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Abstract

An as-cast aluminum billet with a diameter of 100 mm has been successfully prepared from aluminum scrap by using direct chill (DC)
casting method. This study aims to investigate the microstructure and mechanical properties of such as-cast billets. Four locations along a
cross-section of the as-cast billet radius were evaluated. The results show that the structures of the as-cast billet are a thin layer of coarse
columnar grains at the solidified shell, feathery grains at the half radius of the billet, and coarse equiaxed grains at the billet center. The
grain size tends to decrease from the center to the surface of the as-cast billet. The ultimate tensile strength (UTS) and the hardness values
obtained from this research slightly increase from the center to the surface of the as-cast billet. The distribution of Mg, Fe, and Si elements
over the cross-section of the as-cast billet is inhomogeneous. The segregation analysis shows that Si has negative segregation towards the
surface, positive segregation at the middle, and negative segregation at the center of the as-cast billet. On the other hand, the Mg element is
distributed uniformly in small quantities in the cross-section of the as-cast billet.

Keywords: Direct chill casting, Recycling aluminum scrap, Microstructure, Mechanical properties, Macrosegregation

1. Introduction

Nowadays, aluminum alloys are increasingly used as
lightweight construction materials because they have excellent
thermal and electrical conductivity, corrosion resistance,
recyclability and high strength-to-weight ratio under atmospheric
conditions [1-3]. The high demand for wrought aluminum
products encourages the foundry industry to utilize aluminum

scrap as recycled material since it can reduce the cost of
production [4]. According to data from the International
Aluminum Institute (2019), a third of the aluminum used today is
produced from recycled scrap, with this percentage expected to
rise to 50% by 2050 [1,5]. Recycling aluminum end-of-life scrap
is becoming popular to save natural resources, reduce production
energy and reduce CO2 emissions [6].

A third of the aluminum used today is made from recycled
scrap and most of the aluminum scrap nowadays is from post-
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consumer scrap [7]. The type of scrap that is frequently found in
the surrounding environment comes from automotive, building
construction, cookware and aluminum electronic components. An
aluminum scrap from building and construction is one of the
largest contributors to aluminum waste. This aluminum scrap is
typically obtained from unused pieces of aluminum profiles,
which are frequently used in building architecture such as for the
construction of doors and windows. The aluminum profiles
usually are made from an aluminum alloy 6XXX series. The
AA6XXX series alloys are popular in the extrusion industry due
to their excellent workability and are commonly known as high-
speed extrusion alloys [8]. The AA6XXX series consists of three
main elements such as Mg, Si, and Fe. The widely varying
composition of scrap is one of the biggest challenges to recycling
aluminum. The alloy composition of Mg, Si, and Fe in the
AA6XXX series is strictly monitored in the foundry industry in
accordance with ASTM standards.

Generally, the problem during the remelting of the scrap
AA6XXX is the presence of impurity elements (gas elements, like
hydrogen, alkaline earth metals, like magnesium and calcium) and
inclusions (oxides, borides, nitrides, carbides, and chlorides) from
aluminum melt. Undesired elements may also present in remelting
of aluminum scrap. The presence of contamination impurities is a
concern, particularly for large amounts of aluminum scrap derived
from post-consumer scrap [1,8]. The accumulation of undesired
elements, such as Fe and Si are very difficult to avoid due to the
low solubility in solid aluminum [9]. The recycling and refining
of scraps must reduce impurities, especially iron, to an acceptable
level [10]. The negative effect of the high Fe content is the
enhanced probability of forming large particles of AlFeSi [8]
since it can reduce the workability of the alloy. The presence of
an intermetallic of these phases affects the surface quality and
mechanical properties of the products [10,11]. An element Si,
combined with Mg, plays an important role in the formation of
MgaSi or B phase, which is the main hardening precipitate in the
alloy [8]. As a result, lower grades and qualities of recycled
aluminum scrap will be retrieved due to the presence of impurities
[12]. On the other hand, the demand for wrought aluminum alloy
products increases for low impurities and a good combination of
mechanical properties.

