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Abstract 
 

Convection caused by gravity and forced flow are present during casting. The effect of forced convection generated by a rotating magnetic 

field on the microstructure and precipitating phases in eutectic and hypoeutectic AlSiMn alloys was studied in solidification by a low cooling 

rate and low temperature gradient. The chemical composition of alloys was selected to allow joint growth or independent growth of occurring 

α-Al, α-Al15Si2Mn4 phases and Al-Si eutectics. Electromagnetic stirring caused instead of equiaxed dendrites mainly rosettes, changed the 

AlSi eutectic spacing, decreased the specific surface Sv and increased secondary dendrite arm spacing λ2 of α-Al, and modified the 

solidification time. Forced flow caused complex modification of pre-eutectic and inter-eutectic Mn-phases (Al15Si2Mn4) depending on the 

alloy composition. By high Mn content, in eutectic and hypoeutectic alloys, stirring caused reduction in the number density and a decrease 

in the overall dimension of pre-eutectic Mn-phases. Also across cylindrical sample, specific location of occurring phases by stirring was 

observed. No separation effect of Mn-phases by melt flow was observed. The study provided an understanding of the forced convection 

effect on individual precipitates and gave insight of what modifications can occur in the microstructure of castings made of technical alloys 

with complex composition. 
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1. Introduction 
 

Casting alloys based on aluminum are frequently used to 

produce simple and advanced engineering parts [1], e.g. in the 

automotive and in the aerospace industries. Main alloying elements 

in casting alloys are Cu, Si, and Mg, whilst the main impurities are 

iron (Fe), manganese (Mn) and zinc (Zn) in recycled alloys. Iron is 

the most harmful element causing formation of long intercepting 

platelets leading to unacceptable mechanical properties, thus 

alloying elements such as Be, Mo, Cr and especially Mn have been 

used to replace needle shaped β-Al5FeSi phases with α-

Al(Mn,Fe)Si skeleton or granular (or Chinese) morphology [1-3]. 

Started together with studies by Flemings on non-dendritic 

structures [4] with special rheological properties [5] developments 

allows: casting production with higher mechanical properties [6], 

semisolid metal processing (SSM) [7], by magnetohydrodynamics 

(MHD) [8] and by high shear melt conditioning (HSMC) [9]. In a 

technology called electromagnetic stirring (EMS) [10], flow of 

liquid driven by rotating magnetic fields (RMF) modify the alloys 

microstructure [11] and increases the properties. 

Presence of manganese (Mn) in Al-Si alloys and the 

development of technologies using forced flow for melt 

conditioning needs more knowledge about occurring physical 

processes and microstructure modification during processing and 

in processed castings. 

http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5333-8932
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In this study in the spotlight were: the Al-Si-Mn system 

(ternary phase diagram on Figure 1), in terms of the phases like α-

Al, α-Al15Si2Mn4, the transformation of the whole microstructure 

and the modification in morphology of phases present that might 

be affected through artificial flow. The convection effect was 

studied in case of small cylindrically shaped casting samples. To 

know what is the effect on each of the phases, such composition 

was chosen, where only studied precipitate nucleate and grow 

(independent growth) from liquidus to solidus temperature. To 

know what may be effect of common growth (joint growth) of 

studied phases, also appropriate composition was selected. 

Induced by forced convection, the whole microstructure and 

individual phases modification or separation was investigated, in 

aspect of the development in forced-flow technologies [5-11]. 
 

 

2. Materials and methods 
 

From Al-Si-Mn phase diagram (Figure 1), the hypoeutectic and 

eutectic alloys were chosen and samples during solidification were 

processed without or with stirring generated by coils. In some 

defined alloys, only α-Al phase or only Mn-rich α-Al15Si2Mn4 

phases should grow from liquid melt. On the phase diagram, the 

solidification should follow exactly between monovariant lines, 

red, green or blue lines in Figure 1. In  other defined alloys, 

common growth should occur, e.g. α-Al phase together with Mn-

rich phases may grow. The remaining Al-Si eutectics and other 

phases should grow only at solidus temperature, so the 

solidification should follow one of the monovariant lines on phase 

diagram. Liquidus temperature 610 ˚C was chosen, and for some 

alloys 630 ˚C, by solidus temperature 575 ˚C. The alloys, where 

only one phase grow at beginning are: 

- α-Al as first phase precipitates from the liquid alloy – the 

alloy labeled as “α-Al-first” (solid blue line on Figure 1), 

liquidus temperature TL = 610 ˚C (AlSi7.887Mn0.379), and 

additionally, the alloy with TL = 630 ˚C labeled as “α-Al-2-

first” (AlSi4.896Mn0.254). Remaining phases (eutectics and 

manganese rich Al15Si2Mn4) should only form at 575 ˚C, 

- α-Al15Si2Mn4 as first phase precipitates from the liquid alloy 

- the alloy labeled as “Mn-2-first” (solid red line on Figure 

1), composition AlSi12.546Mn1.011, with TL = 630 ˚C. 

The alloys, where two phases simultaneously grow are: 

- α-Al and Al15Si2Mn4 start at 610 ˚C to grow together 

according to eutectic grove, marked with dashed violet line 

in Figure 1,  composition AlSi7.798Mn0.835 -  the alloy 

labeled as “α-Al/Mn”, and eutectics may form at solidus 

temperature 575 ˚C, 

- α-Al and Si crystals precipitate simultaneously - “α-Al/Si” 

alloy, composition AlSi12.536Mn0.296 (Figure 1, dashed 

yellow line), in this case was not possible to take TL = 610 ˚C 

and the midpoint of the eutectic grove was chosen. 

The composition AlSi12.569Mn0.579 was selected for the 

sixth “eutectic point” alloy (Figure 1, brown point). 

 
Fig. 1. Phase diagram of Al-Si-Mn system, with well visible paths 

for analyzed alloys, e.g. marked with dark blue line paths of α-Al-

first (AlSi7.887Mn0.379) and α-Al-2-first (AlSi4.896Mn0.254) 

alloys. Paths determined according to method of Scheil–Gulliver 

calculation 

 

An electric furnace was used for alloys melting (min. 1.5 h at 

800–805 °C) from pure components: Mn (99.98% NewMet House, 

Essex, UK), Si (99.9999% NewMet House) and Al (99.999% 

HMW Hauner GmbH & Co. KG, Röttenbach, Germany), without 

any modifier, with argon degassing and flushing the crucible [12]. 

The cylindrical sample diameter of 38 mm was determined by 

graphite crucible, whilst the height of 65 mm in order to keep 

similar cooling conditions (solidification time). After 1.5 melting, 

the crucible filled with studied alloy was moved on the 

solidification position [12], where insulation (Fiberfrax, Unifrax, 

USA) allowed slow cooling and low temperature gradient, and 

electric coils were applied in order to generate melt flow during 

whole solidification. Temperature measurements [12-15] in the 

center and at the edge of sample and in the crucible, showed cooling 

rate R800-liq = 0.525 (K/s) and temperature gradient G800-liq = 0.194 

(K/mm) without stirring. 

The electric coils powered by autotransformer at frequency of 

50Hz, voltage of 45V and electric current of 10A, generated 

rotating magnetic field (RMF) with 11 mT measured with 

Gaussmeter (MF100, Extech Instruments, US) [12]. 

