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A B S T R A C T

Secondary Al–Si alloys Al7.1Si(1.5-xMn)Fe(xMn)Mn with xMn =0, 0.3, 0.375, 0.6, 0.75 at.% have been solidified
with different cooling rates: 0.05K/s, 1.4K/s, 11.4K/s and 200K/s. In the ternary alloy with xMn =0 at.%, for-
mation of the primary αh phase is suppressed upon higher cooling rates at the cost of formation of plate-shaped β
and δ phase particles. In the quaternary alloys, with increasing Mn content, αc-phase particles with Chinese-script
morphology form and replace the plate-shaped intermetallic particles. While the αc phase forms at intermediate
cooling rates only, plate-shaped particles additionally form at low and high cooling rates. The β phase domi-
nates after solidification with lower cooling rates and the δ phase dominates upon higher cooling rates in the
plate-shaped particles. The kinetic effect in terms of solidification rate and the chemical composition effect on
the phase selection of Fe-containing intermetallic particles in the alloys along the solidification path have been
discussed.

1. Introduction

Al–Si cast alloys are of vast technological importance especially in
aerospace and automotive industries [1]. In terms of circular economy,
the use of secondary Al–Si alloys is of specific interest. The production
of secondary Al alloys consumes only approx. 5% of the energy required
to produce primary Al [2]. However, Fe enriches in secondary, i.e. re-
cycled, Al–Si alloys during the recycling process [3]. The presence of Fe
can lead to the formation of so-called sludge which consists of large in-
termetallic particles solidified prior to grains of the (Al)-solid solution.
For simplicity, these particles are all termed as primary particles, e.g.
large plate-shaped β-Al–Si–Fe phase particles or huge polyhedral inter-
metallic αh- or αc-Al–Fe–Si phase particles. Such primary particles have
undesired effects on the casting process [4–10] and mechanical prop-
erties of the final castings [11–14]. Additionally, intermetallic particles
form after the onset of Al-solidification. To deal with Fe impurity, much
effort has been spent on optimizing the microstructure in order to tailor
the properties of secondary Al–Si alloys for a wide range of applications
without degradation of properties.

Therefore, with the aim to avoid sludge formation and to promote
the formation of intermetallic phases with less harmful morphology, e.g.
the αc phase in Chinese-script morphology, instead of the plate-shaped
particles, Mn is often added and/or high cooling rates are applied
[8,11–13,15–21]. The ratio of the molar fractions x of Mn and Fe in
the alloy, xMn: xFe, has to be optimized to avoid a significant increase
of the overall intermetallic phase fraction while achieving the intended
change of intermetallic morphology [13,22,23]. Most often a ratio of
1:2 is suggested [24,13], but it has also been reported that the plates
cannot be completely suppressed even at xMn: xFe =2:1 [13]. Addition-
ally, the optimum ratio has been reported to be dependent of the cool-
ing rate [25] and the Si content in the alloy [13]. Depending on the
casting technique, the cooling rates range from 1 to 10K/s in permanent
mold casting to 10–100K/s in high-pressure die casting [26]. Although
some studies have analyzed the growth behavior and morphology of the
plate-shaped particles in specific secondary Al–Si alloys [9,13,21,2–30],
a systematic approach to understand the formation or suppression of
plate-shaped particles is not available.

According to the equilibrium Al–Fe–Si phase diagram [31–35], the
intermetallic Al–Si–Fe phases neighboring the phase field of the (Al)-
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solid solution are the hexagonal αh-Al7.1Fe2Si phase [36] and the
β-Al4.5FeSi phase [37–40]. An overview about the intermetallic phases is
presented in Table 1. In presence of small amounts of Mn, e.g. 0.3 wt.%,
the cubic αc-Al15(Fe,Mn) 3Si2 [39,41,42] phase forms instead of the αh
phase. According to the liquidus projection [31–35], the compositional
areas of primary crystallization of the αh, the αc and the β phase are
relevant for Al–Si alloys with hypoeutectic Si contents (approx.
xSi <12 at.%). The δ-Al3FeSi2 phase [39,43,44], crystallizes primarily at
hypereutectic Si contents and should not be present simultaneously with
the (Al)-solid solution and Si during equilibrium solidification or in an
equilibrium solid state. Therefore, the δ phase is not expected to form in
hypoeutectic secondary Al–Si alloys during near-equilibrium or Scheil
solidification.

However, plate-shaped δ-phase particles have occasionally been re-
ported to form in secondary hypoeutectic Al–Si alloys instead of
plate-shaped β-phase particles [27,45–47]. That is the case for high cool-
ing rates [45] or high Si contents (although still hypoeutectic) [46,47],
while the effect of presence of Mn on the δ phase formation is unknown.
The solidification path in hypoeutectic Al–Si alloys has been studied for
a wide range of Si, Fe and Mn contents and/or cooling rates [8,16,48].
Although, some studies pointed out the importance of kinetics [16,25],
the role of the δ phase in the solidification path and its microstructural
characteristics have not been considered so far.

The appearance of the δ phase as plate-shaped particles similar to
the β phase makes it difficult to reliably distinguish the β and the δ
phase by their morphologies and the actual presence of β and/or δ phase
might be overlooked, as emphasized previously by [46]. Both the β and
the δ phase appear with similar Fe contents and approx. similar total
(Al+Si) molar fractions, but there is a lower Si and a higher Al con-
tent in the β than in the δ phase. Often the plate-shaped particles ap-
pear very narrow in shape and are locally associated with the Al–Si

Table 1
Summary of primary intermetallic phases forming in hypoeutectic Al–Si alloys containg
Mn and Fe and their characteristics regarding morphology, crystal structure and homo-
geneity range.

Phase Morphology
Crystal
structure

Homogeneity
range Ref

αh-Al7.1Fe2Si Coarse
polyhedral

P63/mmc Narrow
homogeneity
range,
Relative
solubility of
Mn:
Fe0.97Mn0.03

[36,50]

αc-
Al15(Fe,Mn)3Si2

Coarse
polyhedral,
coarse
dendritic,
Chinese-
script

Im Homogeneity
range of Si
and (Fe,Mn):
Si:
7.4–14 at.%
Fe, Mn:
15–19.2 at.%
Relative
solubilties of
Fe and Mn:
Fe0.97Mn0.03 to
Fe0Mn1

[39,41,42,51]

β-Al4.5FeSi Plate-
shaped

A12/a1,
I41/acd

Relative
solubility of
Mn:
Fe0.84Mn0.16

a

[37,46,49]

δ-Al3FeSi2 Plate-
shaped

I4/mcm Relative
solubility of
Mn:
Fe0.79Mn0.21

[39,43,44,46]

a Solubility accessed in the present paper (see Table 4).

eutectic region, which makes identification of the two phases by chem-
ical composition measurement using energy dispersive X-ray spec-
troscopy (EDS) or wavelength dispersive X-ray spectroscopy (WDS)
analysis challenging [13,47]. Nevertheless, the β and δ phase can be
reliably distinguished based on their crystal structures, despite of their
similarity. Both phases consist of the same types of layers, which are
made up of bicapped antiprisms with Fe in the center and Al and Si
at the corners. In the δ phase all cap atoms in the bicapped antiprisms
are condensed [43], while in the β phase only alternate cap atoms are
condensed forming double layers [37]. These successive double layers
in the β phase are shifted by a/2 or b/2 displacements that can appear
in disordered or in ordered sequences, leading to polytype formation. a
and b are the in-plane translation basis vectors of the double layer. An
elaborate description of the crystal structures of the β and the δ phase
can be found in a related study [49]. Additionally, severe intergrowth
of the β and the δ phase within a plate-shaped particle was encountered
[49]. Consequently, correct identification of the phases present within
the plate-shaped particles requires careful choice of analytical method,
including access to crystallographic information data. This data must be
evaluated based on knowledge of the crystal structures of the β and δ
phases, including their typical polytypes and defect structures.

