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Abstract

In this study, it was aimed to examine the metallurgical structures of AA6082 alloys after the casting and homogenization process by
means of changing degassing and flux ratios during melt treatment. During the casting of AA6082 alloys, billets were produced, porosity
was determined by the reduced pressure test where density index (DI%), hydrogen level (ml/100 g Al) and bifilm index (BI) were
examined. After the product was cast, two different homogenization process were carried out and grain sizes, microstructures and
homogeneity were examined. In addition, SEM and EDS examinations were carried out and AlFeSi and Mg>Si precipitate formations were
analyzed in terms of size, number and distribution. It was found that the melt cleanliness plays a significant role on the product quality.
The melt quality was increased by optimization of the nitrogen gas flow rate with a refining flux application where the elimination of the
splashing of the melt surface was found to be the critical parameter. Overall, it was found that the grain size had become finer, and the

homogeneity rate was increased.
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1. Introduction

Aluminum alloys that are to be extruded or rolled are most
commonly cast by direct-chill (DC) casting. 6XXX Al alloys are
used extensively in the extruded form, due to their strength,
ductility, and resistance to corrosion. With its maximum strength
and tolerable extrudability, the 6082 alloy in particular is
becoming more and more popular in the automotive applications.
Many defects that may be generated during melting and casting
process can dramatically affect the final product quality.
Particularly in the case of extrusions, the presence of defects will
lead to cracking and premature facture resulting in decreased
yield. The defects can be classified into two categories: extrinsic
and intrinsic. Intrinsic defects are mainly caused by shrinkage or
segregation. Mainly, undesirable Fe-based intermetallic phases

can be formed which can cause hot cracking or surface defects
during extrusion. The type, size, morphology, and distribution of
the intermetallic particles are very important in determining the
subsequent material properties. Therefore, homogenization heat
treatment procedure is carried out at high temperature and holding
times to eliminate the negative effects of intermetallic phases [1—
5].

The transition metals such as Fe and Mn are always present.
These elements have the tendency to form intermetallic phases in
the presence of Si [6-10]. During the casting of 6xxx aluminum
alloys a wide variety of Fe-containing intermetallics such as Al-
Fe, Al-Fe-Si and Al-Fe—Mn-Si phases are formed between the
aluminum dendrites [11-13]. Carlberg et al [14] reported
depending on the Fe:Si ratio with regard to high segregation of
Fe, a- or B phases form. As-cast billets require a homogenization
treatment to make the material suitable for hot extrusion. During
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this homogenization treatment several processes take place such
as the transformation of interconnected plate-like [-AlsFeSi
intermetallic into more rounded discrete o-Ali2(FeMn)sSi
particles when Mn content is around 0.5 wt.% [7] and the
dissolution of B-MgzSi particles [11]. Many models have
developed and validated to aid the heat treatment cycles to
estimate the desired phase distribution and achieve the needed
mechanical properties [15,16].

Extrinsic defects are mainly caused by oxides. During melting
of aluminum, because of its high affinity to oxygen, an aluminum
oxide layer is formed on the surface. When this surface oxide
becomes entrained into the melt, the melt quality starts to
decrease. The density of liquid aluminum and the entrained oxides
are almost similar, therefore, these defects cannot float or sink to
the bottom of the furnace. A proper refining flux is needed to
remove these oxides from the melt in an aim to achieve defect-
free melt with high quality castings [17-20]. Kvithyld et al [21]
has extensive works on the recycling of aluminum scraps. Bocskal
et al [22] reported that good quality castings of 6063 and 6082 can
be achieved from 100% scrap with a proper cleaning of the melt.
Rajagukguk et al [23] reported the increase of large plate-like B-
Fe phases after recycling. The application of several new methods
has been investigated to clean the melt prior to DC casting such as
ultrasonic applications and intensive melt shearing methods
[8,24,25,26].

The aim was targeted to investigate the effect of degassing
and flux application on the homogeneity of the microstructure of
billets as well as their final product quality.