The microstructure was studied on cross-section (Figure 2) cut 

out 10 mm from the cylindrical sample bottom. The specimens 

were grinded and polished using specialized facility Mecatech 250 

SPC (Presi, Grenoble, France), whilst for observation of phases, 

LOM microscope (Nikon Eclipse MA200, Tokyo, Japan) was used. 

For determined 6 different alloys, 12 experiments were conducted, 

6 without (0 mT) and 6 with stirring (11 mT). Based on the figures 

saved at different magnifications (from 50× to 500×) and by 

applied image stitching technique, e.g. secondary dendrite spacing, 

was measured in the ImageJ 1.51a software (National Institutes of 
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Health, USA). For the measurement and calculation of 

characteristic parameters, different areas (Figure 2) were selected: 

a) one general rectangle area (dashed blue line), b) four arch shaped 

areas (dotted blue line), c) four small rectangle shaped areas (white-

filled). 

 

 

 
Fig. 2. Processed samples: a) place for the cross-section cutting 

out, b) arched and rectangular areas for parameters measurement. 

The blue dotted line shows arch shaped areas for the measurement 

of Mn pre-eutectic intermetallics and dendrite arm spacing 

(magnification 50×). The fulfilled white rectangles presents areas 

for e.g. eutectic spacing measurement (50× and 200×) 

 

For the characterization of the flow effect on microstructure, 

following parameters were chosen and defined: average overall 

dimension LMn (Feret diameter) and number density nMn of α-

Al15Si2Mn4 precipitates, eutectic spacing λE for eutectics (by 

averaging distance between plates), secondary dendrite arm 

spacing λ2 (by averaging distance between arms) and specific 

surface of dendrites Sv (measured from the enclosed area and the 

perimeter). 4697 of Al15Si2Mn4 intermetallics were observed, and 

of this the overall dimension of 3075 inter-eutectic and 1622 pre-

eutectic phases was measured and calculated. Averaging the 

distance between adjacent plates for spacing λE of AlSi eutectics 

was applied. The perimeter and the area of dendrites was used for 

determination of the specific surface of dendrites Sv. The well know 

secondary dendrite arm spacing λ2 was based on 10-50 branches of 

dendrite. 

The flow effect was studied in aspect of microstructure changes 

with occurring AlSi eutectics, dendritic or rosette shaped α-Al and 

complex shaped Al15Si2Mn4 phases. These phases in aluminum 

alloys are known to author from earlier studies, projects and papers 

(e.g. in [1–3,14–19]). The composition of the proposed alloys was 

first determined based on available in the literature phase diagrams, 

but the exact composition and resulting precipitation sequence 

needed detailed calculations, in order to achieve the proposed, e.g. 

joint growth of two occurring phases beginning from liquidus till 

solidus temperature. Property diagrams, the precipitation sequence 

and the Scheil solidification were analyzed in Thermo-Calc 

software [20]. 
 

 

3. Results 
 

From experiments were collected microsections of the slowly 

solidified samples. For phases characterization, based on the  

measurement, the parameters were calculated and collected in 

tables. Also precise alloy compositions and precipitation sequences 

were calculated and presented in table and on figures. 
 

 

3.1. Microstructure 
 

Low cooling rate and low temperature gradient in the samples 

of α-Al-first alloy caused formation of  α-Al equiaxed dendrites 

surrounded by Al-Si eutectics (Figure 3), during processing with 

natural only convection (0 mT). Induced by coils forced convection 

led to formation of α-Al shaped as rosettes and as spheroids 

(globular forms), but also some small dendritic α-Al occurred. 

Application of electromagnetic stirring  for α-Al-2-first alloy, 

caused similar structure modification, but with less eutectics and 

more α-Al. 

 

 

 
Fig. 3. Microstructures of the α-Al-first alloy processed by: (a) 

natural only convection (0 mT) and by (b) forced convection (11 

mT). LOM, by 100× magnification 

 

A microstructure of a Mn-2-first alloy, (Figure 4) where 

liquidus temperature reaches 630 ˚C, a high content of manganese 

caused formation of clearly visible shaped large and complex Mn-

phases (Figure 5), precipitated similarly by natural only convection 

(Figure 4a, 5a) and by forced convection (Figure 4b, 5b) too. For 

solidification by natural convection (0 mT), the large phases 

(Figure 4a, 5a) may reach dimension of several millimeters but also 

much smaller precipitates occurred between Al-Si eutectics, whilst 

by melt flow (Figure 4b and 5b) the overall dimensions of 

Al15Si2Mn4 phases seem to be smaller. 

a) 

b) 

a) 

b) 
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Fig. 4. Microstructures of the Mn-2-first alloy processed by: (a) 

natural only convection (0 mT) and by (b) forced convection (11 

mT). LOM, by 25× magnification 

 

 

 
Fig. 5. Microstructures of the Mn-2-first alloy processed by: (a) 

natural only convection (0 mT) and by (b) forced convection (11 

mT). LOM, by 100× magnification 

 

For the AlSi7.798Mn0.835 alloy, labeled as α-Al/Mn, the 

structure across the samples solidified by natural only (Figure 6a) 

and by forced convection (Figure 6b), presents a homogenous 

distribution of Al15Si2Mn4, eutectics and α-Al. For both 

solidification conditions, Mn phases grew in the inter-dendritic 

cavities (Figure 7a) and formed according to the cavities shape, and 

otherwise freely shaped Mn-phases (Figure 7b) occurred. 

 

 

 
Fig. 6. Microstructures of the α-Al/Mn alloy processed by: (a) 

natural only convection (0 mT) and by (b) forced convection (11 

mT). LOM, by 50× magnification 

 

The Al-Si eutectics almost completely filled the structure 

(Figure 8) of the α-Al/Si alloy (AlSi12.536Mn0.296), with some 

Al15Si2Mn4 and α-Al phases. Structure solidified without forced 

flow presented dendrites reaching the length up to 5 mm (Figure 

8a), whilst by forced convection α-Al shaped as rosettes was 

significantly smaller (Figure 8b). Beside large dendrites and small 

rosettes, mainly an uniform distribution of phases was observed. 

a) b) 

a) 

b) 

a) 

b) 
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Fig. 7. Microstructures of the α-Al/Mn alloy specimen (a) with 

Mn-phases grown in inter-dendritic cavities (electromagnetic field 

0 mT) and (b) with freely shaped Mn-phases (electromagnetic 

field 11 mT). LOM, by 200× magnification 

 

 

 
Fig. 8. Microstructures of the α-Al/Si alloy processed by: (a) 

natural convection (0 mT) and by (b) forced convection (11 mT). 

