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Phase fraction mapping in the as-cast
microstructure of extrudable 6xxx aluminum
alloys

The mapping of Mg2Si and b-AlFeSi phase fractions in the
as-cast microstructure of Al–Mg–Si–Fe–Mn (6xxx series)
alloys has been performed over the useful composition range
(0–1.2 mass%) of the principal alloying elements Mg and Si.
The calculations were based on the Scheil–Gulliver assump-
tion of infinite diffusion in the liquid and limited diffusion
in the solid state. The computed phase fractions were vali-
dated with experimental measurements of phase fractions.
The mapping procedure allows the control of intermetallic
phases in the as-cast microstructure, the minimization of the
b-AlFeSi phase in particular, which is a significant prerequi-
site in obtaining enhanced extrudability, combined with high
strength in this alloy series. Construction of maps for differ-
ent levels of Mn has shown that addition of Mn could allow
for higher alloying with Mg and Si, in order to obtain higher
amounts of Mg2Si, without at the same time increasing the
b-AlFeSi phase in the as-cast microstructure.

Keywords: Aluminum alloys; Computational thermody-
namics; Microsegregation; Alloy design

1. Introduction

In recent years there has emerged a growing need for the
development of high-strength Al-alloy extruded profiles of
complex shape for the needs of the transportation industry.
This means that high strength should be combined with
high extrudability in the 6xxx series alloys (Al–Mg–Si–
Fe–Mn). The usual route followed so far is through in-
creased alloying, for the formation of higher volume frac-
tions of the strengthening Mg2Si phase. At the same time
this leads to the formation of higher volume fractions of
Fe-bearing intermetallics, a-Al12(FeMn)3Si and b-Al5FeSi,
from now on called a-AlFeSi and b-AlFeSi respectively.
The a-AlFeSi has a cubic crystal structure and globular
morphology while the b-AlFeSi possesses a monoclinic
structure and a plate-like morphology, limiting the extrud-
ability of the as-cast billet by inducing local cracking and
surface defects in the extruded material [1]. To cope with
these effects, prolonged homogenization treatments (up to
12 h just below the solidus temperature) are employed, after
casting and prior to extrusion, in order to transform the b-
AlFeSi to a-AlFeSi, which has a much lesser impact on ex-
trudability, raising the production cost substantially. This
transformation has been investigated experimentally [2–7]

and by modeling [8, 9] and the effect of homogenization
temperature and time in several alloys of the 6xxx series
has been assessed. There has been less attention to the con-
trol of Fe-intermetallics in the as-cast microstructure, most
important being the effect of cooling rate [5, 10, 11] and
the dispersion of intermetallics in the microstructure [1,
12, 13]. However, a systematic methodology for the control
of the intermetallic phases in the as-cast microstructure
does not exist. In this work a methodology is presented,
based on computational alloy thermodynamics, for the cal-
culation of phase fractions of b-AlFeSi and Mg2Si, as a
function of the principal alloying elements in the 6xxx alloy
series. The computed fractions are validated against experi-
mental measurements of volume fractions in selected al-
loys. The fraction of Mg2Si and b-AlFeSi is then mapped
over the useful (up to 1.2 mass%) range in the Mg–Si com-
position space. These maps could be the first step towards
the design of alloy compositions for enhanced extrudabil-
ity-strength combinations.

2. Methodology

2.1. Computational method

All necessary thermodynamics calculations for the descrip-
tion of the Gibbs free energy of the various phases in the
system were performed with the Thermo-Calc software
[14], which is based on the CALPHAD approach [15]. For
the Al–Mg–Si–Fe–Mn system under consideration the
thermodynamic database for light non-ferrous alloys COST
507 [16] was used. This database was amended by recent
thermodynamic descriptions [17, 18] of the intermetallic
phases. The major phases in the Al–Mg–Si–Fe–Mn sys-
tem are the liquid phase, the fcc matrix phase (a-Al), the in-
termetallic phases Mg2Si, a-AlFeSi, b-AlFeSi, Al13Fe4 and
the Si-diamond phase. The Al13Fe4 phase transforms to b-
AlFeSi through a quasi-peritectic reaction L + Al13Fe4 =
b-AlFeSi + a-Al [19]. In addition, recent work [11, 20] has
verified experimentally that Al13Fe4 does not form in the
as-cast microstructure. Based on the above, it was decided
to exclude the Al13Fe4 phase from the calculations. Solidifi-
cation was assumed to take place under the condition of
limited diffusion in the solid and infinite diffusion in the
liquid (Scheil–Gulliver condition). This is a valid assump-
tion since the diffusion coefficients of the alloying elements
in the liquid phase are significantly larger than those in the
solid phase. Phase fractions were then calculated with the
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Scheil module of Thermo-Calc. It should be mentioned that
other computational methods, which take into account
macroscopic transport phenomena (melt flow and transport
of crystals) have been developed for ternary alloys [21,
22]. However these methods use locally linearized phase
diagrams and do not benefit, at the moment, from the avail-
able thermodynamic databases. After solidification the
alloy is cooled to room temperature. In order to confirm if
any further formation of b-AlFeSi phase takes place
through the transformation of a to b-AlFeSi during cooling
from the solidus temperature, a kinetic calculation using
the DICTRA software [23], with the most recent mobility
database, has been performed. Details of these calculations
are discussed in Section 3.3. The mapping of Mg2Si and b-
AlFeSi phase fractions is presented in Section 3.5.