2. Material and Methods

2.1. Billet Casting Process

The products called billets 8-inch diameter produced in this
study are produced by the Direct Chill Casting method (DC
casting). In this process, the liquid metal is directly solidified with

water and solidified vertically.

Liquid metal
(Melt temperature)

Mould
(primary cooling)

Hot top

=
Mushy zone \Water jets
8 (secondary
cooling)

Solid ingot

l Casting speed
Fig. 1. Schematic of the DC Casting Process [27]

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) as the ingot descends
beneath the lower edge of the mold (secondary cooling), which
provides up to 95% heat extraction [27]. In D.C. casting, the as-
cast structure is shaped by three factors: edge solidification from
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heat extraction via the mould wall, direct cooling for full
solidification, and metal feed for the desired flow pattern.
"Indirect cooling" through the mould wall forms a shell zone and
surface segregations, major edge defects, with their extent
depending on the mould wall length [28].

The chemical composition of 6082 aluminum alloy billet
production is given Table 1.

Table 1.
Chemical analysis of 6082 (wt.%)

Cast Si Fe Cu Mn Mg Cr Zn
1 082 020 006 049 065 0.08 0.1
2 086 022 005 046 068 006 0.01

2.2. Liquid Metal Quality Measurement

First, raw materials are charged into melting furnaces and
melted. After the melting and alloying processes are completed,
the liquid metal cleaning is carried out. Fluxes in the form of
powder is introduced to the melt with nitrogen gas by flux feeder.
Afterwards, the inclusions that rise to the surface are collected
and only nitrogen gas is purged for few minutes without the flux.
This process ensures temperature homogeneity of the liquid metal
and also removes the hydrogen gas. Then the casting begins, and
during the casting process, a sample is taken from the liquid metal
and placed in the Reduced Pressure Test device to solidify under
vacuum. A metric that can be used to quantify the melt quality
based on RPT results was introduced by Dispinar and Campbell
[29-32] to monitor both inclusions and hydrogen level together
after digital image analysis of the cross section of the RPT
sample. They proposed to measure the maximum length of pores
as an indication of bifilm length and introduced a new metric,
called the bifilm index (BI) [31,34]:

Bifilm index = Z(maximum length of pores) 1)

The bifilm index is measured by image analysis method. An
RPT samples cross-section is grinded down to 600 grinding paper
by metallographic methods. Then, at least 600 dpi scanning
resolution is used to convert the samples cross-section into an
image format (either JPG or TIFF is acceptable). Any image
analysis software can be used to measure the maximum length of
pores. In this study, OpenSource ImagelJ software was used. After
importing the image into the software, the calibration has to be
made to define the dimension. Then, a threshold is applied to
select all the pores. Image analysis software can measure the
maximum length of selected objects, also known as the “major
axis length” or “ferret length”. Then, the recorded measurements
are exported into excel sheet and the sum of these data is
calculated as Bifilm Index in mm.

2.3. Heat Treatment Process

The heat treatment of the AA6082 is generally carried out at
sub-eutectic temperature of 580°C with a certain time to form of
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the precipitate phase in the aluminum matrix. However, AA6082
alloys may have different recipes depending on the chemical
composition. Therefore, temperature and time parameters may
vary.

After the heat treatment process, samples are collected and
subjected to microstructural analysis. For this purpose, samples
are first grinded, then polished and electrochemically etched.
After images are collected by optical microscope under polarized
filter, the grain boundaries and grains become visible with
different colorations (due to different orientation of the crystal
structure). Then, image analysis tool is used to measure the grain
size by ASTM E112 in which line method was used calculate the
grain size. At least five lines are drawn parallel to each other with
the known length. Then the intercepts of the grain boundaries are
recorded which is divided by the full length of the lines thereby
giving the average grain size of each sample.