LOM, by 50× and 100× magnification 

 

 

 

 

 

3.2. Parameters characterising microstructure 
 

The influence of electromagnetically induced forced 

convection was described by help of several parameters determined 

on cut of samples (Figure 2). Applied methodology ensured 

trustworthy results collected in Tables 1-3 and presented a proper 

overview of all the specimens. For the high quality of the results, a 

lot of phases and crystals were measured and that allowed 

parameters calculation. The parentheses present number of 

inspected grains and counted arms, whilst square brackets presents 

standard deviation (Table 1-3). In the whole sample, on the selected 

25 grains 248 arms were used to measure secondary dendrite arm 

spacing λ2 that amounts 87 μm by calculated standard deviation of 

σ=5.9 μm. In comparison to natural only convection, forced 

convection increased dendrite spacing λ2 by 9%. For natural only 

convection, the secondary dendrite arm spacing λ2 amounts 86 μm 

(by standard deviation σ=3.3 μm), 104 μm (σ=5.2 μm), 80 μm 

(σ=5.0 μm) and 83 μm (σ=4.9 μm) in areas A, B, C and D 

respectively (Figure 2). In Tables 1-3 used dash “-“ means lack of 

intermetallics or dendrites in the inspected area and resulting 

number density 0.0 mm-2. The similar methodology was applied for 

other alloys and parameters collected in Tables 1-3. 

Secondary dendrite arm spacing λ2 changed under stirring 9% 

and 5%, increased from 87 µm to 95 µm and from 101 µm to 106 

µm (Table 1) for the α-Al-first and α-Al-2-first alloys. Analyzing 

λ2 across the specimen, when considering the standard deviation, 

λ2 seems to have similar values. In the rest alloys, the distances 

between dendritic arms λ2 increased as an effect of intensive flow, 

e.g. 57% for the Mn-2-first (AlSi12.526Mn1.365) alloy and 14% 

for the α-Al/Si (AlSi12.536Mn0.296) alloy. The decrease in 

proportion between perimeter and the area of grain Sv caused by 

forced convection for the α-Al-2-first (AlSi4.896Mn0.254) and α-

Al-first (AlSi7.887Mn0.379) alloys amounts 40% and 42%, with 

stable values across sample, and similarly for the others. 

 The average overall dimension LMn (Feret diameter, Table 2) 

of inter-eutectic Mn-rich precipitates increased by 69% for the 

AlSi7.887Mn0.379 alloy (labeled as α-Al-first), whilst decreased 

(24%) for the α-Al-2-first (AlSi4.896Mn0.254) alloy. For the Mn-

2-first alloy, LMn increased 31%. Under stirring, number density 

nMn (Table 2) decreased 47% and increased 155% for α-Al-first 

(AlSi7.887Mn0.379) and α-Al-2-first alloys respectively. 

For pre-eutectic Mn-phases (Table 3), larger values of average 

overall dimension LMn (Feret diameter) was noticed, where the 

sizes reached 350-468 μm, in opposite to inter-eutectic precipitates 

6.58-29.75 μm. Electromagnetic stirring caused smaller Mn-phases 

in Mn-2-first and α-Al/Mn alloys, about 20% and 24 % 

respectively. In both alloys, where pre-eutectic phases occurred 

(Table 3), number density nMn decreased. Across the cylindrical 

specimen (Figure 2), for Mn-2-first alloy, manganese rich phases 

are larger (541 μm) outside (area D, Figure 2) then inside (area A, 

450 μm) for stirring, and similarly without flow, 482 μm outside 

and 297 μm inside. For Mn-2-first and α-Al/Mn alloys and both 

stirring options, number density nMn was smaller outside (area D) 

than inside (area A) sample. 

For the spacing λE of the Al-Si eutectics (Table 2), stirring 

caused the changes in both directions, decreases and increases were 

observed for selected alloys, suggesting more complicated 

mechanism. For the Mn-2-first (AlSi12.526Mn1.365) alloy,  

a) 

b) 

a) 

b) 
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Table 1.  

Parameters characterising α-Al phases 

Aluminum Alloys 

RMF [mT] 

{Solid. Time 

[s]} 

Dendrites 

λ2 [µm] Sv [µm−1] 

“α-Al-first” alloy 

AlSi7.887Mn0.379 

0{630} 
87 [5.9] (25/248) 

86:104:80:83 [3.3:5.2:5.0:4.9] 

0.031 [0.002] 

0.032:0.030:0.033:0.029 [0.002:0.001:0.003:0.001] 

11{713} 
95 [6.0] (19/128) (9%) 

100:94:89:98 [4.4:6.6:8.0:5.2] 

0.018 [0.001] (-42%) 

0.018:0.017:0.018:0.018 [0.001:0.001:0.001:0.001] 

“α-Al-2-first” alloy 

AlSi4.896Mn0.254 

0{761} 
101 [8] (28/339) 

122:100:101:93 [10.4:6.3:5.7:6.2] 

0.025 [0.002] 

0.023:0.024:0.026:0.025 [0.001:0.002:0.003:0.002] 

11{860} 

106 [15.3] (24/162) (5%) 

114:100:110:102 

[24.9:11.9:10.9:13.5] 

0.015 [0.001] (-40%) 

0.015:0.014:0.015:0.015 [0.001:0.001:0.001:0.001] 

“Mn-2-first” alloy 

AlSi12.526Mn1.365 

0{419} 
51 [5.5] (23/271) 

49:48:60:47 [8.4:2.7:4.2:2.1] 

0.059 [0.007] 

0.058:0.057:0.055:0.070 [0.003:0.006:0.008:0.008] 

11{532} 
80 [10] (20/153) (57%) 

93:89:91:60 [7.5:7.6:5.4:8.0] 

0.027 [0.003] (-54%) 

0.031:0.029:0.026:0.025 [0.002:0.003:0.003:0.002] 

“α-Al/Mn” alloy 

AlSi7.798Mn0.835 

0{827} 
114 [9.0] (19/225) 

142:115:114:104 [8.6:6.4:8.2:3.2] 

0.028 [0.002] 

0.024:0.028:0.029:0.034 [0.002:0.002:0.001:0.001] 

11{819} 
127 [10.7] (18/131) (11%) 

141:139:123:106 [8.8:8.4:6.3:5.2] 

0.018 [0.001] (-36%) 

0.018:0.016:0.019:0.018 [0.001:0.001:0.002:0.001] 

“α-Al/Si” alloy 

AlSi12.536Mn0.296 

0{530} 
77 [7.6] (12/120) 

78:69:89:63 [3.2:11.0:8.2:5.4] 

0.032 [0.002] 

0.034:0.028:0.035:0.036 [0.001:0.002:0.001:0.002] 

11{529} 
88 [6.0] (9/72) (14%) 

92:96:90:80 [-:8.8:6.7:4.9] 

0.024 [0.003] (-25%) 

0.028:0.025:0.023:0.023 [0.003:0.001:0.003:0.003] 

“eutectic point”  

alloy 

AlSi12.569Mn0.579 

0{540} 
78 [16.0] (10/91) 

104:117:105:63 [0.9:-:-:17.4] 

0.029 [0.006] 

0.030:0.027:0.028:0.031 [0.003:0.002:0.001:0.011] 

11{423} 
76 [6.4] (15/113) (-3%) 

81:74:82:72 [11.5:6.5:2.9:5.9] 

0.036 [0.003] (24%) 

0.040:0.043:0.034:0.032 [0.002:0.002:0.002:0.002] 

(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. 

 

the eutectic spacing λE, by standard deviation values of 0.52 and 

1.21 µm, increased from 4.57 to 8.95 µm (96%). 
 

