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Absract 
The direct chill (DC) casting technique to produce billets for extrusion and 
ingots for rolling was developed in the 1930s. The principle, which is still 
valid, is a two-stage cooling with a primary cooling at a mould surface 
followed by water spraying directly on the surface. Improvements of this 
technique have mainly focused on changes to the primary cooling, where 
a water-cooled metal mould has been replaced by different techniques to 
minimize cooling at this stage. The drive for development comes from the 
extrusion industry, which can increase the productivity and quality of 
extruded profiles by improving the billet surface appearance and 
structure. Hot top casting supported by airflow against the casting surface 
during the primary cooling is currently the standard procedure to achieve 
acceptable billet surfaces. The goal is to minimize the depth of the surface 
segregation zone, which is the governing factor for the appearance of 
different phases in the surface region. Billet surface quality is evaluated 
by quantifying surface appearance, segregation zone thickness, and 
occurrence of large Mg2Si and β-particles near the surface. The β-Al5FeSi 
intermetallic phase and coarse Mg2Si particles have negative effects on 
extrudability and workability of 6xxx Al alloys billets. To achieve 
extruded products with a high surface quality the as-cast billets are heat-
treated before extrusion. During heat treatment the undesired 
intermetallic particles, i.e., β-AlFeSi platelets are transformed to rounded 
α-Al(FeMn)Si intermetallic phases.  
In this research the formation of the surface segregation for smooth 
defect-free surfaces in both as-cast and homogenized billets was studied. 
In addition, the surfaces with defects such as wavy, spot and vertical drag 
defects were investigated and possible mechanisms for initiation of those 
defects were explained. Moreover, for a better understanding of the 
homogenization process in-situ studies of the heat treatment of 6082, 6005, 
6060 and 6063 Al alloys were carried out by using a transmission electron 
microscope (TEM). Based on the observations, an explanation of the 
probable mechanisms taking place during transformation from β- to α-
phase was presented. 

 
Keywords: DC casting, surface segregation, surface defects, intermetallic 
phase, phase transformation, homogenization. 
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Svensk sammanfattning 
Tekniken för DC (Direct Chill) gjutning av rundgöt för extrudering och 
rektangulära göt för valsning utvecklades på 1930-talet. Principen, som 
fortfarande gäller, är en 2-stegs kylning där den första, primära, är mot en 
kokillyta och den andra, sekundära, är direkt vattenkylning mot götytan. 
Utveckling av tekniken har huvudsakligen inriktats mot den primära 
kylningen där den ursprungliga vattenkylda kokillen ersatts av olika 
metoder att minimera kylning. Drivande i utvecklingen har varit de 
profilpressande företagen, som kan förbättra produktivitet och kvalitet på 
sina profiler med bättre götytor och götstrukturer. Gjutbord med isolerad 
överdel och luftkudde mellan kokill och götyta är idag standard för 
acceptabel götkvalitet på göt för extrudering. Målet är att minimera 
tjockleken på götens yttre segringszon, som innehåller högre legeringshalt 
och i vilken ogynnsamma faser uppträder. Götens kvalitet bedöms utifrån 
ytans utseende, segringszonens tjocklek och förekomsten av stora Mg2Si 
och β-Al5FeSi partiklar. Dessa faser har negativa effekter på 
extruderbarhet och duktilitet hos alla aluminiumlegeringar i 6xxx serien. 
För att göten skall ha en optimal struktur för extrudering görs dessutom 
en värmebehandling som kallas homogenisering och syftar till att lösa 
upp alla Mg2Si partiklar, jämna ut sammansättningsvariationer och att 
omvandla skivformade β-Al5FeSi partiklar till mer rundade α-Al(FeMn)Si 
partiklar. 
I denna avhandling har en djupare och kvantitativ studie utförts av 
segringen till ytzonen för olika typer av ytor, och själva bildandet av 
ytsegringszonen har diskuterats utifrån förekomsten av en stark oxidfilm 
på ytan. Jämförelser har gjorts mellan ytor av bra kvalitet med ytor med 
olika typer av defekter, som horisontella band och vertikala ränder, och 
mekanismerna bakom bildandet av dessa defekter har utretts. Dessutom 
har homogeniseringsprocessen studerats in-situ i transmissions elektron 
mikroskop (TEM), både för yt- och bulkmaterial och olika mekanismer för 
fasomvandlingen från β-fas till α-fas har observerats. Olika omvandlingar 
och reaktioner i ytzonen under värmebehandling av legeringen 6082 har 
analyserats med ett antal olika tekniker och en god förståelse av vad som 
händer under homogenisering har erhållits. 
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1 Introduction 

1.1 Aluminium casting techniques 
Aluminium is the second most important metal after steel. Out of 
approximately 80 million tonnes of aluminium produced annually, more 
than half is casted by direct chill (DC) casting machines [1]. Aluminium 
alloys are materials in which aluminium is the predominant metal. 
Typical alloying elements are copper, magnesium, manganese, silicon, tin 
and zinc. Aluminium alloys are widely used in engineering structures and 
components where light weight or corrosion resistance is required.  
There are two principal classifications, namely casting alloys and wrought 
alloys; both are subdivided into the groups: heat-treatable and non-heat-
treatable. About 85% of aluminium is used for wrought products, for 
example, rolled plates, foils and extrusions. Cast aluminium alloys make 
cost-effective products due to the low melting point, although they 
generally have lower tensile strengths than wrought alloys. The most 
important cast aluminium alloy system is Al–Si, where the high levels of 
silicon (4.0–13%) contribute to give good casting properties [2].  

Wrought alloys are divided into seven major categories according to the 
alloy contents, i.e. 1xxx, 2xxx, 3xxx, 4xxx, 5xxx, 6xxx and 7xxx. Each class 
represents a different type of microstructure. 
The 6xxx series or Al-Mg-Si alloys have significant importance in industry 
due to their high strength properties. They are also known as high-speed 
extrusion alloys. In 6xxx the solubility of the Mg2Si is used for 
precipitation hardening by fine dispersion of these particles from 
supersaturated solid solutions. The proper ratio of Mg/Si is 1.73, but as 
obtaining this ratio seems impossible, most alloys have excess of Mg or Si. 
Mg excess leads to better corrosion resistance but lower strength and 
formability. However, Si excess gives higher strength but some tendency 
to intergranular corrosion [3-5].  
Iron and silicon are the most common impurities in both wrought and 
cast aluminium alloys. The equilibrium ternary phases with Al can be 
Al8Fe2Si (α-phase) and Al5FeSi (β-phase). But other phases are also 
possible, i.e. Al4FeSi (δ) for high Si alloys and Al3Fe3Si (γ) for high Fe and 
Si Alloys. Most commercial alloys are not in equilibrium form and often 
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phases such as Al6Fe, Al3Fe, Al8Fe2Si, Al6FeSi and Al4FeSi2 coexist with 
one another and with Si [3]. 
The casting of steel and copper approximately 100 years ago inspired the 
early casting of Al. Back then the steel and copper molten metals were 
poured into permanent moulds. This technique required some 
modifications due to the reactivity of the molten Al alloys with the 
atmosphere. The modification was done by tilting the mould to achieve a 
more gentle flow and consequently a safer casting process (Fig. 1.1).  

