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Abstract
The presence of inclusions is an important concern in aluminum casting alloys. These inclusions
can negatively influence the mechanical properties and quality of aluminum productions.
This project aims to investigate the behavior and transportation of inclusions in casting furnaces.
Therefore, a macro-etching method has been used to analyze the distribution and amount of
inclusions along billets and on cross sections of the AA 6060 and AA6063. Main parameters that
have been varied are holding time before casting and amount of liquid remaining after casting.
The results show that short holding times, in the order of 10 minutes, give increased amount of
inclusions in the beginning of the billets compared to 25, 30, 60 and 85h minutes, but holding
times in the range of 30 to 60 minutes do not show any significant differences.
If the melt remaining in the furnace after casting is less than approximately 3000 kg, the
inclusion density increases towards the end of the ingots.
The distribution of inclusions over the cross section of billets show that most inclusions are
found in the centre of the billets, however, at increased total amount of inclusions, they tend to
appear evenly over the whole cross sections.
The results are discussed based on convection in the furnace, settling rates and convection at
solidification front.
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1 Introduction
Aluminum is one of the most abundant elements found on Earth. Its chemical reactivity means
that it cannot be found in a metallic state in nature. Although various compounds of aluminum
form approximately 7.5% of the Earth’s crust, it is a new metal in industry compared to iron or
copper. Aluminum and its alloys have some specific features such as light weight, good thermal
and electrical conductivity, corrosion resistance, weldability, recyclability, attractive appearance,
high strength to weight ratio and relatively easy production. As a result of these properties,
aluminum is used in transportation, construction, packaging, the electrical industry, the aircraft
industry, sport equipments, building and architecture [1-3].
Aluminum alloys cannot only be categorized by their chemical composition, but also by whether
they are wrought alloys or foundry alloys [1].
1.1 Background
The presence of nonmetallic inclusions in aluminum DC-cast billets is a common defect as it can
be found in almost every billet production, despite current methods and treatments. The
continued study of inclusions is therefore important in order to determine how they can be
further reduced.
Generally any types of undissolved foreign particles, which exist in cast metals, are called
inclusions [4]. More specifically, the presence of nonmetallic inclusions in cast billets has a
negative influence on processability, mechanical properties and final surface quality [5].The
reduction of inclusions is therefore an essential part of quality control in the casting process.
There are different types of nonmetallic inclusions such as aluminum oxides, magnesium oxides,
refractory particles, spinels and carbides [6].
This project studies the amount and distribution of nonmetallic inclusions in different lengths of
aluminum ingots according to the parameters holding time before casting and remaining melt
after casting, with the aim of seeing how inclusions behave and transport in casting furnaces.
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1.2 Methodology

This thesis has been carried out in joint cooperation between Kubikenborg Aluminum AB (cast
house 1) in Sundsvall, Sapa Profiler AB (cast house2) in Vetlanda and MidSweden University.
The material has been supplied by the two aforementioned companies, whilst the practical work
has been implemented at Mid Sweden University.
DC cast ingots of two different 6xxx series alloys (AA6060 and AA6063) from the two
aluminum companies were investigated. The billets were cut and collected from certain lengths
of different ingots from the bottom to the top. The distribution of inclusions over the crosssection of these billets were analyzed according to two main parameters: The holding time before
casting and the amount of remaining melt in the furnace after casting.
This study was carried out using the following procedures respectively: grounding samples by
turning machine, grinding by sand paper and deep etching.
The two mentioned companies use different methods to cast ingots. Cast house 1 uses primary
aluminum and one furnace (a holding furnace), whereas cast house 2 uses scrap and two furnaces
(a melting furnace and holding furnace). It has therefore been necessary to classify and analyze
the samples separately according to supplier.
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2 Theory
2.1 Production
The production of aluminum is done via two different routes: primary aluminum from ore and
scrap/used aluminum products from recycling. The most important mineral source to obtain
aluminum is bauxite as it is sufficiently rich in alumina. Depending on where bauxite is found,
the compound of aluminum differs. It can be a mono-hydrated oxide (𝐴𝑙2 𝑂3 .𝐻2 O) or a trihydrated oxide (𝐴𝑙2 𝑂3 . 3𝐻2 O). There are two main stages to extract aluminum from bauxite:


Bayer process: To obtain alumina from bauxite



Hall-Heroult process: To extract primary aluminum by the electrolytic process from alumina.

It can be estimated that from 4 tons of bauxite, 2 tons of alumina is extracted and from 2 tons of
alumina, 1 ton of aluminum [1-2]. Casting is the main technique to produce all aluminum alloys.
Nowadays the semi-continuous direct chill casting (DC) is the most common process in the
aluminum production industry [2].The (DC) casting process was developed from 1935 and
commercialized from 1936 in Germany and from 1934 in USA [7]. Figure 1 shows process of
aluminum production.
Bauxite mine
Bauxite with about 40-50% aluminum oxide
Alumina plant
Aluminum oxide (Al2O3) alumina
Reduction plant
Primary aluminum
Cast house
Figure 1.Production steps of aluminum [3].
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2.1.1 Direct chill continuous casting
In direct chill continuous casting, by tilting the furnace, molten aluminum flows through the
launder system toward the casting tables made up of a number of moulds of different sizes,
shapes and cross-sections. There are hydraulic cylinders (stool-cap) that raise a false bottom into
each mold before casting starts. When the amount of melt reaches a certain height in the mould,
the hydraulic ram starts going down .The casting speed and the rate of melt flow are adjusted in a
suitable way to keep the amount of melt constant in the mold. The outer solid skin, which is
formed at first by contact with the water-cooled mould wall, withstands and holds the liquid
metal. The water sprays directly to the outer solid skin of the ingot at the bottom of the mould.
This direct-chill leads to rapid cooling in the surface of the ingot and therefore solidification. To
obtain uniform structure in the ingot and an even melt, a distribution system is used. When the
hydraulic cylinder reaches the final position in the pit, casting stops. In figure 2, the schematic
representation of VCD casting is illustrated [2,8].

