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Abstract 
 
Gravity influences mold filling and solidification. In foundry engineering, apart from well-known gravity, centrifugal and pressure casting, 
technologies for casting by forced convection are being developed, where the application of a magnetic field plays a key role. Till now, the 
efficacy of forced flow in numerous studies have been conducted, including silicon extraction and aluminum alloys. The weakness of these 
studies is the fact, that they were conducted on small samples, mainly cylindrical shaped, where the cooling rate, gradient and temperature 
field were poorly investigated and discussed. In the present study, , thermal conditions like temperature gradient G and cooling rate R by the 
growth of occurring phases were studied using numerical simulation, concerning the facility applied in the investigations on the effect of 
rotating magnetic field. In cylindrical samples from base AlCuSi alloys, cooling rate R and temperature gradient G presented dependence 
from: calculation method for R and G (specified temperature or solid fraction in the TL-TS range), the place of measurement in the sample 
and from solid fraction curve determined by the alloy composition. β-Al9Fe2Si2 phases precipitated at G=0.050-0.103 ˚C/mm and R=0.103-
0.135 ˚C/s near to liquidus temperature and at G=0.043-0.387 ˚C/mm and R=0.318-0.404 ˚C/s  near to solidus in AlCu4Si6Fe1 alloy, whilst 
at G=0.021-0.225 ˚C/mm and R=0.467-0.475 ˚C/s near to liquidus and at G=0.165-0.284 ˚C/mm and R=0.151-0.862 ˚C/s  near to solidus in 
AlCu10Si10Fe1 alloy. Al15Si2Mn4 phases precipitated at G=0.008-0.281 ̊ C/mm and R=0.539-0.552 ̊ C/s near to liquidus, whilst at G=0.050-
0.322 ˚C/mm and R=0.292-0.356 ˚C/s near to solidus in the AlCu4Si6Mn2 alloy. In the prediction of secondary dendrite arm spacing and 
AlSi eutectic spacing new approach was tested and appropriate values of materials coefficient’s have been established. Negligible impact of 
errors in processing parameters set by experimental procedure was observed. 
 
Keywords: AlCuSi aluminum alloys, Solidification, Cooling rate, Temperature gradient, Fe- and Mn-rich phases, SDAS 
 
 
 

1. Introduction 
 
The unique combination of properties, like high strength-to-

weight ratio, ductility, high corrosion resistance, non-toxicity, non-
sparking, recyclability and weldability, makes aluminum alloys 
very attractive [1,2]. Aluminium casting alloys are popular in e.g. 
engine blocks and wheels production, while in plastic processing 
ductile aluminum alloys are applied as bridely used profiles, in 
aviation, marine and construction [3-8]. 

Cast aluminum alloys, as the major alloying elements contain 
Mg, Si and Cu [6-8]. Added to Al, copper (Cu) primarily causes 

increase in strength [9] and by higher content leads to increase in 
the hardness [10], whilst how the Cu element is distributed 
determines the strength and especially the ductility [11]. In 
aluminum-based AlCuSi alloys, the copper (Cu) lead to formation 
of ternary eutectic (α-Al + Al2Cu + β-Si) and binary (α-Al + 
Al2Cu). The impurities and sometimes intentional additions in Al 
alloys are zinc (Zn), manganese (Mn), and iron (Fe). The presence 
of iron causes formation of β-Al5FeSi, whilst presence of 
manganese (Mn) leads to formation of Al15Si2Mn4 phases. 
Therefore current study focusses on several alloys with 
compositions AlCu4Si6, that is close to popular in industry A319 
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and EN AC-45000 aluminum alloys, with composition: 3–5 wt.% 
Cu, 5–7 wt.% Si, 0.2–0.65 wt.% Mn and 1 wt.% Fe, and Al 
balanced. 

During the solidification of alloys leading normally to dendritic 
structure, a number of processes take place simultaneously within 
the mushy: solute redistribution, crystallization, inter-dendritic 
fluid flow, ripening and solid movement. Metallic alloys may 
solidify with special rheological properties [12] resulting from a 
non-dendritic structure forming in the mushy zone in the presence 
of intensive melt stirring, finally leading to new production 
methods: electromagnetic processing of alloys [12-17], melt 
conditioning (HSMC or MC) [18,19], semisolid metal processing 
(SSM) [20], rheo- and thixo-casting [21-24]. In Direct Chill (DC) 
[8,25], melt stirring will be applied in order to dismiss defects like 
macro segregation and hot tearing [25-27] in billets. 

The effect of forced convection generated by rotating magnetic 
field (RMF) was studied in directional solidification at front 
velocity v=0.04-0.12 mm/s and temperature gradient G=3 K/mm in 
iron and manganese containing AlSi alloys [28,29]. Similar to 
current study by slow bulk solidification, the microstructure in 
AlSiMg [30], AlCuSi [31], AlSiMn [32,33], AlSiFe [34] and 
AlSiMgFeMn [35] alloys was studied, supported by numerical 
simulation [36]. 

The production of photovoltaic cells, require mainly high-
quality silicon produced by electromagnetic stirring EMS as the 
melt conditioning processing. Intensive investigations in this 
subject include are: separation of silicon from Al-Si [37-40] and 
Ti-Sn [41] melt, refining [42-44], separation [45] and morphology 
[46] of Si, and controlling segregation of impurities in silicon (Si) 
containing Al alloys [47-50]. 

In the scientific investigation mainly small simply shaped 
samples are applied, also on application of forced convection by 
production of the silicon [37-50] and aluminum [31-35] alloys. 
Located in the crucible and enveloped by coils and insulation, 
cylinder shaped samples were processed by stirring during 
solidification and microstructure of Al and Si alloys was studied. 

Till now such studies [30-35,37-50] were focused on the 
microstructure, occurring in alloys phases, its amount and location, 
whilst the temperature evolution during solidification and stirring 
especially in the sample but also in the insulation envelope, in the 
cooling system and electromagnetic coils, were not discussed 
enough. Thermal parameters like solidification velocity, 
temperature gradient, cooling rate and temperature determine the 
growing microstructure in the castings and studied samples, whilst 
these aspects were poorly described or were completely omitted. 

From the research on the silicon [39,40,43,47-50] and 
aluminum alloys [30-35], detailed data on thermal conditions were 
lacking, beside studies [48] where effect of rotating magnetic field 
on temperature homogenization was described.   

In the current study on AlCuSi alloys with Fe and Mn addition 
(Table 1), main subject was the cooling rate R, temperature 
gradient G and temperature T in the sample (Fig. 1-2) by phases 
precipitation (Table 2). Additionally secondary dendrite arm 
spacing SDAS calculation as parameter characterizing 
microstructure was studied. Investigation was conducted in the 
facility (Fig. 1-2) [51] previously used to study the effect of forced 
flow on the Al alloys [30-36,39,40,43,47-50] by similar 
methodology. Thermal conditions were calculated using leading 
foundry software Magmasoft [52] and alloys were chosen 

according of specialized in thermodynamics Thermo-Calc [53] 
software. 

 
Table 1.  
The studied AlCuSi alloys. 

Chemical 
composition [%] 

TL / TS  
[˚C] 

SDAS measured 
[μm] 

AlCu4Si6Fe1 608.9 / 525.0 79.0 

AlCu4Si6Mn0.65 610.9 / 524.1 100.0 

AlCu4Si6Fe1Mn0.65 625.1 / 523.5 85.0 

AlCu4Si6Fe2 638.2 / 523.8 - 

AlCu4Si6Mn2 661.1 / 522.6 94.0 

AlCu10Si10Fe1 610.0 / 521.5 66.0 
 

 
Fig. 1. The scheme of the applied facility: a) experimental facility, 

b) numerical model (mesh geometry) 
 
 

2. Materials and methods 
 

The settings for computer simulation leading to calculation of 
cooling rate, temperature gradient, temperature field, solidification 
time and others, together with experimental procedure applied, 
were below described. 
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Fig. 2. Area for simulation results presentation (in blue dashed 
line rectangle): a) experimental specimen, b) numerical model 

(with thermocouples – red points). Green area selected for 
secondary dendrite arm spacing SDAS measurement 

 
Table 2.  
The studied AlCuSi alloys and occurring reaction during 
solidification 

Chemical 
comp.  
[%] 

Reaction 

Temperature 
range of 
reaction  

[˚C] 

AlCu4Si6 
Fe1 

L → α-Al + L 
L → α-Al + β-Al9Fe2Si2 

L → α-Al + β-Al9Fe2Si2 + Si 

608.9–601.1 
601.1–560.4 
560.4–525.0 

AlCu4Si6M
n0.65 

L → α-Al + L 
L → α-Al + Al15Si2Mn4 

L → α-Al + Al15Si2Mn4 + Si 

610.9–593.6 
593.6–561.5 
561.5–524.1 

AlCu4Si6 
Fe1Mn0.65 

L → Al15Si2Mn4 + L 
L → Al15Si2Mn4 + L + α-Al 

L → Al15Si2Mn4 + L + α-Al + β-
Al9Fe2Si2 

L → Al15Si2Mn4 + α-Al + β-
Al9Fe2Si2 + Si 

625.1–608.8 
608.8–576.3 
576.3–559.6 

 
559.6–523.5 

 

AlCu4Si6 
Fe2 

L → β-Al8Fe2Si + L 
L → β-Al8Fe2Si + α-Al + L 
L → β-Al9Fe2Si2 + L + α-Al 
L → β-Al9Fe2Si2 + α-Al + Si 

638.2–608.0 
608.0–603.5 
603.5–558.8 
558.8–523.8 

AlCu4Si6M
n2 

L → Al15Si2Mn4 + L 
L → Al15Si2Mn4 + α-Al + L 
L → Al15Si2Mn4 + α-Al + Si 

661.1–610.9 
610.9–560.2 
560.2–522.6 

AlCu10 
Si10Fe1 

L → β-Al9Fe2Si2 + L 
L → β-Al9Fe2Si2 + α-Al + L 

L → β-Al9Fe2Si2 + α-Al + L+ Si 
β‐Al9Fe2Si2 + α‐Al + L+ Si →  

β‐Al9Fe2Si2 + α‐Al + Si + Al2Cu 

610.0–559.6 
559.6–554.8 
554.8–521.6 
521.6–521.5 

 
 

The investigated AlCuSi alloys (Table 1) with Fe and Mn 
addition were prepared from high purity compounds according to 
the previously described methodology [30-35]. The alloy 
compositions (Table 1) were selected to achieve solidification in 

which the solid phase precipitates in a specific order and quantity 
(Fig. 3), including the phases precipitating in a specific order. Here, 
the different phases precipitate first, thus allowing for the 
appropriate planning of the reactions occurring in the alloys, which 
are presented in detail in Table 2. 

 

 
Fig. 3. Solid fraction fs curve in the studied alloys: a) fs in the 
range from 0.0 to 1.0 by temperature from 520 till 670 [˚C],  
b) fs from 0.0 to 0.04 by temperature from 590 till 670 [˚C] 
 
Thermo-Calc software was applied for Property Diagrams 

calculation by equilibrium conditions and allowed to determine the 
phases precipitation sequence (Table 2). 

In the AlCu4Si6Fe1 alloy (Table 2, Fig. 4a), the α-Al phase 
precipitated first according to the reaction L → α-Al + L in the 
temperature range of 608.9–601.1 ˚C, then the β-Al9Fe2Si2 phase 
joins it and solidification takes place according to the reaction L → 
α-Al + β-Al9Fe2Si2 in the range of 601.1–560.4 ˚C, then the AlSi-
eutectics precipitate according to L → α-Al + β-Al9Fe2Si2 + Si in 
the range of 560.4–525.0 ˚C and finally the solidification is 
completed at the solidus temperature of 525.0 ˚C. 

