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Abstract

The 6013-aluminum alloy is used in automotive applications due to its higher levels of mechanical strength. This
work aimed to characterize the microstructural and mechanical properties of this alloy obtained in various stages of industrial
processing. The alloy was subjected to homogenization, extrusion and solubilization, tempering, and artificial aging processes.
The microstructure was characterized by optical (OM), scanning electron (SEM), transmission electron microscopy (TEM),
and X-ray diffraction technique (XRD). In the as-cast condition, the present phases in the 6013-alloy were almost completely
precipitated at the o phase grain boundaries. Homogenization and solubilization during the extrusion process strongly reduced
the amount of these precipitates. The a-phase morphology showed a heterogeneous distribution along the thickness of the
extruded profile, with recrystallized grains close to the surface and many work-hardened grains inside. The aging heat treatment
significantly increased the extruded profile mechanical strength. In the analysis of the present phases, it was possible to
identify, in addition to the a-Al phase, the compounds precipitated in greater quantity, such as Mg Si, B-AlFeSi, and o-AlFeSi.
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1 Introduction

The transport industry is increasingly focused on
performance, efficiency, and reducing fuel consumption
and greenhouse gas emissions. To achieve these goals, a
continual search for materials to make vehicles lighter and
enhance component efficiency has been performed [1].
Aluminum alloys are gaining attraction due to their
lower density compared to steel, promising efficiency
improvements. High-strength aluminum alloys can maintain
vehicle safety while significantly reducing mass [2].
The 6XXX series alloys, with silicon and magnesium
as primary alloying elements, have been extensively
researched for their strength properties, offering potential
for automotive applications. Alloy modifications aim to
meet specific automotive requirements [3]. Research on
the precipitates effect on ductility and fracture behavior in
these alloys suggests that extrusion processes can mitigate
ductility issues caused by precipitates [4-6]. While some
alloys in the 6000 series exhibit reduced ductility with
increasing yield stress, the 6061-alloy stands out for its
combination of high strength and ductility, attributed to
smaller precipitate size. The 6013-aluminum alloy, with
more alloying elements, shows promise for automotive
use due to its higher mechanical strength levels [7].
Studies on the precipitation kinetics in aluminum alloys

have primarily focused on common 6XXX series alloys,
but there’s potential for broader application, including
the 6013-alloy. Bakare [8] mentions that the extrusion
process involves numerous conditions that impact profile
productivity, such as the complex thermomechanical
cycle, chemical reactions between hot aluminum and
tool steel equipment, and various process parameters.
A better understanding of the interaction between
billet preheating times and temperature, extrusion exit
speed, and aging kinetics can lead to improvements in
this process. Odoh [9] performed one research to help
understand the extrudability of some Al-Mg-Si alloys
as well as the effect of extrusion conditions on final
mechanical properties, performing both laboratory scale
and industrial extrusion trials as well as mechanical and
microstructural characterization of the extruded materials.
Bai at al characterized the microstructural and mechanical
properties of the 6013-alloy throughout its industrial
processing stages, from casting to aging, correlating
microstructure with mechanical properties [10].

The main objective of this work is to investigate the
microstructural evolution and tensile mechanical properties
of 6013 aluminum alloy at different stages of industrial
processing, including solidification, homogenization,
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extrusion, solution aging, and thermal aging. The study
aims to understand how each processing stage affects the
distribution and volume fraction of precipitated phases, as
well as the relationship between microstructural changes and
the mechanical performance of the material, particularly in
terms of tensile strength.

2 Materials and methods

The 6013-alloy billets produced from Direct Chill
(DC) casting were used for the present work. The alloy
melting occurred at around 735 °C in a vacuum or with an
inert atmosphere at an electric oven (Inductotherm Group,
Brazil). After adjusting the alloy chemical composition in
the preparation oven, the liquid metal was solidified into
cylindrical billets with a diameter of 178 mm and a length
of 6 meters at room temperature. The industrially cast billets
underwent homogenization, extrusion and solubilization,
tempering, and artificial aging treatment processes. An
Applied Research Laboratories (ARL) optical emission
spectrometer (OES), model 3460 was used to quantify the
material chemical elements. The already homogenized billets
were preheated for 4 hours at around 460 °C and then cut
into 500 mm billets to be hot deformed in the extrusion
process, in which the thickness was reduced to 3.2 mm.

