
Philosophical Magazine

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/tphm20

Solute micro-segregation profile and associated
precipitation in cast Al-Mg-Si alloy

Artenis Bendo, Jonathan Fellowes, Matthew Smith, Masoud Moshtaghi,
Zelong Jin, Kenji Matsuda, Zhongyun Fan & Xiaorong Zhou

To cite this article: Artenis Bendo, Jonathan Fellowes, Matthew Smith, Masoud Moshtaghi,
Zelong Jin, Kenji Matsuda, Zhongyun Fan & Xiaorong Zhou (2024) Solute micro-segregation
profile and associated precipitation in cast Al-Mg-Si alloy, Philosophical Magazine, 104:19-20,
801-827, DOI: 10.1080/14786435.2024.2336012

To link to this article:  https://doi.org/10.1080/14786435.2024.2336012

© 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

View supplementary material 

Published online: 05 May 2024.

Submit your article to this journal 

Article views: 681

View related articles 

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tphm20

https://www.tandfonline.com/journals/tphm20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14786435.2024.2336012
https://doi.org/10.1080/14786435.2024.2336012
https://www.tandfonline.com/doi/suppl/10.1080/14786435.2024.2336012
https://www.tandfonline.com/doi/suppl/10.1080/14786435.2024.2336012
https://www.tandfonline.com/action/authorSubmission?journalCode=tphm20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tphm20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/14786435.2024.2336012?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/14786435.2024.2336012?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/14786435.2024.2336012&domain=pdf&date_stamp=05%20May%202024
http://crossmark.crossref.org/dialog/?doi=10.1080/14786435.2024.2336012&domain=pdf&date_stamp=05%20May%202024
https://www.tandfonline.com/action/journalInformation?journalCode=tphm20


Solute micro-segregation profile and associated
precipitation in cast Al-Mg-Si alloy
Artenis Bendoa, Jonathan Fellowesb, Matthew Smitha, Masoud Moshtaghic,
Zelong Jina, Kenji Matsudad, Zhongyun Fane and Xiaorong Zhoua

aDepartment of Materials, The University of Manchester, Manchester, UK; bDepartment of Earth and
Environmental Sciences, The University of Manchester, Manchester, UK; cLaboratory of Steel
Structures, LUT University, Lappeenranta, Finland; dGraduate School of Science and Engineering,
University of Toyama, Toyama, Japan; eBrunel Centre for Advanced Solidification Technology, Brunel
University London, Uxbridge, UK

ABSTRACT
The micro-segregation in the as-cast AA6082 aluminium alloy
were investigated across a range of length scales using a
combination of analytical electron microscopes. It is found
that the micro-segregation bands form an inter-connected
network following grain boundaries and inter-dendritic
channels. The micro-segregation can be divided into major
micro-segregation and minor micro-segregation; the former
is mainly on the grain boundaries consisting of iron-bearing
intermetallic; the latter occurs both, along the grain
boundaries and inter-dendritic channels, consisting mainly of
Mg and Si alloying elements. The atomic-scale imaging
reveals that in the minor-segregation bands, the
supersaturated solute concertation has formed precipitates
that had either nucleated heterogeneously on the
dislocation network or homogeneously inside the aluminium
matrix. The heterogeneously nucleated precipitates in the
dislocation lines are composed of a mixture of phases down
the precipitation sequence meanwhile, the homogenously
grown ones are discrete phases that appear at the early
stages of the precipitation sequence.
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Introduction

The solute segregation is a common phenomenon during the solidification of
aluminium alloys. It occurs due to non-equilibrium conditions caused by the
fast-cooling rates [1]. The advancing front of the solid/liquid interface will
create a continuous solute build-up in the melt [2]. Partition coefficient of
elements determines whether they will enrich in the solid or liquid phase
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during solidification. For solute elements such as Si, Mg, Cu, Zn, Fe and so on,
the partition coefficient is less than 1, which means that the solute elements will
enrich in liquid phase while the solid phase will become depleted [1]. For Ti and
Cr, the partition coefficient is more than 1, which means they will enrich in
the solid phase and deplete the liquid one [1].

Depending on the length-scale over which it occurs, segregation can be
macro if the distribution occurs at the billet size length-scale and micro if it
occurs at µm length-scale [3,4]. Previous reports on macro-segregation in the
cast Al-Mg-Si alloys suggest a depletion of Mg and Si at the centre and enrich-
ment near the surface areas of the billet [5]. This is known as negative centreline
segregation, and it is caused because Mg and Si have partition coefficient less
than 1 [5]. It is reported that the centreline segregations depend on the
cooling rate, grain refining additions, chemical composition and so on [1,2,5,6].

In addition to macro-segregation, the micro-segregation also occurs at the
level of α-Al dendrites and α-Al grains. The established argument on micro-
segregation is that the coarse-dendrites are solute-depleted, meanwhile the
fine-cell dendrites are solute-rich or close to the overall composition of the
cast [1]. Studies show that the segregation of alloying elements such as Mg
and Si increases towards the dendritic arm boundaries and grain boundaries,
in accordance with their partition coefficient [7–9].