In the AlCu4Si6Fe2 alloy (Table 2), the β-Al9Fe2Si2 phase is 
precipitated first according to the reaction L → β-Al9Fe2Si2 + L in 
the temperature range of 638.2–608.0 ˚C, then the α-Al phase joins 
it according to the reaction L → β-Al9Fe2Si2 + α-Al + L in the 
temperature range of 608.0–558.8 ˚C, then the AlSi-eutectics 
precipitate according to L → β-Al9Fe2Si2 + α-Al + Si in the 
temperature range of 558.8–523.8 ˚C and finally the solidification 
is completed at the solidus temperature of 523.8 ˚C. 

In the AlCu4Si6Mn2 alloy, the composition was selected so 
that the Al15Si2Mn4 phase was the first to precipitate (Table 2). 
Furthermore, the liquidus temperature TL (Table 1) changed 
significantly, which resulted in the solid phase precipitating the 
earliest among the tested alloys (Fig. 3 a) and in a small amount 
(Fig. 3 b) as a result of the precipitation of the Al15Si2Mn4 phase 
(Fig. 4 b). 

In order to delay the precipitation of the solid phase, the 
AlCu10Si10Fe1 (Tab. 2) alloy was selected, in which the liquidus 
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temperature TL is comparable to the AlCu4Si6Fe1 alloy and other 
used, i.e. 610.0 and 608.9 ˚C, respectively, however, the growth of 
the solid fraction proceeds initially in small amounts (Fig. 3a) due 
to the precipitation of β-Al9Fe2Si2 (Fig. 4c), the solid fraction of 
which reaches only approx. 0.038. 

 

 
Fig. 4. Mass fraction of solid phases in the: a) AlCu4Si6Fe1, b) 

AlCu4Si6Mn2 and c) AlCu10Si10Fe1 alloys 
 
Solidification experiments were conducted in a device (Fig. 1) 

[51] designed to study the effect of forced convection during slow 
volumetric solidification but with the magnetic field turned off. In 
the crucible, temperature measurements were conducted using a 
TP-203 thermocouple and an AR 207 (APAR, Poland) recorder. 
The melt crucible was separated from the coils (Fig. 1, 2b) by a 
copper water cooler (by flow rate 5-10 l/min) and an insulation 
layer (conductivity according to the manufacturer 0.1 W/mK, 
Fiberfrax). The sample (67 mm long and 19 mm in radius) were 
melted and held for 45 min at 800 ˚C (±3 ˚C), and then from a 
furnace transferred to the device (Fig. 1) within a crucible and 
finally solidified in it, at a low cooling rate of approximately 0.5-
0.6 K/s and a temperature gradient of approximately 0.20-0.24 
K/mm [32,33]. 

Similarly to previous [30-35], secondary dendrite arm spacing 
SDAS and eutectic spacing were measured as an average of 
approximately 15-45 dendrite branches in FIJI (ImageJ) software 

based on pictures from Nikon Eclipse MA200 and on samples (Fig. 
2a) prepared using a standard metallographic procedure. 

Solidification simulation without electromagnetic field and 
without filling in Magmasoft program [52] was conducted on the 
model concerning: the air, the cooling system, the crucible (dark 
blue), the sample (purple) and the insulation. In the virtual sample, 
crucible, insulation and cooling system, thermocouples were 
placed as presented in Fig. 2b (red points). The mesh was generated 
by Mode (Number of Elements) determining FV cubes with 
dimensions of about 1.0×1.0×1.0 mm and the whole geometry 
contained 301 401 cartesian cells. In simulation, alloys were 
prepared based on AlCu4Si6 alloy included in the standard 
Magmasoft database [52] and the chemical composition and solid 
fraction curve were modified. In applied in simulation AlCuSi 
alloys, the solid fraction curve with help of ThermoCalc software 
[53] was determined. 

Thermophysical data for alloys based on Magmasoft’s 
AlCu4Si6 were: density (Rho) 2144-2770 kg/m3, specific heat (Cp) 
870-1200 J/kgK, thermal conductivity (Lambda) 70-138 W/mK, 
whilst liquidus and solidus temperatures and solid fraction curve 
were additionally modified according to data (Tab. 1-2, Fig. 3) 
from ThermoCalc [53]. For modeling of cooling system material 
“Copper” and for crucible “Graphit” (graphite in German) from 
Magmasoft database were used. For Fiberfrax insulation, material 
“Insulation” was a base, by that thermophysical properties 
according to producer data were modified, and thermal 
conductivity by validation was determined. From the Magmasoft 
data base standard heat transfer coefficients (HTC constant) were 
also used: C7000 (7000 W/m2K) and default.air (1500 W/m2K). 

Validation of the numerical simulation was performed based on 
a comparison of sample solidification times. Obtaining consistency 
in solidification times can be achieved by selecting thermophysical 
data or boundary conditions. In the analyzed casting-crucible-
insulation-copper chill system, the Fiberfrax insulation has the 
lowest thermal conductivity and density, and its value significantly 
determines the heat transfer from the sample and crucible to the 
environment. Among the boundary conditions, the most significant 
change in sample solidification times could be achieved by 
selecting the HTC at the sample-crucible interface, because of its 
high conductivity, but both objects start to solidify at high 800 ˚C 
and have very similar temperature during experiment. To simplify 
validation, thermal conductivity of insulation was selected for 
consistency in solidification times, whilst boundary conditions 
were fixed at chosen high value 7000 W/m2K (labeled C7000 in 
Magmasoft) allowing effective heat flow between objects. Of 
course for validation, balancing heat flow and finally temperature 
field in the studied, more thermal properties and boundary 
conditions might be modified, but by insulating properties of 
Fiberfrax, its low conductivity is the best choice. For simulations 
with specific alloys, Fiberfrax’s thermal conductivity (“Lambda 
coefficient” in Magmasoft) was set to: 0.266 W/mK for the 
AlCu4Si6Fe1 alloy, 0.240 W/mK for the AlCu4Si6Mn0.65 alloy, 
0.248 W/mK for the AlCu4Si6Fe1Mn0.65 alloy, 0.246 W/mK for 
AlCu4Si6Fe2, 0.234 W/mK for AlCu4Si6Mn2 and 0.2145 W/mK 
for the AlCu10Si10Fe1 alloy. 

The main objective of this work was to evaluate the influence 
of the solid fraction curve on thermal conditions, i.e., cooling rate 
R, temperature gradient G, and temperature field T or liquid 
fraction FL during the precipitation of individual phases in alloys: 



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 6 ,  I s s u e  3 / 2 0 2 6 ,  1 5 3 - 1 7 3  157 

α-Al, β-Al9Fe2Si2, Al15Si2Mn4, and AlSi-eutectics. Another 
objective was to determine the secondary dendrite arm spacing 
(SDAS) by simulation and analyze the method of their calculation. 
The final objective was to assess the repeatability of experiments, 
the correctness of the experimental procedure and the proper desing 
of the device [51], . To assess the adequacy of the process 
parameters, the influence of the following process parameters was 
tested: thermal conductivity of the crucible, initial temperature of 
the cooling system, amount (mass) of the sample, liquidus 
temperature, alloy pouring temperature, initial temperature of the 
crucible, and initial temperature of the insulation around the 
crucible. 

The author of the article used a well-known simulation 
software in the field of foundry engineering [52] and previously 
used thermophysical software [53]. The author carried out slow 
bulk solidification in a designed and manufactured device [51]. The 
perfectly determined alloys compositions, precisely prepared 
alloys from limited number and high purity components (e.g. 
99.999% Al and 99.999% Cu from HMW-Hauner GmbH), 
predicted and limited occurring phases (β-Al9Fe2Si2, Al15Si2Mn4, 
α-Al, eutectics, Al2Cu) which are well known by its morphology 
known from literature sources [54-56] and own research [30-35], 
all that ensured the reliability of the experimental microstructures 
obtained from solidified specimens. 
 
 

3. Results and Discussion 
 

The performed simulation and experimental studies included: 
a) solidification time, cooling rate and temperature gradient as well 
as general thermal conditions in the sample, crucible and device,  
b) evaluation and development of a method for calculating 
secondary dendrite arm spacing and Al-Si eutectic spacing,  
c) evaluation of experimental parameters influence on results. 
 
 
3.1. Thermal conditions in the specimen and in the 
facility 

 
For the assessment of the thermal conditions, will be analyzed: 

a) solidification time, temperature and liquid fraction,  
b) temperature gradient at each time step during solidification, 
c) temperature gradient and cooling rate calculated at the specified 
temperature or solid fraction. 
 
3.1.1. Solidification time, temperature, and liquid fraction 
3.1.1.1. Temperature 

The numerical simulation (Fig. 5) provided results in the form 
of the temperature field of the copper chill, thermal insulation, 
crucible, and sample of the tested alloy at selected moments of the 
process, in 255 s (Fig. 5b) at 1.0% solidified specimen, in 428 s 
(Fig. 5c) at 50.0% solidified specimen, and in 627 s at 99.0% 
solidified specimen for the AlCu4Si6Fe1 alloy. The temperature 
difference between the sample and crucible (approximately 500-
600 ˚C) and the insulation with chill (11-100 ˚C) is clearly visible. 
Fig. 5e shows a very even temperature field in the casting in the 5 
s of the process, in the temperature range of 788-796 ˚C, where in 

the case of using a crucible with an initial temperature of e.g. 20 ˚C 
a significant temperature difference would be expected. 

Temperature graphs (Fig. 6) at selected points (red points on 
Fig. 2a and Fig. 5a) confirmed the above observations from Fig. 5. 
The temperature in the copper chiller does not exceed 40 ˚C, and in 
the insulation 400 ˚C. The temperature in the crucible and the 
sample was similar during the entire process (Fig. 6b), and the 
temperature differences between points p1 (specimen alloy, Fig. 
2a) and p2 (crucible graphite) reached values not greater than 3-6 
˚C. During the experiments, a thermocouple was placed in the 
crucible at a distance of approx. 3 mm from the cylindrical surface 
of the sample, while the sample itself had a diameter of 38 mm. A 
gradient of approx. 0.14 to 0.27 ̊ C/mm was estimated and the value 
of 0.143 ˚C/mm from earlier experimental studies [51] concerning, 
among others, thermal conditions in the crucible and sample with 
detailed temperature measurements at selected points of the sample 
and in the crucible. Confirmation of the correctness of the design 
and slow cooling of the samples together with the crucible was 
obtained (Fig. 5 and 6) [51], which were then used to study the 
effect of forced convection on the microstructure of alloys [30-35]. 

 

 
Fig. 5. a) Mesh geometry (with thermocouples – red points) and 
Temperature in the specimen and the facility (crucible, cooling, 

insulation) at the time: b) 255 s (1.0% solidified specimen),  
c) 428 s (50.0%) and d) 627 s (99.0%) for the AlCu4Si6Fe1 alloy,  

e) temperature in the specimen only at the time 5.0 s and 
temperature range 788.0-796.0 ˚C in the whole specimen.  

