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Abstract

During mold filling and casting solidification, melt flow caused by gravity is present. Otherwise, forced flow may be a method applied for
casting properties improvement. The flow effect generated by an electromagnetic field on the growing phases and a whole microstructure
in Al-Si-Mn alloys was studied by slow solidification conditions. The hypereutectic and eutectic alloys were chosen to allow independent
growth or joint growth of forming: Si crystals, Mn-rich a-AlisSi2Mns phases and Al-Si eutectics. In eutectic alloys, where Mn-phases
precipitate as first and only one till solidus temperature, flow decreased number density of pre-eutectic a-AlisSi2Mna. In the hypereutectic
alloys, where Mn-phases grow in common with Si crystals, forced convection increased the overall dimension, decreased humber density
of pre-eutectic Mn phases and strengthened the tendency to growth in the outside of the sample. In the alloys, where Si crystals grow as
first, stirring reduce number density of Si and moved them into thin layer outside cylindrical sample. Also by joint growth of Si crystals
and Mn-phases, in hypereutectic Mn/Si alloy, flow moved Si crystals outside, reduced number density and increased the dimension of
crystals. Stirring changed also AlSi eutectic spacing, specific surface Sy of a-Al and secondary dendrite arm spacing A2. The results gave
insight of what transformation under stirring take place in simple Al-Si-Mn alloys, and helps to understand what modifications in technical
alloys may occur, that finally lead to changes in castings microstructure and properties. The possibility to control dimension, number
density and position of Mn-phases and Si crystals is completely new and may help by metallurgical processes, continuous casting of billets
and in the production of Si for the solar photovoltaic industry.
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i Chinese script or a-Al(Mn,Fe)Si, and that’s why the morphology
1. Introduction and distribution of Mn phases [3] is such important.

In modern foundry, continuously developed are technologies
of: mechanical stirring [4], high shear melt conditioning (HSMC)
[5], melt conditioning (MC) [6], thixoforming [7,8], semisolid
metal processing (SSM) [9] or rheocasting [10,11]. The
advantages of the technologies come from a non-dendritic
structure [12] leading to special rheological properties [13] and
improving the mechanical properties of aluminum alloys [14] and
aluminum based composites [15]. Rotating magnetic fields (RMF)
in electromagnetic stirring (EMS) technology [16] improves the
properties of billets [17] trough flow induced microstructure
transformation.

Al-Si base alloys are widely used because of minimum
energy requirement for recycling, good corrosion resistance,
weldability and high strength/weight ratio. In the microstructure
occur primary dendritic grains of o-Al with AI-Si eutectics
located in the interdendritic regions [1,2]. Depending on the
composition, in alloys containing e.g. Mg, Cu, Fe, Mn, Zn, other
phases are present. Manganese (Mn) is important, especially in
recycled aluminum alloys, where small amounts of iron (Fe)
causes precipitation of platelet shaped p-AlsFeSi phases.
Manganese addition was used to transform {3 needles into phase as
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Development of technologies applying intensive mechanical
or electromagnetic melt stirring, and presence of Mn in aluminum
based alloys, require continuation in study concerning physical

processes, occurring  microstructure  transformation and
technological solutions in production of advanced castings.
In order to simplify the studied microstructures, the

hypereutectic and eutectic alloys, from high purity components
were prepared. In the AI-Si-Mn system (Figure 1), the
compositions were chosen to enable separate (independent
growth) or in common (joint) growth of occurring phases: o-
Al1sSi2Mn4 phases, Si crystals and Al-Si eutectics. In this way,
the flow effect was studied: a) on chosen separated precipitates or
on b) growing together phases.

The main motivation was to study individual phases
modification and the whole microstructures transformation in the
subject of forced-flow technologies development [4-7,10-17].
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Fig. 1. Ternary Al-Si-Mn phase diagram with for studied alloys
marked solidification paths, e.g. dashed gray line for Mn/Si
(AISi14.870Mn1.159) alloy

2. Materials and methods

The hypereutectic and eutectic Al-Si-Mn alloys (Figure 1)
were chosen in order to analyze the flow effect on phases growing
separately (independent growth) and or in common (joint growth).

The independent growth occurs when only one phase start at
liquidus temperature to precipitate (in other words “to solidify”),
till the final eutectic reaction. The joint growth occurs when two
phases in common at liquidus temperature start to inoculate and
grow simultaneously, whilst remaining phases form at solidus
temperature. The 610-575 °C liquidus-solidus temperature range
was chosen and by higher Si content additionally 630-575 °C was
set. For independent growth were chosen alloys where:
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- Mn-rich, a-AlisSi2Mn4 phase grow first (Figure 1, solid red
line) — in alloy called “Mn-first” by precisely calculated
composition AlSi12.546Mn1.011,

- Si crystals grow first (Figure 1, solid green line) — in alloy
called “Si-first”, by precisely calculated composition
AlSi14.732Mn0.567,  additionally  alloy = with  the
composition AlSi16.050Mn0.558 was chosen, called “Si-2-
first” (with liquidus temperature 630 °C).

For joint, in common growth was chosen one alloy where:

- Si crystals and Mn-rich o-AlisSi2Mns  precipitates
simultaneously grow (Figure 1, dashed grey line) — in alloy
called “Mn/Si”, by precisely calculated composition
AlSi14.870Mn1.159.

The alloys were prepared in electric furnace with argon
degassing and without any modifier, from high purity materials:
Mn (99.98% NewMet House, UK), Si (99.9999% NewMet
House) and Al (99.999% HMW Hauner GmbH, Germany). After
1.5 h melting at a temperature of 800-805 °C, 38 mm in diameter
cylindrical samples with height of 65 mm (Figure 2) were placed
in the equipped with electric coils solidification facility [18].
Moved with melt graphite crucibles were insulated Sibral
(Unifrax, USA) for low cooling rate and small temperature
gradient allowing slow solidification within entire sample,
without stirring (RMF 0 mT) leading to equiaxed dendrites, and
with electromagnetic field (RMF 11 mT) leading to formation of
globular or spherical forms [18-21]. The measured solidification
parameters (RMF 0 mT) were: cooling rate Rsoo-liq = 0.574 (K/s)
and temperature gradient Gsoo-liq = 0.238 (K/mm). The powered
electromagnetic coils at 10 A, 45 V and 50 Hz generated flux of
11 mT (Gaussmeter MF100, Extech Instruments, US) [18].

The microsections cut from cylindrical samples (Figure 2)
were prepared with standard metallographic procedure including
grinding and polishing in Mecatech 250 SPC (Presi, France) and
observed with a LOM microscope (Nikon Eclipse MA200,
Japan). From 8 experiments 8 cross-sections were analyzed (4
without and 4 with stirring) using ImageJ 1.51a software (Fiji,
National Institutes of Health, USA). The microstructure saved at
magnifications from 50x to 500x, was analyzed: in one larger
area (green dashed line rectangle, Figure 2), in four arch shaped
areas (green dashed line) and in four rectangular areas (white-
filled) and prepared by the image stitching technique.