The present study addresses the intermetallic phase formation in Fe-
and Mn-containing secondary Al–Si model alloys during solidification
at different cooling rates. A thorough analysis of intermetallic phases in
correlation with their microstructural appearance is carried out to ac-
cess the solidification path and formation conditions of the intermetal-
lic phases. The αh, the αc, the β and the δ phase are included in the
analysis and discussion while the β and the δ phase are specifically in
focus within the present study. These findings provide new insight into
the microstructure formation under non-equilibrium solidification con-
ditions in presence of Fe and Mn in secondary hypoeutectic Al–Si alloys.
The schematic understanding of the solidification path provides a gen-
eral basis for optimizing the microstructure in Fe- and Mn-containing
hypoeutectic secondary Al–Si alloys.

2. Methods

2.1. Preparation and heat treatment of the alloys

Al7.1Si(1.5-xMn)Fe(xMn)Mn alloys with molar fractions xMn =0, 0.3,
0.375, 0.6, 0.75 at.% and xFe =1.5-xMn representing secondary Al–Si
model alloys were prepared, covering the xMn/(xFe+xMn) ratio from 0
to 0.5 (xMn: xFe ratio from 0 to 1:1). The alloys were melted in an electric
arc furnace from Fe (AlfaAesar, pieces, 99.99% metals basis) and Al (Al-
faAesar, slugs, 99.9999% metals basis), Si (AlfaAesar, pieces, 99.9999%
metal basis) and Mn (AlfaAesar, pieces, 99.95% metal basis). Weighing
of the ingots indicated a weight loss<0.05%. Hence, the weighted-in
alloy compositions are adopted for all original alloys.

Pieces of the material from the ingots were subjected to further heat
treatment. The alloys were melted in Al2O3 crucibles (GTS - Gieß-Tech-
nische-Sonderkeramik GmbH & KG, 99.7%) which were encapsulated in
fused silica tubes with argon atmosphere of normal pressure at maxi-
mum heat-treatment temperature (270 mbar at ambient temperature).
The temperature during the whole heat treatment process was moni-
tored by the use of a thermocouple placed adjacent to the samples. The
samples were fully melted at 850°C for 1h. Subsequently, cooling rates
were varied by different environmental cooling conditions leading to
an exponential decrease of the temperature. Discontinuities during de-
crease of the temperature were not resolved by the temperature mea-
surement. For comparison cooling rates at 650°C were derived from the
cooling curves (Table 2).
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Table 2
Cooling rates of the Al-alloy melts starting from 850°C melt temperature for different en-
vironmental cooling conditions. The cooling rates at 650°C were derived from the contin-
uously recorded cooling curves.

Environmental cooling condition Cooling rate [K/s] Breaking of capsules

Furnace 0.05 No
Air 1.4 No
Water 11.4 No
Water 200 Immediate

2.2. Microstructure analysis

Microstructural investigations by scanning electron microscopy
(SEM) including energy-dispersive X-ray spectrometry (EDS) and elec-
tron backscatter diffraction (EBSD) were carried out on polished (final
stage: colloidal silica suspension; OP-S, Struers) cross sections of the so-
lidified alloys. A low-vacuum thermal field-emission gun (FEG), Zeiss
Supra 55 Variable Pressure SEM, equipped with a Genesis EDS system
and TEAM software (EDAX), was used. Backscatter electron (BSE) im-
ages were used to quantify volume fractions of intermetallic particles
with plate-shaped and Chinese-script morphology. To determine aver-
age chemical compositions and the standard deviation, 6–10 EDS point
measurements per phase were performed. A FEG Zeiss LEO 1530 GEM-
INI equipped with a Nordlys II EBSD detector (Oxford Instruments) and
HKL Channel5 software (Oxford instruments) was used for single EBSD
pattern acquisition for the purpose of phase identification.

Thin lamellae specimens were prepared exemplarily by focused ion
beam preparation from the plate-shaped intermetallic particles in the
Al7.1Si1.2Fe0.3Mn alloy for investigations by transmission electron mi-
croscopy (TEM). The utilized TEM techniques included selected area
electron diffraction (SAED) and high angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) imaging, in order to
derive local insight into the microstructure of the β and the δ phase
in plate-shaped intermetallic particles. A double CS-aberration corrected
cold FEG JEM-ARM200F (JEOL, Japan) was utilized.

An aqueous solution of NaOH (10g NaOH per 100ml distilled wa-
ter) was used to dissolve the Al matrix (20min) and extract intermetallic
particles into intermetallic powders. Powder X-ray diffraction (P-XRD)
was carried out to determine the relative phase fraction within the
plate-shaped intermetallic particles. A Bruker D8 Focus diffractometer
equipped with a LynxEye™ SuperSpeed Detector was employed, work-
ing in Bragg-Brentano reflection geometry and using Cu radiation. A
small amount of the powder was sedimented on 510-cut Si “zero back-
ground” sample holders. Due to the strong anisotropic morphology, the
plate-shaped intermetallic particles settle with their plate plane parallel
to the surface of the sample holder, resulting in strong preferred crystal-
lographic orientation present in the P-XRD data. Therefore, the relative
phase fraction of the β and the δ phase are determined from the relative
integral intensities of the {004}β and {002}δ peaks. This approach is jus-
tified here because the β and the δ phase appear with plate-shaped mor-
phology, can be associated within the same plate-shaped particles and,
therefore, provide very similar texture effects, have approx. the same
structure factors, consequently leading to reasonable trends for the rel-
ative phase fraction of the β and the δ phase. Conversion from mass to
volume fraction was taken into account.

2.3. Thermodynamic calculations using the CALPHAD method

Thermodynamic calculations by the CALPHAD method [52] using
the TCAl4 database [53] within the ThermoCalc software [54] were

performed to illustrate the liquidus projection and an isothermal sec-
tion at 575°C of the ternary Al–Fe–Si system in the Al-rich corner. Based
on the TCAl4 database [53] the total intermetallic phase fractions after
solidification for the present alloy compositions were estimated. Calcu-
lations for Scheil solidification conditions and under equilibrium con-
ditions did not show a pronounced difference in the total intermetallic
phase fractions. However, the relative phase composition of the total in-
termetallic phase fraction is remarkably different. Detailed evaluation
of solidification paths calculated based on thermodynamic databases in
comparison to experimentally derived solidification paths are not within
the scope of the present study.