The blue dotted rectangle indicates the specimen on the figures a-
d and also on figure e 

 
The proper use of thermal insulation and water cooling was 

confirmed in Fig. 5 and 6. The electric coils for generating the 
rotating magnetic field (RMF) were effectively protected from the 
heat accumulated in the sample and crucible at an initial 
temperature of 800 ˚C. The coils were not damaged and can be 
reused repeatedly. The presence of high thermal conductivity 
objects in the system—an aluminum specimen, a graphite crucible, 
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and a copper chiller—as well as low thermal conductivity thermal 
insulation was used to correctly validate the thermal balance during 
the experimental process. In this situation, the most important 
factor determining the rate of heat flow is the thermal conductivity 
of the Fiberfrax insulation, and conductivity was modified to 
achieve compliance between experimental and simulation data. 

 

 
Fig. 6. Temperature curve measured by simulation of the 

AlCu4Si6Fe1 alloy, in the specimen center (alloy), in crucible, 
insulation and cooling, presented in the temperature range:  

a) from 800 to 0 ˚C, b) from 620 to 510 ˚C 
 
Cooling curves (Fig. 7) measured in the center of the sample 

(red point p1, Fig. 2b), differ for the individual alloys. For the 
AlCu4Si6Fe1 and AlCu4Si6Mn2 alloys, they have a similar shape, 
but for the AlCu10Si10Fe1 alloy, the course is significantly 
different. These differences are related to the varied chemical 
compositions of the alloys (Table 1), the phases precipitated (Table 
2, Fig. 4), and the resulting solid fraction curve (Fig. 3). In the 
AlCu4Si6Fe1 and AlCu4Si6Mn2 alloys, significant growth of the 
solid phase begins at a similar temperature of approximately 610 
˚C (Fig. 3b dark blue line and green line), and the solid fraction 
curve is also similar, therefore the cooling curves have a similar 
shape. It should be noted that the liquidus for AlCu4Si6Mn2 is 
661.1 ˚C (Tab. 1, Fig. 3, green line), however, the first precipitated 
phase Al15Si2Mn4 (Tab. 2, Fig. 4b, yellow line) constitutes a small 
fraction of the formed phases and therefore the increase in solid 
fraction is also small (Fig. 3b, green line), reaching only about 3.4% 
at a temperature of about 610 ˚C (mass fraction 0.034 on Fig. 4b, 
yellow line). Such a small portion of heat is not noticeable on the 
temperature curves (Fig. 7, orange line) in the range of 661.1-610 
˚C. In the AlCu10Si10Fe1 alloy, the liquidus temperature is 610.0 
˚C, but the first phase to precipitate is β-Al9Fe2Si2 (Table 2), which 
precipitates in such an amount that at the initial temperature of α-
Al phase precipitation it reaches only about 2.2% (mass fraction 
0.022 on Fig. 4c, violet line). Such a small portion of the 
precipitated solid phase (Fig. 3a, yellow line) and heat portion is 
not noticeable on the temperature curves (Fig. 7, yellow line) in the 
range of 661.1-610 ˚C. Only from a temperature of about 560 ˚C, 
does significant precipitation of the solid phase occur (Fig. 3a, 

yellow line) due to the α-Al phase (Fig. 4c, dark blue line) and the 
temperature drop slows down (Fig. 7, yellow line). A large increase 
in the solid phase, from approximately 0.7 to 1.0 solid fraction (Fig. 
3a, yellow line), occurs only near the solidus temperature, resulting 
in a visible horizontal plane in the alloy temperature course at 521.5 
˚C (Fig. 7, yellow line). 

Solid fraction curves, varied by alloy composition, determine 
the cooling curves and the temperature field in the sample. They 
can influence the cooling conditions in the mushy zone and the 
crystallization conditions of individual precipitating phases, e.g., 
Al15Si2Mn4, β-Al9Fe2Si2, α-Al, and the entire microstructure. 
Therefore, they constitute the research objective of this work. 

In the study of the AlSi30 alloy, Zou [48] carried out a 
numerical simulation in the Comsol software and these results 
showed convergence with the temperature course (Fig. 5e) in the 
currently tested sample. In the study [48], a sample (50 mm long 
and 40 mm in diameter) placed in a graphite crucible surrounded 
by an insulating material was subjected to solidification from an 
initial temperature of 850 ˚C. In the experiment under natural 
convection conditions, i.e. without the rotating magnetic field 
(RMF), immediately after the start of cooling (Fig. 2a in [48]) from 
the initial value of 850 ˚C, the temperature across the sample cross-
section differed only by 6 ˚C, the minimum temperature was 838.0 
˚C and the maximum temperature was 844.0 ˚C. In the present 
study, after 5 s, i.e. just after the start of the cooling and 
solidification experiment, a temperature in the range of 790.9-
795.6 was observed, e.g. at the half of the sample height, i.e. a 
difference of about 5 ˚C (Fig. 5e). Zou [48] also observed 
homogenization of the alloy and a reduction of the temperature 
range to 836.5–839 ˚C (2.5 ˚C) and 838.0–841.5 ˚C (3.5 ˚C), 
respectively, as a result of forced convection generated by an 
electromagnetic field of 15 mT and 5 mT. 

 

 
Fig. 7. Temperature curves measured by simulation, in the 

specimen center (alloy), in alloys with strongly differentiating 
solid fraction curves (seen on Fig. 3 and 4) 

 
The effect of an alternating electromagnetic field on the 

separation of pure silicon was investigated experimentally and by 
simulation in the AlSi45 alloy. The temperature field (in Fig. 7b in 
[45]) during solidification carried out in a graphite crucible with an 
internal radius of 14 mm using thermal insulation showed a 
horizontal course of temperature isotherms. In the present results, 
3–5 ˚C was observed (Fig. 5 b–e and Fig. 6 b), which is consistent 
with the results of Xue [45] where the temperature difference 
between the edge of the crucible and the center of the sample is 
about 0–5 ˚C. 
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Jiang [46] subjected AlSi alloys (with silicon content ranging 
from 35 to 65%) to directional solidification in an electromagnetic 
field in a high-purity graphite crucible with a height of 90 mm and 
an internal radius of 10 mm. Numerical simulations [46] showed 
almost uniform horizontal temperature isolines and suggested a 
uniform temperature distribution in the cross-section of the crucible 
and the sample, with an obvious preservation of the temperature 
gradient in the conducted directional solidification, where a 
temperature difference of about 40 ˚C was observed between the 
lower and upper parts of the sample. 

In a high-purity and high-density graphite crucible with an 
internal radius of 8.5 mm and a length of 65 mm, Lv [37] 
investigated the separation of silicon in an AlSi45 alloy during 
directional solidification under conditions of electromagnetically 
forced convection. In a numerical simulation, Lv [37] showed 
almost horizontal temperature isolines, similar temperatures in the 
sample and crucible, while maintaining the conditions of 
directional solidification, i.e. a difference of about 200 ˚C (Fig. 6a 
in [37]) in the temperature distribution between the lower and upper 
parts of the crucible. 
 
3.1.1.2. Fraction liquid 

Instead of the temperature field, it is more convenient to 
analyze the liquid phase or the solid phase to observe the 
solidification progress, e.g., in Magmasoft marked as Fraction 
Liquid FL [%] or Fraction Solid FS [%]. The Fraction Liquid FL 
[%] (Fig. 8) shows that the mushy zone moves predominantly from 
the upper part of the sample to the lower part, and in the lower part 
at a later stage of solidification (Fig. 8 b-d); the solidification 
direction also leads from the crucible wall to the cylindrical axis of 
the sample. It is clear that the mushy zone is extensive; it is 
impossible to find an area with FL values of 0% and FL 100% in 
the simulation results at one moment in the process. 
 
3.1.1.3. Solidification time 

The solidification time of the AlCu4Si6Fe1 alloy is 638.3 s in 
the lower part of the sample and 604.9 s in the upper part (Fig. 9a). 
The solidification time isolines in Fig. 9a-e run almost horizontally. 
The samples can be considered to solidify almost simultaneously 
in the entire space, because also in the horizontal section the 
differences in solidification time do not exceed about 4 s, with a 
total solidification time of, e.g., 638.3 s for the AlCu4Si6Fe1 alloy. 
The upper part of the sample solidifies slightly faster, and the lower 
part solidifies as last, so there is a weak tendency of front moving 
towards the lower part, visible for all alloys (Fig. 9). The results of 
Fraction Liquid FL (Fig. 8) were confirmed by Solidification time 
ST (Fig. 9a), where the AlCu4Si6Fe1 sample was almost 
completely solidified for the time step of 573 s (Fig. 8d, the solid 
fraction was 90% in the whole sample), and the solidification time 
was 638.3 s (Fig. 9a). Microstructural parameters may slightly 
differ in the lower and upper parts and in the middle and outer parts 
of the sample as a result of the small variation in solidification time. 
In [45], attention was paid to the more intense cooling of the upper 
part of the sample as a result of the heat flow from the sample 
upwards through the crucible, which is consistent with the present 
results (Fig. 8 and 9). Based on the evolution stages of the liquid 
phase field (Fig. 8 a-d), solidification times (Fig. 9 a-f) and 
temperature field (Fig. 5b-e), it can be concluded that solidification 
occurs slowly and evenly, almost at the same time in the entire 

sample volume, which in the AlCu4Si6Fe1 alloy leads to a uniform 
distribution of the dendritic structure [31]. The microstructure 
evaluation zone in the tested AlCuSi alloy samples was located in 
the area of the last solidification (Fig. 9), i.e. in the lower part (Fig. 
2 a-b, green rectangle area). 

 

 
Fig. 8. Fraction liquid  FL [%] in the AlCu4Si6Fe1 alloy 
specimen at the time (and percent of the whole specimen 

solidified): a) t=469 s, 60%, b) t=502 s, 70%, c) t=534 s, 80%,  
d) t=573 s, 90% 

 

 
Fig. 9. Solidification time ST [s] in the specimen made of:  

a) AlCu4Si6Fe1, b) AlCu4Si6Mn0.65, c) AlCu4Si6Fe1Mn0.65, 
d) AlCu4Si6Fe2, e) AlCu4Si6Mn2, f) AlCu10Si10Fe1 

 
3.1.2. Gradient time GT 

In addition to Temperature, Fraction Liquid, and Solidification 
time, thermal conditions in the casting can be assessed, for 
example, based on temperature gradient, cooling rate, and velocity, 
as well as other parameters, such as those built on the Niyama 
criterion. Magmasoft features the Gradient time GT [˚C/mm] 
parameter, which provides the temperature gradient across the 
entire casting at a selected time. Fig. 10a shows the gradient time 
corresponding to the Fraction liquid FL field (Fig. 8a) at 469 s, i.e., 
when 60% of the entire sample has solidified. As the process time 
progresses from 469 to 573 s and the sample solidifies 
significantly, the gradient value changes: higher values initially 
observed at the top (Fig. 10a) gradually shift toward the bottom of 
the sample (Fig. 10c-d). Based on the comparison of Fraction liquid 
FL (Fig. 8d) and gradient time GT [˚C/mm] (Fig. 108), it can be 
concluded that higher gradient values occur in the area where there 
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is a high degree of solidification (low Fraction Liquid value) or 
even the solidus temperature has been reached. For example, in Fig. 
10d, at half the sample height, the gradient time GT increased to 
0.270 [˚C/mm] from the initial value of 0.144 [˚C/mm] (Fig. 10a), 
and in the same place Fraction liquid dropped to 13.9% (Fig. 8d). 
In experimental studies [31], the temperature gradient measured 
and calculated between the specimen center and a location 4 mm 
away from the specimen’s surface achieved for solidification 
without stirring G800‐liq = 0.196 (K/mm) and Gliq‐470 = 0.132 
(K/mm). These data were confirmed by the values of 0.144, 0.109, 
0.218 and 0.270 ˚C/mm at half the sample height in Fig. 10 a-d. 
This confirmed the correctness of the design for conducting slow 
solidification and studying the effect of convection on the 
microstructure, and indicated the correctness the validation by 
modifying the thermal properties (conductivity) of the insulation 
Fiberfrax only. 