The following parameters were determined on the cross-
section: number density nmn and average overall dimension Lmn of
manganese-rich a-AlisSi2Mna precipitates, number density nsi and
average length Lsi of Si crystal, eutectic spacing Ae for Al-Si
eutectics, secondary dendrite arm spacing X2 and specific surface
Sv of a-Al. In the studied alloys, larger Mn-phases solidifying
between liquidus and solidus temperatures were labeled as pre-
eutectic Mn  phases. Similarly, much smaller Mn-phases
precipitating at solidus temperature and being part of ternary
eutectics were labeled as inter-eutectic Mn phases. In the
measurement of 7699 AlisSi2Mns  intermetallics, overall
dimension of 2301 pre-eutectic and 5398 inter-eutectic phases
were considered, and similarly for Si crystals, leading to
calculation of the average overall dimension characterizing
occurring phases. For eutectics spacing Ag, the averaging of the
distance between adjacent plates was applied. The averaging of
the distance between 10-50 adjacent side branches for
determination of secondary dendrite arm spacing A2 was applied.
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The specific surface Sy of a-Al was determined as the ratio of the
perimeter and the enclosed area.

In the current study, author studied phases well-known from
3D X-Ray tomography [3] and many other studies (e.g. in
[1,12,13,20-24]): complex shaped AlisSi2Mn4 phases, Si crystals,
dendritic or spherical shaped o-Al and AISi eutectics. First
considered theoretically, the precipitation sequence was next
exactly calculated with the Thermo-Calc software [25], used to
determine the sequence of phases precipitation, property
diagrams, the ternary phase diagram and the Scheil solidification.
The calculations gave the exact data of precipitation of only one
first phase (e.g. a-AlisSi2Mns in the “Mn-first” alloy) or both (e.g.
Al1sSi2Mng and Si crystals in “Mn/Si” alloy), with characteristic
temperatures and mass fraction of solid phases.

Fig. 2. Processed specimens: a) place for cutting the cross-section,
b) areas A, B, C and D for parameters measurement. The dashed
green line area used for general observation. The dotted green line
show arch shaped area for the measurent of Si crystals, large Mn
intermetallics and dendrite arm spacing (magnification 50x). The
rectangle shaped white-filled areas were determined for e.g.
eutectic spacing measurement (magnification 50x and 200x)

3. Results

The chapter shows flow effect on studied alloys microsections
across cylindrical sample and measured parameters characterizing
phases. Precipitation sequence with temperatures and mass solid
fraction should give insight into microstructure formation.

www.czasopisma.pan.pl P N www.journals.pan.pl

'

3.1. Microstructure

Figure 3 presents the microstructure of a Mn-first alloy
(AISi12.546Mn1.011) specimen solidified with and without melt
flow, with clearly visible AlisSi2Mn4 phases distributed across
specimen. Higher magnification (Figure 4) shows Mn-phases
located in Al-Si eutectics with some small a-Al precipitations
occurring shaped as dendrites (white color), inter-eutectic (being
part of ternary eutectics) and pre-eutectic Mn phase, and also Al-
Si eutectics. Figure 4a presents small inter-eutectic Mn-phases
(being part of ternary eutectics) that fit in between Al-Si eutectics,
whilst Figure 4b shows larger pre-eutectic Mn-phases that shaped
more freely into box [3] similar structures.
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Fig. 3. Microstructures of the Mn-first (AlSi12.546Mn1.011)
alloy specimen solidified by flux : (a) 0 mT and (b) 11 mT of
electromagnetic field. LOM, magnification 50x
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Fig. 4. Microstructures of the Mn-first (AlSi12.546Mn1.011)
alloy specimen with: (a) inter-eutectic Mn-phases and (b) pre-
eutectic Mn-phases solidified by flux 0 mT of electromagnetic
field. LOM, magnification 200x

For Si-first alloy (AlSi14.732Mn0.567) solidified without
stirring (Figure 5), it is possible to see the internal area A+B
reaching a dimension of 0.5 of radius R (0.5R), filled almost
exclusively with Al-Si eutectics, while the external area C+D has
many Si crystals (Figure 6). A thinner layer rich in Si formed for
solidification with stirring (Figure 5b), in the outside area D,
starting from 0.75R to the edge of the specimen, and the amount
and dimension of Si crystals seem to be smaller (Figure 5b). By
the higher amount of silicon in the Si-2-first alloy
(AISi16.050Mn0.558), the occurrence of the two areas is similar
(Figure 7), and the forced flow also changed the dimensions of the
areas, starting from radius 0.5R to 0.75R and finishing at sample
edge. Fluid flow seems to decrease the amount and location of Si
crystals in the Si-first and Si-2-first alloys, forming a thin layer of
Si crystals near the outside of cylindrical sample.

On the microstructure (Figure 8) of the Mn/Si alloy
(AlSi14.870Mn1.159) there appeared AlisSi2Mns phases, Si
crystals, and Al-Si eutectics. Similarly to Si-first and Si-2-first
alloys, there formed area rich in Si crystals, that was modified
under flow into smaller outside area D. In the case of
solidification without stirring, it is possible to see the internal area
A+B reaching a dimension of 0.5 of radius R (0.5R), filled almost
exclusively with Al-Si eutectics, while the external area C+D has
many Si crystals. In the case of solidification with stirring (Figure
8b) formed a thin layer rich in Si, the outside area D is smaller,
starting from 0.75R to the edge of the specimen, and the amount
and dimension of Si crystals seem to be smaller.

3.2. Parameters characterising microstructure

The effect of electromagnetically generated stirring was
characterized by the parameters counted and measured in
specified areas (Figure 2) and concerning large number of grains
and crystals led to high quality of the results.
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Flg 5. Mlcrostructures of: the Sl-flrst (AlSi14. 732Mn0 567) alloy
specimen solidified by flux: (a) 0 mT and (b) 11 mT of
electromagnetic field. LOM, magnification 25x

Nt

Si crystals

Flg 6 Mlcrostructures of the S| fl‘rst‘(AIS|14 734Mn0. 567) alloy
specimen solidified by flux: (a) 0 mT and (b) 11 mT of
electromagnetic field. LOM, magnification 100x

In Tables 1-4, the number of inspected phases, crystals grains
and dendrite arms is shown in parentheses, whilst the standard
deviation is given in square brackets. In Mn-first alloy solidified
with flow (Table 1), average overall dimension Lmn amounts
26.94 and was calculated from 248 measured intermetallics and
standard deviation amounts 6=1.829 um. Electromagnetic stirring
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caused 44% decrease in Lvn from 47.88 um to 26.94 pm, increase
in solidification time from 464 s to 504 s. Across sample Lwmn
amounts: 31.51 um (standard deviation 6=2.01 pum) in area A
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(Figure 2), 18.54 pm (0=1.15 pm) in area B, 30.64 pm (c=2.19
um) in area C and 35.49 pm (6=1.50 um) in area D.
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Fig. 7. Microstructures of the Si-2-first (AlSi16.050Mn0.558) alloy specimen solidified by flux: (a) 0 mT and (b) 11 mT of
electromagnetic field. LOM, magnification 50x
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The average overall dimension Lmn of being part of ternary
eutectics inter-eutectic Mn phases (Table 1) decreased by 44%
under flow for the Mn-first alloy, from 47.88 um to 26.94 pm.
Similarly for Si-2-first and Mn/Si alloys, Lmn decreased 38% and
47% respectively, whilst it remained unchanged (-4%) for the Si-
first alloy (by standard deviation ¢=2.221 um and 2.005 pm).
Under forced flow, number density nmn (Table 2) decreased 30%
for Si-first alloy, whilst increased 13%, 25% and 79% for Mn-
first, Si-2-first and Mn/Si alloys respectively.