Previous work suggested the presence of metastable βʹ and stable β phases, in
addition to the Fe-rich intermetallic within the micro-segregated regions in Al-
Mg-Si alloys [6–8,10,11]. However, questions about the concentration gradient
and atomic-scale structure of the micro-segregation bands remain unanswered.
The Al-Mg-Si alloys are increasingly used for manufacturing of vehicle parts
[12]. The AA6082 aluminium alloy achieves one of the best mechanical per-
formances if carried out through the conventional down-stream thermomech-
anical treatment [13]. However, the industry encourages employment of the
parts directly produced in their as-cast conditions, due to cut-down of manu-
facturing costs related to the down-stream thermomechanical processes. The
precipitation of the strengthening phases in wrought Al-Mg-Si alloys requires
Mg and Si solute elements, which concentrations are significantly influenced
by the micro-segregation profiles. Thus, a thorough understanding of the struc-
ture of segregation bands becomes important.

This work provides proofs upon which the micro-segregation is divided into
the major and minor. The focus of this work is on the microstructure of the
minor micro-segregation bands. The distribution patterns, concentration
gradients, and the nano-structures of the minor micro-segregation bands and
their relation to the major micro-segregation bands is clarified in this work.
To note is that the minor and major micro-segregation is a relative terminology
used intentionally for this work to clearly describe the variations within the
micro-segregation bands. Therefore, the terms should be considered inside
the framework provided here. The elemental maps at micro and sub-micro
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length scales are obtained from the as-cast AA6082 aluminium alloy samples
produced via three different casting processes. The atomically resolved
imaging is used to characterise the fine details of atomic structures of phases
present within the minor micro-segregated bands.

Experimental

The cast AA6082 aluminium alloys were prepared at Brunel Centre for
Advanced Solidification Technology (BCAST) using conventional direct chill
casting (DC), direct chill casting with the addition of Ti and B as grain
refiners (DCGR) [14–16] and direct chill casting with melt conditioning
(DCMC). The DCMC cast is prepared using the high shear melt conditioning
(HSMC), otherwise named intensive shear melting or melt conditioning by
advanced shearing technology (MCAST) which are reported elsewhere [17–21].

For the DC and DCGR, the cast was carried out in a mould with diameter of
153 mm and a 150 mm/min withdrawal speed of the shell from the bottom of the
mould. The water flow for cooling was 3 L/sec. For melt conditioning by the
advanced intensive shear melting technology (MCAST), the speed of the twin-
screw rotor was 2000 rotation per minute (rpm). The samples for investigation
were cut at the half-altitude bottom to top and half-radius in the as-cast billets.

The overall chemical compositions of the samples were determined using a
Thermo Scientific ARL iSpark optical spark emission spectroscopy (SES) and
results are shown in the Table 1. The acquisition electronics and treatment
algorithms are integrated into the instrument and are controlled by the soft-
ware. The tests were done according to the ASTM E415 standard.

The samples for scanning electron microscopy (SEM) were prepared using the
standard procedure of mechanical polishing with silicon carbide (SiC) paper,
then with colloidal silica (OPS) and at the end with polishing cloth. The backscat-
tered electron imaging (BSE) and energy dispersive X-ray spectroscopy (EDS)
were carried out in three scanning electron microscopes (SEM), a FEI Quanta
250 field emission gun (FEG), a FEI Quanta 650 FEG and a Tescan Mirai3LC
FEG, all operated at 15 kV acceleration, aperture size 50 µm and spot size 6.

The electron probe micro-analysis (EPMA) was carried out in a JEOL JXA-
8530F, equipped with Field Emission Gun (FEG), four SP detectors, low range
soft X-Ray emission spectrometer (SXES) and EDS. The operation was carried
out at 10 kV acceleration voltage, 10 and 100 nA emission current, 50 ms dwell-
ing time and step size of 0.16, 0.2 and 0.5 micron/pixel. The detection limit
depending on the sample preparation quality and elements for analysis, can
go down to around 10 parts per million (ppm).

For transmission electron microscopy (TEM) investigation, disks were
punched out from ∼70 μm thick foils and electropolished in a twin-jet polish-
ing machine using a mixed solution of 1/3 nitric acid (HNO3) and 2/3 methanol
(CH3OH) kept at a temperature range between −20°C and −30°C. The twinjet
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Table 1. The compositions (wt. %) and standard deviation (SD) of the as-cast AA6082 Al alloy prepared via direct chill (DC), direct chill casting using melt
conditioning (DCMC) and direct chill casting with grain refinement addition Al-5Ti-1B (DCGR).

Al Si Mg Mn Fe Cu Cr Ti V B Hf Ni, Ga, Zn, Ca, Pb, Sr, V, Hg, Y

DC wt. % 97.3 1.02 0.752 0.489 0.197 0.067 0.063 0.012 0.01 – 0.016 0.024
SD 0.015 0.003 0.007 0.001 0.002 – – – – – 0.02 0.001

DCMC wt. % 97.3 1.08 0.689 0.474 0.187 0.07 0.077 0.027 0.01 – 0.013 0.013
SD 0.019 0.017 0.003 0.001 0.001 – – 0.001 – – 0.001 0.001

DCGR wt. % 97.4 1.02 0.684 0.478 0.181 0.074 0.067 0.036 0.01 0.002 0.018 0.015
SD 0.018 0.003 0.007 0.003 0.006 – – 0.001 – – 0.001 0.02

804
A

.BEN
D

O
ET

A
L.



electropolished TEM disks were surface cleaned and further thinned using
Gatan Precision Ion Polishing System II (PIPS II) with beam energy 4–
0.5 kV and an incident angle of ±3°.