 

 
Fig. 10. Gradient time GT [˚C/mm] in the AlCu4Si6Fe1alloy 

specimen at the time (and percent of the whole specimen 
solidified): a) t=469 s, 60%, b) t=502 s, 70%, c) t=534 s, 80%,  

d) t=573 s, 90% 
 
3.1.3. Cooling rate R and Gradient G  

For the assessment of the thermal conditions,  
temperature gradient and cooling rate will be calculated and 
analyzed at the specified temperatures: liquidus temperature TL 
(solid fraction fs=0.0%), solidus temperature TS (solid fraction 
fs=100%) and at temperatures corresponding to various solid 
fraction values (fs=2, 25, 75 and 98%). 

The casting microstructure is essentially determined by the TL-
TS solidification range, and that’s is why this range is of most 
interest to the foundryman. Therefore, it is worthwhile to analyze 
parameters characterizing the thermal conditions within the 
casting's solidification range, in the mushy zone. Unlike the 
Temperature field, Liquid Fraction, or Gradient time, the parameter 
Gradient G [˚C/mm] provides the temperature gradient values at a 
selected location when the isoline of a specific temperature (or 
solid phase fraction) is reached in a selected mesh element in the 
finite volume (FV). To characterize the solidification range in this 
way, temperature isolines within the solidification range must be 
selected. In Magmasoft, this temperature is called the Thermo 
Criteria Temperature (TCT) ˚C and is set by default in the alloy 
database to a temperature higher than or equal to the liquidus 
temperature. For example, in the Magmasoft database for the 
AlSi6Cu4 alloy, the TCT is by default 612.00 ˚C by the liquidus 
temperature of TL=610.00 ˚C. 

 
3.1.3.1. Gradient G for TL and fs = 0.00%   

In the tested alloys, the Gradient G (Fig. 11) calculated for the 
liquidus temperature TL (constant fraction fs = 0.00%) reached 
values in the range of approximately 0.009–0.74 ˚C/mm. 

 

 
Fig. 11. Gradient G [˚C/mm] calculated by TL (fs=0.00%) in the 

specimen made of: a) AlCu4Si6Fe1, b) AlCu4Si6Mn0.65,  
c) AlCu4Si6Fe1Mn0.65, d) AlCu4Si6Fe2, e) AlCu4Si6Mn2,  

f) AlCu10Si10Fe1 
 
At half the sample height, the Gradient G reached values of 

0.034 and 0.028 ˚C/mm in the AlCu4Si6Fe1 and AlCu4Si6Mn0.65 
alloys, while 0.156, 0.150, 0.134 and 0.145 ˚C/mm in the 
AlCu4Si6Fe1Mn0.65, AlCu4Si6Fe2, AlCu4Si6Mn2 and 
AlCu10Si10Fe1 alloys, respectively. In the upper part of the 
sample, Gradient G reached values of 0.104 and 0.090 ˚C/mm in 
the AlCu4Si6Fe1 and AlCu4Si6Mn0.65 alloys, while 0.251, 0.247, 
0.230 and 0.225 ˚C/mm in the AlCu4Si6Fe1Mn0.65, 
AlCu4Si6Fe2, AlCu4Si6Mn2 and AlCu10Si10Fe1 alloys, 
respectively. In the lower part of the sample, Gradient G reached 
values of 0.026, 0.021, 0.054, 0.009, 0.010 and 0,014 ˚C/mm in the 
AlCu4Si6Fe1, AlCu4Si6Mn0.65, AlCu4Si6Fe1Mn0.65 
AlCu4Si6Fe2, AlCu4Si6Mn2 and AlCu10Si10Fe1 alloys 
respectively. The studied alloys can be clearly divided into two 
groups in this respect, and this division is consistent with the solid 
phase fraction curve. In the first group (AlCu4Si6Fe1 and 
AlCu4Si6Mn0.65) a significant precipitation of the solid phase 
occurs already from the liquidus, while in the second group 
(AlCu4Si6Fe1Mn0.65, AlCu4Si6Fe2, AlCu4Si6Mn2 and 
AlCu10Si10Fe1 alloys) after reaching the liquidus, small amounts 
of the solid phase are initially precipitated. It can be concluded that 
the first α-Al phases precipitated just at the liquidus (Fig. 4, Table 
2) in the AlCu4Si6Fe1 and AlCu4Si6Mn0.65 alloys grew at a 
lower temperature gradient (0.034 and 0.028 ˚C/mm) than the β-
Al9Fe2Si2 and Al15Si2Mn4 phases (Fig. 4, Table 2) in the 
AlCu4Si6Fe1Mn0.65, AlCu4Si6Fe2, AlCu4Si6Mn2 and 
AlCu10Si10Fe1 alloys, where the gradient was approximately 
0.156, 0.150, 0.134 and 0.145 ˚C/mm, respectively. In general, it 
can be stated that in all tested alloy samples, the G values in the 
upper and outer part of the sample are higher than in the lower and 
inner part. In the studies on the influence of the magnetic field [30-
35], the analysis of microstructure parameters was carried out for 
the lower part of the sample (measurement location in the green 
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rectangle in Fig. 2). In each tested alloy, the G gradient differs in 
the cross-section from the edge of the sample to the center, which 
means that the solid phases growing at the edge of the sample had 
different cooling rates than those in the center, e.g. in the 
AlCu4Si6Fe1 alloy (Fig. 11a), the α-Al phase grew (Fig. 4a, α-Al 
dark blue) with a gradient from 0.026 ˚C/mm (Fig. 11a) to about 
0.165 ˚C/mm. 
 
3.1.3.2. Gradient G for TS and fs = 100.00% 

In the tested alloys, the gradient G (Fig. 12) calculated for the 
solidus temperature TS (solid fraction fs = 100.00%) reached values 
in the range of approximately 0.049–0.76 ˚C/mm. 

 

 
Fig. 12. Gradient G [˚C/mm] calculated by TS (fs =100.0%) in the 

specimen made of: a) AlCu4Si6Fe1, b) AlCu4Si6Mn0.65,  
c) AlCu4Si6Fe1Mn0.65, d) AlCu4Si6Fe2, e) AlCu4Si6Mn2,  

f) AlCu10Si10Fe1 
 
At half the sample height, the gradient G reached values of 

0.408, 0.366, 0.378, 0.367 and 0.343 ˚C/mm in the AlCu4Si6Fe1, 
AlCu4Si6Mn0.65, AlCu4Si6Fe1Mn0.65, AlCu4Si6Fe2 and 
AlCu4Si6Mn2 alloys, respectively, while 0.294 ˚C/mm in the 
AlCu10Si10Fe1 alloy. In the upper part of the sample, Gradient G 
reached values of 0.417, 0.376, 0.387, 0.376 and 0.354 ˚C/mm in 
the AlCu4Si6Fe1, AlCu4Si6Mn0.65, AlCu4Si6Fe1Mn0.65, 
AlCu4Si6Fe2 and AlCu4Si6Mn2 alloys, respectively, while 0.359 
˚C/mm in the AlCu10Si10Fe1 alloy. In the lower part of the 
sample, Gradient G reached values of 0.137, 0.125, 0.132, 0.121 
and 0.110 ˚C/mm in the AlCu4Si6Fe1, AlCu4Si6Mn0.65, 
AlCu4Si6Fe1Mn0.65, AlCu4Si6Fe2 and AlCu4Si6Mn2 alloys, 
respectively, while 0.203 ˚C/mm in the AlCu10Si10Fe1 alloy. Due 
to the values and distribution of the gradient on the sample cross-
section, clear differences can be seen for the AlCu10Si10Fe1 alloy. 
The phases precipitating in the lower part of the sample 
(measurement area, Fig. 1 and 2) precipitate around the solidus 
temperature in the AlCu4Si6Fe1, AlCu4Si6Mn0.65, 
AlCu4Si6Fe1Mn0.65, AlCu4Si6Fe2, and AlCu4Si6Mn2 alloys at 
a lower gradient than in the case of the AlCu10Si10Fe1 alloy. This 
differentiation is related to the solid phase curve (Fig. 3a), where it 
is clearly visible that in the solidus area of the AlCu10Si10Fe1 
alloy, a significant increase in the solid phase occurs and, 
consequently, the release of latent heat of solidification occurs. 
Generally speaking, it can be stated that in all tested alloy samples, 
the G values in the upper part and the sample are higher than in the 

lower part. In the studies of the influence of the magnetic field [30-
35], the analysis of microstructure parameters was carried out for 
the lower part of the sample, where the values in the cross-section 
from the center to the outer part are very uniform, i.e. the phases 
precipitated in the sample axis and at the edge had identical 
solidification conditions (measurement location in the brown 
rectangle in Fig. 2). In the AlCu10Si10Fe1 alloy, this distribution 
is slightly more complex and uneven. 
 
3.1.3.3. Cooling rate R for TL and fs = 0.00% 

Another important parameter characterizing the solidification 
zone, similarly to the temperature gradient [˚C/mm] and the front 
velocity [mm/s], is the cooling rate [˚C/s], calculated similarly to 
the gradient G based on a specific temperature (Thermo Criteria 
Temperature TCT ˚C), when a specific TCT isoline passes through 
a selected point of the sample (the mentioned FV grid cell). The 
cooling rate R (Fig. 13) (fs=0.00%) reached values in the range of 
approximately 0.082–0.64 ˚C/mm. The cooling rate R (Fig. 13), 
calculated for the liquidus temperature TL (fs=0.0%), reached at 
half the sample height the values of 0.097 (Fig. 13a) and 0.082 ˚C/s 
(Fig. 13b) in the AlCu4Si6Fe1 and AlCu4Si6Mn0.65 alloys, 
respectively, while 0.520, 0.515, 0.495 and 0.449 ˚C/s (Fig. 13b-f) 
in the AlCu4Si6Fe1Mn0.65, AlCu4Si6Fe2, AlCu4Si6Mn2 and 
AlCu10Si10Fe1 alloys, respectively. 

 

 
Fig. 13. Cooling rate R [˚C/s] calculated by TL (fs =0.0%) in the 

specimen made of: a) AlCu4Si6Fe1, b) AlCu4Si6Mn0.65,  
c) AlCu4Si6Fe1Mn0.65, d) AlCu4Si6Fe2, e) AlCu4Si6Mn2,  

f) AlCu10Si10Fe1 
 
In the upper part of the sample, the cooling rate R reached the 

values of 0.144 (Fig. 13a) and 0.124 ˚C/s (Fig. 13b) in the 
AlCu4Si6Fe1 and AlCu4Si6Mn0.65 alloys, respectively, while 
0.542, 0.540, 0.526 and 0.464 ˚C/s (Fig. 13b-f) in the 
AlCu4Si6Fe1Mn0.65, AlCu4Si6Fe2, AlCu4Si6Mn2 and 
AlCu10Si10Fe1 alloys, respectively. The alloys can be clearly 
divided into two groups in this respect, and this division is 
consistent with the solid phase fraction curve. In the first group 
(AlCu4Si6Fe1 and AlCu4Si6Mn0.65), significant solid phase 
precipitation occurs from the liquidus stage, whereas in the second 
group (AlCu4Si6Fe1Mn0.65, AlCu4Si6Fe2, AlCu4Si6Mn2, and 
AlCu10Si10Fe1), after reaching the liquidus stage, small amounts 
of solid phase are initially precipitated, allowing for a higher 
cooling rate. In the first group, there is also greater variation in 
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values across the cross-section, from the cylindrical axis of the 
sample to its outer part. 
 