Both decreases and increases were observed for individual
alloys and there is no direct modification in the eutectic spacing
Ae (Table 1), and the effect of electromagnetic stirring on (a-Al)-
Si eutectic seems unclear. For the Si-first alloy, the eutectic
spacing Ae increased by 21% from 12.65 um to 15.32 pm, with
standard deviation values of 2.51 pm and 2.10 pm, whilst for Mn-
first alloy remained unchanged.

For inter-eutectic Mn-phases (being part of ternary eutectics,
Table 2), smaller values of average overall dimension Lmn were
observed, where the sizes reached 9.98-47.88 um, in opposite to
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pre-eutectic precipitates 382-616 um. Electromagnetically
generated flow caused 61% larger average overall dimension of
Mn-phases in Mn/Si alloy, whilst for Mn-first alloys it remained
unchanged (6%) by the dimensions 404 and 430 pum, and by
standard deviations 6=17.9 um and 20.3 um. In both alloys, where
pre-eutectic phases occurred (Table 2), number density nmn
decreased, 10% and 65%. Analyzing cross-section of the sample
(Figure 2), for Mn-first (AlSi12.546Mn1.011) alloy, AlisSi2Mng
phases are larger (510 um) inside (area A) then outside (area D,
368 um), both without and with electromagnetic stirring. For
both, natural and forced convection, number density nmn was
higher inside sample (area A) than outside (area D). Opposite
situation was noticed for Mn/Si alloy, where more and larger
phases occurred in outer part of sample, where flow increased
dimension Lmn and decreased number density nwn. In Tables 2-4
used dash “-“ indicates a lack of intermetallics, crystals or

Table 1.

www.czasopisma.pan.pl P N www.journals.pan.pl

Parameters characterizing inter-eutectic Mn phases and Al-Si eutectics

dendrites in the area and resulting number density value of 0.0
mm-,

The average length Lsi of Si-crystals (Table 3) decreased
under stirring by 17% in the Si-first and increased 15% in the Si-
2-first alloy, while the number density nsi decreased considerably
by 52% and 75% in both alloys. Analyzing cross-section of the
sample, larger Si crystals were noticed in the outer part than
inside, as also seen on Figures 5,7 and 8. For the Mn/Si alloy, Lsi
increased slightly by 9% from 1202 to 1306 pm, while nsi
decreased by 81%.

For the Mn-first and Si-first alloys (Table 4) the stirring
caused 13% and 38% increase in secondary dendrite arm spacing
A2, from 752 pm to 85 pm and from 29 pum to 40 pum
respectively. In areas from A to D, across the specimen, when
considering the standard deviation, A2 seems to have similar
various values. Specific surface Sv decreased for mentioned
alloys 29% and 22% respectively.

Aluminum RI}ASZI[QT] Mn phases (inter-eutectic — small phases) AISi Eutectics
Alloys Time [Sj} Lmn [pm] Nmn [mm2] Ae [pm]
“Mn-first” 0{468} 47.88 [4.770] (219) 83.42 9.09 [0.87]
alloy 17.57:87.06:24.55:40.61 [1.16:5.43:1.75:3.04] 80.75:126.5:99.04:27.42 8.4:5.4:10.2:13.9
AlSi12.546 11{504} 26.94 [1.829] (248) (-44%) 94.46 (13%) 8.88 [1.70] (-2%)
Mn1.011 31.51:18.54:30.64:35.49 [2.01:1.15:2.19:1.50] 112.7:143.2:73.13:48.75 6.0:5.1:8.9:20.6
“Si-first” 0{606} 29.67 [2.221] (270) 102.8 12.65 [2.51]
alloy 18.16:35.77:39.71:48.65 [1.08:1.97:2.72:3.13] 188.9:129.5:42.69:50.28 6.2:8.5:21.0:27.1
AlSi14.732 11{646} 28.62 [2.005] (188) (-4%) 71.61 (-30%) 15.32 [2.10] (21%)
Mn0.567 19.96:32.75:32.37:34.24 [0.92:2.42:2.25:1.55] 94.46:108.1:53.32:30.47 9.2:10.3:24.4:24.5
“Si-2-first” 0{566} 16.07 [1.257] (281) 107.0 11.43 [2.45]
alloy 9.68:14.19:23.19:33.08 [0.62:0.82:1.23:1.92] 173.3:124.9:86.84:42.66 3.7:8.9:18.8:25.6
AlSi16.050 11{391} 9.98 [0.610] (351) (-38%) 133.7 (25%) 5.52 [0.66] (-52%)
Mn0.558 8.24:7.96:12.08:13.45 [0.39:0.35:0.76:0.76] 141.7:164.5:158.5:70.08 3.0:4.8:7.0:8.6
“Mn/Si” 0{516} 38.03 [5.65] (275) 104.7 12.70 [1.63]
alloy 25.69:43.77:70.70:88.51 [2.32:5.02:11.01:10.99]  269.7:77.72:41.13:30.47 7.0:9.0:13.8:22.9
AlSi14.870 11{558} 20.22 [2.52] (491) (-47%) 187 (79%) 13.93 [2.34] (10%)
Mn1.159 25.06:26.38:36.60:46.92 [1.89:2.18:4.01:3.50] 248.3:184.3:65.5:35.0 7.4:10.2:13.4:27.3

(1) Dash — lack of data e.g. by absence of phases; (2) Brackets [the standard deviation]; (3) Parentheses (numbers of
grains inspected/numbers of dendrite arms counted) ; (4) Curly brackets {the solidification time (s)}; (5) Parentheses
(caused by forced flow variation [%] of the parameters %); (6) Parameters separated by colon : — values gained in areas

A,B,C and D.

3.3. Precipitation sequence

The alloys compositions precisely meeting the methodology
assumptions, were defined using thermodynamic calculation [25].
The determined precipitation sequence and mass fraction of the
occurring phases were collected in Table 5 and for example of
Mn-first alloy discussed below and showed on Figure 9.

For the alloy where AlisSi2Mn4 should be the first growing
phase, based on the ternary Al-Si-Mn phase diagram (Figure 1),
the composition AISil2Mnl was proposed. Next according to
iterative calculations, with property diagram (Figure 9) and Scheil
solidification, carried out analysis gave the alloy with exact
AlSi12.546Mn1.011 composition. In the alloy (Table 5), starting
from liquidus temperature 610 °C and according to reaction
described as L — AlisSi2Mng + L, AlisSizMn4 phase will form.

ARCHIVES of FOUNDRY ENGINEERING Volume 23,

Similarly to growth of solid Mn phases and during it, the melt
enriches in Mn and Si, and the concentration amounts 0.591%Mn
and 12.569%Si finally at the temperature 575.89 °C. At this
temperature and Mn and Si concentrations, the solidification path
reached eutectic grove and followed the reaction L — L +
Al15SizMng + Si till 575.88 °C, where finished with composition
of rest liquid 12.570%Si and 0.582%Mn. At this point and
temperature 575.88 °C, occurred L — a-Al + Al1sSizMn4 + Si as
the final eutectic reaction, where mass fraction of AlisSizMna
reaches fanssizvna = 3.12%, a-Al mass fraction fa.a1 = 85.99% and
eutectics mass fraction reaches fewt = 10.89%. From precise
iterative calculations resulted non-intentionally L — L +
Al1sSi2Mns + Si reaction, that occurred during very short
temperature range, from 575.89 °C to 575.88 °C, and has got only
numerical meaning, but from practical view of alloys preparation
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has no importance. The planed two reactions L — AlisSi2Mns + L
and L — o-Al + Al1sSizMns + Si occurring during much longer
temperature range 610-575.89 °C than 575.89-575.88 °C
practically fulfilled the main idea of current study.