The extrusion tool was heated for 4 to 6 hours in a
separate oven to enter the process, with an average temperature
0f 450 to 500 °C. The extruded profiles were cooled using
water and air spray to maintain the solubilization. After
solubilization, the extruded bars pass to the stretching
process with 0.3% strain to improve straightness along the
length, and through the cutting process. The samples were
taken after the stretching step to carry out tests and aging
heat treatments on a laboratory scale.

The billet homogenization was performed in a
muffle furnace (Fortelab, Brazil) model ML-1300/40 in
two different soaking stages, first at 500 and the second at
550 °C. After both soaking stages, the material was cooled
to room temperature in air. The emerging temperature
of 520 °C was established for profile solubilization.
To define the best parameters for the heat treatment of
artificial aging, some preliminary tests were carried out
on a laboratory scale in a muffle oven from the brand
Metaltrend. The best aging heat treatment was performed
by heating the extruded profile for 3 h to 180 °C, keeping
it at that temperature for 8 h so that the precipitation
reactions of compounds in the desired quantities and
sizes could occur. The artificial aging on an industrial
scale was carried out in an OMAYV brand gas oven with
two temperature control thermocouples and a ventilation
system to maintain temperature homogeneity.

The microstructure was characterized by optical
microscopy (OM) (Olympus, Confocal OLS-4100, Japan),
scanning electron microscopy (SEM) (JEOL, JSM 7100FTLYV,
USA) and transmission electron microscopy (TEM) (JEOL,
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JEM-2100, USA) techniques, and the X-ray diffraction
technique (XRD) (HIGAKU, Miniflex, Japan) aimed at
identifying and quantifying the existing constituents.

The metallographic examination for microstructural
characterization involved embedding the sample in bakelite,
followed by surface grinding using progressively abrasive
papers, advancing to 1200 grit. After grinding, the samples
were polished using a 1 pum diamond paste, and a 0.4 um
colloidal silica solution.

Energy Dispersive Spectroscopy (EDS) and Electron
Backscatter Diffraction (EBSD) resources were used In the
SEM analyses. The EDS analyses were performed to identify
and quantify the constituents present in the AISiMg(Cu) alloy
at the end of each stage of the industrial processing. The
larger constituents (greater than 500 nm) were examined at
the end of each of the 4 stages of the industrial processing
and scanning was performed in approximately 2120 sampling
fields, with a magnification of 2,000 X. While the smaller
ones (less than 500 nm) were only examined in the solubilized
and aged samples and a smaller number of fields, in 20, with
a magnification of 15,000 X.

EBSD analyses were performed to evaluate the grain
size distribution of the Al phase (solidified and homogenized
samples), to specify grain boundaries and sub-contours,
to evaluate the preferential texture (solubilized and aged
samples) and to differentiate and quantify the recrystallized,
recovered and hardened regions of the alloy (solubilized
and aged samples). The billet samples were examined in an
area corresponding to 1.19 x 0.893 mm while the extruded
profiles were analyzed throughout the entire thickness.

TEM analyses were performed to record and determine
the chemical elements present in the small constituents, with
a size of less than 100 nm, existing in the alloy through
EDS spot analyses.

XRD analysis was performed to identify and measure
the volumetric fraction of the constituents, serving as a basis for
comparison with the results of measurements obtained by EDS.

Vickers microhardness (Future-Tech Corp FM-700,
Japan) measurements were performed on samples. The tensile
tests were carried out at a deformation speed of 7.5 mm/
min in the EMIC equipment, model DL 10000, according
to the ASTM ES standard [11].

The tests were carried out on flat specimens of 100
mm in length taken from the solubilized and aged profiles.
The stress-strain curves of the profiles were obtained, and the
yield strength (YS), the tensile strength limit (TS), and the
elastic ratio were measured. The specimens for the tensile tests
were obtained from the flat surface of the extruded profile
and cut according to the standard ABNT NBR 7549 [12].

3 Results

The 6013-alloy chemical composition with the
specification according to the ISO 209 standard is shown in
Table 1. A higher content of the main elements (Si and Mg)
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is observed compared to the most common 6XXX series
alloys. The Fe contaminant element is present in a significant
percentage, which is not desirable for these alloys due to the
formation of intermetallics that act as embrittlers.