3.1.3.4. Cooling rate R for TS and fs = 100.00% 

The cooling rate R (Fig. 14) calculated for half the sample 
height at the end of the solidification front (fs=100%) reached 
values in the range of approximately 0.021–0.67 ˚C/s. The cooling 
rate R (Fig. 14), calculated for the solidus temperature TS 
(fs=100.0%), reached at half the sample height the values of 0.567, 
0.511, 0.535, 0.530 and 0.501 ˚C/s in the AlCu4Si6Fe1, 
AlCu4Si6Mn0.65, AlCu4Si6Fe1Mn0.65, AlCu4Si6Fe2 and 
AlCu4Si6Mn2 alloys, respectively, while 0.180 ˚C/s (Fig. 14f) in 
the AlCu10Si10Fe1 alloy. In the upper part of the sample, the 
cooling rate R reached values of 0.428, 0.396, 0.416, 0.414 and 
0.393 ˚C/s in the AlCu4Si6Fe1, AlCu4Si6Mn0.65, 
AlCu4Si6Fe1Mn0.65, AlCu4Si6Fe2 and AlCu4Si6Mn2 alloys, 
respectively, while 0.150 ˚C/s in the AlCu10Si10Fe1 alloy. Due to 
the values and distribution of the gradient on the sample cross-
section, clear differences can be seen for the AlCu10Si10Fe1 alloy. 
The phases precipitating in the upper and middle parts of the 
sample precipitate around the solidus temperature in the 
AlCu4Si6Fe1, AlCu4Si6Mn0.65, AlCu4Si6Fe1Mn0.65, 
AlCu4Si6Fe2 and AlCu4Si6Mn2 alloys at a higher cooling rate (ca. 
0.520 ˚C/s) than in the case of the AlCu10Si10Fe1 alloy (ca. 0.180 
˚C/s). However, in the lower part of the sample (area of 
measurement, Fig. 1 and 2) in the AlCu10Si10Fe1 alloy, a strong 
increase and differentiation of the cooling rate in the cylindrical 
axis of the sample and in its external part occurred, where R takes 
values from 0.15 to 1.129 ˚C/s. This differentiation is related to the 
solid phase curve (Fig. 3), where it is clearly visible that in the 
solidus region of the AlCu10Si10Fe1 alloy, a significant increase 
in the solid phase occurs, resulting in the release of latent heat of 
solidification. Generally speaking, it can be concluded that in all 
tested alloy samples, the R values in the upper part of the sample 
are lower than in the lower part, and the highest values are found 
in the measurement zone (Fig. 1,2). In studies of the effect of the 
magnetic field [30-35], the analysis of microstructure parameters 
was carried out for the lower part of the sample, and there, in the 
cross-section from the cylindrical axis of the sample to the outer 
part, the values are different, i.e., the phases precipitated in the 
sample axis and at the edge had different solidification conditions 
(measurement area in the green rectangle in Fig. 2). In the 
AlCu10Si10Fe1 alloy, this distribution is more complex and most 
diverse. In each tested alloy, the cooling rate R varies across the 
cross-section from the edge of the sample to the center, which 
means that the solid phases growing at the edge of the sample had 
different cooling rates than those in the center, e.g., the α-Al phase 
grew at a rate R from 0.663 ˚C/s to about 0.530 ˚C/s in the 
AlCu4Si6Fe1 alloy (Fig. 14a). 

 
Fig. 14. Cooling rate R [˚C/s] calculated by TS (fs =100.0%) in the 

specimen made of: a) AlCu4Si6Fe1, b) AlCu4Si6Mn0.65,  
c) AlCu4Si6Fe1Mn0.65, d) AlCu4Si6Fe2, e) AlCu4Si6Mn2,  

f) AlCu10Si10Fe1 
 
3.1.3.5. G and R calculated in the solidification range for solid fraction 
fs=2, 25, 75 and 98% 

The presented fields of gradient G and cooling rate R obtained 
from numerical simulation for the beginning (fs=0.0%) and end of 
solidification (fs=100%) indicate that the choice of their calculation 
temperature (TCT temperature in Magmasoft) is important and at 
each stage of solidification in the mushy zone different values of G 
and R may prevail. For three alloys (AlCu4Si6Fe1, AlCu4Si6Mn2 
and AlCu10Si10Fe1), i.e. the most different in terms of the solid 
phase fraction curve (Fig. 3) and separated phases (Fig. 4), 
calculations were carried out for temperatures in the TL-TS range, 
for selected values of the solid fraction, e.g. fs=2, 25, 75 and 98%. 
These fs values correspond in each alloy to a slightly different value 
of their calculation temperature (TCT), which is given in detail in 
the figure captions (Fig. 15-20). 
 
3.1.3.6. G and R for fs=2, 25, 75 and 98% in the AlCu4Si6Fe1 alloy 

Gradient G [˚C/mm] in the AlCu4Si6Fe1 alloy sample (Fig. 15) 
was calculated at Thermo Criteria Temperature (and % of solid 
fraction): a) 607.8 ̊ C (2.0%), b) 595.0 ̊ C (25%), c) 553.0 ̊ C (75%), 
d) 529.0 ˚C (98%). At half the height of the sample, G reached 
values of 0.050, 0.149, 0.233, and 0.305 ˚C/mm for fs=2, 25, 75, 
and 98%, respectively. In the upper part of the sample, G reached 
values of 0.133, 0.326, 0.350, and 0.356 ˚C/mm for fs=2, 25, 75, 
and 98%, respectively. In the lower part (measurement area)of the 
sample, G reached values of 0.056, 0.105, 0.037, and 0.043 ˚C/mm. 
It is obvious that the G gradient takes on different values across the 
cross-section, in the upper and lower parts of the sample. In 
general, higher G values predominate in the upper and outer parts 
of the sample. As the fs value increases, the G gradient values 
increase at mid-height and in the upper part of the sample. In the 
place of measurement (green rectangle area, Fig. 2), the situation is 
more complex. 
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Fig. 15. Gradient  G [˚C/mm] in the specimen made of 

AlCu4Si6Fe1 alloy and calculated by the Thermo Criteria 
Temperature (and % of solid fraction): a) 607.8 ˚C (2.0%),  
b) 595.0 ˚C (25%), c) 553.0 ˚C (75%), d) 529.0 ˚C (98%) 

 
Analogously, the cooling rate R in the AlCu4Si6Fe1 alloy 

sample (Fig. 16) was calculated at Thermo Criteria Temperature 
(and % of solid fraction): a) 607.8 ˚C (2.0%), b) 595.0 ˚C (25%), 
c) 553.0 ˚C (75%), d) 529.0 ˚C (98%). At half the sample height, 
the cooling rate R reached values of 0.103, 0.205, 0.202, and 0.404 
˚C/s for fs=2, 25, 75, and 98%, respectively. In the upper part of the 
AlCu4Si6Fe1 sample, the cooling rate R reached values of 0.146, 
0.228, 0.212, and 0.289 ̊ C/s for fs=2, 25, 75, and 98%, respectively. 
Whereas in the lower part of the sample, in the measurement area, 
R reached values of 0.115, 0.180, 0.174, and 0.384 ˚C/s for fs=2, 
25, 75, and 98%, respectively. In the alloy under consideration, 
with the increase in the precipitated solid phase fs, the cooling rate 
values increase, and therefore different thermal conditions prevail 
for the precipitation of phases, e.g., α-Al and β-Al9Fe2Si2, at the 
beginning and end of the solidification process. Fig. 16 a-d clearly 
shows a tendency towards a change in the distribution of high and 
low values. At the beginning of solidification, fs=2% (Fig. 16a), 
higher values were observed in the upper and outer parts of the 
sample, while at the end of solidification, at fs=98%, the situation 
was reversed. In the lower part of the measurement, R assumes 
different values in the cylindrical axis of the sample and in the outer 
part, therefore, attention should be paid to the nature of these 
precipitates in individual areas. 

In the AlCu4Si6Fe1 alloy, in the central part of the sample the 
β-Al9Fe2Si2 phases that nucleated early at a temperature of about 
595.0 ˚C (Fig. 4a, violet line, Table 2) precipitated at R of about 
0.115 ˚C/s (Fig. 16a), whereas those that grew near the end of 
solidification (Fig. 4c, violet line, Table 2) precipitated at R of 
about 0.384 ˚C/s (Fig. 16d). Similar differences apply to the 
prevailing gradient G, i.e. around 595.0 ˚C it was about 0.105 
˚C/mm (Fig. 15a) and at the solidus the phases grew at G of about 
0.043 ˚C/mm (Fig. 15d). 
 
3.1.3.7. G and R for fs=2, 25, 75 and 98% in the AlCu4Si6Mn2 alloy 

Gradient G ˚C/mm in the AlCu4Si6Mn2 alloy sample (Fig. 17) 
was calculated at Thermo Criteria Temperature (and % of solid 
fraction): a) 636.0 ̊ C (2.0%), b) 599.0 ̊ C (25%), c) 552.0 ̊ C (75%), 
d) 526.0 ˚C (98%). At half the height of the sample, G reached 
values of 0.179, 0.164, 0.205, and 0.252 ˚C/mm for fs=2, 25, 75, 
and 98%, respectively. In the upper part of the sample, G reached 

values of 0.275, 0.323, 0.313, and 0.297 ˚C/mm for fs=2, 25, 75, 
and 98%, respectively. In the lower part (measurement area, Fig. 2) 
of the sample, G reached values of 0.008, 0.089, 0.022, and 0.050 
˚C/mm. It is clear that the G gradient assumes different values 
across the cross-section, in the upper and lower sections of the 
sample. In general, higher G values predominate in the upper and 
outer sections of the sample. As the fs value increases, the G 
gradient values generally increase at mid-height and in the upper 
section of the sample. In the measurement area, the situation is 
more complex, with higher values prevailing in the outer section 
than in the section located along the cylindrical axis of the sample. 