4. Discussion

Based on the solidified samples received from natural only
convection and from forced convection, the discussion on the
microstructure modification is possible. The changes in
distribution and dimensions of intermetallics, Si crystals, eutectics
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and a-Al phase, captured by figures and measured parameters will
be analyzed.

4.1. Mn-phases

Al1sSi2Mns Mn-rich phases occurs also in more complicated
alloys than analyzed in the current study, e.g. in AIMgSi [20] and
AICuSi [21] alloys, and also the stirring effect on morphology
was also earlier studied for directional solidification of AISiMn
alloys [2]. The analysis by low gradient or directional
solidification of AlSiFe alloys may show some microstructure
modifications.

Table 2.
Parameters characterizing pre-eutectic Mn intermetallics
RMF [mT] Mn phases (PRE-eutectic — large phases)
Aluminum Alloys {Soll[g].}:l'lme Lmn [um] Nvn [mm-2]
0{468} 404 [17.9] (211) 0.372
“Mn-first” alloy 510:464:389:368 [33.8:17.9:14.3:16.9] 0.367:0.386:0.496:0.278
AlSi12.546Mn1.011 11{504} 430 [20.3] (189) (6%) 0.333 (-10%)
592:340:432:443 [21.6:16.7:19.5:20.2] 0.508:0.395:0.384:0.246
0{516} 382[17.5] (211) 0.372
“Mn/Si” alloy -1227:376:396 [-:9.2:19.8:16.3] 0.0:0.084:0.355:0.561
AlSi14.870Mn1.159 11{558} 616 [65.4] (68) (61%) 0.120 (-68%)
-:-:304:652 [-:-:7.3:68.1] 0.0:0.0:0.0395:0.246
Table 3.
Parameters characterizing Si crystals
RMF [mT] Si crystals
Aluminum Alloys {Soll[(;i].}'l'lme Lsi [um] nsi [mm-]
0{606} 1342 [101.9] (123) 0.217
“Si-first” alloy -1755:1362:1361 [-:46:86:108] 0.0:0.038:0.169:0.359
AlSi14.732Mn0.567 11{646} 1119 [76] (59) (-17%) 0.104 (-52%)
-:-1-11119 [-:-1-:76] 0.0:0.0:0.0:0.238
0{566} 1482 [129] (82) 0.145
“Si-2-first” alloy -:-:1044:1721 [-:-:45:152] 0.0:0.0:0.163:0.214
AlSi16.050Mn0.558 11{391} 1704 [90] (20) (15%) 0.036 (-75%)
-:-1-11704 [-:-:-:90] 0.0:0.0:0.0:0.081
0{516} 1202 [121] (156) 0.275
“Mn/Si” alloy -:-11376:1174[-:-:91:125] 0.0:0.0:0.118:0.544
AlSi14.870Mn1.159 11{558} 1306 [114] (30) (9%) 0.053 (-81%)

-:-1-11306 [-:-:-:1114]

0.0:0.0:0.0:0.121

The average overall dimension Lmn of Mn-phases decreased
9% under melt flow in AIMg5Si5Mnl alloy [20] where
Al1sSi2Mng precipitate (solidify) as first before eutectics and a-Al,
by low gradient and slow cooling. And similarly in the
AlCu4Si6Mn2 alloy [21] where AlisSi2Mns grow as first, Lmvn
decreased 19%. Whilst for Mn-phases starting to precipitate 17 °C
after o-Al, and as the second, by lower Mn contain
(AlCu4Si6Mn0.65 alloy) [21], and by common growth till final
eutectic reaction, convection reduced the length Lmn by 42%. For
AISiMn alloys [3], the inter-eutectic phases (being part of ternary
eutectics) were larger under stirring, whilst pre-eutectic
intermetallics grew smaller. For lower Si and Mn content [3], the
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changes were unclear for inter-eutectic phases, whilst pre-eutectic
phases solidified smaller.

For Fe-rich intermetallics, the complete destruction in case of
AlSi7Mg0.2-0.6Fe0.5 alloy or significant 80% decrease in the
dimension of B-AlsFeSi, caused by stirring was observed [32].
The modification of phases depends on cooling conditions, in
metal mold the reduction was small, but in sand mold the length
Ls of B needles reduced about 23% [27]. Flow leading to
segregation may also cause increase in length of § from 160 um
280 [28], in AlSi7Fel.0 alloy solidified directionally. In similar to
[28] experiment [29], formation of eutectic rich center was
presented with 9% larger needle shaped Fe phases, but also 20%
reduction in dendritic structure was observed. The flow effect
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depends also on the presence of other phases, e.g. Mg2Si in
AlMgSiFeMn alloys [20] may reduce stirring influence on
dendrites, intermetallics and eutectic. The importance of alloy
composition was presented in case of AICuSi system [21], where
for AICu4Si6Fel alloy 33% reduction in length was noticed,
whilst the increase 76% and 23% for AICu4Si6Fe2 and
AICul0Sil0Fel alloys where B-AlsFeSi needles grow as first
precipitate. As demonstrated in [29] on histograms, flow led to
higher amount of small phases (5-40 pum) and finally caused
smaller average length of the whole population of intermetallics.
The importance of precipitation sequence for flow efficiency in
reduction of iron phases [29], was noticed in [19], where in the
presence of o-Al phases flow reduced 14% the length in
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AlSi7.837Fe0.521 alloy, whilst in fully liquid alloy, with only
precipitating pB-AlsFeSi, the length increased 92% and 76%, in
slowly cooled by low temperature gradient, AlSil12.795Fel.705
and AISi12.911Fe2.372 alloys. The results [29] suggested the
influence of similarly growing a-Al on Lg reduction, whilst in
AlSi7.508Fel.687 alloy [19] the 17% increase was noticed. By
joint growth of Si crystals and p-AlsFeSi, in the
AlSil15.136Fel.678 alloy [19], the 22% decrease in L was
observed, that confirms the reduction effect of the second
occurring phase. In both alloys, the mass fraction of solid phases
precipitated differs, there is less solid Si crystals in
AlSil5.136Fel.678 than a-Al in AISi7.508Fel.687 alloy. The
mass fraction of solid phases influences flow possibility in mushy.