Nowadays, direct chill (DC) casting is one of the most
promising casting methods for producing wrought aluminum
billets [13,14] due to its advantage that it can control the
macrosegregation and high-speed casting production rate. The DC
casting parameter used in the industry varies depending on the
alloy composition and billet size. Some of the important casting
parameters in the direct chill casting process have been
recognized for example the casting speed [13], water flow rate
[15], melt temperature, alloy composition [16], and billet size
[13]. The start-up phase of the DC casting process is a critical
condition since it can determine the production of casting defects
[17]. Some of the casting defects that might be resulted from the
DC casting are pores, hot tears [18], macro-segregation [19], cold
cracking [20], cold shuts [17], micro and macro crack [21], oxide
inclusions, and porosity [22]. Based on the above description, the
research aims to evaluate the DC casting process for remelting
aluminum scrap AA6XXX. The chemical composition, macro and
microstructure, macrosegregation, and mechanical properties of

the aluminum billet alloy were investigated to evaluate the DC
casting process.

2. Experimental Procedures

The aluminum scrap that was used in this experiment is
obtained from extruded aluminum scrap (post-consumer scrap).
This scrap comes from the remaining pieces of aluminum in the
manufacture of windows for houses or buildings. A manual
sorting procedure was carried out based on the application of the
aluminum product. In addition, the aluminum scrap is also
separated from the plastic wrapping layer and other metal
components such as the bolt and hinge that are made from steel.
Then, the aluminum scrap with a mass of up to 20 kg was placed
inside a 30 mm x 50 mm ceramic crucible and was melted at 750
°C. In this research, we did not use degassing, fluxing or in-line
filtering and grain refiner. The slag of the aluminum melt is
removed manually or with a traditional hand-casting spoon. Fig. 1
shows the schematic experimental of the DC casting process. The
molten metal was poured into billet molding at 700 °C using a
casting spoon while the bottom block was stationary initially.
Both the casting spoon and bottom block are made of steel. When
the molten metal was introduced into the mold and filled the mold
up to the hot top, the cooling water was pumped into the mold
using a water pump, and it flowed through a pipe and valve
system with a flow rate of 30 I/min. The temperature of the
cooling water is 25 °C. The bottom block started to drag
downward after about 80 seconds when the billet shell formed.
The casting process was started at a constant casting speed of 50
mm/min, and the casting speed was controlled using a motor drive
speed controller. The billet is pulled at the constant casting speed
to the required length while the melt is continuously poured into
the mold at a rate that keeps the melt level in the hot top constant
[23].

Four K-type thermocouples as shown in Fig. 1. were fixed in
a steel hollow. The steel wire was solidified and moved
downward synchronously with the billet during the DC casting
process. The process parameters such as melt, pouring, mushy
zone temperature, and solidifying temperature are measured and
recorded by a data acquisition system (DAQ) connected to a
personal computer. Optical Emission Spectrometry (OES) was
used to measure the composition of aluminum billet.

For macrostructure and microstructure observations, the
specimens were selected from the steady-state conditions (in the
middle of the as-cast billet). Billets were sawed at horizontal
sections and the slices were subsequently cut into smaller
samples, as indicated in Figs. 2a-e. For the macrostructural
examination, specimens were mechanically polished and etched
by (10 wt.%) NaOH aqueous solution. The microstructure of the
specimen was etched by (5 wt.%) HBF4 aqueous solution and
observed under an inverted microscope (Carl Zeiss Axio Vert.
Al). Hereafter, the micrographs were taken to analyze the average
grain size using Jeffries’ model in ASTM E112 standard [24]. To
analyze the coarse and fine-cell structures of the solute, four
samples were cut along the radius: one near to the surface of the
billet (r=45), one at the middle outside radius (r=30), one at the
middle inside (r=15), and one in the center of the billet (r=0), as
shown in Fig. 2c. A Scanning Electron Microscopy (SEM) Zeiss
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Ultra Plus equipped with an energy dispersive spectroscopy
(EDS) detector was performed to analyze the microstructure of
the samples. Moreover, to determine the crystallographic structure
of as-cast billet, a Quantitative X-ray diffractometer test machine
(XRD) with Cu Ka radiation, scan rate: 2° min™!, scan step size:
0.02° and scan angle range: 30°-90° measurements were
performed with Panalytical XRD machine on the different
location along the cross-section of the samples.