2.2. Experimental procedure

In order to validate the results of the computations regard-
ing the formation of intermetallic phases during solidifica-
tion, three Al-alloy billets (6060, 6063 and 6082) were pre-
pared industrially with direct-chill casting (AoG, Greece).
The chemical composition of these alloys is listed in Ta-
ble 1. The diameter of the billet was 200 mm and the solidi-
fication rate was 2 mm s–1.
After solidification, the billets were sliced and specimens

for metallographic preparation were cut in the transverse di-
rection to the billet axis. Specimen preparation included
cutting and grinding with SiC papers rating 120, 320, 500,
800, 1000 and 2400 grit. Polishing was performed with
1 lm diamond paste followed by electro-polishing with
Barkers reagent consisting of 10 ml fluoroboric acid
(35%) and 200 ml water. The microstructure was revealed
after etching in Keller’s solution, consisting of 0.5% HF in
50 ml H2O in order to reveal the intermetallic phases. Me-
tallographic examination was carried out using an optical
microscope (Leitz Aristomet, Germany). In order to com-
pare the computed fractions of phases from the Scheil cal-
culations, a quantitative determination of volume fractions
was performed using image analysis methods, based on
point counting, using a 1000 grit on 10 sections according
to the ASTM E-562 standard [24]. The intermetallic phases
were first identified in the scanning electron microscope
(SEM) by determining their chemical composition by en-
ergy dispersive X-ray spectroscopy (EDS), (JEOL JSM-
6510, Japan).

3. Results and discussion

3.1. Equilibrium calculations

Equilibrium calculations are presented in this section,
which aim at identifying the major phases and their stability

limits in the alloys. For the 6060 alloy, the Si isopleth
section for composition 0.48Mg, 0.03Mn and 0.2Fe (in
mass%), is depicted in Fig. 1a. Similarly the Mg isopleth
for 0.4Si, 0.03Mn and 0.2Fe (in mass%) is depicted in
Fig. 1b. The Mg2Si phase is stable bellow 500

oC. The a-
AlFeSi phase is the first phase stabilized bellow the liqui-
dus temperature. The range of stability of a-AlFeSi extends
to lower temperatures depending on Mg content. In con-
trast, Si stabilizes the b-AlFeSi phase. Additionally, the iso-
pleths of Fig. 1 indicate that transformation of a to b-
AlFeSi takes place as the temperature drops below the soli-
dus. For this reason as mentioned above, a kinetic calcula-
tion, described in Section 3.3, has been performed in order
to determine the amount of b-AlFeSi phase, which forms
after solidification.
An isothermal section of the Al–Mg–Si–Fe–Mn sys-

tem at 300 oC, and for 0.2Fe-0.03Mn (mass%) is shown in
Fig. 2. In agreement with the above observations, Mg stabi-
lizes the a-AlFeSi phase up to 0.8 mass% Si and Si stabi-
lizes the b-AlFeSi phase, which forms even for low concen-
trations of Mg and Si.
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(a)

(b)

Fig. 1. (a) Si isopleth for 0.48Mg, 0.03Mn and 0.2 Fe (mass%) and (b)
Mg isopleth for 0.4Si, 0.03Mn and 0.2 Fe (L = liquid, F = fcc, a = a-
AlFeSi, b = b-AlFeSi, M = Mg2Si).

Table 1. Chemical composition of aluminum alloys in the pres-
ent study (in mass%).