To prevent the instantaneous precipitates dissolution
in the grain boundaries (which causes billet fragility),
homogenization can be performed at a slow rate and two
temperature levels. After reaching the second level temperature,
soaking is performed again for 4 hours to ensure maximum
compound dissolution, solubilization, and redistribution
of the solute in the Al matrix. It is important to have good
temperature control so that it is not close to the solidus line,
with a high risk of melting the a phase, which can therefore
be adopted as a limit to carry out the alloy heat treatment
with maximum efficiency and safety.

During extrusion, part of the energy was introduced
into the material, and the rest was dissipated in heat. The
billets were sawn into small ones (500 mm in length) to
reduce the shear force of processes in which alloys that are

Table 1. The 6013-alloy chemical composition in % mass

more “loaded” with alloying elements are worked on. As
the friction force between the billet and the container wall
depends on the contact area between both, a decrease in the
billet length provides a considerable reduction in the friction
force. Therefore, a more significant portion of the extrusion
force can be used to overcome the shear [13].

The 6013-alloy microstructures at the different
stages can be seen in Figure 1. As the a phase exhibits a
low capacity to retain solutes, and because of the casting
process features it owns columnar grain growth from the
mold walls, there was a great tendency to reject the solutes
towards the solidification front, and consequently, the phases
existing in the 6013-alloy were almost entirely precipitated
in the a phase grain boundaries.

The second phase volumetric fraction in the as-cast
state was 2.22%. After the billet homogenization process, the
phases concentrated in the grain boundaries were dissolved,
and chemical elements resulting from this dissolution
were solubilized in the o phase, reducing the to 2.00%. In

Reference Si Fe Cu Mn Mg Cr Zn Ti
Standard 0.60-1.00 0.50 max. 0.60-1.10 0.20-0.80 0.80-1.20 0.10 max. 0.25 max. 0.10 max.
Sample 0.91 0.22 0.80 0.27 0.95 0.08 0.003 0.035

Figure 1. Optical microscopy (a, b, ¢, d) and SEM using EBSD (e, f, g, h) of the 6013-alloy microstructure of the billet after the completion of
solidification steps (a, ¢), homogenization (b, f) and profile after extrusion/solubilization (c, g) and aging (d, h).
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the homogenization step, many chemical elements were
solubilized into the Al matrix and, a greater number of
phases were precipitated in the matrix during cooling, with
precipitates having a smaller size and a more homogeneous
distribution in the billet, as shown in Figures 1b and If.
After the homogenization, the billet was reheated before
starting the extrusion. The heat generated by the frictional
forces during the extrusion process, increases formability
and promotes the redissolution of precipitates, causing the
solubilization of alloying elements into the a-phase matrix.
Due to this, there was a considerable decrease in the second
phase volumetric fraction concerning that verified in the
homogenized billet, presenting a measured value of 0.71%.
In the microstructure shown in Figures 1d and 1g, the phases
exhibited more refined and dispersed in the o matrix, with
less precipitation. The solubilized profile was then subjected
to the aging heat treatment. Although the images presented in
Figures 1d and 1h do not demonstrate significant alterations in
the microstructure, the EDS results indicated a marked phase
precipitation of 1.55%, more than doubling the volumetric

fraction about the solubilized profile. This increase in the
number of precipitated phases during aging was mainly due
to the Mg, Si phase precipitation. Figure 2 shows the volume
fractions results analyzed using EDS.

The 6013 alloy contains both Mg and Si, which
favors the formation of intermetallic compounds, such
as Mg,Si, due to the affinity of these elements to form
this compound. This compound is highly stable in these
aluminum alloys, because it is thermodynamically favored
over others during solidification and the aging process [14].
The predominant phases in 6013-alloy were Mg,Si, which
was already expected, and those made of Fe, including
Al Fe,Si and Al FeMn,. At the billet solidification end,
the EDS indicated that the precipitated phases were
practically Mg, Si, Al;Fe,Si,, and Al,Cu. The Si, Al FeMn,,
and AL Ti phases precipitated in small amounts compared
to the others. An increase in the Mg,Si phase amount
can be observed after homogenization. The Al,Cu and
Al Fe,Si, phases were partially dissolved, while there was
an increase in the Al _FeMn, phase volumetric fraction.