 

 
Fig. 1.1: The traditional tilt-pouring (top row, left to right: pouring, tilting, and solidification position), 
compared to the reverse tilt-pouring (bottom row: pouring position, tilting, and solidification position) 
[6]. 

 

The permanent mould casting had its own limitations and drawbacks. In 
the beginning of the 20th century, because of the growing industry, the 
needs of production of Al alloys billets in larger sizes, increased. 
Producing Al alloys in larger sizes to use in e.g. the production of larger 
airplanes was not possible with the permanent mould technique because 
of poor heat transfer, slow solidification, coarse grain structure and large 
intermetallic particles which leads to cracks and fractures during rolling 
or forging, or in the finished products [7]. 
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All these problems lead to the development of the DC casting process in 
the 1930’s. The idea was to cool the ingot by spraying water while the 
ingot is come out of an open mould. By using this casting method the 
problems related to slow solidification were solved and the quality of the 
ingot improved significantly.  
Typical DC cast products include large rectangular sections known as 
ingots (approx. 500x1500–4000 mm) which are further rolled into plate, 
sheet and foil and cylindrical sections known as billets (up to 1100 mm in 
diameter), are further forged or extruded to form rods, bars, tubes and 
wires.  
During DC casting, molten metal is poured into a water-cooled mould, 
which is initially closed by a starting block beneath. Once the liquid metal 
freezes on the starting block and a solid shell is formed close to the mould 
walls, the starter block is lowered into a pit with the constant casting 
speed V, while keeping a certain metal level in the mould. 

The solid shell forms due to the heat flow through the water-cooled 
mould (primary cooling). While the outer part of the ingot is now solid, 
the inner core is still semi-solid/liquid. Further cooling of the ingot bulk to 
a temperature below the alloy solidus is achieved by quenching (cooling, 
chilling) the solid shell directly with water jets (Fig. 1.2) as the ingot 
descends beneath the lower edge of the mould (secondary cooling). In a 
vertical process, the casting stops when the bottom of the pit is reached. A 
horizontal type of process can be truly continuous with flying saws 
cutting the solid part based on the casting duration [7].  
Surface quality and microstructure have received a lot of attention in DC 
casting technology. Mould lubrication and air flushing are used to 
separate the solid shell from the mould, to control primary cooling rate, 
and to minimise sticking. Interaction between the semi-solid shell and the 
mould may cause a rough surface with different types of defects, such as 
wavy defects, spot defects and drag marks. As will be discussed later, the 
surface region of the DC cast material is characterized by a mixed 
fine/coarse microstructure. In addition, there is a specific 
macrosegregation layer with large differences in chemical composition at 
the surface. This affects the quality of the surface and subsurface layers 
and can lead to problems during subsequent procedures, e.g. rolling and 
extrusion. Therefore, the billet circumferences need to be scalped by 
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removing the surface layer. Thus it is far more economical, to produce 
good billet surfaces for direct working without or with minimized 
scalping [8, 9]. 

 

 
Fig. 1.2: DC caster components and cooling regions during steady-state casting [10]. 

 
To reduce the previously mentioned undesirable effects, several mould 
technologies such as hot top casting, air pressurized moulds, 
electromagnetic casting (EMC), etc, have been invented to control the 
primary cooling.  
The hot top technique is a method with a ceramic insert, which isolates 
the upper part of the mould. This type of moulds was established by 
Moritz in 1958 and further developed by Furness and Harvey in 1973. The 
advantages of the hot top design can be summarized as: 

 
1. Flow control is not required, 
2. The melt is protected from oxidation, and 
3. Reduces heat losses. 
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The conventional and hot top design of vertical DC casting is shown in 
Fig. 1.3. 

 

 
Fig. 1.3: Conventional and hot top mould technique for DC aluminium casting [11]. 

 
Mitamura and Itoh suggested further control of the primary cooling by 
injection of air/oil to the inner surface of the mould through a porous 
graphite ring in 1977. In this design oil and air are fed into the mould 
through channels beneath the refractory hot top. This method mainly 
improved the surface quality of the billet. The technique, which was 
developed further by Wagstaff Engineering is called air-slip. In this 
technique air forms a protective layer between the mould wall and the 
metal. The air-slip technique provides better control in the air gap and 
consequently better heat transfer and surface finish [1, 7]. As stated, the 
air-slip process is frictionless but surface defects arises when the pores in 
certain areas of the graphite ring are clogged [12]. The air-slip technique 
detail is illustrated in Fig. 1.4. 
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Electromagnetic casting (EMC) is based on the concept of mould-less 
casting, in which the liquid metal is forced by an electromagnetic field 
while it is chilled by water jets. The most important advantage of this 
method is the production of very smooth surfaces in billets that can be 
directly processed [8, 9].  

 

 
Fig. 1.4: Air-slip DC casting technique [12].  

 
The main DC casting parameters are casting speed, water-flow rate (the 
cooling rate) and melt temperature. The optimum casting speed depends 
on the alloy composition and the size of the billet, and is usually between 
3 and 20 cm/min. The water flow rate ranges from 75–150 l/min for a 200 
mm circular mould. Typical melt temperatures are in the range of 690 °C–
725 °C for commercial Al alloys [9]. 

 

1.2 Surface Defects 
Although, the ingots quality increased considerably as a result of the 
previously mentioned changes in Al casting industry, casting billets with 
high surface quality is still a problem that needed to be solved. The 
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surface defects in 6xxx Al alloys appearing during air-slip DC casting can 
be classified into the following categories [13-16]: 

 
1. Surface segregation, 
2. Lapping surface or Bergmann zones with a wavy or banded 

surface appearance, 
3. Spot defects, and 
4. Vertical drags. 

 
The defects mentioned are shown in Fig. 1.5. 

 

 
 
 
 
 
 
 
 

Fig. 1.5: Stereo light microscope images: a) smooth surface, b) regular wavy surface, c) spot 
defects, d) irregular wavy surface and e) vertical drags. 

 
The surface segregation is defined by the layer from the surface and 
inwards in which the alloying elements are enriched with long-range 
compositional differences between the outside and inside of this area. 
Below the segregation layer there is a zone of low alloying elements. 
When such a billet is extruded the segregation layer collects at the end of 
the profile. Although it may be cut, it will cause too much material scrap 
if there is a thick surface segregation zone.  
During Al casting when the melt is exposed to the air, a layer of oxide 
forms along the whole surface. The cause of surface segregation is a liquid 
layer, which is formed by exudation from the mushy zone, the placement 

(d) 

(e) 
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of which is between the solid and the oxide layer. This layer is the last to 
solidify [13, 15, 17]. 
The most important factors for the thickness of the segregated layer are: 

 
1. Alloy content, and 
2. Metal head pressure and amplitude of the pressure variations. 

 
The casting temperature is, as long as freezing of the meniscus is avoided, 
of less importance for the surface segregation [15]. 
At smooth surfaces, the segregation zone has a relatively constant 
thickness, indicating that this type of surface is obtained when the 
pressure fluctuations in the melt, and thus the meniscus movements, are 
minimized. Under such conditions, the melt, exudated from the mushy 
zone to the layer between the oxide and the coherent solid is relatively 
constant in time.  