Figure 2. Schematic representation of vertical DC casting: 1-feed trough, 2-nozzle, 3-float valve,
4-distributor, 5-mold, 6-solidifying ingot, 7-sump, 8-water cooling sprays, 9-stool cap, and 10stool [8].
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Casting speed depends on parameters such as ingot size and alloy types, but is normally in the
range of 1-3 ( 𝑚𝑚 𝑠). The cooling rate reduces from 20 ℃ 𝑠 close to the ingot surface, to 0.5
℃
𝑠 towards the center of the ingot. The temperature of aluminum, when poured, is
approximately 690-725℃ and the thermal gradient 0.3 to 5 (𝐾 𝑚𝑚 ). This method of casting is
mainly used to produce round billets and rectangular ingots (slab), which are in turn used for
extrusion in different profile shapes (rods, bars) and rolled to plate and sheet respectively [2].
DC casting has been used and developed for a long time, but there are still some important
drawbacks such as cold crack, hot tearing, porosity, shrinkage, inclusion etc [2].
One of the recent developments in DC casting is the use of an air slip mould, particularly for
billet casting. This type of mould can be seen in both cast houses 1 and 2. In an air slip mould
(Figure 3), the gas and oil come out from pores in a graphite ring, found in the mould body, and
act as a barrier to prevent the melt touching the mould wall. Most of the cooling operation is
done by direct water quenching on the billet shell [9]. This technique has improved the billet
surface structure and reduced its surface defects [2].

Figure 3. Air slip casting mould component [9].

In aluminum casting, the solidification process can vary through the cross-section of the ingot if
certain parameters are changed. For example the amount of cooling water, the casting speed, the
temperature of the melt results in different rates of solidification in each elementary volume of
the aluminum cast. In ingots with bigger cross-section (slabs), there is even more room for
critical discussion [2].
9

In the DC casting process, the mushy zone (shown in figure 4) is a noticeable feature somewhere
between the solid and liquid region. The shallower mushy zone results to better properties and
quality, whereas a deep mushy zone, where most of the heat transformation occurs through
mould wall, does not lead to proper solidification [3,9].

Figure 4. Typical form of the liquids and solidus zones during DC casting, 𝑽𝒂 = casting speed [8].

2.1.1.1 Description of processes in casting house
It is necessary to review the casting operations that occur, from beginning to end, in both cast
houses. As previously mentioned, the ingot production methods were different in each cast
house. The below outlines the production in cast house 1 and then the difference in production
between the two cast houses.
Cast house 1: After producing primary aluminum in electrolytic cells, the melt is transferred to a
holding furnace and charged according to its capacity (about 45 tons). The temperature of the
holding furnace is kept at around 750℃. A little amount of melt is taken from the furnace 3 times
and investigated in an analysis room by the spark OES (Optical Emission Spectrometry) to check
its chemical composition and therefore how much alloying element is to be added to the furnace.
2.1.1.2 Adding alloying elements in a furnace
Pure aluminum needs modifying by adding some elements to obtain a certain level of properties
(either mechanical, physical, workability) required in various applications, otherwise the
aluminum is too ductile and soft to be used in industry and structural applications [1].When
elements are added to aluminum, they improve its properties by solution hardening and
10

precipitation mechanism. In addition, the type of element used depends on the product demand.
The most common alloying elements are silicon (Si), magnesium (Mg), manganese (Mn), copper
(Cu), zinc (Zn), iron (Fe) and titanium (Ti) [2]. After adding the elements, the chemical
composition of the melt will be checked again to ensure whether the percentages of elements are
suitable or not.
2.1.1.3 Stirring the melt and skimming the dross
Before adding elements, it is necessary to skim the dross from the surface of the melt by
mechanical shovel. The dross, which mostly consists of aluminum oxide, must be taken away
otherwise it can react with the adding element (especially magnesium (Mg)) and make harmful
inclusions such as spinel (𝐴𝑙2 𝑀𝑔 𝑂4 ). After the element is dropped into the furnace by a
mechanical shovel, the melt is stirred to mix the element with the melt properly. Then again, the
newly formed dross must be removed.
2.1.1.4 Launders
When the furnace is tilted, the melt flows through the launder to a casting table and is refined by
filtering units such as degassing unit and a ceramic foam filter. There are some considerations
about launders discussed below:
1. Controlling the level of melt in the launder is done by a hydraulic controlled tilt system
in the furnace, which keeps the depth of the melt consistently at a few millimeters [10].
2. To prevent the temperature dropping between the furnace and the casting table,
insulation material is used in the interior surface of the launder. This insulation also
ensures high flow velocity of the melt, again helping to prevent a temperature drop [10].
3. To keep the melt at a certain level and avoid any disturbance in the launder during
casting, it should be filled uniformly and calmly [11].

2.1.1.5 Inserting grain refiner to the melt
Using grain refiner in DC casting is necessary to form an equiaxed and fine grain structure with
better properties. In addition, grain refining decreases the defect risk and porosity probability,
and also helps distribute the alloying elements more uniformly. The grain refiner is made of
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master alloy such as (Al-Ti-B) and is normally inserted in the melt in the form of a rod. In billet
casting, 1 kg of grain refiner is consumed per 1 ton of melt [2,5]. It will be later discussed how
grain refiner could be one of the sources of inclusions (Ti𝐵2 ) in aluminum melt.
2.1.1.6 Filtering process
Aluminum cleanliness is one of the essential concerns in the casting process. Impurities such as
alkaline elements (lithium, calcium and sodium), dissolved gases (specifically hydrogen) and
non-metallic inclusions (carbides, oxides) reduce the cleanliness of aluminum. Methods such as
ceramic foam filtration and bubble flotation (SNIF) can significantly minimize the amount of
impurities [12,13].
2.1.1.6.1 Degassing unit/bubble flotation (SNIF)
SNIF is a type of filtering which is mostly used in billet casting to refine the melt. It is
implemented exactly before the addition of grain refiner. The degasser uses argon flow rates
(15

𝑚3
ℎ

) to remove the inclusions, alkalis and mostly hydrogen gas [5,10]. Actually, the fluid flow

rate in the degasser can remove the impurities in two ways:
1. Fluid flow rate leads to attachment of bubbles to inclusions and decreases the impurities.
2. Fluid flow rate increases the chance of the impurities colliding to each other and produces
larger inclusions. Then, these new coarse inclusions settle to the bottom of the degasser tank
[14].
2.1.1.6.2 Ceramic foam filter (CFF)
Ceramic foam filter has a porous structure and is mostly applied for slab casting. When the
aluminum liquid flows through the ceramic foam filter, the inclusions are captured inside pores.
The filtration mechanism in the CFF works by forming a network of inclusions to stop other
inclusions passing through the porous structure. There are different types of CFFs based on pore
sizes (30-ppi (coarse), 50-ppi (fine)), which impacts the number and distribution of inclusions
differently. The images of the two types of CFFs are shown in Figure 5 [5,12,,13].
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(a)