 

3.3. Precipitation sequence 
 

To find the alloys compositions, that supports solidification 

with occurring perfectly only one phase (e.g. α-Al or Al15Si2Mn4) 

or exactly two (e.g. α-Al and Si crystals), Thermo-Calc [20] 

software was applied. Calculation results (Table 4 and Figure 9) 

present precipitation order, characteristic temperature and for one 

of alloys were below described.  

Based on the ternary Al-Si-Mn phase diagram (Figure 1), the 

alloy with composition AlSi7.8Mn0.3 was chosen, next based on 

many iterative calculations, with analysis of Sheil solidification 

and property diagrams (Figure 9a), finally the composition 

AlSi7.887Mn0.379 was used. In this alloy (Table 4), beginning 

from the temperature 610 °C, α-Al phase will start to form and the 

reaction will be described as L → α-Al. Because of the enrichment 

of the melt in Si and Mn, the concentration amounts 12.444%Si and 

0.575%Mn and achieves the eutectic reaction at 576.59 °C. This 

reaction  L → α-Al + Si starts at 576.59 °C, followed by enrichment 

of alloy, that reaches 12.569%Si and 0.581%Mn, finally ends with 

L → α-Al + Al15Si2Mn4 + Si at temperature 575.88 °C. At this 

stage, the mass fraction for α-Al precipitates reaches fα-Al = 92.66%, 

for Mn-rich Al15Si2Mn4 phases mass fraction reaches fAl15Si2Mn = 

0.99% and for eutectics mass fraction reaches fEut = 6.35%. The 

precise iterative calculations presented the reaction L → α-Al + Si 

that was not intentional, but it occurred on only short temperature 

period 576.59-575.88°C. The reaction was not planed and in 

comparison to the range 610-576.59°C of the reaction L → α-Al, 

has negligible meaning. The idea of only two reactions L → α-Al 

and L → α-Al + Al15Si2Mn4 + Si was practically fulfilled. 

Similar calculations were conducted for other studied alloys 

(e.g. α-Al/Mn, Figure 9b) and presented in Table 4, whilst detailed 

descriptions was avoided to shorten this paper. 
 

 

4. Discussion 
 

The microstructure modification caused by forced convection 

require discussion, to note various phenomena during solidification 

under stirring. Here the transformation from dendritic to spheroid, 

the modification of amounts, dimensions and distribution of Al-Si 

eutectics, intermetallics, Si crystals, all captured by the measured 

parameters and figures, will be discussed and analyzed. 
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4.1. Rosettes and dendrites 
 

In the analyzed Al-Si-Mn alloys, crystals of α-Al grew as 

globular grains or rosettes and dendrites (Figure 3). 

Das et al. [21] showed that due to high share rate dendritic 

growth may be reduced in favor of globular α-Al grains. Li et al. 

demonstrated on water succinonitrile (SCN)-5% [22] globular 

growth by natural nucleation and by convection. Flemings and 

Martinez [23] studied intensive stirring effect on spheroidal forms 

in aluminum alloy. In Al-10 wt.%Cu alloy solidified by forced 

convection [24], the rosette-shaped forms were ripened arms of 

deformed α-Al phase. 

The microstructure in slowly solidified alloys is characterized 

by specific surface Sv [25], distance between grains, grain size and 

secondary dendrite arm spacing λ2= λSDAS [26–29]. 

Many studies [28,30–32] on the dendrites growth resulted in 

the simple mathematical models, where the distance between 

secondary arms of dendritic grains λ2= λSDAS depends on the local 

solidification time t: 

 
n1

2 1λ c t=                                                                                (1) 

 

where for the diffusive regime n1 = 0.33 and 0.48 for forced flow 

conditions, whilst coefficient c1 depends on the studied alloy [28, 

30, 32–35]. 

The flow occurring from the tip to the root of secondary dendrite 

arm should strengthen the rate of ripening, [36]. Depending on flow 

conditions, the exponent should be modified n1 from 0.33 for 

diffusive ripening to 0.5 as proved by Steinbach [37], Ratke and 

Thieringer [38] and Kasperovich [39]. For directional solidification 

and flow induced by electromagnetic field in strength of 6 mT, 

Steinbach [36] recommended n1 equal to 0.48 instead of 0.36 in a 

natural convection. 

 

Table 2.  

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

Aluminum  

Alloys 

RMF [mT] 

{Solid. 

Time [s]} 

          Mn phases (inter-eutectic – small phases) AlSi Eutectics 

LMn [μm] nMn [mm-2] λE [μm] 

“α-Al-first”  

alloy 

AlSi7.887 

Mn0.379 

0{630} 
7.35 [0.419] (378) 

6.60:5.36:7.86:14.16 [0.201:0.139:0.412:0.683] 

144.0 

135.6:184.4:202.6:53.32 

4.29 [0.43] 

4.3:2.9:4.2:6.5 

11{713} 
12.45 [0.667] (249) (69%) 

10.86:10.69:14.7:15.6 [0.521:0.412:0.844:0.701] 

76.81 (-47%) 

83.90:97.48:107.3:18.51 

5.74 [0.79] (34%) 

5.3:3.1:5.9:9.7 

“α-Al-2-first” 

alloy 

AlSi4.896 

Mn0.254 

0{761} 
8.71 [0.347] (49) 

5.95:10.09:7.01:11.0 [0.161:0.380:0.170:0.364] 

15.12 

8.64:12.34:20.98:18.51 

2.89 [0.25] 

2.3:1.8:3.0:4.0 

11{860} 
6.58 [0.358] (124) (-24%) 

4.78:5.50:7.43:8.52 [0.199:0.209:0.286:0.487] 

38.25 (155%) 

34.55:45.65:27.15:45.65 

3.91 [0.23] (35%) 

3.33:3.36:3.90:5.25 

“Mn-2-first”  

alloy 

AlSi12.526 

Mn1.365 

0{419} 
20.93 [1.498] (535) 

13.27:15.70:23.17:40.50 [0.57:0.76:1.30:2.36] 

203.8 

129.5:316.9:263.6:105.1 

4.57 [0.52] 

3.2:3.8:3.7:8.2 

11{532} 
27.39 [1.730] (236) (31%) 

25.02:32.81:31.12:26.04 [1.30:2.48:1.94:1.54] 

89.90 (-56%) 

135.6:67.04:33.52:123.4 

8.95 [1.21] (96%) 

5.5:8.9:16.2:7.3 

“α-Al/Mn”  

alloy 

AlSi7.798 

Mn0.835 

0{827} 
20.97 [1.56] (211) 

19.28:20.71:21.95:22.74 [1.20:1.21:1.87:2.08] 

80.37 

92.94:94.46:70.08:63.99 

7.29 [0.44] 

7.8:5.3:8.5:8.6 

11{819} 
29.75 [3.56] (181) (42%) 

20.09:49.24:42.78:22.41 [1.32:5.74:4.84:2.03] 

68.94(-14%) 

76.18:42.66:51.80:105.1 

7.43 [0.44] (2%) 

7.4:9.4:5.7:6.6 

“α-Al/Si”  

alloy 

AlSi12.536 

Mn0.296 

0{530} 
12.17 [0.922] (177) 

14.71:12.27:11.72:10.50 [0.99:0.80:0.73:1.01] 

67.42 

73.13:30.47:73.14:92.94 

15.4 [1.12] 

12.1:17.8:14.4:18.9 

11{529} 
10.29 [0.682] (155) (-15%) 

6.74:11.73:10.96:9.11 [0.57:0.62:0.68:0.75] 

59.04 (-12%) 

27.42:65.51:92.94:50.28 

14.39 [1.50] (-7%) 

11.3:21.4:14.3:13.4 

“eutectic point”  

alloy 

AlSi12.569 

Mn0.579 

0{540} 
20.04 [1.55] (188)  

15.54:22.35:15.47:27.98 [0.98:1.48:0.82:2.46] 

71.61 

99.03:103.6:36.56:47.23 

14.92 [1.81] 

10.3:12.8:17.6:21.2 

11{423} 
8.41 [0.619] (592) (-58%) 

7.10:6.86:11.30:9.79 [0.46:0.38:0.91:0.64] 

225.5 (215%) 

252.9:281.8:170.6:196.5 

5.31 [0.53] (-64%) 

3.8:3.7:6.7:8.0 

(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. 