The meniscus movement due to periodic variations in the metal head 
pressure is the reason behind the wavy defects. The fluctuated pressure 
will make the surface, with its oxide layer, bulge out, and thus the wavy 
surface with the typical lapping lines is formed. In the wavy surfaces the 
segregation layer is no longer constant and the segregation thickness 
varies [15]. 
The irregular wavy appearance might look as if exudated liquid is 
pressed out on the oxidized surface and solidified in an irregular way. 
While the billet is moving downwards the surface tension changes and 
gravitational forces over the meniscus will no longer be balanced, and at 
some point liquid will flow over the solid shell [16]. 
At the spot defects (Fig. 1.5c), the oxide skin seems to be pinned to the 
solid, and the exudated layer is not able to form a continuous liquid layer. 
Results show that the elements F and Na are present in high 
concentrations around these spots. F and Na could weaken the oxide and 
thus improve the contact between liquid aluminum and the graphite ring.  
The vertical drag defects are formed due to the non-uniform airflow 
through the graphite ring. After several castings due to polymerization 
and subsequent clogging, the porosity of the graphite ring is no longer 
homogeneous and in some areas the ring will not be able to push away 
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molten metal or solidified shell. Under this condition, the melt can contact 
the ring and surface defects such as vertical drag will be formed [12].  
The initial porosity of the graphite ring is 20%. The porosity changing in 
the graphite ring before and after several castings is shown in Fig. 1.6. 
To prevent this type of defect, the wettability of the graphite ring could be 
decreased. A nanostructure is proposed to cover the casting ring that can 
very strongly de-wets metal droplets [18] . 
 

 
 
Fig. 1.6: The graphite ring porous structure: a) new ring before casting; b) after a number of 
castings at the end of life. 

a) 

b) 
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1.3 Homogenization process 
The microstructures of the as-cast billets are dendritic and it is mainly 
between the dendrite arms that the β-AlFeSi phase and coarse Mg2Si 
particles are formed. The mentioned intermetallic particles have negative 
effects on extrudability and workability of the billets [19, 20]. Incipient 
melting at the β-AlFeSi phase is usually responsible for hot cracking and 
surface defects such as pickup, leading to a poor surface finish during 
extrusion. The relative fraction of α-particles with respect to the total 
amount of intermetallics is an indication of the extrudability of the 
material.  

The ideal billet should have a uniform structure with a low flow stress, a 
minimum amount of intermetallic β-AlFeSi platelets and Mg2Si particles, 
as well as homogeneity throughout the billet cross-section [21]. To achieve 
extruded products with high surface quality the as-cast billets are 
homogenized during a heat treatment procedure before extrusion.  
Industrial heat treatment includes: heating, holding at high temperature 
and cooling [22]. The homogenization temperature, holding time and 
cooling rate influence the heat-treated sample microstructure [23]. The 
rise of the heat treatment temperature can increase the transformed state 
considerably by two effects:  

 
1. Increase of solubility, and  
2. Increase of the diffusion coefficient [24].  

 
Different as-cast Al alloys require distinctive heat treatment procedures 
depending on the alloying elements and microstructure. A short time of 
homogenization is reported for alloys with a low Si and high Mn content. 
However, long homogenization times are required for alloys with a high 
Si and low Mn content. Among main alloying elements in 6xxx alloys, Mn 
seems to have the greatest influence on the transformation rate. For very 
low Mn levels (< 0.01 wt%), the hexagonal αh-AlFeSi phase is the stable 
phase and transformation rates are very slow, as the driving force, ΔcFe, is 
assumed to be very small. For Mn concentrations 0.02 wt%<Mn< 0.2 wt%, 
the cubic α-Al(FeMn)Si is the stable phase and the transformation rate 
increases. For Mn > 0.2 wt% the transformation speed remains high and 
no longer significantly depends on the Mn content. It is reported that Mn 
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shifts the α-phase field in the direction of lower Fe/Si ratios, even at small 
concentrations. It is pointed out that addition of Mn also improves the 
uniformity of the Mg2Si phase distribution [21].  
Generally, the purposes of homogenization are as follows: 

  
1. Dissolution of low melting-point Mg2Si and Si particles, which 

cause tearing during extrusion,  
2. To homogenize the alloying concentrations of Mg and Si to 

decrease the risk of local melting in Mg- and Si-rich areas during 
rolling or extrusion,  

3. To obtain phase transformation of β-Al5FeSi to α-Al12(Fe,Mn)3Si 
particles with a higher Fe/Si ratio, and  

4. Spheroidization of α-particles, which will give better extrusion 
properties [19, 21-31].  
 

Local melting may occur during heat treatment of the billet. In industry 
solidification is so rapid that the last liquid to solidify may contain 
eutectic compositions. The local melting will mainly take place at the 
segregation layer rather than at the bulk due to the higher fraction of 
eutectic phase in the surface layer compared to bulk. 

The surface layer thickness, remelting and deformation of the surface 
billet during homogenization and also the fraction of phase 
transformation could affect the amount of scrap at the end of extrusion 
procedure. Hence, investigations of the surface layer during heat 
treatment and the effect of temperature and holding time are of great 
importance for the industrial process.  

 

1.4 Extrusion 
Extrusion includes pressing a preheated aluminium billet under high 
pressure through a die with the specified cross-section. The two main 
advantages of this process over other manufacturing processes are its 
ability to create very complex cross-sections, and that it works with 
relatively brittle materials, because the material only experiences 
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compressive and shear stresses [32]. A schematic of a simple extrusion 
process is shown in Fig. 1.7 
There are two types of extrusion processes: direct and indirect. The most 
important method in aluminium is direct extrusion. In the direct method 
the die is stationary. The pre-heated billet is loaded into the container and 
pressed through the die. At the exit of the die the temperature of the 
extrusion will be in excess of 500 °C.  In indirect extrusion or backwards 
extrusion the die is constant while the billet and container move together. 

An indirect extrusion method is illustrated in Fig. 1.8. 
 

 
Fig. 1.7: Principal of extrusion [32]. 

 
Various defects may affect the surface appearance of extruded materials, 
including die lines, scoring, pick-up, and tearing. A pick-up defect is 
observed as random mark lines of varying lengths between 3 mm and 12 
mm. The problem is usually enhanced by: 
 

1. Inclusions in the cast billet,  
2. Inadequate homogenization treatment, and 
3. Die deflection.  
 

The defect is also temperature sensitive [32, 33]. 
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Fig. 1.8: Principal of indirect extrusion [32]. 
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2 Experimental 

2.1 Materials 
The materials used in the current studies were Al alloy billets of 6xxx 
series, which are produced by the DC casting air-slip technique. The 
chemical compositions of the used alloys are shown in Table 2.1. 

 

Table 2.1: Chemical compositions of 6005, 6060, 6082 and 6063 Al alloys in wt%. 