(b)

Figure 5. Images of CFF (30 ppi) as taken with a scanner (a) uncoated Al2O3 (b) AlF3 coated
[13].
After the filtering process, the melt flows into the casting table protected by a fragile layer of
oxide film. The procedure which occurs in the casting table to produce final billets, has been
explained in detail earlier. After casting the billets, they are carried mechanically to a
homogenizing furnace.
2.1.1.7 Homogenizing furnace
The billets are kept in the homogenizing furnace at 550℃ for a certain time. The goal of
homogenizing is to provide better workability for billets, decreasing the segregation and making
a more uniform microstructure [1]. After that, the billets are quenched, cut at the bottom and top
and finally wrapped to transport to other sections such as the extrusion section.
2.2 Difference in the casting process of cast house 1 and 2
The process described above for cast house 1 is the same for cast house 2, but in cast house 2,
two furnaces are used: The melting furnace and the holding furnace. The melting furnace is
charged by scraps and used aluminum products and then the aluminum melt is transferred
through a launder to the holding furnace. The capacity of the holding furnace is about 30 tons.
About 15 tons of the melt is vacated to fill the moulds for the first casting, after which, the
furnace returns to its original position. At least 30 minutes later, the second casting takes place.
Furthermore, the process of adding elements, skimming the dross and collecting the melt for
chemical investigation is done for each furnace. The grain refiner is added to the melt before
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degassing. The schematic picture of casting is illustrated in Figure 6, which is the same in both
mentioned companies.

Figure 6. The wagstaff Billet casting system [9].
2.3 Types
Aluminum products can be classified in two main groups: foundry alloys and wrought alloys.
The most important distinction between them is that after casting, wrought alloys are subjected
to work hardening such as extrusion, rolling and forging to improve mechanical properties
process, none of which occur for foundry alloys. In addition, foundry alloys are mostly produced
from scraps or remelting, whereas wrought alloys are obtained from primary aluminum [1].
According to alloy designation, alloys can be categorized in 8 main groups: 1XXX to 8XXX [1].
The alloys which studied in this project are two types AA 6060 and AA 6063.
2.3.1 AA6XXX
Among the 6000 series of wrought aluminum alloys, the heat treatable families are alloys with
good machinability, suitable mechanical properties, high speed in extrusion, good weldability
and high corrosion resistance. These features make 6XXX usable in various applications such as
window and door frames in cars, furniture, transport, architectural applications and heat
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exchangers etc [1]. The main alloying elements in this series are silicon (Si), magnesium (Mg),
iron (Fe), manganese (Mn), copper (Cu), zinc (Zn) and titanium (Ti). This group of alloys has
medium strength in comparison to 2XXX and 7XXX, which make them not usable in structures
requiring high strength. But the precipitation mechanism of 𝑀𝑔2 𝑆𝑖 from the solid solubility of
silicon and magnesium, which happens in natural or artificial aging heat treatments, increases the
strength of these alloys [1-3]. AA 6060 and AA 6063 in the 6000 series possess the capability to
be extruded in different complex shape, for instance profiles with low wall thickness can be
extruded with relatively high speed. The difference in extrusion speed in some aluminum alloys
is shown in figure 7. Additionally, these alloys are reliable in corrosion environments and show
good operation after anodizing and painting [1]. AA 6063 has higher mechanical strength than
AA 6060. The chemical composition of these two alloys is shown in table 1 [1].

Figure 7. Extrusion speed for AA 6060, compared to other alloys [1].
Table1. Chemical composition of AA 6060 and AA 6063 alloys [1]
Element

Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

(wt%)

Impurity

Impurity Al

Each

total

element
AA6060

AA6063

0.3-

0.1-

Max

Max

0.35-

Max

Max

Max

Max

Max

0.6

0.3

0.1

0.1

0.6

0.05

0.15

0.10

0.05

0.15

0.2-

Max

Max

Max

0.45-

Max

Max

Max

Max

Max

0.6

0.35

0.10

0.1

0.9

0.10

0.10

0.10

0.05

0.15

98.8

98.8
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2.4 Inclusions in aluminum melt
The parameters that can significantly influence the cast metal quality are microstructure,
homogeneity, chemical composition and cleanliness [15]. The factors which determine the
cleanliness and quality of molten aluminum are amount of alkali contaminates, undissolved
impurities (inclusions) and dissolved hydrogen. The inclusions in aluminum melt contain various
forms such as films, individual particles or agglomerated inclusion of oxides, nitrides, borides,
carbides and other combination of elements (chlorides and CaS). The size of these inclusions can
vary from a few microns to half a millimeter. The numbers of inclusions that can be found in one
kilogram of aluminum melt ranges from hundreds to thousands. The inclusions can cause
different defects, influencing both mechanical properties and surface quality of products
[12,13,15,16]. If these inclusions are not removed from the melt, they will appear after
solidification and lead to many defects in final products such as porosity in foil, surface defects
in rolled sheets, edge cracking in slabs, poor machinability, streaks, negative effect on plastic
deformation of billets during extrusion, increasing the wear in extrusion dies, causing breakage
in drawing wire, tearing in can stock etc. Even smaller inclusions, for example less than 10
microns, can be visible as a hole in products demanding high surface quality [5,6, 12].
As described earlier, there are various types of inclusions in aluminum metals: metallic and nonmetallic inclusions. Normally they can be recognized by their appearance using a optical
microscope. The oxides (𝐴𝑙2 𝑂3 ), carbides (Sic, 𝐴𝑙4 𝐶3 ), spinels (Mg𝐴𝑙2 𝑂4 ), and borides
(Ti𝐵2 ) are known as typical non-metallic inclusions [13,17].
Furthermore, two types of precipitation can be observed in aluminum metals: pure precipitated
metallic phases like ( Al-Si-Mg, Al-Fe-Si) and precipitation of metallic elements in non-metallic
inclusions such as MgO. The morphology of these precipitations, which is determined by their
composition, include different shapes such as needle shape, plate shape, dendrite, rod shape,
random clusters and lumps [13]. Figure 8 shows morphology of some metallic and non metallic
inclusions by SEM.
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Figure 8. Morphology of some inclusions by SEM [13].
2.4.1 Sources of inclusions
These inclusions enter in to the molten metal during different steps of production such as
alumina in electrolysis cells or scraps in the remelting process or refractory materials in furnace.
These contaminants can also be introduced into the melt when in contact with atmosphere in
steps such as adding elements and flowing through the launder to the casting moulds.
Furthermore, some inclusions originate from the grain refining process [13].
2.4.2 Describing the details of some common inclusions in aluminum alloys
2.4.2.1 Aluminum oxide
This type of inclusion is the most common inclusion in aluminum alloys [14]. As it can be seen
later, this project focuses mostly on aluminum oxide inclusions. The structures of 𝐴𝑙2 𝑜3 are
( 𝛼 − 𝐴𝑙2 𝑂3 ), (𝛾 − 𝐴𝑙2 𝑂3 ) and amorphous 𝐴𝑙2 𝑂3 , all of which are investigated by X-ray
diffraction. Aluminum oxide can be found as films or group of films with a thickness less than 1
𝜇𝑚 and with a diameter between 10 to 1000 𝜇𝑚. Furthermore, the collection of oxide films with
polyhedral oxide particles can be identified. An analysis by transmission electron microscope
sometimes show the existence of other elements such as magnesium, zinc, manganese, and iron
in oxide films and, also approves the connection to hydrogen pits [17].
Aluminum oxide can be divided into three groups depending on the source of formation during
the production process with different characteristics:
1. Oxides formed from raw materials during the process of extracting the pure aluminum
from alumina in electrolysis cells. Although these types of inclusions are usually