LI [ ] Solidified (as cast)
AlgMn 4 [ ]Homogenization
_ [ ] Extrusion / Solubilization
A|13CF4SI4 — I:I Aglng
CUMgSI T—=
Al,5Si,Mn,
Si -E
Al,sFeMn, _%
Al,Cu _%
AIgFGZSiZ :'_I|
]
Mg,Si =2 j .
Total : : l .
' I ! | I ! 1 4 1
0.0 05 1.0 15 2.0 2.5

Volumetric fraction (%)

Figure 2. Graph of the precipitated phases volumetric fraction in 6013-alloy along the billet processing steps estimated by EDS: after solidification,

homogenization, extrusion and solubilization, and aging.
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Homogenization caused the AICuMgSi phase precipitation,
providing kinetic conditions for the reaction occurrence.
On the other hand, metallic Si practically did not have its
volumetric fraction modified. The phases precipitation was
delayed after the extruded and solubilized profile cooling
step. In consequence, only the most stable phases, with
favored kinetics of the 6013-alloy was found. In the last
processing step, aging enhanced the Mg,Si precipitation.
The other phases had only a small change in their amounts
concerning the solubilized profile.

The XRD results were very close to those found
by EDS and can be seen in Figure 3. It is important to
notice that there is a difference between the a-AlFeSi
(ALFFe,Si) and B-AlFeSi (Al .FeSi) phases presented in
the XRD results. The B phase is known for its monoclinic
or orthorhombic crystalline structure and morphology in
the shape of needles or plates. On the other hand, the o
phase presents a hexagonal crystalline structure and a more
globular morphology [15]. However, both phases are harsh
and incoherent with the o matrix. The fact that these hard
phases do not accompany the matrix plastic deformation
causes cracks to be nucleated at the interphase interface,
reducing the ductility and, eventually, the alloy strength

limit. Although they contribute to the alloy hardening
alloy, their presence is considered, in general, undesirable
because it impairs the plastic deformation capacity of
aluminum alloys, a characteristic required for possible
applications in car body components that require extensive
plastic deformation.

The B phase, due to its needle-shaped morphology,
exhibits greater potential to harm the mechanical properties
of the alloy in relation to the o phase, which has a more
globular morphology.

When examining the solidified billet diffractogram,
the presence was evident that the B-AlFeSi phase, as shown
in Figure 3a. Considering that during solidification there
was many chemical elements segregated in the solidification
front of the a phase and that the cooling speed of the
solidified billet was relatively slow, it is reasonable to
consider that the B phase is a more stable condition of the
AlFeSi compound in relation to the o phase. The EBSD
images of the microstructure shown in Figure 1 show
brightly contrasting constituents in the 6013-alloy. Spot
EDS analyses indicated the existence of Fe, Mn, and Si in
these constituents. Figure 4 shows the presence of these
elements in the solidified billet microstructure.
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Figure 3. X-ray diffractograms of 6013-alloy at the end of each stage of industrial processing, of the billet after the solidification (a) and
homogenization (b) stages, and of the profiles after extrusion and solubilization (c) and after aging (d).
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Compared with the diffractogram of the billet after
homogenization, the same phases were verified. Compared
with the solidified billet, the B-AlFeSi phase was no longer
observed and, in its place, precipitation of the a-AlFeSi
phase occurred. Homogenization caused the precipitation
of the AlICuMgSi phase, which was not observed in the
solidified billet. The hypothesis is that, with the billet
heating, there was the complete dissolution of Al,Cu
and almost all the Mg Si. With a large amount of Mg,
Cu, and Si available in o phase, the cooling of the billet
may have caused a delay in the Al,Cu and Mg,Si phases
precipitation, favoring the AICuMgSi phase precipitation
during cooling. Based on the diffractograms presented
in Figures 3c and 3d, it can be observed that the billet
cooling possibly suppressed the Al,Cu and Al Ti phases
formation. And that there was a progressive transition from
the a-AlFeSi phase to the AlFeMnSi phase, less harmful to
the alloy mechanical properties, as previously reported by
Jietal. [15]. Therefore, it can be concluded that the clear
contrast phases in the microstructure of the solubilized
and aged profiles correspond, for the most part, to the
AlFeMnSi phase, as seen in Figure 1g and 1h. The EDS
results regarding the Si phase confirmed the presence of

U TSP JERURRUE LU RPN [ LR R LR LU R v

this phase in the alloy in all stages of industrial processing.
Therefore, considering adjusting the chemical composition
it might be important so that this excess Si is incorporated
into the phases that contain Si in their constitution, such
as Mg Si, enhancing the product mechanical properties.
Figure 5 shows the 6013-alloy microstructures with phase
identification in color scale, obtained by EDS, aiming to
facilitate the phase distribution visualization at the end of
each processing step.