3. Results

3.1. General appearance of the microstructure after solidification

The microstructure of the solidified Al–Si alloy contains intermetal-
lic phases with different morphologies and phase fractions depending on
the alloy composition and on the cooling rate (Fig. 1). Note the change
of magnification in Fig. 1 due to a strongly cooling-rate dependent size
of the intermetallic particles. The different morphology of intermetallic
particles is highlighted in Fig. 1. If coarse αh or αc phase particles have
formed, they frequently occur at the edge of the corresponding sample.

Plate-shaped β and/or δ phase particles tend to form at low and
also at high cooling rates. With increasing xMn/(xMn+xFe) ratio, at an
increasing range of intermediate cooling rates, Chinese-script αc-phase
particles form. Details of characterization of the intermetallic particle
in terms of phase identification, morphology, chemical composition and
phase fraction measurements are presented in the following sections.

As shown in Fig. 1 the size of the Al dendrites decreases and the
morphology of eutectic Si changes from flake-like morphology at cool-
ing rates of 0.05K/s, 1.4K/s and 11.4K/s to a fine fibrous morphology
under a cooling rate of 200K/s.

3.2. The αh and the αc phase

3.2.1. Occurrence depending on Mn content and cooling rate
The hexagonal αh phase is observed in the Mn-free ternary Al–Si–Fe

alloy, while the cubic αc phase forms in Mn-containing alloys, as re-
vealed by EBSD point measurements (Fig. 2).

Primary coarse αh phase particles tend to form at the sample edges
of the Mn-free ternary alloys cooled with 0.05K/s (Fig. 1). The parti-
cles have diameters of approx. 500µm and are surrounded by a layer of
the β phase. The faster cooled samples appear free of αh phase. Instead
plate-shaped intermetallic particles have formed (see Section 3.3).

In the Mn-containing alloys, the αc phase is present (Fig. 1). In the
0.05K/s-cooled sample, primary αc phase forms as coarse polyhedral
particles at the edges of the samples with diameters of approx. 250µm.
In the 1.4K/s- and 11.4K/s-cooled samples, the primary αc phase has
coarse facetted dendritic to hollow-polyhedron shape. In the bulk region
in 0.05K/s-, 1.4K/s- and 11.4K/s-cooled samples, the αc phase addi-
tionally solidifies in variations of Chinese-script morphology within the
bulk of the samples. The αc phase with Chinese-script morphology is lo-
cated within the Al dendrites, but not within the Al–Si eutectic region.
In 200K/s-quenched alloys, no primary intermetallic phase has formed.
In alloys with xMn =0.3 at.% and 0.375 at.%, no αc phase is present. In
alloys with xMn =0.6 at.% and 0.75 at.%, the αc phase formed in Chi-
nese-script morphology located within the Al–Si eutectic region.

3
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Fig. 1. SEM images in BSE contrast showing the evolution of the microstructure of the Al7.1Si(1.5-xMn)Fe(xMn)Mn alloys depending on the Fe and Mn contents and the cooling rate. The
images correspond to the bulk of the solidified material, while the insets show the primary particles located at the edge of the samples. The insets for xMn =0.6, 0.75 at.% and 200K/
s with the same magnification illustrate the presence of colonies of plate-shaped particles next to the predominant microstructure in the samples. The intermetallic phases appear white,
Si in light gray and Al in gray, pores in black. Plate-shaped intermetallic particles belong to the β and/or the δ phase. Particles with coarse polyhedral, coarse dendritic or Chinese-script
morphology are identified as the αh phase in alloys with xMn=0 at.% and as the αc phase in alloys with xMn>0.3 at.%. Note the change of the magnification in dependence on the cooling
rate.

3.2.2. Chemical composition
EDS point measurements reveal that the αh phase has a xFe con-

tent higher than the total transition metal content xFe+xMn in the αc
phase. A superficial phase identification of the αh and αc phase might
be the origin of the reported experimental homogeneity range of the αh
phase, which is illustrated in Fig. 3. The xMn/(xMn+xFe) ratio in the αc
phase increases with increasing Mn content in the alloy and is accom-
panied by an increase in the Si content. The chemical composition of
the αc phase in coarse polyhedral and Chinese-script morphology dif-
fers, as observed previously in [55]. This αc phase in Chinese-script mor-
phology shows higher Si contents and lower xMn/(xMn+xFe) ratios than
the coarse polyhedral αc particles. This is illustrated in Fig. 3. An in-
creasing cooling rate leads to a decreasing xMn/(xMn+xFe) ratio in the
coarse polyhedral and coarse dendritic particles and an increasing ratio
in the Chinese-script particles. For reference reasons the chemical com

positions of the αh and the αc phase are compiled in Table A1 in the ap-
pendix. The chemical composition of the Chinese-script particles in the
200K/s-quenched alloys were not measured because their size was too
small to be resolved by EDS in SEM.

3.3. The β and the δ phase in plate-shaped particles

3.3.1. Occurrence of plate-shaped particles depending on Mn content and
cooling rate

Plate-shaped particles are observed in all alloys cooled with 0.05K/s,
where these occur within the Al–Si eutectic regions and, therefore, have
not formed as primary phase. The length of the plates in 2D cross sec-
tions ranges between 60 and 80µm. The broad distribution of the plate
length in 2D cross sections manifests in standard deviations of approx.
2/3 of the average value (Table 3).
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Fig. 2. Exemplary EBSD pattern from (a) a coarse polyhedral particle identified as the
αh phase in alloys with xMn=0 at.% and (b) coarse polyhedral particles, coarse den-
drites and Chinese-script particles identified as the αc phase in Mn-containing alloys (e.g.
xMn=0.3 at.%). Raw EBSD patterns are shown on the left side, and the EBSD patterns with
the superposed solution are shown on the right side.

In the Mn-free ternary Al–Si–Fe alloy cooled with 1.4K/s and 11.4K/
s, plate-shaped particles have formed as primary phase being located
within the Al dendrites. Without the presence of the primary αh phase
and cooling rate of 1.4K/s, the average plate length is approx. 200µm,
and this length decreases with increasing cooling rate.

In the Mn-containing alloy, plate-shaped particles have formed next
to Chinese-script αc phase. With increasing Mn content a range of inter-
mediate cooling rates exists for which plate-shaped particles do not form
next to Chinese-script αc-phase particles. The average plate length after
cooling with 1.4K/s of the alloy with xMn =0.3 at.% is approx. 50µm
and decreases with increasing cooling rate and Mn content to 20µm.

After quenching with 200K/s, plate-shaped intermetallic particles
have formed in alloys with xMn =0, 0.3 at.% and 0.375 at.%, while
colonies of plates can be observed next to the αc phase in Chinese-script
morphology in alloys with xMn =0.6 at.% and 0.75 at.%. In contrast to
the slower cooling rates, the plate-shaped intermetallic particles occur
within the Al–Si eutectic region after quenching with 200K/s and their
size is <10µm.