17

recognized as thin films, thick oxide lumps can also be found. Furthermore, the
agglomerate features which contain 𝐴𝑙2 𝑂3 and iron-rich are so similar to alumina.
2. Oxides formed due to contact of the melt with atmosphere.
3. Oxides formed from the reaction of the melt with the furnace walls or other refractory
materials. The oxides with a reddish or brownish characteristic probably belong to this
group [17].
2.4.2.2 Spinel 𝑨𝒍𝟐 Mg𝑶𝟒 and MgO
These are two other inclusions specially found in aluminum magnesium alloys. They are black or
brown thick films with a cross section of about 10 to 500 𝜇𝑚 and also, elongated lumps. These
inclusions become larger in size when the melt is oxidized in a higher temperature [17]. In
addition, spinel is known as a harmful inclusion due to its hard structure and large size and can
also damage the dies during the extrusion process [4].

2.4.2.3 Borides
Borides are small inclusions that are usually found in a cluster of rectangular or hexagonal shape,
from 1 to 50 𝜇𝑚 in cross section. The amount of borides increases when grain refiner is fed into
the melt. There are different borides such as Ti𝐵2 , V𝐵2 and Zr𝐵2 , and it is not easy to identify
one from another [16]. 𝑇𝑖𝐵2 is a hard inclusion which is not desirable in machining process [4].
Figure 9 shows the images of aluminum oxide film, spinel and Ti𝐵2 by optical microscopy.

(a)

(b)

(C)

Figure 9. Images of inclusions by optical microscopy, (a) aluminum oxide film, (b) spinel, (c)
Ti𝐵2 [4].
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A category of common inclusions in aluminum alloys is presented in table 2 with their shapes,
size ranges and features in a light microscope.
Table 2. List of typical inclusions in aluminum alloys. d-diameter, t-thickness and l-length of
inclusions [17]
𝐴𝑙2 𝑂3

Inclusion

MgO

𝐴𝑙2 Mg𝑂4

CaS𝑂4

𝐴𝑙3 Ti

Ti𝐵2

Refractory
brick (Al,
Si, O)

Shape

1-Films or 1-

1-Truncated Rods

Clusters of Rods

Lumps or

group

of Polygonal

pyramidical

hexagonal

particles

films

partcles2-

shaped

or

2-

films

particles

rectangular

Polygonal

consisting

2-Thick

discs

particles

of

films

or

particles

lumps

of

particles
Size range
𝜇𝑚

1-d=10-

1-d=0.2 - 1-d=0.1-5

L=1-5

d=10-50

1000

1

Transparent

Grey.The

Beige

particles,

particles

light grey

when the with

light

polarize

oxide

brownish

polarized

contains a and

grey

films

light

lot of iron greenish

or

dark,

shows

brownish

2-d=0.2 - 2-d=1030
Characteristic
in

microscope

d=10-300

2-d=1-8
t=10-1000

1000

Dark grey Black,

optical or

d=1-30

black frequently

reddish

hue

yellowish-

grey with a

brown

reddish and

or Light
grey.Dark

Bluish
grey

brown in

greenish
hue
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2.5 Measurement methods of inclusions in aluminum melt
Measuring inclusions in aluminum melt and therefore monitoring its quality are considered
important factors in production. Besides classical metallography, which involves cutting,
polishing and observing inclusions [6], other techniques have been developed to measure
inclusion amounts in aluminum melt. Each method contains advantages and disadvantages [16].
These methods are discussed below:
LiMCA (liquid metal cleanliness analyzer): In this method, a DC current is made in an orifice
with a small diameter (300 𝜇𝑚) and then aluminum melt is drawn to flow through the orifice.
The non-conductive inclusions in the melt increase the electrical resistance when they pass
through the orifice, changing the voltage. This is an in-line technique, which can be continuously
carried out, making it preferable to use in industry. But the high cost of this method can restrict
its use. This technique is suitable to detect small inclusions in the range of 20𝜇𝑚 to 300𝜇𝑚, but
for larger inclusions are not suitable as they get stuck in the orifice. This technique cannot
distinguish between bubbles and particles, showing the same result [6,15].
PoDFA (porous disk filtration analysis): This is an off-line technique with the most reliable
results in comparison to other methods. It is possible to identify the types of inclusions with this
technique, but it is a time-consuming method, which limits its usage. In this method, a certain
mass of aluminum is forced through a fine filter, and then the area of concentrated inclusion on
the filter surface is calculated by using an optical microscope. The unit is expressed in inclusion
area over mass of filtered metal (

𝑚𝑚 2
𝑘𝑔

) [15,16].