The macrosegregation is observed using Optical emission
spectroscopy (Thermo ARL 3560 OES). The macrosegregation of
Mg, Si, and Fe elements at different positions along the radial
direction of the billet as shown in Fig. 2c. Horizontal rectangular
in cross-section samples were cut along the diameter of the billet,
with a dimension of 40 x 40 x 100 mm. Then samples were milled
in 200um steps to obtain a detailed macrosegregation profile in
the subsurface region. The bulk macrosegregation profile was
measured every 8~10 mm along the diameter of the billet [16].
Totally three measurements were taken for each position. In this
study, the average values of segregation are reported in the form
of relative segregation i.e. the deviation of the current Mg and Si
concentration from the average alloy composition of a long cross-
section of the as-cast billet.

For further investigation, the mechanical properties test using
ASTM B557-02a standard including Ultimate Tensile Strength
(UTS), Yield Strength (YS), and elongation of the as-cast billet

TC-1 T‘f'z Jc-3

were conducted using tensile test machine (Zwick-Roell ZHU 250
kN, Germany) at a crosshead speed of 1 mm/min at room
temperature. At least two samples at each position i.e., center,
middle and the near surface of the as-cast billet cross-section were
tested and the average value of these tests was considered as the
achieving properties of the alloys. Brinell hardness tester (Zwick-
Roell ZHU250CL, Germany) was used to measure the hardness
along the billet diameter. The hardness measurement was
examined on four different locations along the radius as cast billet
as shown in Fig. 2c.

3. Result and Discussions

3.1. Analysis of as-cast billet structure

Fig. 2a. shows an as-cast aluminum billet with a length of 700
mm and diameter of 100 mm successfully cast using the direct
chill casting method. Fig. 3 shows the cross-section of the as-cast
billet is selected and sliced from the billet center. Table 1 shows
the composition of the as-cast billet from the bottom up to the top
section. The chemical compositions were determined at the
bottom, middle and top of the as-cast billet.
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Fig. 1. Schematic experimental of direct chill casting process
Table 1.
The composition (wt.%) of aluminum as-cast aluminum billet
As-cast Billet Al Si Fe Cu Mn Mg Cr Ni Zn Ti
Bottom 95.92 2.37 0.91 0.27 0.10 0.04 0.02 0.01 0.21 0.02
Middle 96.21 2.33 0.80 0.26 0.07 0.04 0.02 0.01 0.20 0.03
Top 95.98 2.26 0.94 0.27 0.10 0.03 0.02 0.01 0.22 0.02
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Fig. 2. Schematic diagram of material preparation and the position and dimension of the specimens. (a) as-cast billet (b) the porosity
samples (c) the microstructure, hardness, and macrosegregation sample analysis (d) the tensile test sample, and (e ) the standard dimension
of tensile test

As can be seen in Fig. 3, the surface of the billet cross-section has
no porosity. The porosity of as cast billet product was tested using
the Archimedes method. The average porosity value is 0.279%.
This measurement indicates that the as-cast billet product is close
to the actual density of aluminum.

Fig. 3. Cross section of the as-cast billet

Fig. 4 shows the as-cast typical macrostructure along the cross-
section of the billet product prepared by DC casting. The as-cast
billet macrostructure shows a coarse and non-uniform grain

structure. Fig. 4 shows that there is a solidified shell near the billet
surface. The thickness of the solidified shell is relatively thin,
with an average thickness of 1-3 mm.