3.3.2. Simultaneous presence of the β and the δ phase in plate-shaped
particles

A fraction of the plate-shaped particles exhibits stripes in dark and
light gray contrast upon SEM imaging with BSE, which can be attrib-
uted to the simultaneous occurrence of the β and the δ phase in the
same plate-shaped particle according to [49]. The light gray stripes oc-
cur irregularly distributed, mostly at the edges and/or sometimes in the
center of the plates. This is exemplarily illustrated in Fig. 4(a–c) for the
plates occurring in the alloy with xMn =0.3 at.% cooled with 0.05K/s,
1.4K/s and 11.4K/s.

The number fraction of plate-shaped particles containing simultane-
ously the β and the δ phase increases with increasing Mn content and
tends to increase with increasing cooling rate (Fig. 4(d)). This aspect of
plate-shaped particles in alloys quenched with 200K/s was not evalu-
ated because their cross sections are too narrow to get sufficient contrast
differences using BSE in a SEM. Note that the number fraction of plates
containing both phases is not proportional to the relative volume frac-
tion of the two phases.

Fig. 3. Chemical composition of the β, the αh and the αc phase projected into the Al–Si–Fe
phase diagram for the investigated alloys cooled with 0.05K/s. Isothermal section of the
Al–Fe–Si phase diagram at 575°C calculated based on the TCAL4 database [53] using the
ThermoCalc software [54]. Phase fields of β, αh and δ from experimental phase composi-
tions according to [32] are indicated by regions margined with black lines. .

Table 3
Length of plate-shaped particles depending on the cooling rate and the alloy composition,
represented by the average and standard deviation rounded to an order of magnitude of
10µm for 0.05K/s-, 1.4K/s- and 11.4K/s-cooled samples or 1µm for 200K/s-quenched
samples. The large standard deviations are a consequence of the broad distribution of the
particle length in 2D cross sections. Empty cells refer to samples without plate-shaped par-
ticles.

Length [µm] Cooling rate [K/s]

Alloy 0.05 1.4 11.4 200

Al7.1Si1.5Fe 70±40 200±140 40±50 7±4
Al7.1Si1.2Fe0.3Mn 80±70 50±30 20±20 7±4
Al7.1Si1.175Fe0.375Mn 70±40 40±30 7±4
Al7.1Si0.9Fe0.6Mn 60±50 5±3
Al7.1Si0.75Fe0.75Mn 60±50 5±3

TEM bright field imaging and a corresponding SAED pattern con-
firm the simultaneous existence of the β and δ phase in a plate-shaped
particle in the alloy with xMn =0.3 at.% (Fig. 5(a,b)). Ledges are pre-
sent at the interface of the β and the δ phase, causing pronounced

5
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Fig. 4. Appearance of the β and the δ phase in plate-shaped intermetallic particles in the Al7.1Si1.2Fe0.3Mn alloy in SEM/BSE contrast for cooling rates (a) 0.05K/s (b) 1.4K/s and (c)
11.4K/s. The Al matrix and Al–Si eutectic appear black. (d) Number fraction of plates containing the β and the δ phase depending on the cooling rate for the different alloy compositions.
These aspects are not evaluated for plate-shaped particles in alloys quenched with 200K/s because the plate-shaped particles’ cross sections in these alloys are too narrow to resolve
contrast differences using BSE in a SEM.

Fig. 5. (a) TEM bright field image of a lamella from a plate-shaped intermetallic particle from the Al7.1Si1.2Fe0.3Mn alloy cooled with 1.4K/s containing extended regions of β and δ
phase. Note the pronounced strain field at the β/δ interface. (b) SAED image of the β and the δ phase with [100] incidence direction corresponding to a selected area covering a β- and
δ-phase region. (c) High-resolution TEM image for [110] incidence direction showing a β/δ ledge between the β and δ phase causing the strain field visible in (a) by variations in the
diffraction contrast. The dashed white lines support the visibility of the β/δ ledge. (d) Fourier-filtered HAADF image with irregular β and δ stacking sequence and non-periodic stacking of
double layers in β. The corresponding schematic stacking by the β and δ layers indicates the stacking sequence. a/2 and b/2 are the displacement vectors between the double layers in β.
The arrows point at δ-like layer sequences. Note that, the images in (a,c), (b) and (d) are taken from three different lamellae allowing to access three different incidence direction.

strain fields (Fig. 5(a)). Such a ledge is exemplarily highlighted in
Fig. 5(c). Next to the extended β- and δ-phase regions, also short δ-like
stacking sequences are present within the β phase (Fig. 5(d)). The stack-
ing sequence according to a/2 or b/2 displacements within the β phase
is indicated.

3.3.3. Chemical composition
The chemical composition of the β phase was evaluated for

plate-shaped particles without visible presence of the δ phase (Table 4).
The

stripes of the δ phase were too narrow for reliable quantitative evalua-
tion of the chemical composition from the EDS signal. With increasing
Mn content the xMn/(xMn+xFe) ratio increases up max. 17% of transi-
tion metal sites occupied with Mn corresponding to max. 2.3 at.% Mn
in the β phase. The increase of the Mn content is accompanied by a de-
crease of the Fe content and significant increase of the Si content in the
β phase (Fig. 3). Generally, the Si content is slightly higher and the tran-
sition metal content lower than expected according to the most often
reported composition Al4.5FeSi.
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Table 4
Chemical compositions of the β phase particles. The chemical compositions of the β phase
in the secondary Al–Si alloy corresponds to β plates without stripy contrasts in SEM/BSE
images, i.e. without indication for the presence of the δ phase. The difference to 100 at.%
is xAl.

Chemical composition Cooling

[at.%] Rate xSi xFe xMn

Alloy [K/s] [at.%] [at.%] [at.%]

Al7.1Si1.5Fe 0.05 16.1±0.2 14.9±0.05 0
Al7.1Si1.5Fe 1.4 14.7±0.1 15.1±0.1 0
Al7.1Si1.5Fe 11.4 15.0±0.4 15.1±0.1 0

Al7.1Si1.2Fe0.3Mn 0.05 17.5±0.4 14.1±0.4 0.9±0.3
Al7.1Si1.2Fe0.3Mn a 1.4 17.8±0.4 13.9±0.2 0.8±0.1
Al7.1Si1.2Fe0.3Mn 11.4 17.1±0.9 12.7±1.4 0.8±0.3

Al7.1Si1.175Fe0.375Mn 0.05 17.7±0.1 13.7±0.1 1.0±0.1
Al7.1Si1.175Fe0.375Mn 1.4 17.9±0.6 13.6±0.7 0.7±0.1

Al7.1Si0.9Fe0.6Mn 0.05 18.9±0.1 12.6±0.2 2.0±0.1

Al7.1Si0.75Fe0.75Mn 0.05 18.8±0.4 12.2±0.4 2.3±0.2

a [49].

3.4. Evolution of phase fractions

The evolution of the volume fraction Φ according to different cate-
gories of intermetallic particles is analyzed referring to:

- the intermetallic phases β, δ, αh, αc as Φβ, Φδ, Φαh, Φαc,
- the specific morphologies plate-shaped particles, Chinese-script parti-
cles and primary coarse polyhedral/coarse dendritic particles as Φplates,
ΦChinese-script, Φcoarse,
- the location of the intermetallic particles in the bulk of the sample and
at the edge as Φbulk, Φsludge.