Prefil-Footprinter: This method is based on the PoDFA technique. When the amount of melt is
forced through the filter, the weight of filtered melt is recorded by a balance and the diagram of
filtered melt versus time is sketched. The inclusions concentrated on the surface of filter act as a
barrier to decrease the flow rate of the melt. The diagram of filtered melt vs. time is used to
analyze the level of inclusion in the melt; a curve with a sharper slope means a faster flow rate
and a cleaner melt [4,6].
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Ultrasonic detection method: This technique works by inserting a probe in molten metal and
uses a pulse-echo technique to measure the amount of inclusions. This method is desirable
because of its non-destructive feature, capability to probe a great amount of liquid and also, it
can be used for the continuous, on-line observation of liquid cleanliness [6, 15, 16].
K-Mold test: In this method, the fracture points in a cast sample are provided by the notches
contained in moulds. Then, these fracture points are visually investigated and the metal
𝑺

cleanliness evaluated by the value K, which is calculated from the following formula: K= 𝒏 , S;
total number of inclusion in (n) number examined pieces from one sample ; n, number of pieces.
This technique is mostly used in cases of large inclusions and specifically more sensitive to
oxide films [6, 16, 18].
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3 Experimental
In this project, the samples were collected based on the two parameters: holding time before
casting and remaining melt at the end of casting. The investigations were done on two cast alloys
AA 6060 and AA 6063.The billets were cut transversely in a certain position along the ingots
from the bottom to the top. Figure 10 shows the schematic picture of slice locations. The samples
with 152 mm and 178 mm diameters were taken from cast house 1 and slices with 228 mm
diameter collected from cast house 2.

Figure 10. Position of samples along the ingot.
3.1 Preparing samples for analyze
The slices were ground by a turning machine to remove scratches and to obtain a flat surface.
The speed of the turning machine was set at 2000 or 1400 rpm, depending on the roughness of
the samples. An average of 1 mm was removed from the surface during milling. After that, the
samples were ground further by coarse (p#80) and fine (p#320) silicon carbide paper
respectively to obtain an even smoother surface, otherwise the inclusions would be hidden in the
rough surface and it would not be possible to observe them after deep-etching. Figure 11
indicates an example of a sample after milling and grinding.
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Figure 11. A grinded sample.
3.2 Deep etching method
The deep etching method was used to assess the amount and distribution of non-metallic
inclusions over the cross-sections of samples. One advantage of this method is giving a
distribution of inclusions along the billet, which is not possible by other methods [4].
In the deep etching method, a 15% solution of sodium hydroxide ( NaOH) was used. Firstly,
enough water in a container was warmed up by a heater, then NaOH was added and dissolved
gradually. It should be noted that in the whole process, the temperature of the liquid was
controlled by a thermometer, and a new solution was made after three experiments. When the
temperature of the liquid was about 65 ℃, the samples were immersed into it. First, a decrease in
liquid temperature occurred and then, it went up. The samples were deep-etched at 65 ℃ for
about 15 minutes and after that, the samples were washed with water and brushed to clean any
smut covering their surfaces. The thickness of the etched surface is about 0.3 mm and the
following reaction can happen between aluminum and NaOH [4,5]:
Al+ 3Na(OH)

Al(OH)3+ 3Na

2Al + 2NaOH + 6H2O

2NaAl(OH)4 + 3H2

2Al + 2NaOH + 2H2O

2NaAlO2 + 3H2

Figure 12 shows the reaction between the NaOH solution and the sample during the deep etching
treatment.
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Figure 12. Reaction of NaOH and sample during deep etching method.
3.3 Counting etch pits
Non metallic inclusions were dissolved out by the deep etching method and left holes that were
visible by the naked eye. These holes, which represent the inclusions’ locations, are ten times
larger than the real inclusions [5]. Figure 13 revealed the shallow large pits that appeared after
dissolving nonmetallic inclusion on the surface of a billet. The cross-sections of slices were
divided in to three equal areas, named the central (C), mid radius (M) and surface (S) zones to
analyze the distribution of inclusions over the cross section (figure14).
Then, the holes detected by the naked eye were marked. In the next step, normal copies of
samples were taken so the holes appeared as black dots that could easily be counted. What’s
more, according to the sizes of the etch pits they were classified in two groups: large and small,
the large with a diameter greater than 0.5 mm and the small with a diameter less than 0.5 mm.
This means that inclusions with size of larger than 50 micron are defined as large inclusions.

Figure13. Large shallow etch pits.

Figure 14. Schematic picture of a billet cross-section.
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4 Results
One of the methods to decrease the amount of inclusions in casting is sedimentation where the
melt is held in the furnace for period of time (holding time) to allow the inclusions settle to the
bottom. From an economical point of view and productivity, it is very important to evaluate the
effect of the different holding times in settlement behavior and find the optimum time [19].
As it is mentioned in the background, the aim is to analyze the amount, and distribution of
inclusions in billets according to different holding times and remaining melt in the furnace after
casting. Therefore, slices of billets in different positions along the ingots from the bottom (start
of solidification) to the top (end of casting) were cut and collected.
After deep-etching the samples, the non-metallic inclusions dissolved and left holes (etch
pitting), which can be seen by the naked eye. These holes have been classified into two groups
according their diameters: Large size ≥ 0.5 mm and small size < 0.5 mm.The cross-section of
each slice is divided into three equal areas (the center, mid radius and surface), which allows a
better analysis of the inclusions distribution. In addition, as discussed in the introduction, two
supplier companies used different methods of casting including different furnace designs and so
their samples must be investigated separately:
Samples from cast house 1
Figure 15 shows a longitudinal section of the bottom of the billet. It can be seen that inclusions
are mostly located around the center axis of the billet, and also there are numbers of them
scattered in different areas.

Figure 15. Inclusion distribution in a longitudinal section from bottom of the billet (start of
solidification).
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4.1 Different holding times
Normally casting starts after approximately 30 to 40 minutes holding time, but this can vary. In
this project, a number of investigations were done on ingots from a short holding time (10
minutes) to a long holding time (85 minutes) to compare the effect of different holding times on
the inclusion distribution.
4.1.1 Samples from 30 minutes holding time
These samples were collected from the AA6063 alloy and at the end of this casting 5270 kg melt
remained in the furnace. Figure 16 illustrates pictures of the bottom and top of this billet.

(a)

(b)

Figure 18. Inclusion distribution in the billet from casting with 60 minutes holding time (a)
bottom of the billet (b) top of the billet.