Alloy Si Fe Cu Mn Mg Cr Zn Ti 

6005 0.65 0.22 0.08 0.15 0.54 0.001 0.15 0.037 

6060 0.42 0.17 0.002 0.02 0.45 0.0006 0.003 0.01 

6082 0.96 0.19 0.001 0.46 0.63 0.0006 0.002 0.011 

6063 0.54 0.19 0.001 0.02 0.47 0.0007 0.0033 0.015 

 

2.2 Metallographic preparations 
Characterization of the Al alloys microstructure was carried out by light 
optical (LOM) and scanning electron microscopy (SEM). LOM and SEM 
were used to study the surface segregation layer, surface defects, phase 
identifications and homogenization progress. To study the cross section of 
samples by LOM and SEM metallographic preparations are needed. 
A piece of billet transverse to the growth direction were cut, then the 
samples were mounted by cold mounting resins and grinded with 320, 
800 and 1200 SiC papers and polished by a soft polishing cloths with 3 µm 
and 1 µm diamond paste for 6 min and finally polished with OPS-solution 
for 4 min.  

 

2.3 TEM sample preparations  
To investigate the in-situ phase transformation during the heat treatment 
of the Al alloys, a transmission electron microscope (TEM) was used. In 
order to transmit a beam of electrons through the TEM samples, ultra- 
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thin specimens of Al alloys are required. Thus thin Al alloy films were 
prepared using two methods:  

 
1. Twin-jet electropolishing, and 
2. Focused ion beam (FIB). 

 

2.3.1 Twin-jet electropolishing 
Electropolishing is a process in which the sample acts as anode and is 
polished by keeping it in an electrolyte and applying suitable voltage. The 
electrolyte, temperature, and the applied voltage are important factors in 
controlling electropolishing. In twin-jet electropolishing the sample, 
which is a disc with a diameter of 3 mm, is located in the sample holder. 
The discs act as an anode and is placed between two nozzles that act as 
cathodes. The sample and cathodes are introduced in suitable electrolyte. 
A small pump jets the electrolyte through these nozzles on both sides of 
the disc. This continues until perforation can be identified by a light 
source [34]. 

To make thin films about 1 mm away from the surface, strips of the as-
cast Al alloys were cut along the billet growth direction and mechanically 
grinded by SiC papers to a thickness of 0.2 mm and then polished by 
alumina suspension. Discs with a diameter of 3 mm were punched from 
the strips and electro-polished by a twin-jet Tenupol 2, in a 30% nitric acid 
solution in methanol until a hole was observed at the centre of the 
specimen.  

 

2.3.2 Focused ion beam (FIB) 
A typical FIB uses a gallium ion beam, which is used in TEM sample 
preparation. Ion sources based on elemental gold and iridium are also 
available. FIB systems operate in a similar way that SEM but, rather than a 
beam of electrons, FIB systems use a focused beam of ions. 

The lift-out method is one FIB technique, in which the relatively short 
times required to produce high-quality TEM specimens. By using lift-out 
technique the sample can be made directly from the bulk material; cutting 
and mechanical polishing is not required. First the desired area is 
identified on the bulk sample. Then, a metal such as Pt will protect this 
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area. In the next step FIB milling creates the thin film with the thickness of 
approximately 100 nm. In the final stage the thin membrane is transferred 
to the TEM grid by a micromanipulator. The sample dimension that could 
be prepared by this method is small and it is about 50x50x50 µm [34, 35]. 
The schematic procedure of the lift-out FIB method is shown in Fig. 2.1. 

 

  
Fig. 2.1: Schematic diagram of the lift-out TEM specimen preparation technique [35]. 

 

To obtain a sample from the area very close to the surface of a billet, the 
FIB technique had to be applied. A slice transverse to the surface (along 
the growth direction) at the surface of Al alloys billets at a size of 5mm x 
5mm x 1 mm was prepared. Next the piece was transferred to the FIB (FEI 
Strata DB235 Dual Beam), where it was cut and polished to reach a 
thickness of approximately 100 nm, and subsequently transferred to a 
TEM.  

 
The TEM was equipped with a heating holder (Jeol SHH4), with resistive 
heating. The temperature of the specimen was measured by a Pt/Pt13%Rh 
thermocouple. By increasing the temperature of the heating stage from 
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the ambient temperature to 500 °C, in-situ phase transformations could be 
studied and recorded. 

 

2.4 Experimental equipment and techniques 
The following equipment and methods were used to investigate surface 
defects and surface formation, which are produced during DC casting and 
also to study the phase transformation during the heat treatment of the Al 
alloy billets. 

 

2.4.1 SEM and stereo microscope (SLM) 
The unprepared surface of the Al alloy billets was investigated by SEM 
and SLM. The polished cross-section (mentioned in section 2.2) was also 
studied by SEM. SEM was used for a better understanding of the surface 
defects and surface formation and also the intermetallic particles, which 
are located on or close to the defects. In addition, it was used to follow the 
gradual variation of surface segregation during homogeniztion in 
different temperatures and at different times. SLM was used to study the 
surface appearance of the billets. 

 

2.4.2 Energy dispersive x-ray spectrometer (EDX) technique 
An EDX spectrum is recorded as the x-ray intensity versus x-ray energy 
range. A spectrum with an energy range of 0.1-10 or to 20 Kev can show 
both light and heavy elements. The EDX spectrum of a glass sample is 
shown in Fig. 2.2, which contains Si, O, Ca, Fe, Al and Ba. 
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Fig. 2.2: EDX spectrum of a glass specimen [36]. 
 

EDX connected to SEM was used to identify the intermetallic particles in 
different Al alloys of 6xxx series and also to characterize some particles 
found around surface defects, e.g. spot defects. EDX connected to SEM 
and TEM was also used to detect the phase transformation during 
homogenization by investigating the Fe/Si ratio changes.  

 

2.4.3 Methods for the production of TiO2 nanowires 
A TiO2 nanowire structure was produced to cover the casting ring to 
prevent vertical drag defects. The nanostructured surface very strongly 
de-wets metal droplets. To produce TiO2 nanowires, pure titanium 
substrate with a dimension of 5×5 mm2 and a thickness of 1 mm was used. 
The titanium substrate was boiled in HCl for 20 min to remove the surface 
oxide layer. Then 30 nm of gold was deposited on the titanium substrate 
by sputtering. The substrates were then held in an Ar atmosphere at a 
pressure of 5 mbar, at 1000 °C for 4h, to produce TiO2 nanowires.  
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2.4.4 Contact angle measurements 
Contact angle measurements were done between pure molten aluminum 
(99,99% aluminium) and graphite rings from DC casting moulds and TiO2 
nanowire structures. The method used was the dispensed sessile drop 
method in a high vacuum (≈ 2 × 10−4 Pa), where a droplet of 3 mm 
diameter of molten aluminium was placed on the substrates mentioned. 
The same technique and equipment as in [37] was used. The schematic of 
the sessile drop method is shown in Fig. 2.3. 

The experiments started at 800°C and then the molten aluminum droplets 
were cooled down to 650°C. The molten droplets were then kept at each 
temperature (with 10°C changes), for 30s, and the wettability was 
measured at each temperature. 

 
 

 
Fig. 2.3: Schematic of the experimental apparatus for the wetting angle test using a dispensed 
sessile drop method [37]. 