Three transmission electron microscopes (TEM) were employed, a FEI Tecnai
TF30 Field Emission Gun (FEG) operated at 300 kV, a FEI Talos F200 X-Field
Emission Gun (X-FEG) scanning transmission electron microscopes (STEM)
operated at 200 kV which was equipped with four Super-X energy dispersive
X-ray spectroscopy (EDS) detectors optimised for maximising the EDS signal
gathering and a FEI Titan G2 80–200 aberration-corrected scanning transmission
electron microscope (STEM) operated at 200 kV with a probe current of 1 nA, a
semi-convergence angle of 25 mrad and an inner collection angle of 54 mrad,
considered optimal for atomic-scale resolution high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) imaging.

Results and discussion

The samples obtained from the region of interest, which is at half-altitude
bottom to top and half-radius in the as-cast billets, are analysed via spark emis-
sion spectroscopy (SES). All samples contain two main solute elements, Si and
Mg, which serve for the precipitation process and Fe and Mn elements respon-
sible for Fe-rich intermetallic formation (Table 1). The B element is only
detected in the grain refined (DCGR) cast. Moreover, the Ti is in highest con-
centration in the DCGR cast. The excess Ti in DCGR cast is required for
forming Al3Ti layer which wraps the TiB2 particle [15]. The Al3Ti layer is con-
sidered more effective for heterogeneous nucleation of Al grain than TiB2 alone,
due to better coherency with the Al matrix [15,16].

Major micro-segregation

The major segregation is associated with the formation of coarse features
which can be readily observed using SEM. Figure 1 shows the back-scattered

Figure 1. The back-scattered electron SEM images of the microstructure of AA6082 Al alloy in
the as-cast DC, DCGR and DCMC conditions. The precipitation of the plate, Chinese script, string
and circular shaped features has taken place.

PHILOSOPHICAL MAGAZINE 805



electron images of three casting conditions. The coarse features (tens of µm)
are classified based on their morphology, image contrast and composition.
Three distinct features are observed. The white-contrast intermetallics of
plate and Chinese-script shapes are distributed mainly along the Al grain
boundaries, intruding often into the Al grain interiors. The grey-contrast cir-
cular-shaped features seem to be distributed independently inside the Al
grains and the black-contrast features of string-shaped morphologies are dis-
tributed along the Al grain boundaries and often in contact with white-con-
trast features.

The elemental maps of all observed features are shown in the Figure 2. The
white contrast features of plate and Chinese-script morphologies contain
mainly Si, Fe and Mn. The Fe and Mn elemental maps overlap almost perfectly.
The Mn was present in every phase regardless of their shapes, be it platelet or
Chinese script. The circular-shaped ones indicated in the DC condition of
Figure 2 are strongly enriched in Si and Mg. Meanwhile, the dark-contrast fea-
tures are significantly enriched in O, and less in Si and Mg. The pinpoint com-
positional analysis is carried out in each feature. The results are shown in
the Figure 1 in the Appendix.

Figure 2. The back-scattered electron images of three casting conditions and the correspond-
ing elemental maps. The labellings show the main element composition of the indicated
phases.
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Based on the morphology, contrast in the electron backscattered images,
elemental mappings and pinpoint compositional analysis, the microstructure
in the micrometer scale is mainly formed from the alpha-phase iron-rich inter-
metallic, which are the white-contrast of plate-shaped and Chinese-script mor-
phologies, the Si-rich phase which are the circular-shaped grey-contrast
features and the Al oxide particles which are the black-contrast features. The
alpha-phase and Al oxide particles are mainly distributed along the grain
boundaries, in contact to each-other, meanwhile, the Si-rich phases are inde-
pendently found trapped inside the Al grains.

The solidification during casting normally occurs under non-equilibrium
conditions. Having not enough time for solute diffusion, segregation of Fe
and other solute elements occurs between the Al dendrites and eventually
between the Al grains, at the end of solidification [22]. The solute-enriched
areas with the presence of Fe, form intermetallic compounds rich in
Fe (Fe-IMCs) [23]. Two main iron-rich intermetallic are the alpha-phase
Al15(FeMn)3Si2 and beta-phase Al5FeSi, reported as having cross-sections of
Chinese-script and needle morphologies, respectively [24]. The alpha-phase
has been reported with many different morphologies such as petal, comb and
dendritic-like [25]. Serial sectioning of samples and three-dimensional recon-
struction based on the arbitrarily selected range of grey-scale intensity of
SEM images can be used to discriminate different phases [26]. Serial sectioning
revealed that alpha and beta phases are dendritic and plate-like shaped in three-
dimensions [27]. Furthermore, the dendritic-arms of the alpha-phase are
indeed diverging from a blocky polyhedral morphology [26–28]. The same
morphology was also confirmed using phase mapping via electron backscat-
tered diffraction [29].

The thermodynamic calculations for the alloy composition investigated in
this work are carried out using Scheil solidification and the results are
shown in the Figure 2 in the Appendix. The Scheil solidification assumes no
diffusion in the solid and infinite diffusion in the liquid which is akin to fast
cooling rate conditions [4]. It predicts that the Al grains nucleate as primary
phase, followed by the nucleation of the alpha-phase. The Fe has limited solu-
bility in Al, and it will segregate at the solid–liquid interface of the solidification
front of the dendritic Al arms, which will result in the formation of the alpha-
phase via a eutectic reaction: enriched solute liquid → Al + α-Al15(FeMn)3Si2. It
will either grow separately or in an intercoupled way with the moving Al soli-
dification front. When the solidified fraction increases beyond approximately
90%, the formation of the beta-phase will take place. The formation of the
beta-phase will be favoured because of the lack of Mn which had been
already used in the formation of the alpha-phases. Upon complete solidifica-
tion, the precipitation of the Mg2Si and Si will take place. The thermodynamic
calculation fits well with the SEM experimental results which show that most
iron-rich intermetallic are of alpha-phase.
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The cooling rate is one important controlling factor for solidification. The
increase of the cooling rate promotes formation of the alpha-phase at the
expense of the beta-phase and drives the formation of the primary Al by shrink-
ing the time for the formation of the iron-rich intermetallic [25,30]. The
primary nucleated Al dendrite will reject and push forward the solute atoms
along the solid–liquid interface solidification front, which will give rise to the
solute segregation between Al dendrite and Al grain boundaries [31,32]. It indi-
cates that the cooling rate in the investigated region in this work was fast
enough to suppress the formation of the beta-phase.