The structure around the solidified shell (r=45) is a thin layer
with coarse columnar grain and then the structure is transformed
into feathery grains at the middle outside (r=30 mm). At the billet
center region (r=15-0) the structure is coarse equiaxed grains.
This observation is consistent with the previous works on DC
casting in Ref. [22,25].

Featheary

gﬂins

Coarse equiaxed
shell grains

Fig. 4. As-cast typical macrostructure along the cross-section of
billet diameter

Solidified

Figs. 5a-d show the as-cast typical microstructures of the
billet product at the position from the center (=0 mm), middle
inside (r=15 mm), middle outside (r=30 mm), and near-surface
(r=45 mm). Fig. 5a illustrates clearly that the microstructure at the
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center of the billet cast consists of coarse equiaxed grains. These
grains contain thicker branches and greater dendritic arm spacing,
with a rim of fine dendritic arm spacing around the grain's
periphery [26]. As can be seen in Figs. 5b-c there are no
significant differences in microstructure between the position at
the middle inside and outside of the billet (range of r=15-30 mm).
The grain structure at the near-surface is finest than the others.
The microstructure close to the billet surface is mainly composed
of feathery grains that grow at an angle to the casting direction.

B :
S e A
(r=15

Near surface (r = 45 mm)
Fig. 5. As-cast microstructure of the aluminum billet. (a) Center
(r=0), (b) middle inside (r=15 mm), (c) middle outside (r=30 mm)
and (d) near-surface (=45 mm)

The microstructural aspect of the material has a major
influence on the performance of Al-alloys during the extrusion
process as well as the qualities of the finished product [8]. In DC
casting the grain structure depends on the alloy composition, grain
refining, growth conditions and is also influenced by the cooling
rate. The inhomogeneous distribution of cooling rates in the
transition region is reflected in the inhomogeneous structure
found in different sections of the billet [14]. The appearance of
coarse grains in the center of a billet, as shown in Fig. 4 and Fig. 5
is caused by a slow cooling rate, leading the metal to take time
longer to solidify and allowing dendrite that formed to grow and
coarsen [19]. The slurry zone flow patterns produce scatter in
solidification times and as a result, scatter in structural parameters
related to cooling rate. Therefore, this explains the presence of
coarse grains in the center of the billet. The feathery grain
structure that forms at the middle outside is initiated by a high
solidification rate and a slow flow [27]. On the other hand, at the
periphery, the solid shell is formed by direct contact between the
melt and the mold. It is formed into equiaxed grains due to its
high cooling rate at the near surface of the as-cast billet [28].

Since the cooling rate is accelerated, the energy fluctuation and
nucleation increase, so the liquid-solid phase transition takes
place before the crystal grain grows up and resulting in fine grains
[29].

The average grain size along the cross-section of the billet
diameter from the center to the near surface is shown in Fig. 6.
The average grain size from the center to the near surface of 88.9,
88, 75.4, and 74.3 pm respectively. The grain size and
morphology from the surface to the center of the billet changed
significantly as shown in Fig. 5 and Fig. 6. The center of the billet
has the biggest grain size, and the near-surface has the smallest
grain size. However, the grain size does not change much between
the middle inside and the near surface, this is also clearly seen in
Figs. 5¢c-d. The grain size tends to increase from the surface to the
center of the as-cast billet and this finding is also in line with Ref.
[19,28,30,31]. Moreover, the grain size of the billet is
progressively coarser from the surface to the center.
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Cross section of as-cast billet
Fig. 6. Average grain size as a function of distance from
the center of the billet cross-section

The grain size varies from the center to the surface of the as-
cast billet due to the different cooling conditions encountered
across the ingot's cross-section. The small grains as shown in Fig.
7d. caused due to the high heat loss rate between the primary
mold and the billet surface. The grain size evolution with the
cooling rate observed in this research is in good agreement with
previous works on DC casting in Ref [2,19,26]. Increasing the
cooling rate enhances both the inoculant nucleation potency in the
melt and the density of active nucleation sites. From the DC cast
parameter process variables, the water flow rate and casting speed
have a minor effect on grain size variation [14].