 

2.4.5 Differential scanning calorimetry (DSC) 
DSC is a technique in which the difference in heat between sample and 
reference is measured. DSC determines the temperature of the 
transformations, which take place in the materials by heat exchange 
during heating or cooling [4, 36]. There are two types of DSC system:  
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1. Heat flux DSC, and 
2. Power-compensated DSC. 

 
In the heat flux DSC the temperature difference is measured directly and 
then converted to heat flow (Fig. 2.4a). In power-compensated DSC the 
temperature difference is always kept zero. Therefore, when a thermal 
event takes place, the power of the heating element has to change to keep 
the sample temperature and reference the same (Fig. 2.4b). The amount of 
power is equal to the energy of heat flow to compensate for the release or 
gain of heat by the sample [36].  
A DSC curve is shown in Fig. 2.5. In this figure the heat flow versus 
temperature is plotted. Usually the heat flow into the sample is shown as 
an upward movement. The heat flow unit is unit of energy per unit of 
time per unit of mass, Wg-1 [36].  

 

 
Fig. 2.4: DSC instrumentation a) Heat flux DSC; b) Power-compensation DSC. A: Furnace, B:  
separate heaters and C:  Samples and reference holders [36]. 

 

In this research the heat flux DSC was employed to measure the melting 
point of surface and bulk of as-cast samples. The samples, which are used 
in DSC, were the compressed powder of 6082 billet from the surface and 
bulk area.  



 

 21 

 
Fig. 2.5: Schematic DSC curves for a polymeric sample. Tg, glass-transition temperature [36]. 

 

2.4.6 Glow discharge optical emission spectroscopy (GDOES) 
GDOES is used for the investigation of the elemental composition, layer 
thickness, and layer structure of a sample. In a glow discharge, sputtering 
is used to remove material atom by atom from the sample surface. The 
atoms, removed from the sample surface, migrate into the plasma and 
where they are excited by impact with electrons or metastable carrier gas 
atoms. The characteristic spectrum emitted by the excited atoms is 
measured by the spectrometer. The intensities are recorded as function of 
times [38]. 
In the present research GDOES was used to study the compositional 
changes of alloying elements in specific depth from billet surfaces. Fig. 2.6 
shows how the GDOES works. 
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Fig. 2.6: The GDOES technique [39]. 
 

2.4.7 X-ray diffraction (XRD) technique 
The x-ray diffractometer detects x-ray from materials and record them as 
diffraction intensity versus diffraction angle (2θ). The x-ray diffraction 
technique is used to determine crystal structure and for materials 
characterization. In the x-ray diffractometer a single wavelength beam is 
used and by changing the incident angle of x-ray beam a spectrum of 
diffraction intensity versus angle between diffraction beam and incident is 
plotted [36]. The geometrical arrangement of the x-ray source, specimen 
and detector is illustrated in Fig. 2.7. 

The XRD technique performed with the Cuα source was used to follow 
and compare the phase transformation in each temperature and time 
during heat treatment. In order to obtain comparable microstructures, a 
single sample was used for each temperature during heat treatment. For 
all XRD measurements the diffraction angles (2θ) ranged from 15°	to 60°. 
To obtain the XRD patterns based on random orientation, the samples 
were rotated 70 rpm. 
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Fig. 2.7: Geometric arrangement of x-ray diffractometer [36]. 
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3 Results and discussions 

3.1Surface formations of as-cast billets 
The hot top casting air-slip technique is currently the standard procedure 
used to achieve acceptable billet surfaces. Billet surface quality is 
evaluated by quantifying surface appearance, segregation zone thickness 
and occurrence of large Mg2Si and β-particles near the surface [40-42]. 
The following discussion is focused on understanding the formation of 
the surface segregation at the quantitative level for both defect-free 
surfaces (smooth) and surfaces with defects (lapping and spot defects) 
and also a proposition to avoid vertical drag defects formation. This is 
done as a comparison between 6060, 6005 and 6082 as-cast alloys, which 
are used in the extrusion industry.  

 

3.1.1 Smooth surface 
During Al casting when the melt is exposed to the air, a layer of oxide 
forms along the whole surface [43]. It is clear from observations that there 
is a liquid layer, formed by exudation from the mushy zone, between the 
solid and the oxide layer. This layer is the last to solidify, that is, an 
outward or inverse solidification prevails in the outermost part of the 
billet.  
In Figures 3.1a-c, the surface segregations of the defect-free billets for 6060, 
6005 and 6082 alloys are illustrated in cuts along the growth direction. In 
these smooth surfaces (defect free) the segregation thicknesses are 
uniform and it is about 50-70 µm, 120-150 µm and 50-80 µm for 6060, 6005 
and 6082 alloys, respectively. This type of surface is obtained when the 
pressure fluctuations in the melt, and thus the meniscus movements are 
minimized. At such conditions the melt, exudated from the mushy zone 
to the layer between the oxide and the coherent solid, is relatively 
constant in time.  
Due to a smaller solid fraction of 6005 in comparison with the 6060 alloys 
at the same temperature, increased permeability of the mushy zone will 
lead to larger exudation [44], and thus to a thicker segregation zone 
(Figures 3.1a, b).  
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Fig. 3.1: Microstructures in cross sections along the growth direction from Smooth surface of: a) 
6060; b) 6005; c) 6082 Al alloys.  

 

The results show that the segregation zone thickness of 6082 is of the same 
level as 6060, but thinner than 6005, which has an intermediate alloy level. 
In a comparison of these alloys the amount of secondary phases, eutectic 
structures and alloy contents [13] in the surface zone increase with alloy 
content, but the thickness of the layer does not. This could be explained 
by the fact that all alloys end with eutectic solidification at about 557 °C, 
and although the amount of eutectic increases, the solidification interval 
decreases for the higher alloyed 6082, see Fig. 3.2. Another factor 
influencing the thickness of the segregation zone is the metal head height 
[45], which may have varied for the studied billets. 

 

(c) 
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Fig. 3.2: Solid fractions calculated with JMatPro for 6082 and 6060 alloys. 

 
The formation of the surface zone during casting of a billet with a smooth 
surface is illustrated by the schematic drawing in Fig. 3.3, where the 
isotherms are drawn as dashed lines and the liquidus line is green. The 
solid isotherm, solid line, is bent downwards at the surface, and thus 
forming a peak, apparently growing upwards [17], and with coherent 
equiaxed crystals growing close to the solidus. At the very surface, and 
contained by the oxide skin, a liquid layer is constantly being formed as 
highly concentrated solute is pressed into this layer out of the 
interdendritic area of the coherent zone. The exudated layer, with hotter 
melt, creates the bent isotherm, which has not been discussed in previous 
studies [44, 46-54], in which anticipated isotherms and thus heat flow 
directions contradict the observed growth direction. 
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Fig. 3.3: Schematic drawing of ingot cooling during DC casting. 

  

The phases that are presented at the smooth surface of 6060 and 6005 are 
mostly plate-like particles. The EDX analysis, showing a Fe/Si ratio of 1:1 
for the plate like shape indicates that this phase is β-phase of the type 
(Al5FeSi). This phase dominates for both the 6060 and 6005 alloys in the 
top layer of smooth surfaces. The plate-like phase of 6082 was also 
identified as β-phase, which coexist with the dendritic-shaped phase as α-
phase. This can be confirmed in this study as the Fe/Si ratio is 1:2 in the 
plates and the (Fe+Mn)/Si ratio is 1.5:1 in the dendritic-shaped phase. 
 