In Figure 6 can be seen the solidified and homogenized
billets microstructures whose were obtained via EBSD. The
high-angle grain boundaries are represented in black, and
the low-angle grain boundaries in red in Figures 6b and 6e.
In both cases, the microstructures were homogeneous, with
grains with an aspect ratio of around 1 and free of work
hardening. The grain diameter distribution is shown in
Figures 6¢ and 6f.

The large number of existing grains up to 40 um
was due to considering, in the statistics, the high-angle
grain boundaries of the interphase interfaces inside the
grains in Figure 6, which justifies the high dispersion when
measuring the average diameter. In general, homogenization
did not modify the average a-Al phase grain diameter,

|

adjusted spectrum

Wt% c

i (b)

Figure 4. (a) Image by SEM of the 6013-alloy from the solidified billet and (b) EDS spectrum representing the light contrast constituents

indicated by the arrow.

; 500 um

- _500pm

AlFeMn

Al2Cu CuMgsial
Mg2Si

Mixed phases]

AlFeMnSi

_S00pm 500 um

Figure 5. Images obtained by EDS in the SEM of the 6013-alloy microstructure in the conditions: (a) as cast, after (b) homogenization, (c)
extrusion / solubilization and (d) aging. Note: The Si phase is identified as Al-Si.
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with measurements around 91 um. However, the number
of interfaces created during homogenization, including the
low and high-angle ones, was considerably higher due to
the change in the precipitation location towards the interior
of the o phase, as shown in Figures 6b and 6e.

Although the appearance of the grains showed the
same formation pattern between the solubilized and aged
profiles, this was quite different from that formed in the
billets. The billet was reheated to 460 °C after homogenization
so the extrusion could be carried out. The profile was
quickly cooled to room temperature after the immersion
in the extrusion die at 520 °C. During extrusion, a severe
plastic deformation occurred by shear mode near the billet
surface, where many slip systems were activated, and this

@ e

mode was reduced towards the profile thickness center. The
profile microstructure resulting from this extrusion process
was quite heterogeneous, with a mixture of recrystallized,
recovered, and hardened regions, which is characteristic
of the process itself, as shown in Figure 7.

Figure 7a shows four distinct regions of the extruded
and solubilized profile microstructure. Recrystallized and
very refined grains were observed in the subsurface region,
up to a depth of around 50 pum from the surface. Adjacent
to this region to a depth of approximately 100 pum, the
grains are also recrystallized, but slightly larger than those
immediately below the surface. Between 100 um and
approximately 800 um in depth, there is a third region with
larger, recrystallized grains with a high aspect ratio.
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Figure 6. Images obtained by SEM using EBSD of the as cast (a, b) and homogenized (d, ) billet and the distribution of the a-phase grain

diameter in 6013-alloy in (c) as cast and (f) homogenized condition.
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Figure 7. Images obtained on SEM using EBSD with the indication of crystallographic orientation of (a) solubilized profile and (b) aged profile.
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There is a mixture of hardened, recovered, and
recrystallized grains in the most central region inside the
profiles. The grain growth on the surface was possibly limited
due to the surface being the first cooling site in the cooling step.

The microstructure appearance in the profiles thickness
center indicated many elongated grains in the billet extrusion
direction. The quantification results of recrystallized grains
indicated that about 85% of the microstructure in this region still
consists of hardened grains and only a small fraction of grains
(around 9%) consisted of recrystallized grains. The results of
this quantification are shown in Figure 8. The short time after
the extrusion that the profile remained at high temperatures
until cooling could explain why that recrystallization was not
completed in the entire solubilized profile. Furthermore, the
solubilized profile reheating at 180 °C for 8 h did not change
the a phase grains morphology, keeping hardened, recovered,
and recrystallized grain fractions unchanged.

The mechanical properties in terms of tension and
hardness of the solubilized and aged 6013- alloy profiles are
presented in Table 2. In general, the mechanical properties
results showed low dispersion. The elastic ratio remained at
around 0.56, indicating that the solubilized profile exhibits good
strain-hardening capacity. After aging, there was a pronounced
increase in the profile mechanical strength, both the yield
strength (Y'S) and the tensile strength (TS) were increased. The
elastic ratio was around 0.90, indicating a less strain-hardening
capacity compared to the solubilized profile. As expected, the
hardness values (HV) are consistent with the tensile tests results.