 
For the α-Al-first and α-Al-2-first alloys (Table 1) the induced 

by electric coils flow caused an 9% and 5% increase in λ2, from 87 

µm to 95 µm and from 101 µm to 106 µm, respectively. The 

standard deviation σ shows similar values for the λ2 across 

specimen. The spacing λ2 increased 57% for the Mn-2-first alloy, 

by 11% for the α-Al/Mn alloy, and by 14% for the α-Al/Si alloy. In 

the α-Al/Mn, α-Al-2-first and α-Al-first alloys, in mass fraction 

dominant phase is α-Al, whilst small and negligible in e.g. α-Al/Si 

and other alloys (Table 4, Figure 9). 

An increase in λ2, based on the Equation (1) may follow from 

the longer solidification (Table 1), as was measured for the α-Al-

first alloy solidifying by stirring. For the α-Al-first alloy processed 

by natural only convection, spacing amounts λ2 = 87 µm, and with 

forced convection, calculated from (1) and solidification time 
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measured, the received value λ2 = 91 µm is again smaller than the 

determined from microsections one λ2 = 95 µm. To get the 95 µm 

spacing, coefficient n1 in (1) should be higher (n1=0.3365), even 

higher than n1 for diffusive ripening (n1=0.33 as by natural only 

convection) [37,40]. And similar results are in case of α-Al-2-first 

alloy, where n1 increased very slightly from 0.330 to 0.3313, 

suggesting lack of flow. 

 

Table 3.  

Parameters characterizing pre-eutectic Mn intermetallics 

Aluminum Alloys 

RMF [mT] 

{Solid. Time 

[s]} 

Mn phases (PRE-eutectic – large phases) 

LMn [μm] nMn [mm-2] 

“Mn-2-first” alloy 

AlSi12.526Mn1.365 

0{419} 
468 [32.2] (508) 

450:421:459:541 [32.2:29.0:36.8:34.5] 

0.896 

2.51:1.29:0.85:0.53 

11{532} 
375 [27.2] (219) (-20%) 

297:325:345:482 [17.6:14.2:14.0:41.9] 

0.386 (-57%) 

0.650:0.706:0.299:0.274 

“α-Al/Mn” alloy 

AlSi7.798Mn0.835 

0{827} 
459 [24.2] (522) 

433:482:427:481 [22.4:26.2:22.1:25.0] 

0.921 

1.667:1.054:0.897:0.774 

11{819} 
350 [25.3] (373) (-24%) 

289:421:333:331 [20.8:31.0:23.0:23.4] 

0.658 (-29%) 

0.960:0.838:0.542:0.621 

 

Table 4.  

Precipitation sequence in studied AlSiMn alloys 

Alloy Reaction 

Temperature 

Range of  

Reaction 

Mass Fraction of Solid Phases [%]  

(the Rest is Liquid Alloy)  

at the Temperature [°C] 

Temperature α-Al Al15Si2Mn4 
Si 

crystals 

Al-Si  

Eutectics 

“α-Al first” alloy 

AlSi7.887Mn0.379 

L → α-Al 610–576.59 576.59 41.91 0 0 0 

L → α-Al + Al15Si2Mn4 + Si 
576.59- 

575.88 
575.88 92.66 0.99 0 6.35 

“α-Al-2 first” alloy 

AlSi4.896Mn0.254 

L → α-Al 630–578.38 578.38 68.30 0 0 0.0 

L → α-Al + Al15Si2Mn4 + Si 
578.38–

575.88 
575.88 96.08 0.56 0 3.36 

“Mn-2 first” alloy 

AlSi12.526Mn1.365 

L → Al15Si2Mn4 630–575.89 575.89 0 2.67 0 0.0 

L → α-Al + Al15Si2Mn4 + Si 
575.89–

575.88 
575.88 84.94 4.31 0 10.75 

“α-Al/Mn” alloy 

AlSi7.798Mn0.835 

L → α-Al + Al15Si2Mn4 610.0–575.89 575.89 43.02 1.58 0 0.0 

L → α-Al + Al15Si2Mn4 + Si 
575.89- 

575.88 
575.88 91.36 2.52 0 6.12 

“α-Al/Si” alloy 

AlSi12.536Mn0.296 

 (first α-Al+Si ) 

L → α-Al + Si 
576.44–

575.89 
575.89 50.72 0.0 0 6.36 

L → α-Al + Al15Si2Mn4 + Si 
575.89- 

575.88 
575.88 88.18 0.72 0 11.10 

“eutectic point”  

alloy 

AlSi12.569Mn0.579 

L → α-Al + Al15Si2Mn4 + Si 
575.89- 

575.88 
575.88 87.29 1.67 0 11.04 

 

For the Mn-2-first alloy based on mathematical formulation 

(1), the solidification time measured and observed on 

microsections average λ2, the corresponding equal values from 

calculations may be obtained when the exponent n1 reaches higher 

values, instead of 0.33 for diffusion based mass transport 0.387 

observed in ripening by convection, and this value is even lower 

than determined in experimental unidirectional solidification and 

proposed in [37,40]. For the eutectic point, α-Al/Mn and α-Al/Si 

alloys, the exponent n1 in (1) has been changed from known and 

proposed in literature 0.33 to 0.339, 0.346 and 0.35 respectively. 

The values increased but still are smaller than the values of 0.47–

0.50 found in the literature [37,40]. The values and changes 

observed in the coefficient n1, may be interpreted as the signal of a 

lack of flow or at least weak streams of melt in presence of 

electromagnetic filed, if not at the beginning of solidification than 

at finish, the secondary arms become thicker (coarsening 

phenomenon). This may happen by high mass fraction of α-Al 

phases in α-Al/Mn, α-Al-first and α-Al-2-first alloys. 

The fact that the results for λ2 and n1 values are lower than 

0.47–0.50 [37,40], supports the concept of too small convective 

movement, that might form dendrites and local-only diffusive 

conditions. For other areas with significantly changing α-Al to 

rosette shaped, the flow appears not to be slowed down. 
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Because of the proportionality between the solidification time 

t and the specific interfacial area Sv, Glicksman [41] proposed: 

 
1/3

VS ~ t−                                                                                  (2) 

 

and Sv reached values from 0.04 to 0.22 µm−1 for directionally 

solidified Al-30 wt.%Cu alloy, for the solidification front holding 

time 20-500 min [42], and melt flow changed Sv from 0.077 to 

0.035 µm−1 by 200 min. 