Another important factor is the presence of oxide particles which are
observed in all three casting conditions. The oxide particles do not dissolve
in the melt and serve as nucleation centre, changing the nucleation sequence
described in the thermodynamic calculation. This is important in the DCMC
melt, since it is reported that there is a high presence of the individual oxide
particles distributed homogeneously in the melt, due to break-down of the
oxide film on top of the melt, from the high-shear twin-screw rotor-stator
melt-conditioning mechanism [21,33–36]. The main oxides being the MgO,
Al2O3 and the MgAl2O4 are observed to serve as nucleation centres for the
primary iron-rich intermetallic or primary Al. It is suggested that they also
can contribute via multistep nucleation mechanism, such as oxide particle to
primary iron-rich intermetallic to aluminium or oxide particle to Al3Ti to Al
[29,36–41].

Minor micro-segregation

The scanning electron microscopy shows the presence of the coarse features
such as the iron-bearing intermetallic (Fe-IMCs), Si-rich phases and Al oxide
particles. The electron probe micro-analysis (EPMA) is employed to reveal
the subtle composition variations which are not possible using SEM-EDS.
The EPMA provides the advantage of elemental probing down to ppm levels.
Figure 3 shows the EPMA maps of Si and Mg which are contrast enhanced
to reveal the fine patterns of segregation. There is a high intensity of segregation
along the grain boundaries and a medium to low intensity of segregation which
follows the inter-dendritic areas, present in all casting conditions.

The segregation pattern is observed particularly clear in the DCGR cast,
inside which almost one entire Al grain is mapped. The segregation pattern
reveals the dendritic structure. The primary and secondary Al dendritic arms
are revealed due to segregation along the inter-dendritic channels. The grain
boundaries show high intensity of segregation with Si and Mg. The intense seg-
regation along the grain boundary diverges towards the grain interior guided by
inter-dendritic channels. The intensity of segregation in the divergent inter-
dendritic channels is minor compared to the major one along the grain
boundaries.

808 A. BENDO ET AL.



The line-profile scans indicated with white dashed lines are carried out
across the minor micro-segregation bands for all three casting conditions.
The plots of concentration versus distance, show that the minor-segregation
bands are approximately 5–15 µm wide. The Mg and Si enrichment peak at
approximately 0.6–0.8 at.%. The minor-segregation bands show variations in
concentration of Mg and Si elements.

The minor-segregation bands connect the high-concentration domains
located discretely. In other words, the high-concentration local areas of Si
and Mg, which correspond to coarse intermetallic alpha-phases, beta-phases
and Si-rich phases, are connected from the network of segregation bands of
Mg and Si. The Si is present in all phases excluding Al oxides and therefore
its segregation map can be used to trace simultaneously the Fe-bearing interme-
tallic and the precipitates. The Fe-bearing alpha-phase intermetallic are

Figure 3. The qualitative electron probe micro-analysis (EPMA) maps of Si and Mg segregation
in three different casting conditions. The EPMA maps are purposefully enhanced to reveal the
minor segregation bands. The line scans are indicated with white dashed lines. The
concentration (at.%) vs distance (μm) plots correspond to the respective line scans in the
EPMA maps.
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distributed along the grain boundaries as seen clearly on the Fe segregation map
in the DCGR cast in the Figure 3 in the Appendix.

The EPMA elemental maps provide the sensitivity advantage which the EDS
lacks. The EDS elemental maps in the Figure 2 can reveal only the high concen-
tration areas where the coarse intermetallic and oxides are located but it is not
able to resolve the minor segregated bands. The phases which seem to be inde-
pendently distributed inside the Al grains (Figure 2), are indeed embedded
within a network of minor micro-segregated bands which follow the inter-
dendritic channels and grain boundaries as seen in the EPMA maps in
Figure 3.

To investigate the fine microstructural details occurring in the minor-segre-
gated bands, scanning transmission electron microscopy (STEM) and trans-
mission electron microscopy (TEM) were employed. The TEM imaging
revealed the presence of fine alpha-phases in the minor-segregated bands,
an example of which is seen in Figure 4. The Figure 4 shows a hexagonal
plate-shaped intermetallic with face length of around 500 nm. The electron
diffraction has a 6-fold symmetry, where the main g-vectors bound the
hexagon faces of the intermetallic as shown by the white dashed arrows. The
elemental maps clearly show that the hexagonal-shaped intermetallic is rich
in Si, Fe and Mn. The obtained atomic formula from EDS analysis is Al15.7-

(FeMn)4.5Si2.7. The atomic-scale resolution shows that the high-intensity
atomic columns which are rich in Fe or its substitution Mn, match well with
the projection along the 〈111〉 direction of the crystal structure proposed by
Cooper [42]. To highlight is that the differences between the three
proposed crystal structures from Cooper stem from the outer atomic layers
which are rich in Al or its substitution Si. This was not possible to be resolved
in this case. Considering that the difference in atomic number between Fe and
its substitution Mn is negligible, but it is significantly bigger compared to Al or
its substituion Si, this is used as a keylock to match the crystal structure with the
obtained atomic-resolution image.