For further microstructure analysis, Fig. 7 shows the SEM
image of microstructures selected from various locations from the
center of the ingot out towards the surface along the centerline of
the cross-section of the billet. The alloy was composed of
aluminum dendrite cells (0-Al matrix) and large plate-like B-
AlsFeSi intermetallic (gray) distributed along the dendrite
boundaries. This finding indicates AlsFeSi as the primary
intermetallic phase in this as-cast billet alloy. This is also
confirmed by the results of the XRD test as shown in Fig. 8.
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Generally, it can be seen clearly that the structure coarsens toward
at the center of the billet.

oAl

e
B-AlFeSi

r
B-Al,FeSi

Middle outside (r = 30 mm) Near surface (r = 45 mm)
Fig. 7. Microstructure of direct chill as-cast billets corresponding
to the location along the as-cast billet cross-section. (a) center, (b)

middle inside, (c) middle outside and (d) near-surface

Fig. 8 shows XRD test results of the center, middle inside,
middle outside, and near-surface location along the billet cross-
section. A lower intensity with supplementary peaks at 20 = 44.5°
at the center sample and 20 = 82.2° at the middle outside are
identified to be characteristic of the AlsFeSi fine precipitates with
hexagonal structure. The XRD traces demonstrated that the
intensities of the AlsFeSi diffraction peaks varied with the tested
region across the section of the as-cast billet.
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Fig. 8. X-ray diffractograms of the alloy in a different location

along the cross-section of the billet.
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3.2. Mechanical properties of the as-cast billet

In this research, mechanical properties of the as-cast billet
were characterized by using tensile and hardness tests. Fig. 9a

shows the tensile strength and elongation of the as-cast billet
corresponding to the three locations across the section of the as-
cast billet.

=UItimate tensile strength (Mpa)
200 ezaYield strength (Mpa)
-e-Elongation (%)

165.8 166.7

Strength (MPa)
Elongation (%)

Center Middle Near Surface
a) Location along cross section of as-cast billet
180
—— Center
160 —— Middle j
— HNear surface
140 |
- 120+
[V
= 100 = 731
w § 624
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a 60 § 382
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0 ) ) ) L{I}L‘.Efﬂ'll abrq Emssl ser_',ti?n of xlas-r:aslt l:illetI )
000 002 004 006 008 010 012 014
b) Strain

Fig. 9. (a) Tensile test of direct chill cast billets on the various
positions along the cross-section of the billet diameter, (b) stress-
strain diagram, (c) tensile test samples after fracture

As can be seen, the near surface has the highest UTS of 171.2
MPa, while the center has the lowest tensile strength of 165.8
MPa. It is also seen that the UTS and YS increases slightly from
the center to near surface. Meanwhile, the elongation decreases
from the center to near surface. Fig. 9b shows the strain-stress
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diagram of the as-cast billet. This graph also illustrates the
reduction area of the tensile test samples using reduction area
formula as defined in Eq. 1

Percent reduction in area (%) = (A, — A)/A,x 100 )

where A, represents the cross sectional area of the specimens and
A represents the cross sectional area of the specimens when it
finally ruptures (or breaks). This result confirms that the ductility
decreases from the center to the near surface of the as-cast billet.
Fig. 9c shows the tensile test sample corresponding to the three
locations across the section of the billet.