Figure 17. Inclusion distribution for 30 minutes holding time.
It can be seen from figure 17 that the highest numbers of inclusions were observed at the bottom
of the billet (start of casting). The number of inclusions considerably decreases at 180 cm and
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remains almost in the same range in other positions along the billet. Furthermore, the inclusions
are concentrated at the center of the billet rather than at the mid radius and surface zones in all
slices. In addition, it can be said that large inclusions were mainly detected at the bottom of the
billet.
4.1.2 Samples from 60 minutes holding time
The experiment was done on samples of the AA6060 alloy with 7550 kg of melt remaining after
casting. Figure 18 shows the images of the bottom and top of the billet.

(a)

(b)

Figure 18. Inclusion distribution in the billet from casting with 60 minutes holding time (a)
bottom of the billet (b) top of the billet

Figure 19. Inclusion distribution for 60 minutes holding time.
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Figure 19 displays a trend of inclusion distribution where the highest number of inclusions is
observed at the bottom of billet. Then it declines towards the middle length of the billet (360 cm)
and again increases towards the top. In addition, the inclusions are mostly distributed in the
center sections of the billets. Furthermore, the numbers of large size inclusions are higher at both
ends (start of solidification and end of casting) than other positions.
4.1.3 Samples from 25 minutes holding time
Here are two slices from the bottom and top of the AA6060 alloy which were investigated. The
remaining melt after casting was 9470 kg. Figure 20 shows the inclusion distribution of these
two samples.

(a)

(b)

Figure 20. Inclusion distribution in the billet from 25 minutes holding time (a) bottom of the
billet (b) top of the billet.

Figure 21. Inclusion distribution for 25 minutes holding time.
Figure 21 shows that the number of inclusions is relatively high at both bottom and top of the
billet, compared to the billet with 30 minutes holding time (just 5 minutes longer). The number
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of inclusion at bottom is significantly higher than at the top. At the bottom, the inclusion
population is more shifted to the periphery, while at the top it is more concentrated in the center
zone. In addition, the number of large inclusions is relatively high in both slices and especially at
the bottom.
4.1.4 Samples from 10 minutes holding time
These samples were collected from a short holding time of 10 minutes, which is not common at
cast houses. 10000 kg melt remained after this casting. In figure 22, two images of the bottom
(20 cm) and top (700 cm) of the AA 6060 billet is illustrated.

(a)

(b)

Figure 22. Inclusion distribution in the billet from 10 minutes holding time casting (a) bottom of
the billet (b) top of the billet.

Figure 23. Inclusion distribution for 10 minutes holding time.
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Figure 23 shows that the total amount of inclusions is higher than in the billets cast after longer
holding time and a high amount of inclusions is observed at start. It can generally be concluded
that the number of inclusions reduces towards the center from a high amount at the start and
increases again towards the top. It can also be stated that it shows a high level of inclusions
along the whole billet. The results also reveal that most of the inclusions are located at the center
of the billet in each position. Furthermore, it is noteworthy to mention that large size inclusions
were found in all slices.
4.1.5 Samples from 85 minutes holding time
There is sometimes a delay in the casting process which leads to holding the liquid for a longer
time in the furnace. Figure 24 shows pictures of inclusion distribution at the bottom and top of
the billet of casting with a long holding time. These samples of the AA 6063 alloy were collected
from a casting of 85 minutes holding time and 6030 kg of melt remaining after casting.

(a)

(b)

Figure 24. Inclusion distribution in the billet from 85 minutes holding time casting (a) bottom of
the billet (b) top of the billet.

Figure 25. Inclusion distribution for 85 minutes holding time.
30

It can be seen from figure 25 that the number of inclusions at the top of this billet is rather
similar to the amount of inclusions at the bottom, and also, there are noticeable numbers of
inclusions at both positions.
Figure 26 shows the number of inclusions per square centimeter in the cross-sections of samples
from the bottom and top of the ingots from different holding time. It can be clearly observed that
the number of inclusions per square centimeter at the bottom is higher than at the top in all the
billets, except the sample from 85 minutes holding time. In addition, there is a trend of
decreasing inclusions per square centimeter at the bottom of the billets for holding times of 10,
30 and 60 minutes. However, the inclusion number per square centimeter at the top of the billets
almost showed the same value for these holding times. It should be mentioned that the position
of samples from 25 and 85 minutes were not specified exactly and could have been collected
from the very bottom and top of the billet, therefore these samples probably do not follow the
trend.

Figure 26. Number of inclusions per square centimeter in cross section of the billets vs. holding
time.
4.2 Different amount of melt remaining after casting
In normal casting, the amount of melt remaining after casting is about 5000 kg, and it is assumed
that the liquid is enriched with more inclusions at the end of casting [20]. Samples from two
castings with small amount of remaining melt were investigated and the results are given below.
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4.2.1 Samples from casting with 2670 kg of melt remaining after casting
Two slices of ingots of alloy the AA 6060 after 80 minutes holding time were investigated and
are illustrated in figure27.

(a)

(b)

Figure 27. Inclusion distribution in the billet from casting with 2668 kg remaining melt after
casting (a) bottom of the billet (b) top of the billet.

Figure 28. Inclusion distribution in casting with 2670 kg remaining melt.
Figure 28 shows that the amount of inclusions at the end of casting (top of billet) is substantially
higher than at the bottom (start of solidification). Furthermore, relatively high numbers of large
size inclusions were detected in both slices. In this casting with high level of inclusions, it was
found that the inclusions were distributed evenly over whole cross-sections of the billets and not
in a certain zone.
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4.2.2 Samples from casting with 1700 kg of melt remaining after casting
Two slices from the bottom and top of the billet (AA 6060) after 30 minutes holding time were
collected. In figure 29, images of inclusion distribution in the cross sections of these slices are
shown.

(a)

(b)

Figure 29. Inclusion distribution in the billet from 1700 kg of remaining melt after casting (a)
bottom of the billet (b) top of the billet.