The total amount of intermetallic phases Φtotal(ThermoCalc) present in
the alloys after solidification is derived from thermodynamic calcula-
tions.

The volume fractions are assessed from combined metallographic
image analysis, XRD analysis and thermodynamic calculations. Φbulk is
determined from metallographic image analysis and is separated into
Φplates and ΦChinese-script. The analysis of the P-XRD data confirms that the
plate-shaped particles consist of the β and δ phase and provides integral
information on the relative phase fraction of the β and δ phase. Their
volume fractions, Φβ and Φδ, are evaluated based on relative integral in-
tensity analysis of {004}β and {002}δ peaks in P-XRD data in combina-
tion with the volume fractions of plate-shaped particles from quantita-
tive metallographic analysis. The P-XRD data is exemplarily shown for
the ternary Al–Fe–Si alloy in Fig. 6. The relative volume fraction of Φβ
within the plate-shaped particles is summarized in Table 5.

Some relationships between the categories of volume fractions can
be formulated:

- Φα=ΦChinese-script +Φcoarse, Φα contains ΦChinese-script and Φcoarse,

- Φcoarse ≈ Φsludge, Φcoarse can be assumed to be largely equivalent
to Φsludge

1,
- Φsludge =Φtotal(ThermoCalc) - Φbulk, Φsludge is estimated as the differ-

ence between Φtotal(ThermoCalc) and Φbulk.
- Φbulk =ΦChinese-script +Φplates, volume fraction of all intermetal-

lic particles present in the bulk region of the material,
- Φplates =Φβ+Φδ, Φplates consist of β and δ phase.
The derived results are presented in volume fraction vs. cooling rate

diagrams in Fig. 7(a–e). The phase fraction evolution of the ternary al-
loy and in the Mn-containing alloys is different due to the presence
of different types of intermetallic phases. The hexagonal αh phase does
not evolve in Chinese-script morphology with increasing cooling rate.
αh-phase sludge particles were observed in the alloy with the low-
est investigated cooling rate of 0.05K/s only. At higher cooling rates,
plate-shaped particles are present.

Replacing 0.3 at.% Fe by Mn is sufficient for the formation of the
cubic αc phase as sludge and in Chinese-script morphology. The ten-
dency to form sludge, persists to higher cooling rates with increasing
Mn content and is only fully suppressed at 200K/min. The suppres-
sion of sludge formation goes alongside with increasing Φbulk. The entire
suppression of plate-shaped intermetallic particles in favor of particles
with Chinese-script morphology requires a critical Mn content between
0.3 at.% and 0.375 at.% and depends on the cooling rate. The range of
cooling rates for which the formation of plate-shaped intermetallic par-
ticles is suppressed and αc phase forms is limited towards low and high
cooling rates and increases with increasing Mn content.

The plate-shaped particles are composed of the β and the δ phase.
The relative phase fraction of the δ phase increases strongly with in-
creasing cooling rate and slightly with Mn content, and vice versa for
the relative phase fraction of the β phase. At a cooling rate of 0.05K/
s, the major phase in the plate-shaped particles is the β phase, while
at 200K/s the major phase is the δ phase. This is also observed when
plate-shaped particles form at low and high cooling rates, but not at in-
termediate cooling rates.

4. Discussion

4.1. Formation and growth of the β and the δ phase in plate-shaped
particles

4.1.1. Proof of the simultaneous presence of the β and the δ phase in single
plate-shaped particles

The present study reveals that not only the β- and αh- or αc-phase for-
mation is affected by the cooling rate and Mn content but also the for-
mation of the δ phase plays a role in solidification and, thus, affects the
microstructure formation. At low cooling rates, the β phase is the dom-
inating phase within the plate-shaped particles. At high cooling rates,
the δ phase is the dominating phase. An increasing Mn content in the
alloy will give an increasing relative volume fraction of the δ phase in
plate-shaped particles, at constant cooling rate (see Table 5 and Fig. 7).

The trend of increasing fraction of δ phase and decreasing fraction
of β phase in plate-shaped particles confirms the observation reported
in literature that the δ phase forms at comparably higher cooling rates
[45]. In a ternary Al7Si0.9Fe alloy, the β phase formed at cooling rates
less than 2.7K/s and the δ phase formed between 2.7 and 4.4K/s [45].

1 Also primary plate-shaped particles can be part of the sludge. Sludge is usually
inhomogeneously distributed in the sample, e.g. settled to the bottom of a crucible. In the
present case, the large primary plate-shaped particles, e.g. in the ternary Al-Fe-Si alloy,
appear evenly distributed across the whole sample and are, therefore, assigned to the bulk
of the sample.
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Fig. 6. P-XRD data of the intermetallic particles extracted from the Al7.1Si1.5Fe alloy cooled with different rates. The angular range 2θ from 15° to 20° is shown containing the 004 peak
of the β phase and 002 peak of the δ phase used as indication for the relative phase fraction of the β and δ phase within in the plate-shaped particles.

Table 5
Relative volume fraction of the β phase within the plate-shaped particles
Φβ/(Φβ+Φδ)=Φβ/Φplates as derived from evaluation of Powder-X-ray diffraction data.
Empty cells refer to samples without plate-shaped particles.

Φβ/Φplates [%] Cooling rate [K/s]

Alloy 0.05 1.4 11.4 200

Al7.1Si1.5Fe 100 95 93 11
Al7.1Si1.2Fe0.3Mn 97 a 61 8
Al7.1Si1.175Fe0.375Mn 96 72 2
Al7.1Si0.9Fe0.6Mn 92 0
Al7.1Si0.75Fe0.75Mn 87 0

a Intermetallic powder has not been extracted from this sample, because the sample was
used for other investigations.

However, the microstructural appearance of the β and/or δ phase
in plate-shaped particles had not been clearly shown until a related
study [49]. There, the simultaneous presence of the β and the δ phase in
plate-shaped particles is scrutinized. Previously, the simultaneous pres-
ence was concluded based on chemical composition from EDS mea-
surements which can, however, be inconclusive for small particle sizes
[47,56]. In [47] the reported Al and Si contents are higher than ex-
pected for the β phase, which was attributed to the presence of the
δ phase. Though, considering the small size of the plate-shaped parti-
cles, it is likely that the EDS signal also contained information from
surrounding Al–Si eutectic. An uncommented SAED pattern in Fig. 2(b)
in [57] showed crystallographic evidence for presence of β and δ in a
plate-shaped particle.

The present investigation (Figs. 4 and 5), as well as a related study
[49] prove the simultaneous presence of the β and the δ phase in
plate-shaped particles. The δ phase can occur in the form of an extended
δ-phase region that can undoubtedly be identified as δ phase, and in the
form of short δ-like stacking sequences within the β phase, which can be
considered as a typical planar defect in the β phase.