The same images are also subjected to further image analysis.
Very similar to bifilm index measurements. A threshold is applied
to select each phase. Then, the size and distribution of these
secondary phases are measured in which normal distribution
curves are plotted. Then, the average size and number of these
phases are compared with each other to reveal the homogeneity of
the microstructures. A very fine and evenly distributed secondary
phases would result in 100% homogeneity.

Before Degassing

3. Results and Discussion

3.1. Liquid Metal Quality Measurement

In this work, the samples were taken after the liquid metal
was prepared and density indices and hydrogen percentages from
the RPT device are given in Table 2.

Table 2.
Cast 1 density indices and hydrogen level
Density Index Hydrogen
Sample Name (ID%) (ml/100 g Al)
Cast 1-.A: before 10.6 0.352
degassing
gast 1-B: after 7.8 0.251
egassing

Cast. 1-C: start of 76 0.244
casting
Cast. 1-D: during 7.65 0.246
casting

The cross-sections of these samples after their density indexes and
hydrogen levels were examined are shown in Figure 2.

Starting Casting During casting

Fig. 2. Sample sections taken from the RPT device of Cast 1 and Bifilm Index

The RPT samples taken from Cast 1 were cut in half and their
surfaces were prepared and then scanned for bifilm index
measurements [33]. The bifilm index was examined from these
samples which is shown in Figure 3.

200
180

148
123
120 104 101
0
60
40
20
0

Before Degassing  After Degassing  Start of Casting  Duwring Casting
Fig. 3. Bifilm index of Cast 1

BIL mm
S
o
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When the bifilm index is examined, there is a decrease in the
bifilm index, which is an indication that the melt cleanliness gets
better. However, considering that Dispinar [31] had bifilm index
below 50 mm is an indication of high quality melt, based on the
findings in Figure 3, it is apparent that the melt quality was not at
its best for the trials in Cast 1. As can be seen from the samples
taken from Cast 1, the bifilm index values are very high (Figure
3). The liquid metal cleaning process has been improved to reduce
the density and bifilm index here. While doing this, studies were
carried out on two basic processes. In Cast 1 trials, 25 kg of flux
was added to 30 tons of liquid metal in 4 minutes, and its ratio to
the total amount was around 0.08%. During the degassing
process, nitrogen gas was purged into the liquid metal for
approximately 20 minutes at 4 bars. While this process was being
carried out, the liquid metal was splashing vigorously, and the
surface was disturbed significantly. In other words, instead of
cleaning, more oxides were introduced into the melt; hence the
high bifilm index values.

In the next casting process (Cast 2), improvements were
considered based on the observations of the previous trials. The

Before Degassing

flux application was increased to 10 minutes (from 4 minutes), 75
kg was added which is around 0.25% (compared to 25 kg in the
previous trial). During the degassing process, nitrogen pressure
was reduced to 2 bar and applied for a maximum of 15 minutes.
The density indexes and the hydrogen level are given in Table 3.

Table 3.
Cast 2 density indices and hydrogen level
Density Index Hydrogen

Sample Name (DI%) (ml/100 g Al)
Cast 2-.A: before 8.9 0.290
degassing
Cast 2-B: after 6.1 0.193
degassing
Cast. 2-C: start of 59 0.163
casting
Cast 2-D: during 458 0.142
casting

Starting Casting During casting

Fig. 4. Sample sections taken from the RPT device of Cast 2

RPT samples taken from Casting 2 were cut in half and their
surfaces were prepared for analysis and are shown in Figure 4.
The bifilm index of these samples was examined and shown in
Figure 5.

200 1
180 1
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140 1
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100 1
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88
30 - 75
61
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Before Degassing After Degassing Start of Casting Duwing Casting
Fig. 5. Bifilm index of Cast 2

BI, mm

When the bifilm index of Cast 2 is examined, there is a good
amount of improvement compared to Cast 1. Hydrogen levels
decreased in direct proportion to the bifilm index. As a result, the
degassing and cleaning were considered to be successful.