Alloy Al Mg Si Fe Mn

6060 Balance 0.48 0.4 0.2 0.03
6063 Balance 0.51 0.55 0.2 0.03
6082 Balance 0.9 0.63 0.2 0.45
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3.2. Scheil microsegregation and phase fraction
calculations

A typical Scheil solidification path, for the 6082-alloy with
composition Al-0.9Mg-0.63Si-0.2Fe-0.45Mn (mass%) is
shown in Fig. 3 as temperature vs mass fraction solid. The
phase sequence during solidification is fcc?a-AlFeSi?b-
AlFeSi?Mg2Si?Si (diamond). The arrows depict the tem-
perature and the mass fraction of solid where each phase
starts to form. The liquidus temperature for this alloy was
calculated to be 652 8C and the solidus temperature is
550 8C.
The mole fraction of phases, formed during solidifica-

tion, was calculated as a function of temperature and is
shown in Fig. 4. Formation of a-AlFeSi starts at 622 8C
while further formation of a-AlFeSi stops, when the b-Al-
FeSi starts to form at 588 8C. The Mg2Si phase starts to
form at 585 oC and continues to grow simultaneously with
the b-AlFeSi phase until the quaternary eutectic tempera-
ture (554 8C) is reached and the remaining liquid transforms
to a mixture of fcc, b-AlFeSi, Mg2Si and Si.
The phase fractions in the as-cast microstructure are

4.14 · 10–3 a-AlFeSi, 7.16 · 10–4 b-AlFeSi, 5.32 · 10–3

Mg2Si and 9.18 · 10–4 Si-diamond. The above phases are
not distributed uniformly in the microstructure but segre-
gate to regions where the liquid solidifies last, i. e. close to
grain boundaries. This phase segregation is depicted in
Fig. 5a, which gives the mole fraction of all phases vs
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Fig. 2. Isothermal section of Al–Mg–Si with 0.2Fe-0.03Mn (mass%)
at 300 8C, (L = liquid, F = fcc, a = a-AlFeSi, b = b-AlFeSi, M =
Mg2Si).

Fig. 3. Scheil solidification path for 6082 alloy.

Fig. 4. Mole fraction of phases as a function of temperature during so-
lidification of 6082 alloy.

(a)

(b)

Fig. 5. (a) Microsegregation of phases and (b) microsegregation of al-
loying elements of 6082 alloy during solidification.
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fraction solid (fcc matrix is excluded). It is seen that the a-
AlFeSi phase forms above 85% solidification while all
other phases form above 95% solidification. This means
that the intermetallic phases form at the secondary dendrite
boundaries towards the end of solidification. Accordingly
the microsegregation of the alloying elements in the fcc ma-
trix follows a similar trend, i. e. increase towards the end of
solidification, as shown in Fig. 5b. The drop in the concen-
tration profile of Mg and Fe is attributed to the formation
of Mg2Si and iron intermetallics respectively.

3.3. Transformation of a to b-AlFeSi after solidification

The Scheil simulation described above defines the phase
fractions present in the microstructure at the end of solidifi-
cation. According to the isopleth sections in Fig. 1 transfor-
mation of a to b-AlFeSi takes place below the solidus tem-
perature during equilibrium cooling. However, taking into
account the high cooling rates of the solidified ingots, fol-
lowing the direct-chill casting operation, it should be evalu-
ated whether this transformation produces any appreciable
amount of b-AlFesi phase. A kinetic simulation using the
DICTRA computational kinetics software was performed
for the 6082 alloy. The geometric model used in a previous
work [7] was employed and is shown in Fig. 6. The calcula-
tion domain consists of two regions. The first region corre-
sponds to the fcc matrix phase while the a-AlFeSi is taken
as a dispersed spheroidal phase. The second region was at-
tached to the right of the first region and corresponds to
the b-AlFeSi phase. The width of the fcc region was taken
to be one half of the mean secondary dendrite arm spacing
(10 lm) and the width of the b-AlFeSi corresponded to the
mole fraction of the b-AlFeSi as calculated by the Scheil si-
mulation. For the composition of the 6082 alloy, the mole
fraction of b-AlFeSi corresponds to a width of the b-AlFeSi
region equal to 0.0111 lm. The temperature during the si-
mulation was considered to drop from 600 to 200 oC in 1 h
corresponding to a cooling rate of 0.11 K s–1. In order to
take into account the impeding effect of the dispersed a-
AlFeSi phase on the diffusivities of the elements in the fcc
matrix phase, a labyrinth factor [25], taken equal to the vol-
ume fraction of the a-AlFeSi phase [26] was employed. The
result of the simulation is given in Fig. 7, which shows the
position of fcc/b-AlFeSi interface as a function of simula-
tion (cooling) time. The final position of the interface at
9.99977 lm, to the left of the initial position (10 lm), cor-
responds to an increase of the volume fraction of b-AlFeSi

phase by 2.07% of the amount of b-AlFeSi formed during
solidification. This value is considered negligible and there-
fore the amount of the b-AlFeSi phase, used for the con-
struction of the maps in Section 3.5, was taken directly from
the Scheil simulations.