4.1.2. Extended β- and δ-phase regions in a plate-shaped particle
In view of the solidification conditions, different formation mecha-

nisms can be discussed to explain the simultaneous occurrence of the β
and the δ phase in extended regions within the same plate-shaped par-
ticles. Potentially, these are either (1) remains of an incomplete phase
transformation of δ to β of original δ plates or (2) are observed as-so-
lidified. Both ideas are based on considering that the reaction path is
different for different cooling rates caused by kinetic effects, and there-
fore, different microstructures evolve. At high cooling rates, nucleation
or growth of one phase, as well as diffusion, can be suppressed and for-
mation of other phases than during equilibrium solidification can oc-
cur. Consequently, a situation can be assumed for which the location
of the compositional areas of primary crystallization of a phase, the pri-
mary phase areas, significantly differ from the primary phase areas in the
equilibrium liquidus projection. Thus, also the solidification path dif-
fers. The solidification path for the Al–Fe–Si alloy and the Al–Fe–Mn–Si
alloy according to calculated and deduced apparent liquidus projections
are discussed in detail in Section 4.2.

Considering idea (1), it is assumed that the δ phase forms from
the hypoeutectic melt during non-equilibrium solidification and sub-
sequently transforms to β and Si [47,56] via a reaction with the sur

Table A1
Chemical compositions of the αh and the αc phase in particles with polyhedral bulk and Chinese-script morphology. Difference to 100 at.% is xAl.

Cooling rate Phase Polyhedral bulk particles Chinese-script particles

xSi xFe xMn xSi xFe xMn

Alloy [K/s] [at.%] [at.%] [at.%] [at.%] [at.%] [at.%]

Al7.1Si1.5Fe 0.05 αh 10.2±0.1 19.3±0.1

Al7.1Si1.2Fe0.3Mn 0.05 αc 8.4±0.1 12.4±0.1 4.9±0.1 11.2±0.1 14.2±0.1 2.9±0.1
Al7.1Si1.2Fe0.3Mn 1.4 αc 8.8±0.3 12.6±0.2 4.6±0.1 10.6±0.3 13.1±0.4 3.5±0.1
Al7.1Si1.2Fe0.3Mn 11.4 αc 8.7±0.5 13.1±0.1 4.2±0.1 10.3±0.2 13.1±0.4 3.8±0.1

Al7.1Si1.175Fe0.375Mn 0.05 αc 8.6±0.1 11.7±0.1 5.4±0.1 10.3±0.1 14.0±0.1 3.2±0.1
Al7.1Si1.175Fe0.375Mn 1.4 αc 8.7±0.2 12.1±0.1 5.0±0.1 10.3±0.5 12.0±0.3 4.7±0.1
Al7.1Si1.175Fe0.375Mn 11.4 αc 9.1±0.4 12.3±0.1 5.0±0.1 10.0±0.1 12.4±0.2 4.9±0.2

Al7.1Si0.9Fe0.6Mn 0.05 αc 9.5±0.4 8.7±0.1 8.0±0.1 10.7±0.2 11.1±0.1 5.5±0.1
Al7.1Si0.9 Fe0.6Mn 1.4 αc 9.8±0.3 9.2±0.1 7.4±0.1 10.9±0.3 9.5±0.4 7.0±0.4
Al7.1Si0.9 Fe0.6Mn 11.4 αc 9.4±0.2 10.0±0.1 7.4±0.1 10.5±0.1 9.9±0.1 7.0±0.2

Al7.1Si0.75Fe0.75Mn 0.05 αc 9.3±0.1 7.8±0.1 9.3±0.2 10.9±0.2 9.5±0.3 7.4±0.3
Al7.1Si0.75 Fe0.75Mn 1.4 αc 9.5±0.1 7.8±0.1 9.1±00.1 10.8±0.2 8.9±0.6 7.6±0.4
Al7.1Si0.75 Fe0.75Mn 11.4 αc 9.8±0.3 7.4±0.1 9.2±0.1 11.8±0.1 7.9±0.1 8.5±0.1
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Fig. 7. Volume fractions Φ of the occurring intermetallic phases and the volume fraction of characteristic morphologies of the intermetallic phases depending on the applied cooling rates
for the investigated alloys (a) Al7.1Si1.5Fe, (b) Al7.1Si1.2Fe0.3Mn, (c) Al7.1Si1.125Fe0.375Mn, (d) Al7.1Si0.9Fe0.6Mn and (e) Al7.1Si0.75Fe0.75Mn. The legend is illustrated in (f). Note
that the lines and shaded areas are meant as guides to the eyes. For an explanation on the determination of the volume fractions Φ, see text.

rounding liquid melt [47,56] or the (Al)-solid solution [58]. If these
reactions could not complete in the δ phase particles, some of the
plate-shaped particles will have the δ phase in the core and the β phase
on the outside [47,56]. This phase transformation would be associated
with substantial diffusion [47], including precipitation of Si [58]. As-
suming the most often used formulas β-Al4.5FeSi [37–40] and δ-Al3FeSi2
[39,43,44] and lattice parameters from [49] together with the lattice
parameters of Si (Fd m) from [59] and of Al (Fm m) from [32], the
following equation yield the chemical and volume turnover associated
with formation of ½ unit cell of β phase from 1 unit cell of δ phase:

Unit cells: 1 δ-Al3FeSi2 + 1.5 Al → 0.5 β-Al4.5FeSi + 0.5 Si
Atoms: 12Al 4Fe 8Si + 6Al → 18Al 4Fe 4Si + 4Si
Volume: 354.1 Å3 99.6 Å3 395.7 Å3 80.1 Å3

This means after a complete transformation reaction, 83 vol% β
phase should be observed with 17 vol% Si adjacent to the plate-shaped
β-phase particles. When the plate-shaped particles are located within

the Al–Si eutectic, it can be difficult to identify the Si from the reaction
and the Si from solidification. In partially transformed particles, the ac-
cording characteristic appearance would be δ phase in the center of a
plate which is surrounded by β and Si. Considering that the location of δ
was most often observed at the particles edge (Fig. 4), idea (1) is likely
not the dominant formation mechanism for the investigated alloys and
the present solidification conditions.

Considering idea (2), it is suggested that the plate-shaped particles
are largely observed in the as-solidified state. According to the observed
phase composition, it can be deduced that the primary phase areas of
the β and the δ phase change to lower Si contents with increasing cool-
ing rate, keeping the primary phase area of the δ phase at higher Si
concentrations than that of the β phase. So, the non-equilibrium solid-
ification starts with β-phase formation. Thus, for hypoeutectic Al–Si al-
loys, the Si content of the remaining melt increases during solidifica-
tion along the solidification path approaching the primary phase area of
the δ phase. Thus, the δ phase can solidify at the edge of the β-phase
particles, as it was most often observed (Fig. 4). Due to the similar-
ities of the crystal structures of the β and the δ phase (Fig. 5), the
β phase is an excellent nucleation site for the δ phase. Additionally,
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local variation of the chemical composition during solidification, e.g. to-
wards higher Si contents, can locally lead to deviation from the overall
solidification path and e.g to δ-phase formation on β-phase particles dur-
ing solidification with low cooling rates. When increasing cooling rates
expand the primary δ phase area to lower Si concentrations, the amount
of δ phase increases with increasing cooling rate. The presence of Mn
enhances this tendency.