 

 
Fig. 16. Cooling rate R [˚C/s] in the specimen made of 

AlCu4Si6Fe1 alloy and calculated by the Thermo Criteria 
Temperature (and % of solid fraction): a) 607.8 ˚C (2.0%),  
b) 595.0 ˚C (25%), c) 553.0 ˚C (75%), d) 529.0 ˚C (98%) 

 

 
Fig. 17. Gradient G [˚C/mm] in the specimen made of 

AlCu4Si6Mn2 alloy and calculated by the Thermo Criteria 
Temperature (and % of solid fraction): a) 636.0 ˚C (2.0%),  
b) 599.0 ˚C (25%), c) 552.0 ˚C (75%), d) 526.0 ˚C (98%) 

 
Analogously, the cooling rate R in the AlCu4Si6Mn2 alloy 

sample (Fig. 18) was calculated at Thermo Criteria Temperature 
(and % of solid fraction): a) 636.0 ˚C (2.0%), b) 599.0 ˚C (25%), 
c) 552.0 ˚C (75%), d) 526.0 ˚C (98%). At halfway up the sample, 
the cooling rate R reached values of 0.546, 0.208, 0.194, and 0.356 
˚C/s for fs=2, 25, 75, and 98%, respectively. In the upper part, the 
cooling rate R reached values of 0.553, 0.226, 0.192, and 0.267 ̊ C/s 
for fs=2, 25, 75, and 98%, respectively. In the lower part of the 
sample (measurement area), the cooling rate R reached values of 
0.539, 0.177, 0.179, and 0.329 ˚C/s for fs=2, 25, 75, and 98%, 
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respectively. It is obvious that the cooling rate R assumes different 
values across the cross-section, in the upper and lower parts of the 
sample. In the alloy under consideration, with the increase in the 
precipitated solid phase fs, the cooling rate values decrease from 
fs=2% to 75% and then increase at fs=98%, thus different thermal 
conditions prevail for the precipitation of phases, e.g., α-Al and 
Al15Si2Mn4, at the beginning and end of the solidification process. 
According to Fig. 4b and 3a, it can be seen that at fs=2% the alloy 
is at the stage of precipitation of the Al15Si2Mn4 phase, which 
constitutes a small amount of the solid phase of the alloy (Fig. 3b), 
therefore the small amount of released heat of solidification L 
favors a high value of the cooling rate. The progressive, more 
intense solid phase growth (Fig. 3a) and larger amounts of heat 
released lower the R value. At the end of solidification, at fs=98%, 
R increases again because most of the casting has already solidified 
and most of the heat has already been released and does not inhibit 
cooling, so R increases. Fig. 18 a-d clearly shows a trend toward a 
change in the distribution of high and low values. At the beginning 
of solidification, fs=2% (Fig. 16a), higher R values prevailed in the 
upper and middle parts of the sample, while at the end of 
solidification, at fs=98%, the situation was reversed. In the lower 
part of the measurement, R takes on different values in the 
cylindrical axis of the sample and in the outer part, therefore, 
attention should be paid to the nature of these precipitates in 
individual areas. In the AlCu4Si6Mn2 alloy, in the central part of 
the sample, the Al15Si2Mn4 phases that nucleated early at the 
liquidus temperature TL (Fig. 4b, yellow line, Tab. 2) precipitated 
at R of about 0.539 ˚C/s (Fig. 18a), whereas those that grew near 
the end of solidification (Fig. 4b, yellow line, Tab. 2) precipitated 
at R of about 0.329 ˚C/s (Fig. 18d). Similar differences apply to the 
prevailing gradient G, i.e. in the vicinity of the liquidus G was about 
0.008 ˚C/mm (Fig. 17a) and at the solidus the phases grew at G of 
about 0.050 ˚C/mm (Fig. 17d). 

 

 
Fig. 18. Cooling rate R [˚C/s] in the specimen made of 

AlCu4Si6Mn2 alloy and calculated by the Thermo Criteria 
Temperature (and % of solid fraction): a) 636.0 ˚C (2.0%),  
b) 599.0 ˚C (25%), c) 552.0 ˚C (75%), d) 526.0 ˚C (98%) 

 
3.1.3.8. G and R for fs=2, 25, 75 and 98% in the AlCu10Si10Fe1 alloy 

Gradient G [˚C/mm] (Fig. 19) in the AlCu10Si10Fe1 alloy 
sample was calculated at Thermo Criteria Temperature (and % of 
solid fraction): a) 575.0 ˚C (2.0%), b) 550.0 ˚C (25%), c) 521.9 ˚C 
(75%), d) 521.6 ˚C (98%). At half the height of the sample, G 
reached values of 0.155, 0.102, 0.166, and 0.262 ˚C/mm for fs=2, 

25, 75, and 98%, respectively. In the upper part of the sample, G 
reached values of 0.215, 0.230, 0.205, and 0.321 ˚C/mm for fs=2, 
25, 75, and 98%, respectively. In the lower part (place of 
measurement, Fig. 2) of the sample, G reached values of 0.021, 
0.071, 0.065, and 0.165 ˚C/mm. The G gradient assumes different 
values across the cross-section, in the upper and lower parts of the 
sample. In general, higher G values prevail in the upper and outer 
parts of the sample, but for fs=98%, the situation is more 
complicated. As the fs value increases, the G gradient values 
generally increase. In the measured part, the situation is more 
complex, with higher values in the outer part for fs=2, 25, and 75% 
and lower values for fs=98% in the part located along the 
cylindrical axis of the sample. 

 

 
Fig. 19. Gradient  G [˚C/mm] in the specimen made of 

AlCu10Si10Fe1 alloy and calculated by the Thermo Criteria 
Temperature (and % of solid fraction): a) 575.0 ˚C (2.0%),  
b) 550.0 ˚C (25%), c) 521.9 ˚C (75%), d) 521.6 ˚C (98%) 

 
Analogously calculated cooling rate R (Fig. 20) in the 

AlCu10Si10Fe1 alloy sample was calculated at Thermo Criteria 
Temperature (and % of solid fraction): a) 575.0 ˚C (2.0%), b) 550.0 
˚C (25%), c) 521.9 ˚C (75%), d) 521.6 ˚C (98%). At halfway up the 
sample, the cooling rate R reached values of 0.474, 0.096, 0.101, 
and 0.161 ˚C/s for fs=2, 25, 75, and 98%, respectively. In the upper 
part, the cooling rate R reached values of 0.465, 0.115, 0.074, and 
0.131 ˚C/s for fs=2, 25, 75, and 98%, respectively. In the lower part 
of the sample (place of measurement, Fig. 2), the cooling rate R 
reached values of 0.475, 0.081, 0.219, and 0.862 ˚C/s for fs=2, 25, 
75, and 98%, respectively. The cooling rate R assumes different 
values across the cross-section in the upper and lower parts of the 
sample. In the alloy under consideration, as the precipitated solid 
phase fs increases from 2% to 75%, the R values generally decrease 
in the upper and middle parts, but continue to increase at fs=98%. 
In the lower part of the sample (measurement area), the R values 
are lowest for fs=25% and continue to increase to the highest value 
of 0.862 at fs=98%. In the lower part, the situation is complex. 
Generally, R in this alloy adopts a complex and different 
distribution for fs. For fs=2%, the values are relatively uniform 
across the entire sample surface. For fs=25%, higher values are 
found in the upper part, while for fs=75% and 98%, the highest 
values are found in the lower part of the sample in the cylindrical 
axis, where they are extreme. The high R value at the beginning of 
solidification for fs=2% is caused by the small amount of 
precipitated solid phase and heat, as shown in Fig. 3. At the end of 
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solidification, lower R values are caused by the intense 
precipitation of the solid phase (Fig. 3a). The highest R values 
observed for fs=98% and the lower part result from the fact that this 
is the last region to solidify in the sample (Fig. 9f). Almost the 
entire sample has solidified, so there is no latent heat to inhibit 
cooling, and therefore R increases. The sample experiences 
different thermal conditions for the precipitation of phases, e.g., α-
Al and Al15Si2Mn4, at the beginning and end of the solidification 
process. In the AlCu10Si10Fe1 alloy, in the central part of the 
sample the β-Al9Fe2Si2 phases that nucleated early at the liquidus 
temperature TL (Fig. 4c, violet line, Table 2) precipitated at R of 
about 0.475 ˚C/s (Fig. 20a), whereas those that grew near the end 
of solidification (Fig. 4c, violet line, Table 2) precipitated at R of 
about 0.862 ˚C/s (Fig. 20d). Similar differences apply to the 
prevailing gradient G, i.e. in the vicinity of the liquidus G was about 
0.021 ˚C/mm (Fig. 19a) and at the solidus the phases grew at G of 
about 0.165 ˚C/mm (Fig. 19d). 

Comparison of the AlCu4Si6Fe1 alloy (Figs. 15-16) with the 
AlCu4Si6Mn2 (Figs. 17-18) and AlCu10Si10Fe1 alloy (Figs. 19-
20), calculated for different solidification stages (solid fraction, 
temperature) determined for temperatures in the TL-TS range, 
showed differences in thermal conditions strongly determined by 
the solid fraction curve depending on the alloy composition. When 
analyzing the microstructures formed in the tested alloys and 
samples, one should remember about the variable course of the 
temperature gradient and cooling rate, because the size and shape 
of the precipitates (α-Al, β-Al9Fe2Si2 α-Al15Si2Mn4 crystals, Al-Si 
eutectics, etc.) may depend on the thermal conditions. 

 

 
Fig. 20. Cooling rate R [˚C/s] in the specimen made of 

AlCu10Si10Fe1 alloy and calculated by the Thermo Criteria 
Temperature (and % of solid fraction): a) 575.0 ˚C (2.0%),  
b) 550.0 ˚C (25%), c) 521.9 ˚C (75%), d) 521.6 ˚C (98%) 

 
 
3.2. Numerical prediction of eutectic spacing and 
secondary dendrite arm spacing SDAS 

 
Currently, casting simulation software, in addition to flow 

(Navier-Stockes), thermal (Fourier-Kirckhoff), and stress models, 
also includes complex micromodels that enable modeling of the 
formation of casting microstructures, e.g., eutectic phase fraction 
[%], AlFeMnSi phase fraction, grain size, and SDAS spacing of 
secondary dendrite arms [μm]. However, micro modeling requires 

longer computational time, so SDAS can alternatively be predicted 
using formulas based on the thermal field. 

 
3.2.1. Secondary dendrite arm spacing SDAS 

Apart from the Microstructure Module, the secondary dendrite 
arm spacing (SDAS) λ2= λSDAS (Fig. 21) in Magmasoft may be 
calculate based on:  

 
λ2 = c1 ⋅ (tS − tL)n1                                                                     (1) 

 
where c1 and n1 are coefficients, by default c1=11.03 and n1=0.33 
in the software used. The values obtained (Fig. 21a) for the 
AlCu4Si6Fe1 alloy are 76.418 μm in the middle of the sample and 
77.104 in the bottom part where in the experiment measurement 
was conducted (Fig. 2b, green rectangle), and that is close to 79 μm 
from measurement (Tab. 1). For other alloys the differences in 
SDAS are larger, e.g. for AlCu4Si6Mn0.65 alloy, from simulation 
79.784 μm and from measurement 100 μm was reached. 
 

 
Fig. 21. Secondary Dendrite Arm Spacing [μm]  based on tS-tL, 

c1=11.03 and n1=0.33 coefficients, in the specimen made of:  
a) AlCu4Si6Fe1, b) AlCu4Si6Mn0.65, c) AlCu4Si6Mn2 and  

d) AlCu10Si10Fe1 alloy 
 

To ensure consistency between the simulations (Fig. 22) and 
the experimental data (Table 1), the n1 coefficient values were left 
unchanged and the c1 coefficient was optimized. The SDAS 
predictions suggested almost identical solidification conditions 
because a similar uniformity of values was obtained throughout the 
sample. For the tested alloys, the applied calculation formulas and 
optimized c1 values are summarized in Table 3. 

In metal alloys, the formation of dendritic structures is the 
subject of many studies, both computer modeling, e.g., models 
using the Phase Field Model (PFM) numerical method and 
experimental methods, e.g., using computed tomography and X-ray 
images. Among others, such investigations have shown that certain 
chemical composition and temperature disturbances may occur 
near the tip of the dendrite, leading to the formation of cellular 
structure, and later can form independent and in parallel growing 
arms, and finally can reach dendritical form. According to studies 
[57,58], the distance between secondary arms λ2 = λSDAS is 
determined by the thickening process that occurs during 
solidification. Furthermore, the studies [59-62] allowed the 
development of computational formulas for λ2 = λSDAS based on the 
solidification time: 
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λ2 = c1 ⋅ (tS)n1                                                                              (2) 
 

where n1 = 0.33 or 0.48 and c1 is materials coefficient [9,59-65]. 
 