Table 4.
Parameters characterising a-Al phases
RMF [mT] a-Al phase (dendrites or globular forms)
Aluminum Alloys {Soll[csi].}'l'lme Az [um] Sv [um-']
0{468} 75.2 [16.0] (13/91) 0.034 [0.008]
“Mn-first” alloy 157:112:70:60 [-:7.7:5.8:6.7] 0.038:0.033:0.032:0.035 [0.005:0.002:0.003:0.013]
AISi12546MnLO1L (500} 85 [12] (14/84) (13%) 0.024 [0.002] (-29%)
124:70:86:83 [4.6:8.6:13.4:9.0] 0.030:0.024:0.025:0.022 [0.002:0.002:0.001:0.001]
0{606} 29 [1.4] (10/91) 0.040 [0.005]
“Si-first” alloy 21:31:42:71 [1.4:2.0:-:-] 0.075:0.041:0.039:0.026 [0.005:0.005:0.001:0.002]
AISi14.732Mn0.567 (646} 40 [4.7] (5/26) (38%) 0.031 [0.006] (-22%)
25:44:38:46 [-:1.1:-:-] 0.052:0.040:0.027:0.028 [0.004:0.002:0.002:0.007]
0{566} 35 [6.1] (6/39) 0.036 [0.003]
“Si-2-first” alloy 31:30:87:42 [6.1:-:-:-] 0.083:0.044:0.039:0.029 [0.003:0.013:0.004:0.006]
AISi16.050Mn0.558 301} 22 [3.6] (8/112) (-37%) 0.066 [0.008] (83%)
24:26:31:19 [5.0:-:4.4:3.8] 0.090:0.089:0.054:0.059 [0.008:0.016:0.003:0.005]
0{516} 32 [7.3] (6/40) 0.031 [0.006]
“Mn/Si” alloy 19:45:50:75 [1.4:3.0:-:] 0.060:0.050:0.031:0.024 [0.006:0.007:0.008:0.001]
AlSi14.870Mn1.159 11{558} 35 [3.6] (6/32) (9%) 0.031 [0.007] (0.0%)

20:42:40:58 [3.6:0.2:-:-]

0.044:0.053:0.031:0.025 [0.007:0.007:0.003:0.003]

Table 5.
Precipitation sequence in studied AlSiMn alloys

Temperature Mass Fraction of Solid Phases [%]
Range of (the Rest is Liquid Alloy)
Alloy Reaction Reaction at the Temperature [°C]
. Si Al-Si
Temperature  a-Al Al15Si2Mng crystals  Eutectics
. ., L — AlisSiaMna + L 610-575.89  575.89 0 1.47 0 0.0
Mn first” alloy 575.89
AlSi12.546Mn1.011 L — a-Al + Al15Si2Mns + Si 575 SE; 575.88 85.99 3.12 0 10.89
e . L—>Si+L 610-575.89  575.89 0.0 0.0 2.39 0
Si first” alloy 57589
AlSi14.732Mn0.567 L — a-Al + Al15Si2Mns + Si 575’ 88_ 575.88 85.12 1.64 2.47 10.77
“Si-2 first” alloy L—>Si+L 6:7(3;225.89 575.89 0 0 3.01 0
AlSi16.050Mn0.558 L — a-Al + Al15Si2Mns + Si 575 SE; 575.88 83.80 1.61 3.98 10.61
« L — AlisSioMng + Si + L 610-575.89 575.89 0.0 2.03 2.67 0
Mn/Si” alloy 57589
AlSi14.870Mn1.159 L — a-Al + Al1sSi2Mng + Si 575‘ 88_ 575.88 83.18 3.63 2.70 10.49

The amount of formed intermetallics modified under flow was
characterized by counting number density nwmn. Forced flow
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caused 30% increase in number density nmn in AIMg5Si5Mnl
alloy [20], where Mn phases grow as first, and 53% in
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AICu4Si6Mn0.65 alloy [21], but here Mn-rich precipitates start to
grow 17 °C after a-Al. For AICu4Si6Mn2 alloy [21], stirring
caused 41% decrease in nmn Where Al1sSi2Mna grow as first.

For processed in sand mold AlSi6.8Fe0.8 alloy [27] amount
of iron-rich phases increased about 100%, whilst in metal mold
only slightly. Both in the dendritic outside area (17%) and in the
eutectic center (42%) of directionally solidified cylindrical
samples, number density ng increased. The presence of Mg:Si
[20] in AIMgSiMn alloys seems to reduce flow and its effect on
number density modification. The number density ng decreased
under flow, 12 and 71 %, in AlCul0Sil0Fel and AlCu4Si6Fe2
[21] respectively, where B-AlsFeSi start to grow as first, and nmn
increased in AICu4Si6Fel where Fe-phases precipitated
(solidified) as the second and a-Al as first. In AlSi12.795Fel1.705
and in AlSi12.911Fe2.372 alloys [19], where B needles grow as
only one from liquidus till eutectic temperature, ng decreased 71%
and 70% respectively, whilst ng increased 130% in
AlSi7.837Fe0.521 alloy where B-AlsFeSi precipitate between
dendritic or globular formed o-Al phase, and confirmed results
found out in directional solidification [29]. By joint growth of B-
AlsFeSi and Si crystals [19], ng decreased 45% and by joint
growth of B-AlsFeSi and o-Al ng decreased 26%, and that is in
contrary with [29].

1 —
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Fig. 9. Property diagram for the “Mn-first” alloy
(AISi12.546Mn1.011)

The measurement of Mn-phases in current study was divided
into pre-eutectic (Table 2) and inter-eutectic (Table 1) phases.
Pre-eutectic manganese phases have dimensions in the range
about Lmn = 382-616 pum by number density nmn = 0.120-0.372
mm2, while inter-eutectic Lmn = 9.98-47.88 um by number
density nvn = 71-133 mm-2,

The inter-eutectic Mn phases (Table 1), being part of ternary
eutectics, precipitate (solidify) in the final eutectic reaction,
together with a-Al, Si crystals, and Al-Si eutectics, and may lead
to dumping the flow at this solidification stage. For Mn-first alloy,
convection caused 44% (Table 1) smaller Mn-phases by 13%
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slightly increased umber density. In Si-first and Si-2-first alloys,
stirring caused smaller inter-eutectic Mn-phases, the average
dimension Lmn decreased 4% and 38% respectively. For Mn/Si
alloy, Mn phases changed under flow similarly to Mn-first alloy,
Lmn decreased 47%. In case of the precipitation between earlier
formed phases and late growth, similar reaction of inter-eutectic
Mn phases to flow seems clear.

The pre-eutectic Mn phases precipitate (solidify) by joint
growth with Si crystals (Si/Mn alloy, Table 2) or separate (Mn-
first alloy). In the Mn-first alloy (Table 2), flow caused 6% larger
pre-eutectic phases by 10% decreased number density. The
common growth of Mn and Si crystals (Mn/Si alloy) led by forced
flow to 61% larger Mn phases and its 68% lower number density.
For the growth of Mn phase in alloys with at the beginning only
small amount of solid phases, Mn-first and Mn/Si alloys, where
both grow in almost completely liquid alloy, opposite effect
concerning dimension Lmn was found. Because of the fulfilled
with liquid alloys solidifying specimen, by absence of dendrites of
globular forms and its large value of mass fraction, Mn grew
freely in liquid alloy, and similar effect should be observed. It
seems that some effect may come from Si crystals presence or
from Si and Mn concentration in alloys. Probably Si is the key
element for flow effect in these alloys, in meaning hypo or
hypereutectic alloys. Number density across specimen has also
importance and shows different effects. The lack of a-Al (Mn-
first and Mn/Si alloys), flow caused decrease in number density
stronger in the specimen center (area A and B), e.g. decreasing
from 0.084 to 0.0395 (Mn/Si alloy) and slighter and more uniform
in Mn-first alloy. The mentioned decrease in number density of
Mn phases for these alloys is significant. For Mn-first alloy,
across sample diameter, number density has higher values in the
center than outside, for Mn/Si alloy the opposite situation was
found, both without and with stirring. Such situation seems clear
according to phases diagram and real solidification front
movement from crucible into center, even in such slow cooling
and small gradient, where the distribution of phases in eutectic
(Mn-first) alloy is opposite to hypereutectic (Mn/Si) alloy. Forced
flow seems to keep this course of number density across sample,
by generally lower values with flow, but for Mn-first alloy, forced
convection caused increase from 0.367 to 0.508 mm-2 in number
of phases in the center. For Mn/Si alloy with applied stirring, the
center, areas A and B, are empty of Mn-phases, nmn = 0.0 mm,