The ledges observed at the interface between β and δ regions appear
without directional relation to the edge of the plates (Fig. 5). This might
indicate how β and δ are grown onto each other. The strain fields around
the ledges at the β/δ interface can be attributed to the difference in the
c lattice parameter Δc=100∙(2cδ − cβ)/cβ=8.5% using the lattice pa-
rameter data by [37, 43]. Additionally, a β phase double layer requires
split cap atoms compared to a δ layer and the presence of an a/2 or b/2
displacement. In the case that the ledges represent a frozen state from
diffusional solid-state phase transformation, the strain fields would indi-
cate the high strain energies present during the phase transformation.

4.1.3. Short δ-like stacking sequences within the β phase
The short δ-like stacking sequences within the β phase are consid-

ered as a typical defect of the β phase. These δ-like stacking sequences
can be a signature for (1) a trace from a subsequent δ to β phase trans-
formation or (2) for an as-solidified state. In the former case (1), the
presence of stackings ending in the crystal as leftovers of a diffusional
phase transformation would be expected. However, the major amount
of short δ-like stackings extends through the whole plate-shaped par-
ticles. In the latter case (2), mechanisms that lead to an increase of
stacking faults or twins in other phases might be transferred as expla-
nation for the origin of the δ-like stacking sequences e.g. impurity in-
duced twinning mechanism or twin plane re-entrant edge mechanism
[60,61]. Hence, the increasing fraction of δ phase (Fig. 7) and increas-
ing probability of observation of the β and δ phase by SEM in the
plate-shaped particles with increasing Mn content and increasing cool-
ing rate (Fig. 4(d)) can be related to an increasing probability of δ-like
stacking sequences which could promote the nucleation of the extended
δ-phase regions. The twin-plane re-entrant edge mechanism has been
used to explain the origin of twins in the β phase previously [57]. This
might also be related to the observed disordered a/2 or b/2 stacking se-
quences or twins in the β phase (Fig. 5(d)).

Nevertheless, based on the data of the present study, the origin and
role of the short δ-like stacking sequences on the presence of the δ phase
or β- and δ-phase fractions in the plate-shaped particles cannot be finally
resolved.

4.2. Modification of the solidification path depending on cooling rate and
xMn/(xFe +xMn) ratio

4.2.1. The ternary alloy
In the ternary Al7.1Si1.5Fe-alloy, the primary phase forming at the

slowest cooling rate of 0.05K/s is the αh phase, as expected for equilib-
rium solidification conditions [55]. Only few but very large bulk poly-
hedral particles have been observed indicating a low nucleation rate.
With reaching the onset of solidification of the (Al)-solid solution, the
αh phase would have to completely transform into the β phase (Fig. 3).
However, even during cooling with the slowest investigated cooling rate
of 0.05K/s, the αh phase persists to room temperature corresponding to
Scheil solidification characteristics. That indicates slow diffusion in the
solid αh phase to dissolve and form β phase. A fringe of β phase formed
on the αh phase which can be partially attributed to nucleation of the
β phase on the αh phase and partially to diffusional phase transforma-
tion of the αh to the β phase. Although that represents a deviation from
equilibrium solidification, the solidification path is illustrated on the liq-
uidus surface calculated for equilibrium conditions in Fig. 8(a).

At intermediate investigated cooling rates (1.4K/s), the αh phase is
not observed, in agreement with [55] where a cooling rate of 0.5K/
s was applied. That can be attributed to retarded nucleation of αh as
compared to the β phase [55]. Accordingly, primary β phase has devel-
oped. Small amounts of the δ phase form particularly at the outside of
the β-phase plates when the melt locally enriches with Si. At high cool-
ing rates (200K/s), again no αh phase forms. The plate-shaped particles
mainly consist of the δ phase. These plate-shaped particles likely have
formed shortly after the onset of the formation of Al dendrites.

It will be tried to rationalize the described changes in the solidifi-
cation paths with increasing cooling rates in terms of apparent liquidus
projections. Thereby, an apparent liquidus projection is depicted which
complies with the observed solidification microstructure i.e. the type of
phases and their location to each other e.g. occurrence of intermetallic
particles within the dendrites of the (Al)-solid solution or within the eu-
tectic region (Fig. 8(b,c)). Note that calculated liquidus projections by
setting a certain phase or several phases “dormant” (i.e. excluding it/
them from the thermodynamic calculations), do not comply with the ob-
served solidification microstructure. This discrepancy can be attributed
to the kinetic effects during solidification, which are not considered by
the thermodynamic calculations.

A change of the morphology of the bulk αh-phase particles or the
plate-shaped particles into Chinese-script morphology was not possible
in the ternary Al–Fe–Si alloy by increasing the cooling rate. The appar-
ent liquidus projections show that a high Si content would favor the
formation of the δ phase which is consistent with the observation that

Fig. 8. (a) Liquidus projection of the Al–Si–Fe system based on thermodynamic calculations using the TCAl4 database within the ThermoCalc software and solidification path. Apparent
liquidus projections for solidification conditions with (b) intermediate cooling rates and (c) high cooling rates, which comply with the solidification microstructure. Thick black lines
border primary phase areas. Thin black lines in (a) indicate contour lines of the temperature in 25°C steps. The blue circles represent the presently investigated alloy composition and blue
lines schematically represent the solidification path. Note that the scales of molar fractions xFe and xSi are different. Note that (b) and (c) represent apparent liquidus projections which are
meant to rationalize changes in the solidification paths with increasing cooling rate. Therefore, no numbers are given at the scale.
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at near-eutectic Si contents the δ phase has formed instead of the β
phase alloy [46] also at intermediate to high cooling rates.

The apparent liquidus projections for xSi<7 wt.% and
xFe<4.5 wt.% for cooling rates from 1K/s to 10K/s shown in [62] illus-
trate a similar shift of the primary phase area of the β phase to lower Si
contents with increasing cooling rates. The suppression of the αh phase
formation is not shown although it was not observed in the cast mi-
crostructure at high cooling rates in [62]. However, the formation of
metastable Al–Fe phases is considered which is not included in the pre-
sent diagrams.

4.2.2. Mn-containing alloys
The entire suppression of plate-shaped intermetallic particles in fa-

vor of αc-phase particles with Chinese-script morphology requires a Mn
content above a lower limit and depends on the cooling rate. The range
of cooling rates for which the αc phase forms only in the bulk of the al-
loy increases with increasing Mn content. However, next to the αc phase
with Chinese-script morphology also bulk polyhedral to coarse dendritic
particles, which can settle as sludge, form.