The size particle distribution after aging, and after
extrusion and solubilization is shown in Figure 9. Examining
the size distribution of phases smaller than 30 nm, in a
sampling of 150 particles identified in the TEM, it was found
that the profile after the aging heat treatment showed a greater
number of phases with a size smaller than 6 nm, as shown in
Figure 9a. In the solubilized profile, phases smaller than 6 nm
were precipitated in smaller amounts, as shown in Figure 9b.

EDS analyses carried out on the smaller precipitates
indicated the existence of Al, Cu, Mg, and Si, indicating the
occurrence of precipitation of compounds such as AlCu,
Mg,Si, and the compound Al,Cu,MgSi., that is known
as the Q-phase in the solubilized profile, as shown in
Figures 10a and 10b. The Q-phase forms a thermodynamically
stable precipitate formed during aging in the quaternary
Al-Cu-Mg-Si system and has been widely used for
strengthening in an Al matrix [16]. After aging, these same
elements were identified in clusters of precipitates along
low-angle grain boundaries and disagreements, as shown in
Figure 10c and 10d. This precipitation occurred on a larger
scale in the aging process and can be proven through the
results of the measurement of the volumetric fraction of the
constituents, which indicated an increase in the volumetric
fraction of Mg Si and Al,Cu. When examining the tensile
specimens fracture surface removed from the aged profile,
it was possible to observe many phases containing Fe
associated with the shear microcavities, shown in Figure 11.

Percentage of grains (%)

m After solubilization

80 )
M After aging
60
40

20

Hardened

Recovered

(c)

Recrystallized

Figure 8. Images obtained by SEM using EBSD at the thickness center of the profiles, indicating the hardened (red), recovered (yellow), and
recrystallized (blue) regions of the extruded and solubilized profile (a) and the aged profile (b). And (c) the fraction of hardened, recovered, and

recrystallized grains in the solubilized and aged profiles.

Table 2. Tensile mechanical properties and hardness of the solubilized and the aged profile of 6013 alloy

Specimen Condition YS (MPa) TS (MPa) YS/TS HV
1 184 335 0.55
2 Solubilized 194 337 0.58
3 187 332 0.56
Average 188 £4 335+£3 0.56 8942
1 353 391 0.90
Aged 351 389 0.90
3 353 390 0.91
Average 352+ 1 390+ 1 0.90 118+ 1

Tecnol Metal Mater Min., Sdo Paulo, 2025;22:¢3108

8/11



Processing, microstructural, and mechanical characterization of extruded 6013 aluminum alloy

100 100
T4
| (a) @6 | %] (b) =
80 80
70 70
60 60
)
£ 5 o 50
Q Q
9 %)
D 40 404
30 30
204 20
104 10
0 = ' — : 0 ——————t——F T = -
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 3( 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Equivalent diameter (nm) Equivalent diameter (nm)

Figure 9. The size particle distribution smaller than 30 nm in profiles (a) after aging and (b) after extrusion and solubilization.

Al
Cu
o
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Figure 10. TEM images of precipitates with Al, Cu, Mg, and Si content with respective EDS spectra, in the solubilized profile (a) agglomerated
phases and (b) selected precipitate and in the aged profile, (c) agglomerated phases and (d) selected precipitate (regions identified by arrows).
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Figure 11. SEM image of (a) the fracture surface of an aged profile tensile specimen with respective EDS spectra (b) indicating the presence
of elements Al, Fe, Mn, and Si in the precipitates identified in the existing shear microcavities (regions indicated by arrows).
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4 Conclusions

The microstructural characterization and tensile
mechanical properties of 6013 aluminum alloy at various
stages of industrial processing reveal the following: At
the end of solidification, the material exhibits a coarse
microstructure with precipitated phases primarily at the
grain boundaries, comprising 2.2% of the total volumetric
fraction, including Mg Si, B-AlFeSi, AL,Cu, and Si. After
the homogenization heat treatment, the o phase morphology
remains unchanged, but the distribution of the phases and
volumetric fraction are altered, yielding a-AlFeSi, Q-phase,
Mg Si, Al Cu, and Si more homogeneously distributed and
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