The hexagonal-shaped particles of similar size are reported on several
occasions. The hexagonal plate-shaped morphology with a 6-fold electron diffr-
action was classified as β-Mg2Si stable phase being observed along their 〈111〉
direction [43]. The composition of the hexagonal-shaped particle in those
cases was Mg, Si and Cu and length of the hexagonal faces was of round 2–
3 µm [43]. It is reported that the β-Mg2Si crystals could obtain also many
different shapes such as octahedron, faceted octahedron, cubes, hopper and
dendrite in sizes of tens of µm [44]. On the other hand, polygons of near hex-
agonal-shaped intermetallic of tens of µm are classified as alpha-phase iron-rich
intermetallics [45]. There are two commonly reported crystal structures for the
alpha-phase, the cubic α-Al15(FeMn)3Si2/Al19(FeMn)5Si2 and the hexagonal
αhex-Al8FeSi [46,47]. The hexagonal alpha-phase is stable without the presence
of Mn, meanwhile the cubic alpha-phase requires the presence of Mn [48,49].
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The Mn promotes the transformation from plate-shaped beta-phase to spher-
oidic-shaped alpha-phase during homogenisation heat treatment [50–52].
The suppression of the beta-phase is reported to be done by Mn addition or
in the absence of Mn, by use of high cooling rates resulting in the formation
of the hexagonal alpha-phase [48,50,51,53]. The results of the current work
show that the hexagonal-shaped intermetallic in Figure 4 is classified as
the cubic alpha-phase iron-rich intermetallic based on the atomic resolution
imaging matching and element analysis.

The HAADF-STEM imaging was employed to characterise the minor-segre-
gation band down to atomic-scale level. Figure 5 (A0) shows the STEM image
of the microstructure along the [001]Al zone axis, next to a dendrite in the
DCGR cast. The nature of the dendrite in the Figure 5 (A0) is not
confirmed. Figure 5 (A1) shows that the dislocation lines are entangled in an

Figure 4. The observed morphology in the micro-segregation bands in the DCGR cast. The TEM
image of a hexagonal-shaped alpha-phase iron-rich particle, corresponding electron diffraction,
elemental maps and noise filtered atomic-scale HAADF-STEM image along the 〈111〉 zone axis
of the cubic alpha iron-rich phase.
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irregular way, and they are not re-arranged into dislocation cell boundaries or
polygonised into sub-grain boundaries which indicates that the dislocation
network is at its early stage of formation. The origin of dislocation network
remains unclear, ranging from the stress concentrations due to segregation,
thermal and shrinkage stresses, stresses between the coarse intermetallic par-
ticles and Al solid solution, merge of Al dendritic arms with different crystal-
lographic orientation and extremely high solidification rates at the very end
of complete solidification [54].

The precipitate nucleation and growth has taken place along the dislocation
lines. The precipitates are aligned along the three equivalent 〈100〉Al directions.
The precipitate cross-sections, which are the precipitates whose length is
aligned parallel to the incident beam direction, follow closely the dislocation
lines. The precipitates tend to align parallel to each other in militaristic for-
mations groups along certain 〈100〉Al matrix directions. After the nucleation
of precipitates has taken place in the dislocation core, their initial direction
of growth will be guided by the strain field of the dislocation line. The precipi-
tates nucleating on the dislocation lines with the same Burgers vector will tend
to initially grow towards that particular 〈100〉Al direction, which accommodates
the precipitate strain field easier, compared to the two other relative 〈100〉Al

directions. The Figure 5 (A2) shows the elemental maps of precipitate cross-

Figure 5. (A0) The HAADF-STEM image of the microstructure along the [001] aluminium zone
axis, next to a coarse dendritic feature in the DCGR cast. (A1) The enlarged area marked with
dashed white lines in the AO image. (A2) The area marked with white dashed lines in the A1
image and the corresponding elemental maps.
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sections along the dislocation lines. It clearly shows the precipitates nucleated
on dislocations are enriched in Si, Mg and Cu, meanwhile the fine precipitates
nucleated homogeneously inside Al matrix do not show any Cu presence. The
precipitates can form only when their building solute elements, that is Si and
Mg are present in the Al matrix within µm range. The required supersaturation
of Si and Mg is provided only along the minor segregation bands. It becomes
obvious that the precipitate formation has occurred within the segregation
bands observed in the EPMA maps (Figure 3).

Figure 6 (A0) shows TEM and STEM images of the microstructure next to a
coarse particle in another minor-segregated band in the DCGR cast. The Figure
6 (A1) shows a higher magnification TEM image from the region marked with
dashed black lines in the Figure 6 (A0). The dislocation line entanglements
cannot be seen in this image, due to their relaxation at the foil surface. Two dis-
tinct sub-microstructures can be obviously observed: The one which contains
coarse precipitates nucleated heterogeneously along the dislocation lines
which are grown along 〈100〉Al direction in group alignments and the other
one with very fine precipitation distributed homogeneously inside the Al
matrix, away from the heterogeneously nucleated precipitates.