The 6% increase in the overall dimension Lwmn is the opposite
of 9% decrease for AIMg5Si5Mn1.0 alloy [20] by similar
temperature gradient and cooling rate, where AlisSi2Mny
precipitate at T. = 651 °C till 606 °C as first. Lmn stayed
unchanged in AICu4Si6FelMn0.65 alloy [21], where start to
grow by TL = 625 °C, and number density reduced 56% similarly
to Mn-first alloy. For Mn/Si alloys, no results measuring flow
effect on Mn phases by joint growth was found. Instead, for joint
growth of a-Al starting at TL =610 "C and Mn phases at 593 °C in
AICu4Si6Mn0.65 alloy [21], the opposite situation was found,
number density increased 53% and the average dimension Lmn
decreased 42%. Both alloys clearly differs in the mass fraction of
a-Al in comparison to Si crystals.
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4.2. Si crystals

In the Si-first, Si-2-first and Mn/Si alloys (Figure 5,7 and 8),
two different areas are clearly visible, the internal areas A and B
without Si crystals and the external areas C and D which is rich
with Si crystals (Figure 2). This observation was confirmed by
measurement of overall dimension and number density of Si
crystals, e.g. for Si-first alloy, in center (area A) number density
amounts 0.0 mm2, while in outside (area D) 0.359 mm without
flow and 0.0 and 0.238 mm2 with flow, respectively. In
mentioned alloys, stirring moved Si crystals from areas C and D,
including space from 50% of sample radius (0.5 R) to the edge, to
the outside area D including space from 75% of radius (0.75 R) to
the edge (Figure 5,7 and 8). Forced flow decreased significantly
amount of occurring crystals, number density was lower 52%,
75% and 81 % respectively for Si-first, Si-2-first and Mn/Si alloys
(Table 3). The sample center is filled mainly with o-Al-Si
eutectics. In all mentioned alloys, without and with stirring, larger
Si crystals grew near to sample edge, and smaller nearer to center,
e.g. for Si-2-first alloy, without stirring Lsi in area C was 1044 ym
and in area D 1721 um, while convection moved them all outside
(to area D) by Lsi 1704 um. For Si-first alloy, without stirring Lsi
in area C was 1362 um and in area D 1361 pm, while convection
moved them all outside (to area D) by Lsi 1119 um. In the Mn/Si
alloy, under stirring, the Si crystals grew 9% larger with a 81%
reduction in the number density. The largest Si crystals
precipitated (solidified) in the thin outside layer (area D), and
crystals also moved to the center (area A) and to the edge of the
sample (area C), with the highest number density of 0.121 mm-2,

Forced flow generated by coils definitely influenced the
growth site of Si crystals and significantly reduced number
density in samples where Si crystals precipitate first and also in
the Mn/Si alloy, where joint growth occurs. It seems that flow
pushed Si crystals to grow less as separate Si crystals and more as
a-Al-Si eutectics, which may positively influence alloy properties
and castings quality.

The separation of Si crystals in an Al-30 wt.% Si alloy under
RMF was studied in [30], where by stirring the Si crystals were
located in a thin layer of about 8 mm and also in the sample center
in contrast to current study (Figure 5,7,8). In opposite to current
observations, along the cylindrical sample also Si segregation
may occur as studied in an Al-Si 45 wt.% Si alloy [31] by
temperature gradient 35-40 K/cm or as in directional solidification
of Sn-Si alloy [32] or in a Ti-85 wt.% Si alloy [33]. In the current
study only electromagnetic stirring by RMF was applied, but also
mechanical stirring [34] may lead to Si separation and even alloy
purification from phosphorus and boron [34, 35] by increased
average mass and size of primary Si flakes [35].

The applied in current study electromagnetic stirring generate
fluid flow, but also direct application of electric current, as e.g.
electric current pulse ECP may cause changes in Si concentration
[36], eutectic spacing [37] and the removal of boron but by
directional solidification. In opposite to low gradient and low
cooling rate applied in the current study, application of high
temperature gradient or pulling the sample, may lead to Si
segregation in upper [38] or lower [39] part of samples together
with removal of P, B, Ca, Fe [40]. The current methodology
assumed constant electromagnetic field 11 mT, but alternating
electromagnetic directional solidification (AEM-DS) [41] in an
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Al-45 wt.% Si alloy caused Si separation in the bottom part of
sample and upper part rich in eutectics and only small layer of Si
on the sidewall. The construction of the facility used in this study,
allowed for only still, not moving sample in graphite crucible, but
Jiang et al. [42] and Xue et al. [43] observed that pulling down
resulted in Si crystals in the bottom of sample and pulling up led
to upper part significantly enriched in Si crystals in various AlSi
alloys. In the current study constant electromagnetic field in
strength of 11 mT was applied, but application of the gradient
high magnetic field by Li, Ren and Fautrelle [44] separated
primary Si and the Si solute, moved a-Al and the eutectics
towards the down part of the sample, whilst the primary Si phase
moved towards the top. The applied by Sun et al. [45] in an Al-30
wt.% Si-10 wt.% Sn alloy a traveling magnetic field (TMF)
caused that a binary eutectic a-Al+Si formed in the upper and in
the center parts of the sample.

In a three-phase-three-pole magnetic generator (RMF 25 mT)
applied for solidification of a 60 mm diameter cylindrical sample,
Zou et al. [46] tried to control behavior of primary Si and the
segregation in an Al-30 wt.% Si alloy, and observed that for the
realization of Si separation, the temperature gradient is a
precondition. Secondly, electromagnetic stirring forming a Si-rich
layer with 65~70 wt.% Si content, can strengthen the separation
effect for Si but is not decisive. In the current study the cooling
rate achieved 0.574 K/s and the temperature gradient was 0.238
K/mm whilst in [46] the temperature gradients were 1.5/0.3
°C/mm and 0.5 °C/mm and the cooling rates were 1.5 “C/min
(0.025 °C/s) and 60 °C/min (1 °C/s) and seems to confirm the
current study. In current solidification without RMF, a lower
gradient was measured (0.238 K/mm) and the separation of Si
occurred in the outer part of the sample (Figure 5,7 and 8) and
RMF decreased the number density of Si particles. The cooling
rate measured currently matches the range presented in [46].
Based on the numerical simulation, Zou et al. [46,47] suggested
that RMF caused the formation of a primary azimuthal flow and
then in the azimuthal direction a secondary flow, finally
transporting of solute atoms in the axial direction. The authors
[48] also proposed a method for the Si purification.

4.3. Eutectics

The mechanism of eutectics formation [49,50] includes the
growth of two or three phases by diffusion and without any
exchange of solute between solids. From solidified phases
rejected solute moves into liquid located near to solid phases and
the concentration and location of solute may depend on melt flow.
The eutectic spacing first depends on materials and on the
solidification velocity [50,51]. Secondly, the spacing may depend
on the flow, as was observed in unidirectionally solidified AlSi
alloys [52], where the spacing increased from 4 um by natural
only convection to 8 um when an electromagnetic field of 6 mT
was present. The flow near final solidification may be reduced by
e.g. MgzSi phases as found out in AIMgSiFeMn alloys [20]
studied by similar to current methodology. And as confirmed in
similar equiaxed solidification of AICuSiFeMn alloys [21] by low
cooling rate and low temperature gradient, the eutectic spacing
correlation to forced convection depends on the alloy
composition.
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In Mn-first alloy [Table 1], the changes in eutectic spacing Ae
are -2% and by standard deviation of 6=0.87 and 1.70 pm, the
changes appear negligible. In the Mn-first alloy, the amount of
eutectics in comparison to e.g. hypoeutectic alloys with profusely
occurring a-Al is large, and eutectics form without dense globular
or dendritic structures where the flow might be diminished.