The increasing trend in tensile test results can be attributed to
the fact that the grain size of the billet decreases from the center
to the near surface of as-cast billet [32] and it can be attributed to
the cooling rate at the near surface of the billet is higher than the
center which leads to the grain size being refined. The formation
of brittle phases and faceted large platelets of B-AlsFeSi Fe-rich
intermetallics as shown in Fig. 7, in particular, reduces the
ductility and ultimate tensile strength of cast products
significantly [9]. On the other hand, macrosegregation of the DC
casting billet has a detrimental influence on the mechanical
properties of the DC casting billet [14].

Hardness tests were performed on as-cast billets at the
bottom, middle, and top. Fig. 10 shows the average hardness on
the bottom, middle, and top of as cast billet. As shown in Fig. 2¢,
the position hardness test was carried out along the cross-section
of the billet radius. The average hardness value of the as-cast
billet in this research is 45 HB, which is slightly higher than the
hardness of the AA6063 as-cast billet prepared in works in Ref.
[33,34].

60

I Top billet
[ Middle billet
[ |Bottom billet

50

Average Brinell Hardness Number
(BHN)
w
o

Middle inside Middle outside Near surface

Center

Position relative to as-cast billet center
Fig. 10. The hardness along the cross-section of the as-cast billet

The near-surface has the highest average hardness value of 48.3
HB, whereas the center has the lowest. It can be seen that the
hardness at the center has the lowest of all of the locations.
Compared to the three locations of the billet, the top of the as-cast
billet has the lowest average hardness.

As can be seen from Fig. 10 the hardness increases from the

center to the near surface of the as-cast billet. This finding is also
in line with the previous work in Ref. [33]. The element
composition may be the main factor influencing material hardness
in the as-cast microstructure. High hardness values are mainly
obtained with small a-Al grain sizes and high densities of
submicroscopic -MgzSi precipitates [35]. Given that coarse
precipitation also affects the hardness values, although, to a lesser
extent, the particle density for the coarse portion should be
considered. The casting of aluminum alloys results in
inhomogeneous  alloying elements distribution in the
microstructure, this is also caused by the varied hardness of a long
billet cross-section. Therefore, homogenization treatment should
be carried out on an as-cast billet to achieve homogeneous
microstructure distribution. The technical literature reveals that
the hardness value of alloys is a function that depends on grain
size and the density and size of their precipitates.
Table 2. shows the comparison mechanical properties data of as-
cast aluminum billet formulated from aluminum scrap. In this
research, no primary aluminum was added to the melt during the
casting process.

Table 2.

The comparison on mechanical properties of as-cast billet
formulated from aluminum scrap in our works with several
previous works.

Recycled As-Cast Billet

AA6060 AA6060 AA6063 Our
formulat  formulate formulate works
ed from d from d from use
Mechanical aluminu  aluminum 85% 100%
properties mscrap  scrapand  aluminum  aluminu
[34] extruded  scrap with  m scrap
into 15%
aluminum  aluminum
bar [8] ingots
[33]
Average wa afztgroal\g/[ilr)lz o/a 167.92
UTS value 4h MPa
Average 45511};[\/
hardness 39 HV ~35 HB . 45 HB
value homqgenl
zation

3.3. Macrosegregation

Macrosegregation of Si and Mg is characterized using an
index AC (relative deviation), as defined in Eq. 1 in Ref. [19]:

AC = (C1 - Cave)/Cave (2)

where Ci represents the average of Si/Mg/Fe content at a test
position and Cave represents the average Si/Mg/Fe content of the
ingot. Positive macrosegregation is indicated by values more than
zero of this deviation, whereas negative macrosegregation is
indicated by values less than zero. Fig. 11 shows the distribution
of relative concentrations of Si, Mg, and Fe content along the
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cross-section of the billet. As can be seen in Fig. 11, the
distribution of Mg, Fe, and Si elements over the cross-section is
inhomogeneous. The segregation ratio of Si has negative close to
the billet surface and increases gradually to be positive
segregation at the middle and negative segregation again at the
center of the billet. The distribution of Mg content demonstrates
negative segregation along the cross section from surface to
center. Generally, Si and Fe tend to increase from the surface to
the billet center. The content of the Mg element is distributed
uniformly in small amounts along the cross-section of the as-cast
billet.