Heterogeneous nucleation in the dislocation network: High magnification
TEM imaging in the Figure 6 (A1) shows the coarse precipitates of around
1 µm length aligned along the three equivalents 〈100〉Al direction.
The precipitates are aligned parallel to each-other along one of the 〈100〉Al,
encouraged in their initial stage of growth by the strain field of the dislocation
lines. The precipitate-free zones are formed next to the coarse precipitates, due
to the matrix depletion of solute and vacancies, which have sunk into the dis-
location core lines. The Figure 6 (A2) shows high magnification HAADF-STEM
image from the area marked with dashed black lines in the Figure 6 (A1). It
reveals the cross-section of precipitates which have favourably nucleated and
grown with the aid of dislocation lines. The precipitates are formed in string-
like cross-section with significantly big step ledges, as clearly observed particu-
larly in the precipitate 2. The precipitate cross-sections show a mottled intensity
distribution, with some parts of the cross-section areas yielding brighter con-
trast due to enrichment from Cu atoms (Figure 6 (1 & 2)). The atomic-scale
imaging of the precipitate cross-sections is carried out in the areas marked
with white dashed lines in the precipitate 1 & 2. The precipitates are formed
by the triangular arrangement of atoms which patterns help for phase identifi-
cation. The precipitate cross-section interface is confined and have transversely
grown along the 〈510〉Al direction. The overlayed colour mapping of atomic
columns shows the green-coloured positions corresponding to the Si-rich
atomic columns and the blue-coloured position corresponding to the Cu-rich
atomic column. The Si atomic columns are distributed throughout the precipi-
tate cross-section meanwhile the Cu-rich atomic columns are distributed dis-
cretely in blotchy arrangements due to low Cu concentration. The Si-rich
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Figure 6. The TEM and STEM imaging along the [001] aluminium zone axis, next to a coarse
intermetallic in the minor-segregation bands in the DCGR cast. (A0) TEM image of the micro-
structure next to a coarse intermetallic. (A1) The enlarged TEM image of the area marked
with dashed black lines in the A0 image. (A2) The HAADF-STEM image of the area marked
with dashed black lines in the upper part of the A1 image. (1 & 2) The precipitates 1 and 2
imaged in their entirety using HAADF-STEM mode. The unfiltered atomic-scale images of the
cross-sections of the precipitates 1 and 2 marked with white dashed lines. The overlaying of
the Si-rich atomic columns in green and Cu-rich atomic columns in blue, and the corresponding
FFTs. In the FFTs, the white circles indicate the Al matrix, and the white dashed circles indicate
the Si network reflections.
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atomic columns form a hexagonal network which is indicated by the dashed
circles in the corresponding Fast Fourier Transformations (FFT) [55]. The
Si-hexagonal network has been reported as the backbone upon which precipi-
tate forming atoms organise to form a range of phases [55].

To have a complete understanding of the microstructure and phases present
along the minor-segregated bands, atomic-scale observation using HAADF-
STEM was carried out in the cross-sections of the heterogeneous precipitates.
Figure 7 shows the atomic-scale observation from two different precipitates.
The precipitates are composed from a mixture of different phases. Figure 7(a,
b) shows a part of the precipitate cross-section where the Type-B/U2, βʹ-Cu,
Qʹ, Type-C/Bʹ and sub-unit cells of the βʹ phases are identified. The high-inten-
sity columns are due to the Cu atoms enrichement. The Cu atoms are present in

Figure 7. (a, b) The unfiltered atomic-scale HAADF-STEM images along the [001] aluminium
zone axis, revealing the precipitate cross-sections of the heterogeneously nucleated precipi-
tates. (I, II, III, IV) The enlarged parts from the different precipitate cross-section areas and
the respective metastable phases. The atomic coordinates of the atomic columns parallel
with the incident beam (z-coordinates) are neglected.
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the formation of the βʹ-Cu and Qʹ phases. Lack of Cu causes replacement from
Al atoms which leads to the formation of the Bʹ phase [56]. All identified phases
have the unit cell dimension parallel to the incident beam direction equal to
0.405 nm which equals the interplanar spacing of the (001) Al matrix atomic
planes. The equal unit cell dimension perpendicular to the screen, serves to
connect all the phases, binding them together in one coarse precipitate and
at the same time serves to maintain coherency with the Al matrix. The
mixture of phases observed in this image does not represent all heterogeneous
precipitates along the minor micro-segregated bands. The variation in the Mg/
Si ratio and Cu content across the minor-segregation bands will influence the
mixture of phases.