3.2. Microstructure Analysis

After the casting process, the billets were subjected to
homogenization annealing, and samples are cut for
microstructural analysis. After grinding and polishing, a 2% HF
etching solution was used for etching. Microstructure images
were viewed from the NIKON ECLIPSE MA200 instrument. The
microstructures taken from the billets, which are the final
products of Cast 1 and Cast 2, are shown in Figure 6 and Figure 7,
respectively.
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Fig. 6. Cast 1 Microstructure: a) no etching, b) Barker Etching, c) ) ) c) ) )
2% HF etching Fig. 7. Cast 2 Microstructure: a) no etching, b) Barker Etching, c)
2% HF etching
The microstructure examination of Cast 1 is shown in Figure ] o ) o
6. A lot of defects have been detected. Coarse particulate The microstructure examination of Cast 2 is shown in Figure
precipitations are present. The average grain size was 159 um. 7. The 1nclus1op content 18 much lower tl}an Cast 1: Coarse
The homogeneity rate was found to be 72%. particulate precipitates are present at grain boundaries. The

average grain size was 117 pm. The homogeneity rate was 80%.
Significant improvement was observed as a result of change
in the degassing and fluxing application during melt treatment
stage. The homogenization annealing recipe also has a great
impact on these transformations. As can be seen in the SEM-EDS
images in the next section, the 8-hour process at 580 °C in the
first casting is excessive in terms of both time and temperature. It
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was seen in the results that inclusions decreased, and grain sizes
were more homogeneous at 565 °C and 7 hours process time
outputs. The homogenization recipes made are given in Figure 8.

3.3. SEM-EDS Analysis

SEM-EDS examinations of Cast 1 and Cast 2 castings were

carried out. As it is well-known, Mn and Cr elements regulate the
microstructure in 6082 alloys together with Mg and Si. Without
changing the morphological structure of the AlFeSi precipitates
that will form as a result of this addition, this structure changes to
AlFeSi(Mn,Cr) in terms of stoichiometry. There is no change in
the MgSi precipitate, which is another important phase that
determines the mechanical properties. Bayat [1,2] reported that
MgsSi particles would precipitate at -Fe particles, however, they
would be dissolved during heat treatment and o-Fe nucleation

700
580°C
600
565°C
500 1
e
& 400 A
]
£
5
g 300 4
=
200 A .
would be preferred sites.
—Cast 1
100 -
—Cast 2
0 . . ; ; ;
0 100 200 300 400 500 600

Duration, min

Fig. 8. Homogenization process chart of Cast 1 and 2

AlFeSi(Mn
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©)

Fig. 9. Cast 1 SEM-EDS_1: a) examined microstructure, b) magnification of the area with an AlFeSi(Mn) phase, ¢) EDS spectrum of the
AlFeSi(Mn) phase
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In the SEM examinations made in Figure 9 a-b, AlFeSi(Mn)
precipitate was clearly detected, as seen in the EDS analysis in
Figure 9 c. In the examinations made in the central region of Cast
1, coarse particles were detected in the grain structure. This is
mainly due to inhomogeneous heat treatment. In addition, it is
known that the oxides present in the microstructure have the
tendency to nucleate Fe-based intermetallic phases. The presence
of these precipitates may cause an increase in surface tearing

and/or unexpected decreases in final mechanical properties,
especially during extrusion. Engler et al [3] had shown the
harmful effects and have these can be removed by
homogenization treatments. For this reason, the formation of such
precipitates should be prevented in which melt cleanliness plays a
significant role such that removal of oxides would hinder the
nucleation of Fe-phases.