Figure 30. Inclusion distribution in casting with 1700 kg remaining melt.
It is clear from figure 30 that the number of inclusions at the top of the billet is approximately
two times higher than at the bottom and that some large inclusions were found in both ends of
the billet. Furthermore, inclusions were mostly detected in the central zone of cross-sections.
What also can be noted is that the total number of inclusions in the casting with 2670 kg melt
remaining is higher than in the casting with 1700 kg remaining melt.
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A clear difference between the castings with the lower amount of melt remaining at the end,
figures 28 and 30, compared to the normal castings is that a low melt level at the end gives a
higher amount of inclusions at the end slices, and not in the bottom slices in contrast to the other
cases.
4.3 Samples from cast house 2
In cast house 2, as it is described in the introduction, ingots are produced by two castings from
one charge in cast house 2. The first casting is done with 40 minutes holding time and about
15000 kg remaining melt after casting, the second with 35 minutes holding time and 3000 kg
remaining melt. That means that the second casting can be considered as one with small melt
level at the end of casting.
4.3.1 First casting

Figure 31. Inclusion distribution in first casting.
Figure 31 shows that at the start, the number of inclusions is high, and then it decreases
dramatically (220 cm), after that, a weak increase can be seen towards the top of billet (end of
casting). In addition, it can be stated that inclusions tend to appear in the central zone of the
cross-section. Furthermore, in these samples the number of large inclusions is negligible, except
at the slice collected at 440 cm from the bottom.
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4.3.2 Second casting

Figure 32. Inclusion distribution in second casting.
It can be seen in figure 32 that the number of inclusions at the very bottom of the billet (10 cm)
is somewhat increased, then after a reduction at two positions there is a clear trend of increasing
number of inclusions, which continues towards the top of the billet. It can be observed that at
440 cm from the bottom of the billet, a sharp increase in the number of inclusions was detected.
Furthermore, these inclusions at 440 cm have large and shallow characteristic and were not
found in other samples. Moreover, these shallow etching pits looked like agglomerates and were
identified as aluminum oxide films by optical microscopy. Figure 33 shows the image of these
large etch-pits and corresponding microscopic picture. In addition, inclusions were mostly
located in the center zone at every position along the billet. Besides the mentioned sample (440
cm), there are also a noticeable number of large size inclusions at the bottom slice (start of
solidification).
The trend of inclusion distributions from both castings is illustrated in figure 34, and it shows
that the number of inclusions is totally different in each position. It can be stated that close to the
bottom of the billet in the first casting, a higher number of inclusions were observed, while in the
second casting, a strong increase was observed towards the top.
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30 𝜇𝑚

(a)

(b)

Figure 33. (a) Image of etching pits in sample from 440 cm from the bottom of the billet (b)
Micrograph of oxide film.

Figure 34. The trend of inclusion distribution in cast house2.

5 Theoretical calculations
Here, the settling velocity of particles in the aluminum melt in the furnace is calculated by using
Stokes law. Two forces (gravity and drag force) influence the movement of particles in the
liquid. As discussed earlier, aluminum oxide is known as the most common inclusion in
aluminum melts [14]. Therefore, Stokes law is used to predict the settling velocity of oxide
particles with different sizes in the furnace during holding time [21].
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𝟐 𝒓𝟐 𝝆𝟏 −𝝆𝟐 𝒈

V=

𝟗𝝁

where

V= settling velocity of particle
r= particle radius
𝑚

g= acceleration due to gravity (9.81𝑠 2 )
𝜌1 , 𝜌2 =density of aluminum oxide particle and fluid, respectively
𝜇 = viscosity of fluid
The desity of aluminum oxide particle was taken to be 3970

𝑘𝑔
𝑚3

[22]. The aluminum liquid

𝑘𝑔

density at 750 ℃ is approximately 2350 𝑚 3 [23].The viscosity (𝜇) is obtained from this equation:
𝜇= 𝜇𝑜 exp (

𝐸
𝑅𝑇

𝑘𝑗

𝑗

), where E= 16.5𝑚𝑜𝑙 R= 8.3144 𝑘 ,T= temperature in K, 𝜇𝑜 for aluminum liquid is

0.1492× 10−3 Pa.s [24] and viscosity for aluminum liquid at 750 ℃ was computed 1.037×
10−3 Pa.s.
As it can be seen in table 2, the aluminum oxide particle varies from 0.2 to 30 𝜇𝑚 in diameter,
therefore according to this assumption; the settling velocity of 𝐴𝑙2 𝑂3 for each particle size was
calculated and illustrated in figure 35.
Figure 35 shows the settling distance position of inclusions in the furnace as a function of
particle size and time. It is necessary to mention that the depth of the furnace in the center is
approximately 700 mm and shorter at the sides in both cast houses. According to the
calculations, it can be concluded that inclusions larger than 20 micron reach to the bottom and
settle in normal holding time (30 minutes), but smaller inclusions need more time. Furthermore,
the diagram reveals that small inclusions (less than 10 micron) will remain in the melt and will
not settle even after long holding times, and then they can enter into the casting table.
In addition, the diagram shows that, for inclusions of about 20 𝜇𝑚 in size, there are relatively
small effects in inclusion settling behavior in the interval from 30 to 60 minutes. It can also be
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stated that 10 minutes is not sufficient even for large inclusions (25 micron) to settle. It should be
noted that these result were obtained without considering the thermal convection in the melt.

Figure 35. Settling rate of 𝐴𝑙2 𝑂3 particle in aluminum melt at (750℃ ).
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6 Discussion
6.1 Deep- etching method
The assessment method which is used in this project to analyze the distribution and amount of
inclusion in cross- section of billets is the deep-etching method. The main question which arises
here is whether these appeared etch-pits really describe inclusions. This method shows
trustworthy results compared to other common methods to measure melt cleanliness such as
LiMCA and prefil method. Furthermore, the deep-etching method reveals both distribution and
number of inclusions in ingots, but other techniques are only to determine the amount of
inclusion [4, 25].
6.2 Increasing of inclusions at the start of casting and decreasing towards the end
The results from a normal amount of melt after casting i.e. 5000 kg and more show that,
inclusion numbers decrease from a high amount at the bottom of billet (start of casting) towards
the center, and then, it fluctuates. At the start of casting, the melt fills the mould with strong
turbulence which can break the oxide layer and introduce more inclusions [4,5]. In addition,
material (Bone ash) that is used in the launder system during billet production [4] is probably
washed out by the melt at the start of casting and causes an increase in inclusions. Figure 34
from cast house 2 of two consecutive castings shows that the first casting holds more inclusions
than the second casting at the bottom of the billet (start of casting), indicating that the launder
was cleaned with the first melt. Also, a LiMCA measurement (figure 36) shows that inclusion
transportation at the exit of the furnace, at its emptying process during casting. First the inclusion
concentration is high, then it significantly declines because of settling behavior [20].
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Figure 36. LiMCA curve indicating inclusion concentration in the liquid at the furnace spout
[20].
It should be mentioned that parts of the billets, at the very beginning and end of the ingot, are
cut away and not used in the industrial process [25].
The obtained results from different castings in this project show that the number of large
inclusions is higher at the bottom of billet than other positions along the ingots. Figure 37 shows
a simulation in concentration of four different classes of inclusions each with the same size and
various densities at the furnace spout [20]. In this project, as discussed earlier, inclusions larger
than 50 𝜇𝑚 are defined as large inclusions and aluminum oxide, with density of 3900