 
Fig. 22. Secondary Dendrite Arm Spacing [μm]  based on tS-tL, 

n1=0.33  and optimized c1 coefficient, in the specimen made of: a) 
AlCu4Si6Fe1, b) AlCu4Si6Mn0.65, c) AlCu4Si6Mn2 and d) 

AlCu10Si10Fe1 alloy 
 
Table 3.  
Secondary Dendrite Arm Spacing SDAS calculated by different 
formulas and c1 coefficients (from literature or optimized) for 
selected AlCuSi alloys specimens 

SDAS  
[μm] 

Alloys 
AlCu4

Si6 
Fe1 

AlCu4
Si6Mn
0.65 

AlCu4
Si6 

Mn2 

AlCu10
Si10 
Fe1 

Experimental 79.0 100.0 94.0 66.0 
Simulated  

SD
A

S 
= 

 
c 1

 *
 (t

S-
t L

)^
n 1

 

c1=11.03 77.1 79.8 86.6 86.6 

c1= … (11.30) (13.83) (11.97) (8.41) 

 79.0 100.0 94.0 66.0 

SD
A

S 
= 

 
c 1

 *
(t S

)^
n 1

 

c1=11.03 92.9 95.8 96.6 101.3 

c1= … (9.38) (11.51) (10.74) (7.18) 

 79.0 100.0 94.0 66.0 

SD
A

S 
= 

 
c 1

 *
 (t

S-
t X

)^
n 1

 TX= … [553.0] [552.0] [552.0] [521.7] 

c1=11.03 48.6 50.6 51.6 49.7 

c1= … (17.93) (21.79) (20.09) (14.65) 

 79.0 100.0 94.0 66.0 

(…) in the curly brackets the value of c1 coefficient, 
[…] in the square brackets, reached at the calculation time tX, 
the temperature TX. 

 
Based on the solidification time tS (formula (2)), with the 

optimized n1 value (not the default n1=0.33), the SDAS was 
calculated (Fig. 23) for the alloys a) AlCu4Si6Fe1, b) 
AlCu4Si6Mn0.65, c) AlCu4Si6Mn2 and d) AlCu10Si10Fe1. The 

n1 optimization ensured the agreement between the simulation 
results and the experimental ones (Table 1) and provided the n1 
values for future SDAS predictions. The SDAS results suggest a 
very similar structure obtained in the lower, upper, inner and outer 
parts of the sample. For example, for the AlCu4Si6Fe1 alloy (Fig. 
23 a), the SDAS in the lower part was 79.041 μm and in the upper 
part 77.654 μm. 

A number of studies [9,57-65] have shown that when some 
arms melt and disappear at the end of solidification, despite the fact 
that secondary dendritic arms grow throughout the solidification 
process in hypoeutectic AlSi alloys, the SDAS distance to be 
established. During dendrite formation, phenomena of 
fragmentation, dendritic arm evolution, and coarsening occur [66-
69], which can also be influenced by natural or forced convection 
[70]. Therefore, on this basis, it was decided to also calculate the 
SDAS based on the last 25% of the time in the TL-TS range. That 
is, instead of TL-TS, TX = 552 ˚C was assumed for the 
AlCu4Si6Fe1, AlCu4Si6Mn0.65, and AlCu4Si6Mn2 alloys and 
521.7 ˚C for the AlCu10Si10Fe1alloy. Then, we obtain the 
formula: 

 
λ2 = c1 ⋅ (tS − tX)n1                                                                      (3) 
 

 
Fig. 23. Secondary Dendrite Arm Spacing [μm] based on tS 

only, n1=0.33 and optimized c1 coefficient, in the specimen made 
of: a) AlCu4Si6Fe1, b) AlCu4Si6Mn0.65, c) AlCu4Si6Mn2 and 

d) AlCu10Si10Fe1 alloy 
 
SDAS values (Fig. 24 a-c) show a similar distribution across 

the sample cross-section for AlCu4Si6Fe1, AlCu4Si6Mn0.65 and 
AlCu4Si6Mn2 alloys, higher values in the upper part and lower in 
the lower and middle part of the sample, e.g. 83.809 and 79.036 μm 
for AlCu4Si6Fe1 alloy. A completely opposite picture was 
obtained for AlCu10Si10Fe1alloy (Fig. 24 d) where the highest 
SDAS values are in the lower and middle part of the sample (66.008 
μm) and the lowest in the upper part (46.614 μm), moreover, the 
difference between both values is more significant. It should be 
pointed out that the solid fraction curve for AlCu10Si10Fe1alloy 
(Fig. 3) as a result of the precipitation of individual phases (Fig. 
4c), influences the cooling curve (Fig. 7) and most likely has an 
impact on the SDAS prediction. 

Since the precipitation intensity (amount of solid phase) 
determines the arm thickness, degree of elongation, degree of 
dendrite growth, grain number, and probably also the spacing of 
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SDAS, based also on the results presented in Fig. 24, it was 
proposed that tX depends on the degree of solid phase precipitation, 
and TX was chosen widely from the TL-TS temperature range. An 
example SDAS prediction for the AlCu4Si6Fe1alloy alloy (Fig. 
25) calculated using the Thermo Criteria Temperature (and % of 
solid fraction): a) 575.0 ˚C (2.0%), b) 550.0 ˚C (25%), c) 521.9 ˚C 
(75%), d) 521.6 ˚C (98%). It is clearly visible that as TX changes, 
the distribution and values of SDAS change, which contributes to 
further research in the search for a new formula for SDAS 
simulation prediction. 

 

 
Fig. 24. Secondary Dendrite Arm Spacing [μm] based on tS-

tX, n1=0.33 and optimized c1 coefficient, where tX was calculated 
as last 25% of solid fraction curve (in TL-TS range), meaning solid 

fraction value of 75% (in point), in the specimen made of:  
a) AlCu4Si6Fe1, b) AlCu4Si6Mn0.65, c) AlCu4Si6Mn2 and  

d) AlCu10Si10Fe1alloy 
 

 
Fig. 25. Secondary Dendrite Arm Spacing [μm] based on tS-

tX, n1=0.33 and optimized c1 coefficient, in the specimen made of 
AlCu4Si6Fe1alloy, where tX (in TL-TS range) was calculated by 

chosen solid fraction (Feeding effectivity in MS):  
a) 2% (Tx=607.8 ˚C, c1=11.36), b) 25% (Tx=595.0 ˚C, c1=12.36), 
c) 75% (Tx=553.0 ˚C, c1=17.94), d) 98% (Tx=529.0 ˚C, c1=40.93) 
 
3.2.2. Eutectic spacing EutSpa λE 

Similarly to the spacing between dendrite arms, the 
characteristics of the eutectic structure in the alloy can be predicted. 

The classification of eutectics [71-73] is based on their growth 
mechanism and includes the divorced growth, where there is no 
exchange of solute between the two solid phases [71-73] and the 
cooperative growth where two (or more) phases grow together as a 
diffusion couple. The eutectic spacing λE may be determined [71-
73] from simple formulation: 

 
𝜆𝜆𝐸𝐸 = 𝑐𝑐2 ⋅ (𝑉𝑉)−0.5                                                                           (4) 

 
where V is solidification front velocity and c2 is coefficient. 

Since the solidification front velocity is not available in 
Magmasoft, the gradient and cooling rate were used to calculate it, 
and the c2 coefficient was optimized. The λE values (Fig. 26), unlike 
SDAS, vary significantly across the sample cross-section, 
particularly in the AlCu10Si10Fe1 alloy (Fig. 26d). G and R were 
calculated at a specific temperature (or solid fraction) value 
indicated as TCT, which is assumed to be the solidus temperature 
in the case of eutectics. However, for eutectics, one could also 
identify a point at which the λE spacing value is determined, which 
may not necessarily be the end of solidification. However, based 
on Fig. 4, which gives the range of AlSi eutectics formation, e.g., 
from 560 to 525 ˚C for the AlCu4Si6Fe1 alloy, λE for R and G was 
calculated at: a) 550 ˚C (fs=0.79), b) 540 ˚C (fs=0.90), c) 530 ˚C 
(fs=0.97), and d) 528 ˚C (fs=0.98). The choice of the λE calculation 
temperature (Tables 4-5) is important for the upper part of the 
sample, where different values can be observed, while in the lower 
part, the λE values are identical because they were the goal of 
optimization. Both Figs. 26 and 27 indicate that λE in the lower 
measurement area (Fig. 2, green rectangle) takes different values, 
and the structures should be assessed carefully when studying the 
effects of solidification or convection. 

 

 
Fig. 26. Eutectic Spacing EutSpa [μm] of Al-Si eutectics based on 
V=f(R,G), n2 = -0.5 and optimized c2 coefficient, where R and G 
were calculated at solidus temperature (solid fraction 100%), in 

the specimens made of: a) AlCu4Si6Fe1, b) AlCu4Si6Mn0.65, c) 
AlCu4Si6Mn2 and d) AlCu10Si10Fe1 alloy 
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3.3. Effect of experimental procedure on thermal 
conditions 

 
The influence of forced convection on the microstructure of 

alloys [30-35], including AlCuSi, was investigated in a device 
designed to ensure identical thermal conditions under variable 
convection conditions [51]. It was decided to estimate the 
variations in thermal conditions and indicate the possible influence 
on the microstructure formation conditions by assessing the 
solidification time as a representative parameter. For two selected 
alloys, AlCu4Si6Fe1 and AlCu10Si10Fe1, the influence of thermal 
conductivity of the graphite crucible and liquidus temperature, 
among others, was assessed. The results are summarized in Tables 
6-13. 

 
Table 4.  
Eutectic Spacing EutSpa [μm] calculated by c2 coefficient 
(optimized) for selected AlCuSi alloy specimens 

EutSpa [μm] 
=  

c2*(R/G)^n2 

Alloys 
AlCu4S

i6 
Fe1 

AlCu4
Si6Mn
0.65 

AlCu4S
i6 

Mn2 

AlCu10
Si10 
Fe1 

Experimental 12.4 32.7 29.6 17.5 
Simulated  
fs=1.00, 

(27.43) 
12.4 

(70.93) 
32.7 

(68.36) 
29.6 

(41.69) 
17.6 

(…) in the curly brackets the value of c2 coefficient, 
 
Table 5.  
Eutectic Spacing EutSpa [μm] calculated by c2 coefficients 
(optimized) for selected AlCu4Si6Fe1 alloy 

EutSpa [μm] 
=  

c2*(R/G)^n2 

Alloys 
fs=0.79  

T= 
550 ˚C 

fs=0.90  
T= 

540 ˚C 

fs=0.97  
T= 

530 ˚C 

fs=0.98  
T= 

528 ˚C 
Experimental 12.4 

Simulated 
(48.77) 

12.4 
(32.64) 

12.4 
(40.93) 

12.4 
(36.97) 

12.4 
(…) in the curly brackets the value of c2 coefficient, 

 
 

 
Fig. 27. Eutectic Spacing EutSpa [μm] of Al-Si eutectics based on 
V=f(R,G), n2 = -0.5 and optimized c2 coefficient, in the specimens 
made of AlCu4Si6Fe1, where R and G were calculated at: a) 550 
˚C (fs=0.79), b) 540 ˚C (fs=0.90), c) 530 ˚C (fs=0.97) and d) 528 

˚C (fs=0.98) 
 
Due to the insulation around the crucible, and its heating effect 

during the experiments, the solidification time may be incorrectly 
estimated. Experiments earlier or later started may occur by various 
initial temperatures of Fiberfrax insulation. In the case of the 
AlCu4Si6Fe1 and AlCu10Si10Fe1 alloys (Table 6), increasing 
(earlier start of experiment) the initial temperature of Fiberfrax 
resulted in a delay in solidification by only 19 and 22 seconds. 