Plate-shaped particles are observed for low cooling rates (0.05K/
s) and in the xMn/(xFe+xMn) range from 0 to 0.5 and for all cooling
rates when xMn/(xFe+xMn) is 0.2. For xMn/(xFe+xMn)=0.25 with cool-
ing rate of 11.4K/s and for xMn/(xFe+xMn)=0.4 and 0.5 with cooling
rate 1.4K/s and 11.4K/s, the formation of plate-shaped particles is sup-
pressed. Instead the αc phase forms. It occurs as sludge particles for cool-
ing rates up to 11.4K/s. With increasing Mn content, the volume frac-
tion of primary αc phase increases at the mentioned cooling rates. This is
consistent with the increasing tendency to form sludge with increasing
Mn content [23,57,63–67]. With increasing cooling rate, the morphol-
ogy of the primary αc-phase sludge particles changes from bulk poly-
hedral to coarse dendritic and their volume fraction decreases. There-
fore, the predominant part of the intermetallic phase volume is found
in the bulk of the material. Consequently, the trade-off between avoid-
ing the formation of plate-shaped particles and increasing intermetallic
phase content in bulk and/or as sludge exists not only when adding Mn
[13,22,23] but also when changing the Fe:Mn ratio. For the high cool-
ing rate (200K/s), the plate-shaped particles consist mainly of δ phase
and appear small and are located within the eutectic regions.

Liquidus projections are available for secondary Fe- and Mn-contain-
ing Al7SiCu alloys in [8,16,25,53]. Based on these and on the present
experimental results, apparent liquidus projections can be deduced to
illustrate the solidification path for different cooling rates, when Mn is
present in the alloy (Fig. 9).

Based on this understanding, the different critical xMn: xFe ratios and
cooling rates necessary to suppress the formation of the plate-shaped
particles in similar alloys reported in literature can be explained. The
rule of thumb for the required xMn: xFe =1:2 (xMn/(xFe+xMn)=0.33)
[24] can deviate towards higher or lower Mn

contents with lower or higher cooling rates. So, it is reported that even
at xMn: xFe =2:1 (xMn/(xFe+xMn)=0.66) the formation of plate shaped
particles may not be suppressed [13]. However, the high Si content of
9% in [13] is closer to the β and δ primary phase area.

4.3. Optimizing the microstructure

In order to achieve an optimum microstructure in secondary Al–Si
alloys, a variety of parameters must be considered. The general alloy
composition including the Si content and the total transition metal con-
tent, as well as the xMn/(xFe+xMn) ratio, determine the potentially form-
ing phases. Essentially metastable phases were not observed in the pre-
sent range of alloy compositions. The kinetic effects on the microstruc-
ture formation in secondary Al–Si alloys are pronounced. Two aims are
followed by solidification with a high cooling rate: avoiding sludge for-
mation and suppressing the formation of plate-shaped particles. Some
trade-offs must be considered when the parameters are optimized.

The presence of Mn is necessary to enable the formation of the αc
phase. Thus, a lower limit of Mn content or xMn/(xFe+xMn) ratio is re-
quired for the suppression of plate-shaped particles towards the forma-
tion of the αc phase in Chinese-script morphology in combination with a
certain range of cooling rates. However, Mn addition increases the over-
all volume fraction of intermetallic phases in the bulk of the material
(i.e. regions without sludge) which can counteract the positive effect of
changed intermetallic phase morphology [11,14,19,22,68].

Contradictory, low cooling rates and an increasing Mn content in-
crease the tendency to form undesirable sludge [23,55,63–67]. The
sludge can potentially be removed from the metal melt [55,69,70–75].
However, if the sludge is formed, the remaining alloy composition is
significantly changed due to the high partitioning of Mn in the sludge.
Thus, the microstructure in the remaining material is altered [55].

At very high cooling rates, sludge formation can be fully suppressed.
Nevertheless, depending on the xMn/(xFe+xMn) ratio, it is possible that
again plate-shaped particles appear. When these appear associated with
the Al–Si eutectic region, their negative effect on mechanical proper-
ties might be negligible [16,25,47], which might also be related to their
comparably smaller size.

Consequently, aiming at an optimized microstructure with a low in-
termetallic phase fraction, without plate-shaped particles and without
sludge particles, Mn should be present, the xMn/(xFe+xMn) ratio and to-
tal transition metal content should be as low as required and the min-
imum cooling rate should be chosen according to the chemical com-
position of the alloy. Thereby, high cooling rates seem to be gener-
ally advantageous compared to low cooling rates. Considering the al-
loy compositions investigated in the present study, xMn =0.375 at.%
(xMn/(xFe+xMn)=0.25 and xMn: xFe =1:3) and a cooling rate of

Fig. 9. Apparent liquidus projection of the Al–Si–Fe–Mn system for some fixed Mn level (xMn/(xFe+xMn) approx. 0.5) being compatible with the as-solidified microstructures formed
under solidification conditions with (a) low cooling rates, (b) intermediate cooling rates and (c) high cooling rates, which comply with the observed solidification microstructure. The blue
circles represent the presently investigated alloy composition and blue lines schematically represent the solidification path. Note that the scale of xFe and xSi is different. Note that (a-c)
represent apparent liquidus projections which are meant to rationalize changes in the solidification paths with increasing cooling rate. Therefore, no numbers are given at the scale.
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11.4K/s lead to a microstructure without plate-shaped particles and a
small amount of sludge.

5. Conclusions

Melts of Al7.1Si(1.5-xMn)Fe(xMn)Mn alloys with xMn =0, 0.3, 0.375,
0.6, 0.75 at.% and xFe =1.5-xMn have been solidified with different
cooling rates: 0.05K/s, 1.4K/s, 11.4K/s and 200K/s. The intermetallic
phase particles have been analyzed in detail with focus on phase identi-
fication of plate-shaped particles.

(1) In the ternary alloy with xMn =0, formation of the primary αh phase
is suppressed upon applying comparably high cooling rates at the cost of
formation of plate-shaped particles which contain the β and/or δ phase.
The β phase dominates in the plate-shaped particles after solidification
with lower cooling rates while the δ phase dominates after solidification
with higher cooling rates.
(2) In the quaternary alloys, Mn contents above some cooling-rate de-
pendent value allow suppression of plate-shaped intermetallic particles
in favor of αc-phase particles with Chinese-script morphology. While the
αc phase forms at intermediate cooling rates only, it is accompanied
by plate-shaped particles mainly consisting of the β phase at low cool-
ing rates and of the δ phase at high cooling rates. An increase of the
xMn/(xFe+xMn) ratio increases the range of intermediate cooling rates
with αc-phase formation only and is related to an increasing amount of
sludge particles.
(3) Kinetic effects in combination with chemical alloy composition sig-
nificantly affect the solidification path in hypoeutectic secondary Al–Si
alloys. While the chemical alloy composition influences the thermody-
namic properties of the phases, the kinetics additionally affect the phase
formation in terms of nucleation, growth and diffusional phase transfor-
mation. Thus, the liquidus projection for different cooling rates appears
significantly different compared to the equilibrium liquidus projection.
(4) Apparent liquidus projections have been suggested to allow a sys-
tematic understanding to the phase formation in the Fe- and Mn-con-
taining secondary hypoeutectic Al–Si alloys solidified under different
cooling rates.
(5) From a microstructural point of view, the phase of the plate-shaped
particles cannot be reliably identified by their morphology as these
particles can consist of the β and/or δ phase. This is possible due to
their similar crystal structures. The observed multiphase character of the
plate-shaped particles after solidification represents a nearly as-solidi-
fied state.
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