-0.05 r -0.955
—=— Si content (wt%)
0.104 - Fe content (wt%)
A h —H- Mg content (Wt% - -0.956
-0.10
- -0.957
0.054
| |
A n 1-0.15
'/ I -0.958
@ n — Em
0.00 4 ] [ ] 7]
(] _— ol
< r Y L020 QF 0950 Q
0.05 —" * 1 -0.960
| 5w 025
. - \I ~-0.961
/
" |}
-0.10 4 |
0-50 - -0.962

0 20 30 40 5 60 70 8 9 100
Distance along of the billet cross section (mm)
Fig. 11. Distribution of relative concentration Si, Mg, and Fe
content along the cross-section of the billet

Macrosegregation is an irreparable and common defect [36] in
billet prepared with DC castings. Macrosegregation is an
inhomogeneous distribution of alloying elements at the solidified
casting scale. This might result in non-uniform mechanical
properties that affect the behavior of the metal during subsequent
processing and decrease the quality of the final product.
Macrosegregation is generally caused by the effect of solute
redistribution during solidification, which is influenced by the
movement of the solid and liquid phases in the mushy zone and
the rejection of the solute by the solid phase [14]. Thermal
convection [31], the movement of the solid phase in the liquid and
slurry regions (which defines the distribution and volume fraction
of ‘floating’ grains) [14], and the horizontal component of
shrinkage-induced flow are the primary causes of centerline
segregation in conventional DC casting. In general, the effects of
floating grains and shrinkage-induced flow are major factors in
the segregation, resulting in negative centerline segregation of
ingots [31]. During the casting process, we were using a level
melt entrance, which means that the melt flow enters a hot top
from one side. This appears to cause some asymmetrical flows in
the liquid pool, which may have implications for
macrosegregation. This finding is also in line with Ref. [19].
Small particles of lower solute concentration separate from the
first solidified shell and settle towards the center, resulting in
macrosegregation. Due to gravity, the particles with a higher
density as a result of the lower Mg concentration settle and move
toward the base of the sump and finally, the negative
macrosegregation in the center of the billet can further contribute
to the decreased amount of eutectics. To improve the distribution

of elements in the billet alloy, it is strongly suggested that the
billet should be homogenized first.

4. Conclusions

The remelting of aluminum scrap into billets using direct chill
casting has been conducted. The conclusions are as follows:

1. The as-cast billet macrostructure has a coarse and non-
uniform grain structure, with coarse columnar grain at the
periphery that transforms into feathery grains at the middle
outside and coarse equiaxed grains at the billet center.

2. The microstructures of the as-cast billet obtained by DC
casting are mostly formed of aluminum dendrite cells (Al
matrix) and large plate-like f-AlFeSi intermetallic.

3.  The average grain size increases from the surface to the
center of the billet.

4.  The average hardness and ultimate tensile strength increase
from the center to the surface of the billet.

5. Si has negative macrosegregation towards the surface and
positive segregation at the middle and negative segregation
again at the center of the billet. Mg content demonstrates
negative segregation along the cross section from surface to
center. Fe content tends to increase from the surface to the
billet center.

Remelting aluminum scrap into billets using direct chill casting
can be very promising. This potential can reduce production costs
and environmental impact. However, based on the findings in this
research, the presence of the B-AlsFeSi intermetallic phase and the
macrosegregation element in as-cast billet are a problem which
needs to be handled since it has a detrimental effect on the
mechanical properties of the DC casting as-cast billet. Further
efforts should be made to improve the quality of as-cast aluminum
billet by utilizing aluminum scrap. Several works can be done
such as controlling the raw material scrap, standardizing the alloy
composition, refining the grain structure, and homogenizing the
recycled as-cast billet after the direct chill casting process.
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