 
Table 6.  
Solidification time [s] in function of initial temperature of Fiberfrax 
insulation 

Solidification 
time [s] 

Initial temperature of insulation 
20 ˚C 100 ˚C 200 ˚C 270 ˚C 

AlCu4Si6Fe1 638 643 651 657 
AlCu10Si10Fe1 828 834 845 850 

 
The increase in the initial temperature of the alloy and graphite 

crucible from 800 to 850 ˚C, in the case of the AlCu4Si6Fe1 and 
AlCu10Si10Fe1 alloys (Table 7), resulted in an extension of the 
solidification time from 638 to 694 s and 828 to 903 s, respectively. 
The maximum and actual possible deviation of the initial 
temperature is exactly 5 ˚C, and hence a negligible extension of the 
solidification time by only 6 and 8 s. 

 
Table 7.  
Solidification time [s] in function of initial temperature of the 
crucible and the alloy 

Solidification  
time [s] 

Initial temperature of  
the crucible and the alloy  

750 ˚C 795 ˚C 800 ˚C 805 ˚C 850 ˚C 
AlCu4Si6Fe1 576 632 638 644 694 

AlCu10Si10Fe1 751 821 828 836 903 
 
During metallurgical furnace processing, sample size may 

change as slag and oxides are removed from the liquid alloy 
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surface. An incorrectly weighed portion of alloy, e.g., 262 g instead 
of the standard 201 g, can prolong solidification by 78 and 95 
seconds for AlCu4Si6Fe1 and AlCu10Si10Fe1 alloys (Table 8). 
Because the samples are precisely cut, mass losses of 
approximately 5% are more realistic, which can result in negligible 
time reductions of only 10 and 19 seconds, respectively. 
 
Table 8.  
Solidification time [s] in function of the alloys assumed quantity 
and specimens assumed length 

Solidi-
fication 
time [s] 

The alloys quantity 
Specimens assumed mass 0.201 kg and length 67 mm 
141 g 
46.9 
mm 

(-30%) 

181 g 
60.3 
mm 

(-10%) 

191 g 
63.5 
mm 

(-5%) 

201 g 
67.0 
mm 
(0%) 

211 g 
70.3 
mm 

(+5%) 

221 g 
73.7 mm 
(+10%) 

262 g 
87.1 mm 
(+30%) 

AlCu4 
Si6Fe1 

556 615 628 638 651 668 716 

AlCu10 
Si10Fe1 

710 793 809 828 846 862 923 

 
Alloy components such as Al, Cu, Si, Fe, and Mn were 

precisely weighed and dosed into the furnace. Any changes in the 
liquidus temperature, e.g., 618.9 ˚C instead of 608.9 ˚C (Table 9), 
result in completely negligible changes in solidification time. 

The cooling system protecting the coils from the hot insulation, 
crucible, and alloy is supplied with tap water at approximately 
11˚C. Increasing the temperature of the copper chill to 91˚C due to 
an interruption in the water supply can extend solidification by 75 
and 92 seconds for the AlCu4Si6Fe1 and AlCu10Si10Fe1 alloys, 
respectively (Table 10). With a constant water supply, the chill 
from starting temperature 11˚C can only reach a value of 21˚C, 
which can result in a completely negligible extension of the 
solidification time. 

 
Table 9.  
Solidification time [s] in function of the  AlCu4Si6Fe1 alloys 
liquidus temperature 

Solidi-
fication 
time [s] 

Liquidus temperature of the alloy  
(assumed liquidus temperature 610 ˚C) 

598.9 ˚C  
(-10 ˚C) 

606.9 ˚C  
(-2 ˚C) 

608.9 ˚C  
(0 ˚C) 

610.9 ˚C  
(+2 ˚C) 

618.9 ˚C 
(+10 ˚C) 

AlCu4 
Si6Fe1 

635.9 637.0 638.3 638.6 639.4 

 
Table 10.  
Solidification time [s] in function of the initial temperature of the 
cooling system 

Solidification 
time [s] 

The initial temperature  
of the cooling system 

11 ˚C 21 ˚C 51 ˚C 91 ˚C 
AlCu4Si6Fe1 638 639 669 713 

AlCu10Si10Fe1 828 829 868 920 

Crucibles used repeatedly for melting are cleaned (delicate lost 
of shape) and may also come from different suppliers, which can 
collectively affect their thermal properties. This effect was 
estimated based on the change in thermal conductivity of the 
graphite used in the crucibles. Increasing thermal conductivity 
(Table 11) from 64 W/mK to 70.4 W/mK resulted in reductions of 
only 5 and 7 seconds for both alloys tested. 

 
Table 11.  
Solidification time [s] in function of thermal conductivity of the 
graphite crucible 

Solidification  
time [s] 

Thermal conductivity of the graphite crucible 
57.6  

W/mK  
(-10 %) 

60.8  
W/mK 
(-5 %) 

64  
W/mK 
(0 %) 

67.2  
W/mK 
(+5 %) 

70.4  
W/mK 

(+10 %) 
AlCu4Si6Fe1 643 640 638 636 633 

AlCu10Si10Fe1 835 832 828 825 821 
 
In contrast to previous studies on the effect of forced 

convection on microstructure [28,29], the current methodology 
aimed at slow bulk solidification, which was achieved by using a 
high initial crucible temperature. The effect of using the initial 
crucible temperature equal to the alloy temperature is presented in 
Table 12, which clearly shows that a temperature of 20 ˚C instead 
of 800 ˚C significantly shortened the solidification time of the 
samples, e.g. from 638 to 63 s for the AlCu4Si6Fe1 alloy. The 
correctness of the methodology has been confirmed.Tables 6-12 
present the individual effects of various process factors on the 
solidification time of the tested samples. Assuming that all possible 
errors in the conducted solidification  process could accumulate in 
a single experiment, leading to either an increase or decrease in 
solidification time, the cumulative effect was examined. Such a 
coincidence could lead (Table 13) to only a 19 s reduction in 
solidification  time or a 29 s increase. 

 
Table 12.  
Solidification time [s] in function of initial temperature of the 
crucible 

Solidification  
time [s] 

Initial temperature of  
the crucible 

20 ˚C 800 ˚C 
AlCu4Si6Fe1 63 638 

AlCu10Si10Fe1 73 828 
 
 
 
 
 
 
 
 
 
 
 
 
 



170  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 6 ,  I s s u e  3 / 2 0 2 6 ,  1 5 3 - 1 7 3  

Table 13.  
Solidification time [s] in function of extreme values of parameters 
for AlCu4Si6Fe1 alloy 

Extreme configuration of 
parameters variation 

The variation of the  
studied parameter 

 in - 
no 

variation 
 in + 

Initial temperature of insulation 20 ˚C 20 ˚C  100˚C 
Initial temperature of  

the alloy and the crucible 
795 ˚C 
(-5 ˚C) 

800 ˚C 
805 ˚C 
(+5 ˚C) 

The alloys amount variation from 
standard mass 0.201 kg 

191 g, 
(-5 %) 

201 g 
211 g 

(+5 %) 
The variation of the alloys  

liquidus temperature from 608.9 ˚C 
606.9 ˚C 
(-2 ˚C) 

610 ˚C 
610.9 ˚C 
(+2 ˚C) 

The variation of the initial 
temperature of the cooling system  

11 ˚C 11 ˚C 21 ˚C 

The variation of the graphite 
crucible’s thermal conductivity 

67.2  
W/mK 
(+5 %) 

64  
W/mK 

60.8 
W/mK 
(-5%) 

Solidification time [s] 
619 

(-19 s) 
638 

667 
(+29 s) 

(…) in the curly brackets the variation of the parameter in % or in 
unit. 

 
Based on this, it can be assumed that the device design [47] and 

the experimental procedure used [30-35] to conduct slow 
solidification of many alloys, e.g. mentioned in the current paper 
(Table 1-2), ensure high reproducibility of the results and enable 
reliable comparison and assessment of the effect of convection on 
the structure. 
 
 

4. Conclusions 
 

Numerical simulation on solidification of AlCuSi alloys with 
Fe- and Mn-rich phases provided knowledge: 
1. The simulation results confirmed the experimental data and 

the slow solidification of AlCuSi alloys, with a low gradient 
and cooling rate, by using a hot crucible and thermal 
insulation,  effectively with cooling system pretending coils. 

2. Cooling rate R and temperature gradient G numerically 
simulated in AlCuSi cylindrical samples presented various 
values depending on: the place in the sample (e.g. inside, or 
outside the cylinder), defined by alloys composition solid 
fraction curve, characteristic temperature or solid fraction of 
the R and G calculation. 

3. In the studied alloys, the temperature gradient G calculated 
for liquidus temperature TL has reached the values from  
0.009 to 0.054 ˚C/mm in the bottom measurement place, 
whilst the values from 0.110 to 0.137 ˚C/mm for solidus 
temperature TS. At half the sample height, G reached values 
from 0.034 to 0.156 ˚C/mm calculated for TL, and from 0.294 

to 0.408 ˚C/mm for TS. The temperature of calculation 
determines the G values. 

4. In the studied alloys, the cooling rate R calculated for 
liquidus temperature TL has reached the values from  0.092 
to 0.496˚C/s in the bottom measurement place, whilst the 
values from 0.576 to 1.129 ˚C/s for solidus temperature TS. 
At half the sample height, R reached values from 0.082 to 
0.520 ˚C/s calculated for TL, and from 0.180 to 0.567 ˚C/s for 
TS. The temperature of calculation determines the R values. 

5. In the AlCu4Si6Fe1 alloy and in the sample center, the β-
Al9Fe2Si2 phases precipitated at G=0.050-0.103 ˚C/mm and 
R=0.103-0.135 ˚C/s near to liquidus temperature, whilst at 
G=0.043-0.387 ˚C/mm and R 0.318-0.404 ˚C/s  near to 
solidus. 

6. In the AlCu4Si6Mn2 alloy and in the sample center, the 
Al15Si2Mn4 phases precipitated at G=0.008-0.281 ̊ C/mm and 
R=0.539-0.552 ˚C/s near to liquidus temperature, whilst at 
G=0.050-0.322 ˚C/mm and R 0.292-0.356 ˚C/s  near to 
solidus. 

7. In the AlCu10Si10Fe1 alloy and in the sample center, the β-
Al9Fe2Si2 phases precipitated at G=0.021-0.225 ˚C/mm and 
R=0.467-0.475 ˚C/s near to liquidus temperature, whilst at 
G=0.165-0.284 ˚C/mm and R 0.151-0.862 ˚C/s  near to 
solidus.  

8. Because temperature gradient G and cooling rate R has 
reached values depending on solid fraction (in 0-1 range) or 
calculation temperature (in TL-TS range), the individual 
growing phases, e.g. Al9Fe2Si2, α-Al, Al15Si2Mn4  phase or 
AlSi eutectics, precipitated under different R and G. 

9. In the prediction of secondary dendrite arm spacing and AlSi 
eutectic spacing new approach was tested and appropriate 
values of materials coefficient’s have been established. 

10. Negligible impact of errors in processing parameters set by 
experimental procedure was observed. 
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