𝑘𝑔
𝑚3

, as

main inclusions. Figure 37 also illustrates that the concentration of inclusions with a density of
4000

𝑘𝑔
𝑚3

and 55 𝜇𝑚 (similar to the characteristics of a large aluminum oxide particle) is high at

the beginning and then decreases substantially during casting. This pattern of inclusion behavior
can confirm the presence of more large inclusions at the bottom of the billets.
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Figure 37. Particles concentration with size of 55 𝛍𝐦 at exit of furnace with different densities
[20].
6.3 Effect of the different holding times in the inclusion distribution
In the present investigation, the trend of decreasing inclusion counts from the start and along the
billet is clearly observed from casting with 10 minutes holding time (figure 23) and it can be
reasoned by referring to LIMCA measurement (figure 36). The explanation given is that settling
is going on in the furnace during casting, thus giving decreasing amount of inclusions coming
out of the furnace. According to theoretical calculation (figure 35), inclusions of sizes 20 to 25
𝜇𝑚 settle during the time period corresponding to the start of the casting. At the end of this
casting, the settlement is probably disturbed and the amount of inclusions increased again. In
addition, the result of this casting shows a high level of inclusion in every position along the
billet. It can be concluded that 10 minutes holding time is not sufficient.
The results obtained for 30 and 60 minutes holding times, shown in figure 38, indicate similar
inclusion distributions over the length of billets for both castings. Moreover, figure 35 illustrates
that the difference in settling behavior for a depth of 700 mm between the 30 and 60 minute
holding times is relatively small, and all inclusions larger than 20 𝜇𝑚 should have settled at 30
minutes. Although figure 35 shows that 30 minutes is quite enough for inclusions of 20 𝜇𝑚 to
settle, however the results show that even larger inclusions have been found in casting with
longer holding times. An explanation can be the role of entrained oxide film. Since the oxide
film can fold over and start rotating inside the melt, it can trap the air which gives oxide films
attached bubbles. The trapped atmosphere in the oxide film can develop by diffusion of
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hydrogen, become buoyant and return to the surface of the melt. These buoyant oxides can sink
into the melt again by losing the trapped air [21]. This phenomenon prevents the inclusions from
following the settling process and therefore they can exist after long holding times.

Figure 38. Distribution trends of inclusions over length of the billets for 30 and 60 minutes
holding times.

6.4 Analysis of the results of samples from a small amount of remaining melt after
casting
Samples from a small amount of remaining melt after casting, in both cast houses, show that
the number of inclusions at end of castings was significantly higher than at the start. This has
been also shown in figure 36 [20], using LIMCA measurements, where a sharp increase in
inclusion concentration occurred at the end. It is clear that settlements before and during
casting can be stirred up at the end. The level of critical remaining melt partly depends on the
furnace design, but the present results indicate that about 3000 kg tends to be the limit.
6.5 Inclusion distribution in cross-sections of billets
The analyses of inclusions in the cross sections of billets over the length of ingots indicate that
inclusions are mostly concentrated in the center zone rather than the mid radius or surface.
This tendency of inclusion to be located in the center zone is clear in the longitudinal section
of the billet, figure 15. The tendency of inclusion concentration in center zone can suggest that
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fluid flow and solidification front together move the inclusions from the surface of the mould
to the center of the billet and trap them in the last stage of solidification. Figure 39 illustrates
the melt flow pattern during solidification in billet casting [5].

Figure 39. Fluid flow pattern in DC-cast billets [5].

6.6 Operation out of furnace
There are other factors that can bring more inclusions into the melt by disturbing the oxide skin
such as collecting samples for chemical analysis and accidental movement of the net in the
launder, which is used as a barrier for large impurities. Furthermore, fluctuations of the oxide
skin above the mould due to air pressure inside the mould can be another factor. In this project,
the inclusion distribution analysis in figures 31 and 32 in cast house 2, shows a high number of
the large inclusions at the first casting and a peak of the large inclusions at the second casting
(both at 440cm from the bottom of the billet). Since a sample is always collected halfway during
the casting for chemical analysis in cast house 2, this unexpected observation in the number of
large inclusions can be due to breaking the oxide skin in the launder in order to take the sample.
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7Conclusions.
The amount and distribution of inclusions along billets varies with holding time before casting
and remaining melt after casting.
The results obtained and settling rates calculations show that 10 minutes holding time is too short
and also, holding times in the range of 30 to 60 minutes give no significant difference in
inclusion distribution.
An increase of inclusion population towards the end of castings was found in billets with less
than 3000 kg of melt remaining after casting.
In billet cross-sections, inclusions were mostly located in the central zone.

8 Future work and recommendation
There are several issues that need to be studied closely.


Using special software to count etch-pits to obtain more precise results.



Observing the role of chemical composition, and also different amounts of grain refiner
in inclusion distribution in ingots.
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From L. Zhang, L.N.W. Damoah, S. Li, and W. Abebe, “Mechanisms of Inclusion Removal
from Aluminum Through Filtration,” in Light Metals 2008, D.H. DeYoung, ed., p. 650, Figure 2.
Copyright © 2008 by The Minerals, Metals & Materials Society. Used with permission.

From L. Zhang, L.N.W. Damoah, S. Li, and W. Abebe, “Mechanisms of Inclusion Removal
from Aluminum Through Filtration,” in Light Metals 2008, D.H. DeYoung, ed., pp. 650-651,
Figure 3. Copyright © 2008 by The Minerals, Metals & Materials Society. Used with
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From S. Instone, A. Buchholz, and G-U. Gruen, “Inclusion Transport Phenomena in Casting
Furnaces,” in Light Metals 2008, D.H. DeYoung, ed., p. 813, Figure 4. Copyright © 2008 by The
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