3.4. Experimental validation of the computed phase
fractions

The purpose of this section is to provide the necessary ex-
perimental data, regarding the fractions of phases, for the
validation of the computational methodology used in this
work. Due to the difficulties encountered when measuring
low volume fractions, the work was performed mainly on
alloy 6082, which because of the higher alloy content, pos-
sessed a higher volume fraction of intermetallic phases.
The following methodology was applied: first the phases
were identified using SEM combined with EDS analysis
and then a correspondence between SEM and optical mi-
croscopy was established in order to identify the phases in
optical micrographs. This methodology enabled the use of
a point counting method in order to determine the volume
fractions of phases, using a high number of metallographic
sections at the lowest magnification possible in order to
get the most representative microstructure.
The as-cast microstructure of 6082 is depicted in the

SEM micrograph Fig. 8. The EDS signal from areas 1 and
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Fig. 6. Geometric model for the simulation of
the a?b-AlFeSi transformation during cool-
ing of 6082 alloy.

Fig. 7. Position of fcc/b-AlFeSi interface with simulation (cooling)
time during cooling from 600 to 200 8C of 6082 alloy.
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2 consisted of Mg and Si indicating that this phase is Mg2Si.
The signal from area 3 consisted of Al, Fe, Si and Mn indi-
cating that it is the a-AlFeSi phase, which contains Mn.
The signal from area 4 consisted of Al, Fe and Si (without
Mn) and was identified as b-AlFeSi. In order to further ver-
ify the phase identification, the composition of the a-AlFe-
Si was determined quantitatively. It should be mentioned
that the interaction area of the EDS measurement per-
formed in this work was about 1 lm2 while the average size
of a-AlFeSi particles on which the EDS signal was taken
was 20–30 lm2. The results are listed in Table 2 and com-
pared with measured literature data [12, 27–29]. The mea-
sured composition of a-AlFeSi lies within the range re-
ported in the literature and, therefore, the phase can be
identified as a-AlFeSi.
The SEM phase identification was then correlated with

optical micrographs. The microstructure of the as-cast
6060, 6063 and 6082 aluminum alloys is depicted in
Fig. 9a–c respectively and consists of Al-rich solid solution
dendrites while the intermetallic phases are segregated at
the secondary dendrite arm boundaries. These phases are
identified as Mg2Si (black), a-AlFeSi (gray plate-like with
rounded edges) and b-AlFeSi (gray plate-like). These ob-
servations are also in very good qualitative agreement with
available metallographic observations in the literature [1,
12, 30].
The Scheil simulation on 6082 (Fig. 4) indicated that the

last liquid solidifies by a quaternary eutectic consisting of
fcc + b-AlFeSi + Mg2Si + Si. The amount of this quatern-
ary eutectic is small compared with the primary phases
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Fig. 8. SEMmicrograph of the as-cast microstructure of 6082 Al-alloy
indicating a-AlFeSi, b-AlFeSi and Mg2Si phases and position of EDS
signals.

Table 2. Chemical composition of a-AlFeSi phase (mass%).

Phase Si Fe Mn Reference

a-AlFeSi 8–12 11–13 14–20 [12]
10–12 10–15 15–20 [27]
5.5–6.5 5.1–27.9 14–24 [28]
5–7 10–13 19–23 [29]

6.3–11.5 7.4–14.3 5.5–9.8 This work

(a)

(b)

(c)

Fig. 9. Optical micrographs of as-cast microstructures of (a) 6060,
(b) 6063, (c) 6082 alloys.
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and forms when less than 10% liquid remains, in agreement
with Ref. [30]. This quaternary eutectic cluster can be seen
in Fig. 10.
Scheil calculations of phase fractions are compared with

experimental measurements in Table 3 for a-AlFeSi, Mg2Si
and quaternary eutectic (fcc + Mg2Si + b-AlFeSi + Si).
Taking into account the experimental error involved when
measuring low volume fractions, the agreement between
the Scheil simulation predictions and the experimental
measurements is considered satisfactory. Therefore com-
puted fractions from the Scheil simulations were used for
the phase fraction mapping of intermetallic phases in the
as-cast microstructure.