3.1.2 Wavy surface 
As it is shown in Fig. 1.5 b and d the wavy appearance of 6060 or 6005 Al 
alloys are different from 6082 alloys. In the former the wavy appearance is 
regular bands, but in 6082 alloys the irregular grooves and bulge zones 
are observed on the surface of billets.  
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The surface segregation depths around defects are not uniform, (Fig.s 
3.4a-c). The segregation zone depths vary strongly in the wavy defect 
samples, which are 20-100 µm, 30- 200 µm and 50-150 µm in 6060, 6005 
and 6082 alloys, respectively. 

  

 
 
 

 
 
Fig. 3.4: Microstructures in cross sections along the growth direction from: a) Wavy surface in 6060, 
growth direction to the right; b) Wavy surface in 6005, growth direction to the left; c) Wavy surface 
in 6082 Al alloys. 

 
In the 6060 and 6005 billets with a banded or wavy surface, different 
phases dominate at different positions along the waves. There are still 
beta phases, but they are combined with other phases. EDX analysis 
indicates that these phases are α-phase with a possible composition of 
Al8Fe2Si [30]. EDX results reveal the coexistence of different intermetallic 

a) 

100 µm 

b) 

100 µm 

c) 

c) 
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phases at the wavy structure of 6082 alloy, i.e., the plate-like structure, 
with a Fe/Si ratio of about 1:2, together with the secondary phase that fills 
out the cell boundaries with the ratio of (Fe+Mn)/Si 1:1 and Mg2Si with 
Mg/Si 2.3:1.  
As the mechanisms of formation of regular and irregular wavy 
appearances are different, two separate sections are dedicated to explain 
these mechanisms. 

3.1.2.1 Regular wavy defects in 6060 and 6005 alloys 
When the wavy defect surfaces (Fig. 3.4a and b) are formed the meniscus 
is moving due to variations in the metal head pressure. Thus, a “meniscus 
line” effect can be observed in these samples.  
When the pressure of the melt decreases, the meniscus is moving 
downward, and the crystals in the mushy zone are compressed against 
the coherent solid by the oxide-covered surface (as is shown in Fig. 3.5a). 
Therefore, the meniscus line will be a nearly linear grain boundary line 
contrasting to all other grain boundaries, which are randomly connected. 
Along the line there could be an increased amount of solute pressed out 
as the crystals are moved together. The lower part of the meniscus line 
near the surface may solidify without any exudated layer and thus with 
minimum surface segregation.  
When the metal pressure increases again, the meniscus is lifted and new 
liquid moves into the space between the meniscus line and meniscus itself 
(Figure 3.5b). This melt may already contain floating crystals and thus 
equiaxed solidification begins. The increased pressure will make the 
surface, with its oxide layer, bulge out and hence the wavy surface with 
the typical lapping lines is formed.  
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Fig. 3.5: Schematic drawings of meniscus formation during DC casting of 6060 and 6005 alloys: a) 
Crystals are pressed; and b) meniscus line formation after pressure reduction. 

 

3.1.2.2 Irregular wavy defects in 6082 alloy 
When an irregular wavy surface is formed, as in Figure 1.5d, the surface 
has irregular grooves and bulged zones, which occur in a semi-periodic 
pattern. Due to metal head pressure changes the meniscus movements 
will form a wavy defect surface [15]. Surface tension forces and pressure 
differences will define the curvature of the meniscus, and increasing 
surface tension coefficient will decrease the surface curvature [7]. 
Exudation of liquid with high alloying content will affect the surface 
tension and the plasticity of the meniscus at the mushy zone [55]. While 
the billet is moving downwards the surface tension changes and 
gravitational forces over the meniscus will no longer be balanced, and at 
some point liquid will flow over the solid shell. This irregular appearance 
might look as if exudated liquid is pressed out on the oxidized surface 
and solidified in an irregular way.  
This type of surface only occurs in more highly alloyed 6xxx alloys than in 
6060 and 6005 [7, 15]. The difference can be explained by differences in 
coherency points for these alloys. When the meniscus fluctuates, and a 
wavy surface is formed the oxide skin moves inwards over the mushy 
zone during low liquid pressure [15]. During this movement, in a low-
alloyed billet, the oxide skin will effectively adhere to a rigid coherent 
semi-solid and form a ring contact. If the solid fraction is under the 
coherency point, as in a high alloy billet, the oxide skin will adhere more 



 

 31 

randomly, i.e., in patches, points or shorter lines as in Fig. 1.5d. When the 
pressure increases the oxide skin bulges out, and in the low-alloyed case a 
perfect ring droplet will form, while in the high alloy case the oxide skin 
is pressed out irregularly between the contact points. The differences in 
the coherency point can be seen in Figure 3.2. If we investigate the 
coherency point at e.g. 645 °C, the solid fraction for 6060 is 0.7, which is 
clearly above the coherency point, while it is only 0.35 for the 6082 alloy. 
 

3.1.3 Spot defects 
In Fig.s 3.6a and b, it can be seen that the segregation at some distances 
from a spot is thicker than at the center of the spot. 

 
Fig. 3.6: Microstructures in cross sections along the growth direction from: a) Spot defect in 6060; 
and b) Spot defect in 6005 Al alloys. 

 
At the spot defects, the oxide skin seems to be pinned to the solid and the 
exudated layer is not able to form a continuous liquid layer at the spots. 
In [56] it was shown that it is possible to provoke these defects by 
introducing disturbances on the top plate (transition plate). When the 
liquid flow along the top plate was disturbed, lines of spot defects 
occurred on the billet surface.  

a) 

150 µm 

b) 

100 µm 
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The EDX spectra show that F, Na, Ca and C atoms can be seen around the 
defects. F and Na are elements that can be found in cryolite (Na3AlF6), 
which is the base for the electrolytic bath in primary aluminum 
production [57, 58].  
The mechanism of spot defect formation might be that disturbances of the 
flow will make the liquid, with its oxide skin, contact the graphite ring 
intermittently. Furthermore, during contact cooling increases and solid 
nucleates come in contact with the oxide skin. Later, this solid nucleus 
will be part of the coherent crystals forming the start of the shell, but as 
liquid is exudated to the surface layer the solid at these spots is connected 
to the skin and only the skin around the spots is bulged out.  
 

