) is



correlated to the average local cooling rate during solidification, €,,, (°C s™ ), or local

solidification time™ (time available for coarsening), #,, by:

d = aey,, . - (3.2)
or
d=bi; (3.3)
where
(T, —Ts) |
Epyp = 3.4
Avg t (3.4)

and ( T, - T ) is the solidification temperature range, a and b are constants, and »n is
an exponent which experimentally is found’ to be between 1/4 and 2/5, and

theoretically is expected to be 1/3. An approximate plot of dendrite arm spacing against

the cooling rate is given’ in Figure 3.6 .
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