3.5. Mapping of intermetallic phases

Alloys 6060 and 6063 contain 0.03 mass% Mn while alloy
6082 contains 0.45 mass% Mn. Therefore, Scheil calcula-
tions for phase fraction mapping were conducted for these
two Mn levels. The mole fraction of b-AlFeSi and Mg2Si,
is depicted in the contour plots of fixed mole fractions in
Fig. 11a and b respectively as a function of Mg and Si con-
tent for the two Mn levels of 0.03 and 0.45 mass%. The
mole fraction of the b-AlFeSi phase decreases towards the
lower right corner of the contour plot, indicating that low
b-AlFeSi can be obtained at lower Si and higher Mg con-
tents. The 0.45% Mn iso-b lines lie above the respective
0.03% Mn iso-b lines, indicating that for fixed Mg content,
higher Mn allows the use of higher Si, without further in-
crease of b-AlFeSi (Si stabilizes b-AlFeSi). The spacing

between the iso-b lines for the two Mn levels increases to-
wards the upper left corner of the contour plot, indicating
that the effect of Mn (in reducing b-AlFeSi) becomes stron-
ger at higher Si and lower Mg contents. Regarding the
Mg2Si phase (Fig. 11b) it is clear that the mole fraction in-
creases towards the upper right corner of the contour plot,
indicating that an increase of both Mg and Si results in an
increase of Mg2Si, with Mg having a stronger effect. The
0.45% Mn iso-Mg2Si lines lie above the 0.03% Mn lines,
indicating that a higher Mg content is required to obtain
the same Mg2Si mole fraction in the microstructure.
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Fig. 10. The quaternary eutectic consisting of fcc + b-AlFeSi + Mg2-
Si + Si in the as-cast microstructure of 6082 alloy.

Table 3. Measured volume fractions of a-AlFeSi, Mg2Si and qua-
ternary eutectic compared with simulation predictions for the
6082 aluminum alloy.

Calculated
(·10–3)

Measured
(·10–3)

a-AlFeSi 4.14 4.2
Mg2Si 5.32 3.65

Quaternary eutectic 3.8 4.1

(a)

(b)

Fig. 11. Contour plots (maps) of fixed mole fractions of (a) b-AlFeSi
and (b) Mg2Si phases in the as-cast microstructure of Al-Mg-0.2Fe-
Mn alloys (full lines 0.03 Mn, dotted lines 0.45 Mn, mass%).
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Mapping of both the Mg2Si phase and the b-AlFeSi
phase across the Mg–Si space can be very useful for alloy
design purposes. Such maps are shown in Fig. 12a and b
for the two Mn levels of 0.03 and 0.45% Mn respectively.
The mole fractions of the b-AlFeSi phase range from
0.001 to 0.005 while those for the Mg2Si range from 0.002
to 0.009. The position of alloys 6060, 6063 and 6082 is also
indicated on the maps. All three alloys possess a low frac-
tion of b-AlFeSi indicating an excellent extrudability po-
tential. In addition, the 6082 alloy possesses a higher frac-
tion of Mg2Si indicating a higher strength potential
compared to 6060 and 6063. The Mg2Si is maximized to-

wards the upper right corner while the b-AlFeSi phase is
minimized towards the lower right corner of the maps. This
allows selection of optimum compositions for favorable as-
cast microstructures in terms of the two phases. The Mn ef-
fect can be summarized as the potential to move to higher
Mg and Si compositions in order to obtain higher amount
of Mg2Si without at the same time increasing the b-AlFeSi
phase in the as-cast microstructure.

4. Conclusions

From the results presented in this work, it can be deduced
that the variation of the mole fractions of the extrudability-
limiting b-AlFeSi phase and the strengthening Mg2Si phase
with alloying elements can be mapped over the useful range
(0–1.2 mass%) in the Mg–Si composition space. The con-
structed maps indicate that low mole fractions of b-AlFeSi
are associated with lower Si and higher Mg compositions.
On the other hand, high mole fractions of Mg2Si are asso-
ciated with both higher Si and Mg compositions, with Mg
possessing a stronger effect. Construction of maps for differ-
ent levels of Mn has shown that addition of Mn could allow
for higher alloying with Mg and Si, in order to obtain higher
amounts of Mg2Si, without at the same time increasing the
b-AlFeSi intermetallic phase in the as-cast microstructure.

This work has been performed in the framework of cooperation with
Aluminum of Greece (AoG). The authors are grateful to H. Kamoutsi,
G. Tsantidis and N. Tzumaka for their assistance in the preparation of
the plots.
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