3.1.4 Vertical drags and a proposal on how to avoid them in DC casting 
The quality of aluminium billets produced by DC casting might be 
influenced by the wettability by molten aluminum on the graphite in the 
casting mould, however, in this case minimum wetting is desired. Defects 
such as vertical drags can be initiated by the interaction and sticking of 
the molten aluminium to the graphite ring [56].  
As it is mentioned previously the porosity of a new graphite ring is about 
20%, and it decreases to about 12% after a number of castings. As a 
consequence of decreased mould porosity the ability to push away molten 
aluminum and/or a solid shell from the graphite ring will decrease. 
Therefore, the molten metal may contact the graphite ring and if wetting 
occurs, scratches, or so-called vertical drags, are created on the billet 
surface.  
A way to avoid the wetting and thus the vertical drag defects would be to 
decrease the wetting probability. In the present study the formation of a 
nanowire structure on the casting ring surface is discussed. Such a surface 
could replace or cover the graphite ring to prevent the formation of 
vertical drag defects on billets. Therefore TiO2 nanowires were produced 
on a Ti substrate to obtain a nanostructure surface. The wettability of that 
surface was then compared to the wettability behaviour of a graphite ring. 
A molten aluminium droplet placed on a TiO2 nanowire structured 
surface at 700 ° C is shown in Figure 3.7. As it is illustrated in this figure, 
the aluminium droplet cannot attach to the TiO2 nanowires at all. The 
results were exactly the same at higher and lower temperatures.  
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a) 

 
b) 

  
c) 

 
Fig. 3.7: A molten aluminum droplet at 700° C a) The droplet is placed on the TiO2 nanowires 
substrate; b) The droplet is pressed against the substrate c) After detaching the dispenser tube 
with the droplet, still no trace of wetting on the surface. 

 

3.2 Surface formation during homogenization 
Fig. 3.8 shows the microstructure in transverse cuts of as-cast and heat-
treated 6082 alloy. The results show that partial melting occurs with 
subsequent pore formation. According to thermodynamic data the lowest 
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melting temperature for the 6082 alloy is 555 °C, but for the highly 
segregated surface zone this does not seem to be applicable. To avoid the 
surface melting the temperature therefore needs to be slightly below 550 
°C, which is lower than normal industrial heat treatment. This could be a 
problem, as for lower temperatures the bulk will not transform in a 
reasonable time, e.g., at 540 °C it has been reported that nearly no 
transformation occurred after 20 min [59]. 
What happens during homogenization at 550 °C and 565 °C on the surface 
is the following: partial melting of eutectics and β-phase, and a 
subsequent precipitation of mainly α-phase during the cooling. It is 
therefore not a regular transformation but rather a partial melting and re-
solidification that forms the structure (Fig. 3.8d and g), which is typical for 
the surface of a homogenized 6082 alloy.  

 

 

  

 

100 μm 

50 μm 

50 μm 

b) 

c) 

a) 
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Fig. 3.8: Cross sectional LOM images of a) as-cast sample; and heat treated samples at: b) 550 °C 
for 4 min; c) 550 °C for 8 min; d) 550 °C for 16 min; e) 565 °C for 1 min; f) 565 °C for 2 min and g) 
565 °C for 10 min. 

 
XRD is a technique that can be used to follow the β to α-phase 
transformation, and with a penetration depth in Al of about 80 μm it 
should be suitable for studies of the segregated surface zone. According to 
the present XRD measurements, Figs. 3.9 and 3.10, both intermetallic 
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phases, β and α, are found at the segregation zone of the as-cast billets. 
However, during heat treatment the β peaks decrease continuously while 
the α peaks are more random. As discussed above, it is likely that in the 
surface zone there is no gradual β to α transition, but rather melting of 
eutectic and β-phase followed by precipitation of α during subsequent 
cooling. 

 

 
Fig. 3.9: XRD measurements taken directly on billet surfaces of as-cast samples and samples heat 
treated at 550 °C at different times. 
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Fig. 3.10: XRD measurements taken directly on billet surfaces of as-cast samples and samples 
heat-treated at 565 °C at different times. 

 

3.3 Homogenization of Al billets 
When the as-cast billets, which are formed by DC casting, are produced 
with acceptable surface finish they are transfered to the extrusion section 
to form final products. Prior to extrusion heat treatment is a necessary 
procedure to avoid some probable surface defects in extruded products 
and also to facilitate high extrusion speed. 

 
In the following sections the homogenization process and the possible 
mechanisms of phase transformations, which may occur during heat 
treatment of the 6005, 6082, 6060 and 6063 billets will be discussed.  

 

3.3.1 Phase transformations of 6005 and 6082 alloys during heat 
treatment 

Because very thin (100–200 nm) lamellae of the Al alloys are studied, the 
precipitation of Mg2Si, dissolution and phase transformations may occur 
at somewhat different temperatures and times compared to bulk 
specimen. The observations show that the precipitation of Mg2Si takes 
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place at about 250 °C and can form in the Al matrix as well as on the β-
phase particles.  
During heat treatment the β, βʹ and βʹʹ-Mg2Si precipitates can serve as 
nucleation sites for Mn- containing dispersoids [60, 61]. Some of the Mg2Si 
precipitations act as nucleation sites while others may dissolve during 
heat treatment. The evidence of nucleation of α-phase on a Si particle 
proves that also Si particles may serve as sites for the nucleation of α-
intermetallic phase.  

The exact phase transformation temperature range could not be 
determined easily, but most probably for both 6005 and 6082 alloys it is in 
the range of 350–450 °C. The α-particles have incoherent interfaces with 
the Al matrix and generally cannot nucleate homogeneously [61]. 
Therefore the heterogeneous nucleation and growth of the precursory µ-
phase [61] on the βʹ-Mg2Si particles and further formation of α-particles 
on the µ-phase as an intermediate phase for α-particle formation could 
not be excluded.  
As illustrated in Fig. 3.11a, in some areas, two α-particles nucleate on both 
sides of the β-phase and grow towards each other until impingement 
occurs at the centre of the original β-phase. In some other places, 
illustrated in Fig. 3.11b, along the β-phase a single α-particle first splits a 
section of β-phase and grows at the expense of the gradually dissolved β-
phase. Both modes of growth were observed for both alloys, and the 
transformations in this stage take place rapidly with growth rates of 4 
nm/s and 2 nm/s for the 6005 and 6082 alloys, respectively. In both growth 
modes, the kinetics of the interface probably plays an important role.  
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Fig. 3.11: Schematic images of two types of phase growth during homogenization of 6005 and 
6082. 
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3.3.2 Phase transformations of 6060 and 6063 alloys during heat 
treatment 

The observations showed that the Mg2Si precipitation starts at 250 °C in 
both 6063 and 6060, which is similar to what was observed in 6082 and 
6005. During the precipitation of Mg2Si in the Al matrix, both Si and Mg2Si 
also precipitate on the face of the needle-shaped particles, but the majority 
dissolve at higher annealing temperatures. As mentioned previously in 
6005 and 6082 alloys the Mg2Si precipitations on the faces of the needles 
were preferred sites for nucleation of α-particles. This was not as clear in 
6060 and 6063, but still Mg2Si particles could participate in the 
transformations in different ways, as will be discussed here. 
In Fig. 3.12 schematic illustrations of different types of nucleation and 
growth behaviours, which have been observed in 6060 and 6063, are given. 
In all cases large needle-shaped particles transform into several new 
particles, which can be either equiaxed or elongated. 