The precipitation depends on the microstructural defects, temperature,
exposure length to temperature, cooling rate and the chemical composition
of alloy. The dislocations in this regard are not commonly desired defects, as
they serve as sinks for solutes and vacancies from the surrounding matrix.
The vacancies are well-known to control the precipitation process via solute
trapping and diffusion inside the matrix [57–59]. The heterogeneous nucleation
of precipitates in dislocation lines is observed commonly in the downstream
thermo-mechanical treatment. For example, nucleation on the dislocation
lines which had recovered into dislocation cell boundaries or low-angle sub-
grain boundaries, had been observed in samples after homogenisation heat
treatment [60,61]. The precipitates after homogenisation heat treatment were
composed of (Type-B/U2 & Type-C/Bʹ) or (Type-B/U2 & Type-A/U1) for
high cooling rate (∼830°C/hour), and mainly Type-A/U1 for low cooling rate
of (∼20°C/hour) in excess-Si alloys [60] and a mixture of (βʹ & Type-B/U2)
regardless of the cooling rate in the balanced alloys [61]. The heterogeneous
nucleation, during artificial ageing, in the dislocation network formed from
pre-deformation, was observed in several reports. In the samples with Cu
content, the heterogeneously nucleated precipitates were made of a mixture
of Qʹ phase, βʹ-Cu phase, C phase, C-1 phase which is isostructural with the
C-phase but with another orientation relationship with Al matrix and the L-
phase which is the disordered version of the C-phase [62,63]. Other reports
show the heterogeneous nucleation was composed of a mixture of Type-C/Bʹ,
Type-B/U2, βʹ phase and another proposed version of Bʹ, named Bʹ-2 [64].
Depending on composition, heterogeneous precipitates of Type-C/Bʹ were
observed in the excess Si alloys and βʹ phase in the balanced alloys [65]. The
microstructure of heavily deformed and aged Al-Mg-Si-Cu alloys was com-
posed of heterogeneous precipitates consisting of a mixture of C-phase, E-
phase and disordered phases meanwhile the homogenous precipitates in the
bulk consisted of L-phases [66]. In case of increased Cu content, the Sʹ phase
would appear in the mixed structure of C, E and disordered phase meanwhile
the GBP zones would appear homogenously in the bulk in addition to the L-
phase [67].
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The Type-A, Type-B and Type-C phases are labelled as U1, U2 and Bʹ,
respectively [68–73]. The Type-C or Bʹ which precipitates in Al-Mg-Si alloys
with excess-Si, has the same atomic arrangements as the metastable Qʹ
crystal structure which precipitates in Al-Mg-Si alloys with Cu addition
[65,74–76]. The metastable Qʹ phase has its interface extended parallel to the
〈510〉Al direction, which indicates perseverance of coherency with Al matrix
[77,78]. The Qʹ has the same crystal structure as the Q phase, but with slightly
different unit cell dimensions to better fit to the surrounding Al matrix [79,80].
This is not the case with the stable Q phase which creates multiple orientation
relationships with Al matrix due to loss of coherency [81]. The lath-shaped
morphologies with cross-section elongated along the 〈510〉Al direction are
classified as the Qʹ phase, the plate-shaped ones with cross-section elongated
along the 〈100〉Al are classified as the C-phase in case its structure is ordered
or as L-phase in case it is disordered [82]. The degree of ordering is clearly
observed in the FFTs, in which the presence of sharp and clear FFT spots indi-
cates ordering while the diffuse and non-symmetrically scattered FFT spots
indicate disorder [82].

Homogeneous nucleation inside the aluminium matrix: The very fine precipi-
tates are observed in the areas away from the precipitation free zones. The TEM
image in Figure 8 (A0) shows the same image as in the Figure 6. It is seen that
very fine precipitates are distributed homogeneously throughout the Al matrix.
To gain better understanding of this region, atomic scale imaging was carried
out in the area marked with the dashed black lines in Figure 8 (A0). Figure 8
(A1) shows that the precipitates are aligned along the three equivalents
〈100〉Al matrix direction. The precipitates longitudinal dimension of the hetero-
geneously nucleated on the dislocation lines are approximately 20 times bigger
than that of homogeneously nucleated inside the dislocation-free Al matrix.
That is around 390 nm ± 60 nm for the heterogeneous nucleation compared
to 20 nm ± 5 nm for the homogeneous ones. The atomic-scale imaging of the
precipitate cross-sections and the corresponding FFTs, indicate that they are
mainly precursors of the βʺ and Type-B/U2 phases (Figure 8(a,b)). The homo-
geneously nucleated precipitates will develop slowly compared to the fast-track
solute-diffusion dislocation-core enhanced. This will cause delaying in phase
development and will lead to phases of earlier stages in the precipitation
sequence inside the Al matrix compared to the later stages along the dislocation
line defects.

The solid-state segregation phenomenon is well investigated in the as-cast
condition and in the down-stream thermo-mechanical treatment as well
[9,83–85]. The atomic resolved microstructures of the segregation bands are
not reported in the as-cast conditions. The precipitates of earlier stage of
nucleation had been observed in the matrix, which were the precursor of the
βʺ phase [63,65,86]. The presence of precipitates heterogeneously grown in
the dislocation network and homogeneously inside the Al matrix, were
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confirmed along the minor micro-segregated bands in the DC and DCMC cast
samples as well (see appendix).

Figure 9 shows the EPMA maps of the DCGR cast as previously shown in
Figure 3. The maps are selected considering that the grain boundary and the
inter-dendritic channels are clearly observed. The Fe segregation maps are
shown in the appendix; however, the Mn segregation map is a good represen-
tation of Fe segregation map since it overlaps almost perfectly with it. The
network of the minor micro-segregation bands which are composed primarily
of Si and Mg segregation are shown in the light grey colour. The minor segre-
gation bands follow the grain boundaries and branch towards the interior of the
grain guided by the inter-dendritic channels. The high concentration of Si, Mg,
Fe & Mn are shown with the dark grey colour. The intense and continuous seg-
regation of them has clearly occurred along the grain boundaries. However, the
discrete and localised regions of high concentrations are seen diverging

Figure 8. The TEM and STEM image of the microstructure in the minor-segregation bands in the
DCGR cast. (A0) The TEM image of the same area as in the Figure 6 (A1). (A1) The enlarged
HAADF-STEM image of the area marked with dashed black lines in the A0 image. The hom-
ogenous precipitation has taken place. (a, b) The unfiltered atomic-scale HAADF-STEM image
of the precipitates homogeneously nucleated inside the Al matrix and their corresponding FFTs.
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occasionally towards the grain interior, or deep inside the grains, following
inter-dendritic channels.