 

 

 
Fig. 9. Property diagrams for the: (a) “α-Al first” alloy and (b) the 

“α-Al/Mn” alloy 

 

The 42% and 40% flow caused reduction in the specific surface 

Sv (Table 1) for the α-Al-first and α-Al-2-first, is significant and 

larger than calculated values of the standard deviation. Also across 

sample similar Sv reductions were observed. For the α-Al/Si alloy, 

Sv reduced 25%, for the α-Al/Mn alloy 36% and for the Mn-2-first 

alloy 54%. The proportionality (2) may be complemented by the 

proposed below coefficient and modified to the equation. Based on 

solidification time t, specific surface Sv may be estimated by 

application of coefficient 0.2232-0.4327 for natural only 

convection and by 0.1394-0.4731 for forced convection. The 

specific surface Sv reacts more sensitive to the presence of 

movement in the melt than secondary dendrite arm spacing λ2 and 

estimating flow more effectively should be used in priority. 

The measured lower values of specific surface Sv show that in 

the microstructures occurred α-Al phases, became larger and 

rounder. 
 

 

4.2. Eutectics 
 

In the mechanism of eutectics formation, cooperative or 

without any exchange of solute between phases, growth of two (or 

more) phases occurs [28]. The rejected from the solid phase solutes 

may concentrate or flow away under melt stirring. Eutectic spacing 

depends on materials coefficient and the solidification front 

velocity [27,43], and as presented for AlSi7Mg0.6 alloy in 

directional solidification, spacing decreased with increased from 10 

to 120 μm/s solidification velocity. As Steinbach [27] presented, 

also may play a role in determining spacing, where lamellar spacing 

increased from 4 μm without flow to 8 μm by electromagnetic field 

at the strength of 6 mT. The studies concerning AlSi [44] and 

AlSiFe alloys did not presented any influence of flow by 3 and 6 

mT on eutectic spacing. Observed by Junze and Ren [45] 

concentration of eutectics in sample center may also influence 

spacing. In hypoeutectic alloys [46] solidified directionally, front 

solidification length reaches about 18 mm by temperature gradient 

3 K/mm, and at the eutectics growth at 575 ˚C in 1-3 mm wide 

eutectic zone, the formed dendrites may dump flow and minimize 

its effect on eutectic spacing. At a cooling rate of 0.108 K/s and a 

temperature gradient of about 0.141 K/mm, in equiaxed 

solidification of AlMgSi [14] or AlCuSi [15] alloys, freely shaped 

in melt dendrites may move and seem not to stop flow, so its effect 

on eutectic spacing may take on meaning. 

In the α-Al-first alloy occurring strong convective melt 

movements, increased the eutectic spacing λE by about 34%, from 

4.29 µm to 5.74 µm (Table 2), but considering the calculated 

standard deviation, in this case in value of σ=0.43 and 0.79 µm, the 

λE modification seems small. In the α-Al-2-first alloy, the standard 

deviation amounts σ=0.25 and 0.23 µm, and λE increased similarly, 

by about 35%, from 2.89 to 3.91 µm. In the hypoeutectic alloys 

mass fraction amounts about 90% for α-Al and about 5% for 

eutectics (Table 4), and eutectics precipitate in the cavities formed 

by dendrites or rosettes, and by even well penetrating the sample 

electromagnetic field, in the cavities the movement of rest liquid 

may be strongly diminished. For the α-Al/Mn alloy, λE stayed 

unchanged, where probably flow was stopped by α-Al and Mn 

phases. In the eutectic point alloy (Table 4), by the excess of 

eutectics (Table 4), λE changed -64%, from 14.92 µm to 5.31 µm 

(Table 2) by σ=1.81 and 0.53 µm. When the standard deviation is 

ignored, we have larger changes in the eutectic spacing λE for alloys 

where the single phase grow (e.g. α-Al in α-Al-first alloy) that in 

alloys with joint growth of two phases (e.g. α-Al and Mn phases in 

α-Al/Mn alloy). Since it is only towards the end of solidification 

that eutectics increases massively (Table 4), when previously α-Al 

formed a rigid and stationary structure, forced convection seems to 

be only possible and reduced in the inter-dendritic cavities. The 11 

mT strong field still present in the material, in the small inter-

dendritic cavities, seems to generate a sufficient flow for changes 

a) 

b) 
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in λE similarly to the almost purely eutectic areas in eutectic point 

alloy. However, the small amount of eutectics present in the 

microstructure, may result in larger measurement errors in the α-

Al/Mn, α-Al-first and α-Al-2-first alloys, which is in contrast to the 

other alloys studied. 

The lack of unambiguity of results requires studies more 

focused on eutectic cells and stronger electromagnetic or even 

mechanical stirring in future experiments. 
 

 

4.3. Mn-phases 
 

The influence of forced convection on the precipitating Mn-

phases in some alloys was earlier studied for AlMgSi [14] and 

AlCuSi [15] systems, but some similarities may be found to Fe-rich 

intermetallics in AlSiFe alloys. 

By similar to current methodology, for AlMg5Si5Mn1 alloy 

[14], where Mn phases precipitate as first before α-Al and eutectics, 

the average overall dimension LMn of Mn-phases decreased 9% 

under stirring, and also in the AlCu4Si6Mn2 alloy [15] where Mn-

phases precipitate as first too, LMn decreased 19%. Whilst for 

AlCu4Si6Mn0.65 alloy [15], Mn-phases start to precipitate about 

17 ˚C after α-Al, as the second, and further joint growth occurs till 

solidus temperature, and flow reduced the length LMn by 42%. 

For the AlSi7Mg0.2–0.6Fe0.5 alloy, the application of stirring 

induced by electromagnetic coils [47] resulted in the complete 

destruction of β-Al5FeSi phases with average length Lβ of about 

105 µm, and in the AlSi8Cu3Fe1.3 alloy a significant 80% 

reduction in the average length occurred. The average length of Fe-

rich intermetallics under stirring [48] decreased in the range of Lβ 

= 4.5–5 µm in a metal mold and in a sand mold from Lβ = 9–10 µm 

to 7–8 µm. Inversely, in the AlSi7Fe1.0 alloy [49], the growth of 

large (280 µm long) β platelets in the eutectic specimen center was 

observed, instead of a length of 160 µm by natural only convection. 