For the Si-first and Si-2-first alloys [Table 1] the changes
21% and -52% show probably different effect of the flow. Also in
this hypereutectic alloys, the amount of solid phases precipitating
before eutectics is small. The mass fraction of Si crystals [Table
5], at final eutectic reaction amounts 2.47% and 3.98%
respectively, and both values are small in comparison to some
hypoeutectic alloys where mass fraction of a-Al amounts 85-96%.
The overall dimension of Si crystals in both alloys is similar, in
the range 1119-1342 um for Si-first and 1482-1704 um for Si-2-
first alloys. The flow conditions seems to be at least similar if not
identical in both alloys.

For the Mn/Si alloy Ae increased 10%, and by standard
deviation of 6=1.63 and 2.34 um, the changes are negligible. The
amount of eutectics is large in comparison to the Si crystals and
Mn phases (Table 4), the mass fraction of Si crystals [Table 5]
amounts 2.70 and Mn-phases 3.63. The overall dimension of Si
crystals is in the range 1202-1306 pm [Table 3] and of pre-
eutectic Mn-phases 382-616 um [Table 2].

The morphology of solid-liquid mushy zone in studied alloys
seem to be very convergent but measured eutectic spacing [Table
1] do not imitate this situation. The electromagnetic field is still
present in the material till final solidification and can generate
flow in any small liquid cavities that may still be present between
already solidified grains. The unclear effect of forced convection
on studied AISiMn alloys during slow cooling and low
temperature gradient demand more further investigation,
including smaller specimen sizes and stronger stirring by
mechanical or electromagnetic methods.

4.4. a-Al crystals

In the studied alloys, intentionally and according to phases
diagram, not any dendrites or globules should form. But some
composition fluctuation caused o-Al crystals formed as globular
forms or fully shaped dendrites.

The intensive forced flow may lead to microstructure with
spheroidal forms precipitating in mushy zone, as presented by
Flemings [53]. Many other experimental studies on e.g. metallic
AlCu alloys [54-56], water succinonitrile (SCN)-5% [57] or in
modelling and numerical simulations [58], have investigated the
phenomena of structure transformation by flow.

For equiaxed grain morphologies formed by equiaxed
solidification without flow, the microstructure is characterized
among others by secondary dendrite arm spacing A2= Aspas.
Assumption, that dendrite growth is diffusion-controlled, has led
to mathematical model [51]:

A, =c - t" @

where n1 = 0.48 for convective and 0.33 for the diffusive mass
transport [52] and c1 materials depending coefficient [51].
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For the Mn-first alloy (Table 1), the stirring increased 13%
secondary dendrite arm spacing Az, from 75.2 pm to 85 pm and
by standard deviation of 6=16 and 12 pum, the changes appear
small. For the Si-first and Si-2-first alloys (Table 1) the flow
caused an approximate 38% and -37% changes in Az, from 29 um
to 40 pm and from 35um to 22 pm respectively. For Mn/Si alloy,
Az increased 9% from 32 pm to 35 um and by 6=7.3 and 3.6 um,
the changes appear small.

Throughout the Si-first and Si-2-first specimens (Table 1), in
areas from A to D (Figure 2), X2 seem to have various values
when considering the standard deviation o, but no clear tendency
was observed. For Mn-first alloy larger spacing A2 occurred in the
center of the cylindrical sample, whilst in the Mn/Si opposite
tendency was observed.

For the Mn-first and Si-first alloys, according to equation (1),
the solidification time and the measured secondary spacing Az, in
order to achieve calculated A2 values equal to the measured ones,
the exponent n1 by stirring should be higher, increasing from 0.33
for diffusive mass transport, to values such as 0.3455 and 0.376
respectively, for convective ripening, and this is much smaller
than the values of 0.47-0.50 found in the literature [52] for
directional solidification. For the Si-2-first alloy, the contrary
situation was found, flow caused smaller A2 and that means n1 by
stirring should be lower, 0.275, even lower than for diffusive
ripening 0.33. For the Mn/Si alloy ni changed from 0.33 to
0.3405. The value increased but is smaller than the values of
0.47-0.50 found in the literature [52].

The value of exponents suggests a small or even a lack of
forced flow by electromagnetic field or the flow reduction during
the secondary arms coarsening. The mass fraction of Si crystals
and Mn phases is smaller than that of a-Al, as seen in the Figures
3,5,7 and 8, property diagram (Figures 9) and Table 5. In opposite
to any hypoeutectic alloys with overwhelming a-Al phase, in the
currently studied alloys appear to be better conditions for long
lasting and intensive melt flow.

Another parameter proposed [59] for grain characterization is
the specific interfacial area Sv proportional to the solidification
time t:

SV - t—l/ 3 (2)

and its value Sy may decrease from 0.077 to 0.035 um™! with
increasing electromagnetic stirring in AICu30 alloy [60].

The specific surface Sy decreased (Table 1) under stirring for
the Mn-first and Si-first alloys by 29% and 22% respectively,
much more than the standard deviation range. Only for the Si-2-
first Sv increased by 83%, which is consistent with changes in 2.
For the Mn/Si alloy flow has not changed Sv. The values
throughout the specimen, in areas A-D (Figure 2), are almost
equal for Mn-first alloy, whilst for Si-first, Si-2-first and Mn/Si
alloys decreased from area A to D.

Based on the measured solidification time, calculation of Sy
according to (2) need determination of a coefficient describing the
proportionality. The coefficient for currently studied AISiMn
alloys amounts 0.2317-0.4281 for solidification by only natural
convection and 0.1427-0.4813 for stirring. Sv changes more
significantly than A2 and seems to signal flow better.
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4.5. Solidification by stirring

For the Mn-first (AlSi12.546Mn1.011) alloy, in comparison
to natural convection, stirring decreased Lwmn oOf inter-eutectic Mn-
phases 44% and increased nmn by 13%. For pre-eutectic Mn-
phases flow increased Lmn by 6% and decreased nmn by 10%. By
the standard deviation of 6=17.9 pm and 20.3 pm the changes are
small. Based on the calculations in Thermo-Calc (Figure 1), the
first and only one is pre-eutectic Mn-phase, growing from
liquidus till solidus temperature. In the fully liquid alloy, the
manganese-rich growing phase seems to have the perfect
conditions to reach large dimensions, and the reaction much
weaker than in case of B-AlsFeSi [19], where increase amounts
92% and 76% depending on alloy composition. It seems, flow has
no influence on the dimension and position across sample,
because by natural only and forced convection, longer Mn-phases
formed in the center (area A) by higher number density, than in
the outside (area D). For AIMg5Si5Mn1.0 alloy [20], where Mn-
rich phase starts to precipitate first with TL = 651 °C till 606 °C,
decrease in Lmn was observed, and perhaps the liquidus
temperature is too low in Mn-first alloys, for such an effect.