Ents 1
1.5k =
10K —
500 =~
] i)
:L I =1
T T h-.i T

Clursor=
Vart=1385 Witidonr 0.005 - 40 955= 37039 ent

b)
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Fig. 10. Cast 1 SEM-EDS 2: a) precipitation of the AIMgSi phase, b) EDS spectrum of the AIMgSi phase, ¢) precipitation of the AIMgSi
phases, d) EDS spectrum of the AIMgSi phase

A typical microstructure of AA6082 material is given in
Figure 10. A grain boundary precipitates are observed in this
structure. Two different precipitates have been identified. It is
AlMgSi-based precipitate that appears as dark gray (Figure 10 d).
This type of structure is again an undesirable formation [3]. What
is desired is for the MgSi precipitates is to be able to finely
distributed within the grain as much as possible [9]. It should not
be forgotten that MgSi precipitates, which have a eutectic

N\

structure, may accelerate hot tearing during extrusion if they
precipitate at the grain boundary (especially in a coarse form).
Another point that should be taken into consideration is that
although the billet casting and subsequent homogenization
processes are completed perfectly, a similar structure may occur
when the billet remains in the heating furnace for a long time for
any reason during the billet preheating processes [11,12]. SEM
images of Cast 2 are given in Figure 11 below.

\s
]
i
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Fig. 11. Cast 2 SEM-EDS: a) area with an AlFeSi phase, b) EDS spectrum of the AlFeSi phase, c) area with an AIMgSi(Fe) phase, d) EDS
spectrum of the AIMgSi(Fe) phase

SEM scanning and EDS analysis were performed on two observed in the places indicated by arrows. In Figure 11(b), the
different regions: inside the grain and at the grain boundary. EDS analysis in this region is examined. Micro voids were found
Precipitates are found to be in the edge of the billet. However, as in Figure 11(c). EDS analysis of AIMgSi(Fe) is given in Figure
going towards the center of the billet, coarser sediment structures 11(d). It has been understood that they generally form in the grain
are encountered. In Figure 11(a), coarse AlFeSi particles are boundary region. This is also where oxides are carried in which
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the nucleation of Fe-phases becomes easier. Similarly, AlFeSi
peaks were detected in EDS analysis made from grain boundaries.
Sarafoglu et al [16] showed that a-Fe phase formation was
enhanced when Si dissolution was increased during
homogenization. Kumar [8] suggested that a-Al grain structure
had no effect on the phase selection of a- or B-Fe phase
formations. Khan et al [7] reported that 0.5 wt.% Mn would lead
to a-Alis(Fe,Mn)3Si2 being the major intermetallic phase
solidifying in the 1.0 wt.% Fe containing alloy.

When the SEM-EDS analysis of two different castings was
examined, there were precipitates at the grain boundaries and
coarse particles were formed. Despite this, there are still
improvements in Cast 2 compared to Cast 1.

4. Conclusions

In this study, the difficulties experienced in the casting and
annealing process of AA6082 alloy were discussed. In these
castings, the defects that are formed due to improper degassing
and flux application as well as the heterogeneity of the
microstructures based on melt quality were assessed. A general
evaluation of the study is summarized as follows:

1. By increasing the amount of flux used in the liquid metal
cleaning stage from 0.08% to 0.25%, the cleaning (removal
of oxides and impurities) has been increased.

2. The nitrogen gas used during the degassing process was
reduced from 4 bar to 2 bar and the degassing time was
shortened by 5 minutes. In this way, oxides formed due to
splashing (which generated more bifilms), were removed
from the liquid metal.

3. The density indexes of the samples taken during casting
were reduced from 7.65 to 4.58% and the hydrogen level
decreased from 0.246 to 0.142 m1l/100 g Al.

4.  The bifilm index was 101 mm during improper cleaning
process which was reduced to 61 mm and a 40%
improvement was achieved by controlled degassing and flux
application.

5. The homogenization parameter was changed from 580 to
565°C, and the duration was shortened by 1 hour and which
resulted in the improvements of the microstructure.

6. When billet microstructures were examined, the grain size
was decreased from 159 um to 117 pm. The amount of
homogeneity increased from 71 to 80%. With improved
melt cleanliness.

7.  SEM images revealed a decrease in the formation of coarse
particles after the changes in the process as indicated above.
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