Mikolajczak and Ratke [50] presented in the eutectic-rich sample 

center a 9% increase in the length of β platelets under flow, whilst 

20% shortening in the outer dendritic microstructure. In the studied 

AlMgSiFeMn alloys [14], a shortening was found for equiaxed 

solidification, where this stirring effect was reduced in the presence 

of Mg2Si phases causing weaker flow. For AlCuSi system [15], 

average length Lβ decreased 33%, from 115 to 77 μm for 

AlCu4Si6Fe1 alloy, whilst for AlCu10Si10Fe1 and AlCu4Si6Fe2 

alloys where iron-rich phases precipitate as first, Lβ increased 

significantly, 23 and 76 %, respectively. Histograms of Fe-phases 

[42] demonstrated that the increase in the number density of the 

small, 5-40 µm long phases, caused the reduction in Lβ. In [13] was 

confirmed that flow by growth of β needles in the presence of α-Al 

phases leads to shorter Fe-phases [50], in AlSi7.837Fe0.521 Lβ 

decreased 14%, whilst in the alloys where β precipitate as first till 

eutectic reaction at 575 ˚C, β-Al5FeSi grew longer, Lβ increased 

significantly 92% in AlSi12.795Fe1.705 alloy and 76% in 

AlSi12.911Fe2.372 alloy. For AlSi7.508Fe1.687 alloy [13], where 

joint growth of β-Al5FeSi and α-Al occurred, Lβ increased 17%, but 

earlier studies [50] suggested reduction by presence of α-Al. For 

AlSi15.136Fe1.678 alloy [13], where joint growth of Si crystals 

and β-Al5FeSi occurred, Lβ decreased 22%. In both alloys, the 

presence of second growing phase differs significantly, there is 

more α-Al (higher solid fraction) in AlSi7.508Fe1.687 than Si 

crystals in AlSi15.136Fe1.678 alloy. 

Number density nMn is the second important parameter 

characterizing effect of stirring on the amount of occurring 

intermetallics. For AlMg5Si5Mn1 alloy [14], where Mn phases 

precipitate as first, flow increased number density nMn 30%. For 

AlCu4Si6Mn0.65 alloy [15], where Mn-phases start to precipitate 

about 17 ̊ C after α-Al, as the second after α-Al, nMn increased 53%, 

whilst in the AlCu4Si6Mn2 alloy where Mn-phases precipitate as 

first, nMn decreased 41%. 

For the AlSi6.8Fe0.8 alloy [48] processed in the metal mold 

amount of Fe phases  nβ increased only slightly under forced flow, 

whilst about 100% in sand mold. In directionally solidified 

cylindrical specimens [50] number density nβ, increased both in the 

eutectic center (42%) and in the dendritic outside area (17%). The 

addition of Mg [14] also influenced number density, and the 

occurrence of Mg2Si reducing flow stopped changes in nβ. In the 

AlCuSi system [15] by using a similar methodology, for 

AlCu4Si6Fe1, first α-Al precipitated and Fe-phases as the second 

between α-Al, the flow caused increase in number density, whilst 

for alloys where Fe-phases precipitated as first, AlCu10Si10Fe1 

and AlCu4Si6Fe2, the number density nβ decreased, 12 and 71 %, 

respectively. In [13] was confirmed that flow by growth of β 

needles in the presence of α-Al phases leads to higher number 

density of Fe-phases [50], in AlSi7.837Fe0.521 nβ increased 130%, 

whilst in the alloys where β precipitate as first till eutectic reaction, 

nβ decreased significantly 71% in AlSi12.795Fe1.705 alloy and 

70% in AlSi12.911Fe2.372 alloy. For AlSi7.508Fe1.687 [93], 

where joint growth of β-Al5FeSi and α-Al occurred, nβ decreased 

26%, but earlier [50] studies suggested rise by presence of α-Al. 

For AlSi15.136Fe1.678 alloy [13], where joint growth of Si 

crystals and β-Al5FeSi occurred, Lβ decreased 45%. 

In the current study, the measurement of Mn-phases was 

divided into two groups, inter-eutectic (Table 2) and pre-eutectic 

(Table 3) precipitates. Inter-eutectic manganese phases have 

dimensions LMn in the range about 6-29 μm by number density nMn 

about 15-225 mm-2, whilst pre-eutectic are larger LMn = 350-468 

μm and less frequently occurring nMn = 0.38-0.92 mm-2. 

The inter-eutectic Mn phases (Table 2) precipitate at the end of 

solidification, and the occurring with liquidus temperature, α-Al 

and pre-eutectic Mn-phases should influence its growth indirectly 

by dumping flow, like by profusely occurring dendritical or rosette 

α-Al. The inter-eutectic Mn-phases in the α-Al-first alloy, become 

69% larger (Table 2) under stirring, with 47% decreased number 

density, whilst by lower Mn content (α-Al-2-first alloy) the 

opposite effect was observed, smaller 24% phases by 155% 

increased number density were noticed. For Mn-2-first alloy, 

convection caused 31% (Table 2) larger Mn-phases, by 56% 

decreased number density. For α-Al/Mn alloy, by similar amount 

of α-Al phases and liquidus temperatures to α-Al-first alloy, also 

stirring effect was suchlike. For α-Al/Si stirring caused smaller 

inter-eutectic Mn-phases. Though the late precipitation of inter-

eutectic Mn-phases, and its growth between other earlier formed 

phases, it may be pointed out some common reaction on flow in 

aspect of alloys composition and morphology. 

The pre-eutectic Mn phases precipitate as first alone (Mn-2-

first alloy, Table 3) or in common with α-Al phase (α-Al/Mn alloy). 

In the Mn-2-first alloy (Table 3), flow caused 20% smaller pre-

eutectic phases by significantly 57% decreased number density. By 

the common growth of Mn and α-Al phases (α-Al/Mn alloy), 

stirring also caused smaller (24%) Mn precipitates together with its 
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29% smaller amount, and this effect occurred by plenty of grown 

earlier and still growing α-Al (Figure 9b). Number density across 

specimen has also importance, and shows different effects. 

Significant is the decrease in number density of Mn phases for these 

alloys. For Mn-2-first and α-Al/Mn alloys, across sample diameter, 

number density has higher values in the center than outside. 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 hypoeutectic (α-

Al/Mn) and eutectic (Mn-2-first)  alloys solidify. Forced flow 

seems to keep this course of number density across sample, by 

generally lower values with flow. The value of the average 

dimension LMn of Mn phases across sample diameter has also 

specific distribution. For Mn-2-first, α-Al/Mn alloys, larger phases 

occurred outside sample (areas C and D) and flow application 

reduced them. 

The currently observed Mn-phase shortening in Mn-2-first 

alloy is consistent with the results obtained in [14] for 

AlMg5Si5Mn1.0 alloy, where Mn-phase starts to solidify first with 

TL = 651 ˚C till 606 ˚C, and LMn decreased 9% under stirring, in 

similar experimental conditions. By lower TL = 625 ˚C, Mn 

growing first in AlCu4Si6Fe1Mn0.65 alloy [15], LMn became 

unchanged whilst number density decreased 56% similarly to Mn-

first alloy. For α-Al/Mn similar results were observed to 

AlCu4Si6Mn0.65 [15], where Mn-phases started as the second at 

593 ˚C after α-Al (TL = 610 ˚C), the average dimension LMn 

decreased 42% but number density increased 53%. 
 

 

4.4. Solidification by stirring 
 

For the α-Al-first and α-Al-2-first alloys melt stirring slightly 

increased λ2 by 9% and 5%, decreased Sv by 42% and 40%, and 

increased λE by 34% and 35%, respectively. Flow enlarged the 

inter-eutectic Mn-phases 69% in α-Al-first whilst in the α-Al-2-

first alloy reduced dimension 24%. Number density nβ decreased 

by 47% and increased 155% respectively. The first precipitating 

phase α-Al, was strongly modified under stirring causing the 

formation of rosettes (Figure 3b) and minor dendrites, and changed 

the secondary spacing λ2 as well as the specific surface, 

significantly. According to the ternary phase diagram (Figure 1, 

Table 4) the modification of Mn-phases occurs between almost 

fully grown dendrites (Figure 9a), causing probably some touching, 

breaking and deformation mechanism between the moving Mn-

phases and the overwhelmingly as rosettes shaped α-Al phases. 