In the samples of Si-first and Si-2-first alloys flow changed
the secondary spacing Xz, specific surface Sy and the eutectic
spacing. For the Si-first and melt stirring decreased the average
length Lsi of Si crystals by 17% and decreased the number density
ng by 52%, whilst for Si-2-first alloy, Lsi increased 15%, and np
decreased by 75%. According to thermodynamic calculations
(Figure 1), the Si crystal is the first and only growing phase until
the eutectic reaction. In the fully liquid alloy, the Si crystal
growing first appears to have the great conditions to reach large
size, by the absence of dendritic or globular a-Al. In similar alloys
[21] (AI-Si14.877Fe0.871 and Al-Si16.187Fe0.858), Lsi
increased by 17% and 20%, and np decreased by 89% and 74%,
respectively. Electromagnetic stirring leads to a significant
reduction in the number of Si crystals present and a definite
reduction in their growth area, pushing Si to the edges of the
samples (Figure 5,7 and 8).

For the Mn/Si alloy, stirring induced by coils, increased A2 by
9%, surprisingly Sv did not changed, increased Ae by 10%,
increased Lmn Of pre-eutectic Mn-phases by 61% and decreased
nmn by 68%, increased Lsi by 9% and significantly decreased nsi
by 81%. Based on the calculations in Thermo-Calc (Figure 1),
Mn-phases and Si crystals grow together along the monovariant
line (continuous blue line on Figure 1) from liquidus temperature
of 610 °C till solidus at 575 °C. Because the final mass fraction of
Mn-phases and Si-crystals reaches 3.63% and 2.70% and of Al-Si
eutectics 10.49%, the phases grow freely in almost fully liquid till
final eutectic reaction. This allows for large Mn-phases and Si
crystals, by its significantly smaller amount and the movement
into the outside of cylindrical sample.

In AIM@5Si5Mn1.0 alloy [20] with liquidus temperature To =
651°C and Mn-phases precipitating as first, the overall dimension
of Mn-phases decreased 9% and number density increased 27%,
whilst in current Mn-first alloys Lmn increased 6% and number
density decreased 10%. Generally, the changes are small, but
when omitting standard deviations value, some opposite reactions
to flow might be observed. In AlCu4Si6FelMn0.65 alloy [21]
Lwmn did not changed and nmn decreased 56% by T. = 625 °C and
Mn-phases precipitated (solidified) first. In AICu4Si6Mn0.65
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alloy [21], Lwmn decreased 42% and nmn increased 53% by T =
610 °C and Mn-phases precipitated after a-Al. It seems that Mn
phase became smaller (e.g. 42%) when precipitated as the second
after o-Al crystals, and stayed almost unchanged when precipitate
first and this is similar to B-AlsFeSi phases [19-21,29,61] in
AlSiFe alloys. Mn-phases in eutectic Mn-first alloy do not
segregate and do not change location across sample and results
agree with flow effect on B-AlsFeSi phases [19]. Whilst in
hypereutectic Mn/Si alloy, by joint growth with Si crystals, Lmn
increased, nmn decreased significantly, and also Mn-phases moved
slightly to outside of sample.

It seems that overall dimension Lwmn, decreased in
hypoeutectic alloys, by presence of a-Al (e.g. AICu4Si6Mn0.65
alloy [21]), stays almost unchanged in eutectic alloys (e.g. Mn-
first alloy) or when Mn-phases precipitate  first
(AICu4Si6FelMn0.65 alloy [21]), and Lwmn increases in
hypereutectic alloys by joint growth in presence of Si crystals
(e.g. Mn/Si alloy).

In similar to current study experiments, the separation of Si
crystals in an Al-30 wt.% Si alloy under RMF was studied [30],
where by stirring the Si crystals were located in a thin layer of
about 8 mm in the slowly solidified sample and concentrated to
65-69% Si, whilst by 0 mT uniform distribution was observed. In
contrast to [30], Zou et al. [46] trying to control behavior of
primary Si and the segregation in an Al-30 wt.% Si alloy,
observed that for the realization of Si separation, the temperature
gradient is a precondition. Secondly, electromagnetic stirring
forming a Si-rich layer with 65~70 wt% Si content, can
strengthen the separation effect for Si but is not decisive.

In the present paper shown Si separation by only natural
convection, confirms the important role of the temperature
gradient found in [45-47], whilst caused by RMF Si reduction
seems to result from the Si crystal movement induced by
secondary azimuthal flow. The purely eutectic center (Figure 5,7
and 8) contradicts [30] where Si crystals were also observed in the
center but agrees with overwhelming results mentioned
previously. The reduction of Si crystals observed on Figures 5,7
and 8, may come from liquid flowing throughout the sample and
reducing the temperature gradient, that seems to be very
important, prerequisite [45-47]. More research should cover the
topics of the cooling rate, temperature gradients and the strength
of magnetic field.

For Mn-phases, the phenomena of dimension and number
density modification seems to be connected also with mechanical
interaction, precipitation sequence and with precipitation
temperature of phases. Forced convection reducing solutal and
thermal diffusion layers, seems to decrease constitutional
undercooling through. The reduction of Si crystals seems to be
caused by the flow lowering the temperature gradient throughout
the sample and the mixing and homogenization of the Si
concentration as the Si element moves into the AISi eutectics,
distributed throughout the whole sample. The explanation need
more detailed experiments, focused on growth mechanism of Mn-
phases.
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5. Conclusions

1. The forced flow generated by electromagnetic stirring
caused complex modification in microstructure, changed the
dimension, amount and location of Mn rich phases and Si
crystals, spacing in Al-Si eutectics and shape of a-Al phase,
and the observed modifications depend on the alloys
composition. In this meaning, the current study helps in
understanding of what changes in complex technical alloys
may occur,

2. In AlSi12.546Mn1.011 alloy (Mn-first), where AlisSizMn4
precipitate as first and only one till eutectic reaction, for
pre-eutectic large Mn-phases, forced convection decreased
slightly number density, whilst the overall dimension did
not change. The location across sample also stayed
unchanged and no movement or separation was observed,

3. In AISil4.870Mn1.159 alloy (Mn/Si), where AlisSi2Mns
precipitate by joint growth together with Si crystal, for pre-
eutectic large Mn-phases, forced convection increased the
overall dimension and decreased number density. Mn-
phases grew in the outside of cylindrical sample,

4.  Forced flow strengthened the tendency for growth of pre-
eutectic Mn-phases in the outside of cylindrical sample in
hypereutectic Mn/Si alloy (AlSi14.870Mn1.159), in
opposite to eutectic Mn-first alloy,

5. In the hypereutectic alloys (AlSi14.732Mn0.567 and
AlSi16.050Mn0.558), where Si crystals precipitate as the
first and only one phase, a great reduction in Si crystals was
observed. Flow reduced number density (by 52% and 75%)
and moved Si crystals into the thin layer outside the
cylindrical sample and also changed average length of Si
phases. The reduction in amount of Si crystals seems to be
caused by the lower temperature gradient as flow effect, the
homogenization and the movement of the Si element to AlSi
eutectics,

6. Also by joint growth of Si crystals and Mn-phases, in
hypereutectic Mn/Si alloy (AISil14.870Mn1.159), for Si
crystals, forced convection reduced number density by 81%,
increased dimension and moved Si into the thin layer
outside,

7. The presented common movement of Si crystals and Mn-
phases to the outside is completely new and require more
investigations. It may open new way for these elements
separation, or in control of their content in alloys. It seems
also important by metallurgical processes, continuous
casting of billets and in the production of Si for the solar
photovoltaic industry.
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