In 6060 alloy the nucleation of three particles takes place at 450 °C (Fig. 
3.12a) and the upper nucleus separates from the others and grows radially 
consuming the adjacent β-phase. The growth follows a parabolic law, i.e. 
fast in the beginning, continues to grow with a lower growth rate, 
averaging 5 nm/s, and finally after 1.5 min the size remains constant and it 
no longer increases. At a certain stage the lower particle (no 3 in Fig. 3.12a) 
stops to grow and only the middle particle, no 2, grows in the direction of 
the original particle until the rest of the β-phase is consumed. The 
longitudinal transformations at this stage take place rapidly with a 
growth rate of about 70 nm/s. The new α-phase is elongated and becomes 
thicker than the original β-phase after a while. 
In Fig. 3.12b, it is seen that at 450°C to 500°C the Mg2Si particle close to the 
tip of the β-particle grows and finally is in contact with the large β-
particle. Subsequently a new particle of the α-phase nucleates at their 
interface and starts to grow upwards at the expense of the initial β-
particle. Simultaneously another α-phase particle nucleates in the left side 
of the needle. This particle grows towards the previous one while 
dissolving the β-phase, and finally two α-phase particles form. The 
transformations at this stage of growth along the original phase take place 
rapidly with a linear growth rate of about 20 nm/s. The new phase is 
elongated respecting the direction of the original β-phase. 
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Fig. 3.12: Schematic images of three types of new phase growth during homogenization in 6060 
and 6063. 
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In another type of growth, which is illustrated in Fig. 3.12c, Mg2Si 
particles located close to or attached to the sides of β-phase are involved. 
It can be seen that some of the particles have grown without any visible 
contact to the β-phase. EDX analyses showed that the composition of 
these four particles, at the final stage of transformation, is similar to other 
analysed α-phases. The nucleation of new phase on Mg2Si particles is 
ambiguous and cannot be distinguished from Mg2Si coarsening, but 
obviously Mg2Si particles can contribute to the nucleation of α-phase.  
Several transformation sequences also occurred in a similar way in 6005 
and 6082 alloys [62], e.g. the growth of particle no 1 in Fig. 3.12a, and the 
start of growth as in the top part of Fig. 3.12b. A difference for the higher 
alloyed samples was that the α-phase particles to a greater extent nucleate 
at Mg2Si particles situated along the β-phase plates, probably as a result of 
the higher stability of Mg2Si particles due to the higher Si and Mg 
contents. Also no fast growing elongated α-phase particles were seen in 
these alloys. 

 

3.3.3 Composition changes during homogenization in different 6xxx alloys 
The compositions of the needle-shaped and transformed phases estimated 
by EDX analyses are shown in Table 3.1. The data in the columns marked 
initial are from the needle-shaped β-phase and the data called final is 
from the α-phase found after the heat treatments.  
It is clear from Table 3.1 that the Si content in both phases increases with 
increasing nominal Si content in the alloy.  The ratios of (Fe+Mn/Si), for 
the β-phase, are about 1 for all alloys, which fits to the composition β-
Al5FeSi. However, for the α-phase the aspect ratios are clearly higher for 
the two alloys with lower alloy content, i.e. 6060 and 6063. For these alloys 
both the Si levels and the aspect ratios are compatible with the 
composition α-Al12Fe3Si, while for 6005 and 6082, with higher alloy 
content and Mn additions, the aspect ratios for the α-phase and 
compositions fit better with the stoichiometry of α-Al15(Fe,Mn)3Si2. For 
these alloys the transformations actually give a decrease of the Fe content, 
especially for 6005, in which the Mn content strongly increase instead. 
This is important for understanding of the well-documented fact [21, 26] 
that Mn additions enhance the transformation rate. Mn comes from the 
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matrix and replaces Fe in the α-phase, and while Mn is diffusing directly 
from the matrix Fe have to redistribute in a complex way due to the low 
solubility. 
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4 Conclusions 
Exudation of melt from the mushy zone during air-slip DC casting of the 
billets occurs against a flexible oxide skin, thus forming a surface 
segregation, which solidifies outward. The outward solidification is 
cellular. The cellular growth gives a strong segregation to the outermost 
layer at the oxide skin with concentrations 5–6 times higher than bulk 
level. When the meniscus is not fluctuating, because of small pressure 
variations in the cast table, a smooth billet surface is obtained, but still 
exudation to a layer of constant thickness occurs. When the meniscus is 
fluctuating, because of moderate pressure variations in the cast table, the 
exudation layer thickness becomes periodic and larger than at a smooth 
surface.  

For 6060 and 6005 alloys regular waves form at the surfaces. The surface 
segregation zone thickness in 6082 alloys, for both smooth and wavy 
surfaces, is not wider than for 6060 and 6005 alloys, but the amount of 
solute and secondary phases in this zone is larger. The formation of the 
irregular grooves and the appearance of bulged areas on wavy 6082 
surfaces can be correlated to the fact that solid fraction is under the 
coherency point and the oxide skin will adhere more randomly to the 
underlying mushy zone.  
At smooth surfaces of 6060 and 6005 alloys, the outermost layer is 
dominated by β-phase, while at the wavy surfaces α-phase at different 
morphologies also appears. In 6082 alloys the phases Mg2Si, alpha and 
beta were observed in the surface zones of all studied surfaces, but the 
extent of the different phases vary with surface appearance. At smooth 
surfaces beta is dominating, while at wavy surfaces, especially at the rim 
of bulged areas, alpha and Mg2Si are more frequent. 
Investigation of other surface defects such as spot defects and vertical 
drag can be summarized as follows:  
Impurities such as NaF and KF affect the surface tensions of involved 
phases and cause the oxide skin to pin the solid shell, which leads to spot 
defects on the billet surface. The interaction between a graphite ring, used 
in DC casting of aluminium alloys, and molten aluminium can cause 
serious problems such as vertical drag defects in billet production. It was 
concluded that a strong de-wettability was obtained by a nanostructure, 
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and it was proposed that a nanostructured surface coating on casting 
rings could prevent the formation of vertical drag defects.  
 
The study of the segregated layer of a 6082 alloy during heat treatment at 
550 °C and 565 °C shows that the phase transformations in the surface 
zone proceed in much shorter time than the time applied for 
homogenization of billets in industry. This can be attributed to the higher 
contents of alloying elements at the surface causing local melting. The 
process at the surface is not gradual transformation but rather partial 
melting and solidification with new phase precipitation during the latter 
stage. Gradual formation of porosities during annealing was also 
observed, and could be connected to the remelting of eutectic areas and 
low melting intermetallic particles. The melting/dissolution of the β-phase 
could quantitatively be followed by XRD measurements directly on the 
surface. 
In-situ heat treatment studies by TEM show that Mg2Si particle 
precipitation became visible at the edge and face of beta intermetallic 
particles at about 250 °C. At higher temperatures some of these Mg2Si 
particles dissolved while the remaining became preferred sites for α-
Al(FeMn)Si particle nucleation. In 6005 and 6082 this nucleation occurred 
directly on the faces of original β-platelets, but in 6060 and 6063 Mg2Si 
particles could be sites for α-phase nucleation and growth in the vicinity 
of the β-phase. The temperature for finalization of the transformations 
was about 100 °C below what has been reported for bulk samples and 
what is used in industrial practise, which indicates that surface diffusion 
in thin TEM samples could strongly influence the transformation rates. 
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