For the Mn-2-first alloy, electromagnetic stirring increased the 

average overall dimension LMn of inter-eutectic Mn-phases 31% 

and decreased the number density nMn by 56%. For pre-eutectic 

large Mn-phases flow decreased LMn by 20% and decreased nMn by 

57%. According to thermodynamic calculations (Figure 1, Table 

4), pre-eutectic Mn-phase is the only one growing phase that 

independently form until solidus temperature, where eutectics 

precipitate. It seems, in the liquid alloy nothing can stop Mn-phases 

to grow large, but it precipitate in smaller amount and as smaller 

one by flow conditioning. 

For the α-Al/Mn alloy, melt conditioning increased λ2 by 11% 

from 114 µm to 127 µm, decreased Sv by 36%, decreased the LMn 

of pre-eutectic Mn-phases by 24%, decreased nMn by 29% and did 

not change λE. According to thermodynamic calculations (Figure 

9b), α-Al and pre-eutectic phases of manganese grow together 

along the grove (continuous red line on Figure 1) until 

solidification temperature and eutectics precipitation. The decrease 

in LMn and nβ stays in accordance with mentioned results for Mn-

2-first alloy, but precipitation sequence differs, suggesting that 

different growth mechanisms may occur. With the larger amount 

of α-Al rapidly increasing from liquidus temperature and much 

smaller amount of Mn-phases (Figure 9b), some mechanical 

interaction might be supposed. Common growth of α-Al and Mn-

phases lead to formation of two kinds of Mn-phases, freely box-

shaped (Figure 7b) and second one as grown in interdendritic 

cavities (Figure 7a). 

For the α-Al/Si alloy, stirring increased λ2 by 14%, decreased 

Sv by 25%, decreased the eutectic spacing by 7%, decreased 

average overall dimension LMn of inter-eutectic Mn-phases by 

15%, decreased nβ by 12%. According to thermodynamic 

calculations (Figure 1, Table 4), α-Al and Si grow together along 

the grove (continuous green line on Figure 1) until solidification 

temperature and eutectics precipitation. The large dendrites 

observed by natural only convection (Figure 12a) disappeared 

(Figure 12b). 

For the eutectic point alloy, electromagnetic melt stirring did 

not change λ2, surprisingly increased Sv by 24%, decreased the 

average overall dimension LMn by 58%, increased nMn by 215% and 

decreased the eutectic spacing by 64%. Based on Thermo-Calc 

calculations (Table 4), all phases grew near solidus temperature in 

the eutectic reaction, meaning, in the very narrow temperature 

range. α-Al do not follow the pattern known from α-Al/Mn, α-Al-

first and α-Al-2-first alloys, whilst inter-eutectic Mn-phases 

showed smaller overall dimension in growth between other 

precipitating phases. 

Electromagnetically induced flow increased arm spacing λ2 in 

the alloys, where from the liquidus temperature as first grow α-Al 

or start to grow from solidification beginning jointly with other 

phases. In almost every of the samples, α-Al phase grew with only 

minor dendrites and mainly as rosettes with reduced Sv. The 

application of flow was clearly signaled by specific surface Sv. 

The current study for pre-eutectic Mn-phases in Mn-2-first 

alloy verified the results of [14] for bulk solidification of 

AlMg5Si5Mn1.0 alloy, where Mn-phases precipitated first before 

α-Al, and flow reduced dimension of Mn-phases by increased 

number density. By first growing Mn-phases but by lower liquidus 

temperature as in [15], for AlCu4Si6Fe1Mn0.65 the dimension was 

unchanged. By even lower liquidus temperature TL = 610 ˚C [15] 

for AlCu4Si6Mn0.65 alloy, the increase in the dimension was 

observed. It seems that for Mn-phases and flow effect, important is 

precipitation temperature and precipitation sequence in relation to 

α-Al, in opposite to observation for iron rich β-Al5FeSi phases [13–

15,50,51]. 

It was observed in Mn-2-first alloy and α-Al/Mn alloy, slight 

tendency, to grow larger pre-eutectic Mn-phases outside specimen 

than in the center, by smaller number density outside than in the 

center, both for stirring and without it. Current study confirmed 

results in [13], Mn-phases change slightly location across sample 

diameter and do not segregate in eutectic alloy and in Mn-2-first 

alloy, similarly to β-Al5FeSi phases in β-first (AlSi12.795Fe1.705) 

and β-2-first (AlSi12.911Fe2.372) alloys [13]. It was not observed 

any separation of Mn-phase, which might be similar to δ-phases 

separation in hypereutectic AlSi15.136Fe1.678 alloy [13]. 



A R C H I V E S  o f  F O U N D R Y  E N G I N E E R I N G  V o l u m e  2 3 ,  I s s u e  3 / 2 0 2 3 ,  7 4 - 8 7  85 

For AlSiFe alloys [50], intensive nucleation and partial phase 

re-melting in unidirectionally solidified samples, was the 

explanation for iron-rich phases modification. The studies [13,15] 

proposed explanation, in that an increase in the length of iron-rich 

needle shaped phases follows from flow determined change in 

solute distribution, whilst mechanical fragmentation by interaction 

with α-Al or other solid phases, should lead to shortening of β-

Al5FeSi. For currently studied Mn-phases, the phenomena seems 

to be less connected with mechanical interaction than with 

precipitation temperature of phases. By high liquidus temperature, 

flow seems to reduce thermal and solutal diffusion layers causing 

reduction in constitutional undercooling, more effectively than by 

lower temperature and especially in the presence of other 

precipitated phases (e.g. α-Al dendrites or rosettes). The 

explanation need more detailed experiments, focused on growth 

mechanism of Mn-phases. 
 

 

5. Conclusions 
 

1. The induced by electromagnetic coils stirring produced 

mainly rosettes instead of equiaxed dendrites, reduced the 

specific surface Sv of α-Al, increased secondary dendrite arm 

spacing λ2, changed the solidification time and AlSi 

eutectics, 

2. Forced flow caused complex modification of inter-eutectic 

Mn-phases (Al15Si2Mn4) depending on alloys composition 

and precipitation sequence.  

3. In Mn-2-first alloy, where Al15Si2Mn4 precipitate as first and 

alone, for pre-eutectic Mn-phases, forced convection 

decreased number density and reduced its overall dimension, 

4. Stirring reduced dimension of pre-eutectic Mn-phases also by 

joint growth with α-Al in α-Al/Mn alloy, 

5. The stirring induced movement of Mn-phases to outside area 

of cylindrical sample, but no separation effect was observed, 

as found out by iron-rich δ-phases in AlSiFe alloys, 

6. The microstructure modification caused by stirring depends 

on the phases present, its growth sequences and temperature, 

and the alloys composition, 

7. Current analysis on convection effect on individual 

precipitates in AlSiMn system, supports understanding of 

casting microstructure modifications occurring in technical 

foundry alloys with complex composition. 
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