The network of minor segregation band is the pathway where the precipi-
tates had either nucleated heterogeneously in the dislocation lines, aligning
in militaristic group arrangements, or homogenously inside the Al matrix as
illustrated in the Figure 9(d). The Si and Mg atoms distributed in the minor-
segregation bands have taken part in precipitate formation going out of the
Al matrix solid solution. The minor segregation bands contain fine Fe-rich
intermetallic, Si-rich dendrites and other phases which are related to the discre-
tely localised high-concentration of elements. The coarse and fine Fe-rich inter-
metallic and other phases are contained within the network of the minor
segregation bands which is a mixture of heterogeneous and homogenous
precipitation.

The pattern of segregation occurs because of the squeeze-out occurring at the
last stage of solidification as illustrated in the Figure 9(e). The Al dendrites soli-
dification front progress with the continuous build-up of segregation solute in
front of it, which is continuously confined by the space between the Al dendritic
arms. The continuous confinement of space between the Al dendrites will
squeeze out the segregation and force it into the grain boundary, as it is
shown with the black arrows in Figure 9(e). This moment will coincide with

Figure 9. The EPMA maps of segregation pattern in the DCGR cast. (a) The Si segregation map
and its schematic. (b) The Mg segregation map and its schematic. (c) The Mn segregation map
and its schematic. The Mn segregation map is equivalent to the Fe segregation map. Check
Appendix. (d) Illustration of the microstructure of the minor-segregation band. (e) Two alu-
minium dendrites prior to the bump into an aluminium dendritic boundary.
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the bump of Al dendrites into a grain boundary which will create a segregation
pattern as shown in the illustration of the EPMA maps. During the squeeze out,
often pocket of high concentration will be trapped deep inside the inter-dendri-
tic channel followed by a path of minor segregation directed towards grain
boundary. The grain boundary itself will be significantly enriched due to the
overlap of the segregation fields fronts and due to the squeeze out from the
inter-dendritic channels. The dislocation network coupled with the segregated
elements provides the supersaturation conditions for precipitation formation
along the inter-dendritic channels.

Conclusions

Investigation of the micro-segregation patterns in the as-cast AA6082
aluminium alloys lead to the following conclusions:

(1) The micro-segregation patterns of direct chill cast, direct chill cast with
grain refiners and direct chill cast with melt conditioning were investigated
using spectroscopy and electron microscopy. Due to variations in the pat-
terns of micro-segregation and relatively small sampling volumes, the
differences between the three casts were not able to be converted into stat-
istically meaningful ones.

(2) The micro-segregation pattern under all three casting conditions can be
divided into major micro-segregation and minor micro-segregation. The
major segregation bands consist mainly of Fe, Mn and Si whereas the
minor segregation bands consist of Si and Mg. All major segregation
bands are flanked by minor segregation bands whereas the minor segre-
gation bands may be present alone.

(3) The alpha-phase Al15(FeMn)3Si2 is the main intermetallic compound in the
major segregation bands and is mainly distributed along the grain bound-
aries due to the squeeze out of solute-enriched fields from the inter-dendri-
tic channels towards the grain boundaries. The squeeze-out is also
responsible for the divergent segregation from the grain boundary
towards the grain interior. However, localised, and discrete pockets of
abruptly major segregation are also present deep inside the Al grains due
to trap from lateral coalescence of the Al dendritic arms.

(4) The minor segregation bands follow the inter-dendritic channels between
the Al dendritic arms and grain boundaries. The typical width of the minor
segregation bands is 5–15 µm with Mg and Si concentrations peaking at
around 0.6–0.8 at.%. The Mg/Si ratio varies across the minor segregation
bands.

(5) The irregular dislocation network, at its early stages of development, is het-
erogeneously distributed across different grains. The heterogeneous pre-
cipitation occurs when there is an overlap of the dislocation network
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with the supersaturated Al matrix. The precipitation is heterogeneous in
the irregular dislocation networks, or homogeneous inside the dislo-
cation-free Al matrix. The precipitates nucleated heterogeneously in the
dislocation network are coarser with approximately 20 times the longitudi-
nal size of the homogeneous precipitates, due to the favourable fast-track
solute diffusion paths provided by the dislocation core lines.

(6) The heterogeneously formed precipitates are composed of a mixture of
phases, such as Type-B/U2, βʹ-Cu, Qʹ, Type-C/Bʹ phases and sub-unit
cells of the βʹ, whereas the homogenously formed precipitates are mono-
phases of βʺ, precursors of the βʺ and Type-B/U2 phases. The dislocation
networks accelerate the development of the heterogeneously nucleated
phases further down the precipitation sequence compared to the phases
embedded in the dislocation-free Al matrix. The phase types and local
population density of the precipitates depend on the local supersaturation
of Si, Mg and Cu which varies across different minor-segregation bands;
therefore, the distribution of the precipitate phases is significantly variable.

(7) The two main precipitate-forming solute elements, Si and Mg, were readily
observed in the minor-segregation bands, however Cu due to its low con-
centration was only observed in blotchy patterns on the cross-section of the
heterogeneously nucleated precipitates.

(8) The minor-segregation bands form an interconnected network, which
follows the inter-dendritic channels between the Al dendritic arms and
grain boundaries. Both coarse and fine intermetallic phases are confined
within the network of the minor segregation bands, in which the solute super-
saturation has nucleated heterogeneous and homogeneous precipitates.
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