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Abstract. Casting Al-Si alloys are the most widely used as cast products in the automotive industries. In this sense, to 

perform a thermal and microstructural analysis with the eutectic Al12.6Si alloy (wt.%), an as-cast ingot of the 

aforementioned alloy was obtained via transient upward solidification, using a water-cooled directional solidification 

device. Temperature data have been generated from the solidification process, and this has enabled a thermal analysis 

of solidification conditions by means of growth and cooling rates (VL and TR, respectively) and by secondary dendrite 

arm spacing (2). Optical microscopy has been used to characterize the microstructure and an image processing 

system as well as a software have been used for measurement of 2. An association between 2, VL and TR has been 

elaborated, and mathematical expressions given by general formulas 2=A.(VL and TR)-n have been proposed to 

characterize the variation of secondary dendritic spacing as a function of solidification thermal parameters. A 

comparison with the literature for hypoeutectic Al-Si alloys has been conducted. 
Keywords: Unsteady-state horizontal solidification; Transient heat flow parameters, eutectic AlSi alloy. 

 

1. INTRODUCTION  

The phenomenon of solidification can be considered fundamentally as an unsteady-state mass and heat transfer 

process that contemplates the phase change from the state liquid to the solid state. The rate at which latent heat is 

extracted and transferred through the metal/mold system, has a direct relationship with the solidification velocity and, in 

turn, with the thermal and structural parameters involved in the liquid/solid phase change which directly interfere in the 

mechanical properties of the casting product. In this sense, the analysis of the heat transfer process that occurs during 

solidification presents a very significant importance in the design and control of metal /mold systems (Barros et al. 

2016; Carvalho et al. 2013, 2014, 2018; Peres et al. 2003, Santos et al. 2001; Ferreira et al. 2008; Rocha et al. 2020).  

Figure 1a shows a representative schematic of a reference element from the metal/mold system that best illustrates 

the analysis of heat transfer during upward directional solidification, respectively. It is observed all the modes of heat 

transfer that can occur along the solidification, such as thermal conduction in metal and mold, Newtonian transfer at the 

metal/mold interface, convection in the liquid metal and the mold/environment interface and radiation of the mold to the 

environment.  Figure 1b and 1c show an illustrative scheme of imperfect contact and heat flux at the metal/mold 

interface. 
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Figure 1. Schematic representation of a reference element of an upward solidification: (a) temperature gradients and 

heat- transfer modes from the metal/environment interface; (b) contact at the metal/mold interface; (c) Newton's 

equivalence model for the metal/mold interface. Adapted from the literature (Santos et al. 2001; Ferreira et al. 2008). 

 

It is known that the as-cast microstructure and its properties depend strongly on the solidification thermal parameter 

(Costa et al. 2015; Dias et al. 2020; Gündüz et al. 2004; Kaya et al. 2003; Kaya, Çadirli, and Gündüz 2007), and the 

most studied in the literature are the interfacial heat-transfer coefficient (hi) and growth and cooling rates (VL e TR, 

respectively) and solidification local time (tSL) (Kurz, Fisher, and Trivedi 2019). Studies on thermal analysis during 

directional solidification that correlate hi, VL and TR with the length of the dendritic scale, characterized by primary, 

secondary and tertiary dendritic arm spacing (1, 2, and 3), have been carried out in recent decades (Barros et al. 

2016; Carvalho et al. 2013, 2014; Costa et al. 2015; Dias et al. 2020; Gündüz et al. 2004; Kaya et al. 2003, 2007; Kurz 

et al. 2019; Peres et al. 2004; Rocha et al. 2020).  

The literature presents theoretical work focusing on the microstructural evolution of aluminum-based binary alloys. 

Theoretical mathematical laws on dendritic growth, given by the general formula 1,2, 3 = Constant. (VL, TR)-n, have 

been proposed and properly validated (Bouchard and Kirkaldy 1997; Kirkwood 1985; Kurz et al. 2019; Mortensen 

1991; Rappaz and Boettinger 1999; Rappaz and Thévoz 1987; Tiryakioğlu 2019), which have been represented by 

experimental expressions (Barros et al. 2016; Carvalho et al. 2013, 2014; Costa et al. 2015; Ferreira et al. 2018; Gündüz 

et al. 2004; Kaya et al. 2003, 2007; Peres et al. 2004; Quaresma, Carlos, and Garcia 2000; Rocha, et a. 2003).  

Casting Al-Si alloys represent 85% to 90% of all aluminum alloys, since Si element increases the mechanical and 

corrosion resistance of these alloys (Costa et al. 2015; Dias et al. 2020; Peres et al. 2004). Investigations on dendritic 

growth with hypoeutectic Al-Si alloys (Si <12.5wt.%) are the majority in the literature (Carvalho et al. 2013, 2014; Dias 

et al. 2020; Gündüz et al. 2004; Kaya et al. 2003, 2007; Peres et al. 2004). In the case of secondary dendritic spacings 

(2), the n exponent has assumed values equal to 2/3 and 1/3 for VL and TR, respectively (Barros et al. 2016; Bouchard 

and Kirkaldy 1997; Carvalho et al. 2013, 2014; Costa et al. 2015; Ferreira et al. 2018; Peres et al. 2004; Quaresma et al. 

2000; Rocha et al. 2003). In eutectic Al-Si alloy (Si12.6wt.%) as well as hypereutectic Al-Si alloys (Reyes et al. 

2017), the morphology of primary phase has been observed as halos dendrite. Studies on correlation of secondary arms 

(2) of halo dendrites with VL and TR are scarce or almost unknown, being more frequent studies on primary arms. 

Thus, the present work has as main goal to elaborate a thermal analysis ion secondary dendritic growth via transient 

upward solidification of the Al12.6Si alloy (wt.%). 

  

2. EXPERIMENTAL PROCEDURE 

The investigated alloy was prepared from its individual elements Al and Si (Al> 99.6% and Si> 99.7%). The 

resulting ingot of the Al-12.6wt.% Si alloy was obtained by means of a water-cooled directional solidification device, as 

shown in Figure 2a. It is also possible to observe the heat transfer modes active in the solidification process as well as 

the direction of gravity (Figure 2b). A data acquisition system connected to eight thermocouples, inserted into the metal 

in positions from the cooled base (heat transfer surface), has been used, as seen in Figure 2c. The complete details of the 

device as well as the operational principle of the upward directional solidification procedure have been described in our 

recent work (Rocha et al. 2020).  
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Figure 2. Schematic representation of the solidification furnace: (a) water-cooled upward solidification device, (b) detail 

of the ingot mold with positioning of the thermocouple and the heat transfer modes and (c) data acquisition system 

(Rocha et al. 2020). 

  

Once the ingot was obtained, longitudinal samples were sectioned and the microstructure has been characterized as 

well as the secondary dendritic spacings have been measured following methodology from the literature (Costa et al. 

2015; Ferreira et al. 2018; Peres et al. 2004; Quaresma et al. 2000; Rocha et al. 2003b), as can be seen in Figure 3. 

Image processing system MOTIC and the Image J software were used for measurement of 2 independent readings 

(∼20) for each selected position, with the average taken to be the local spacing and their distribution range. 

 

 

 
 

Figure 3. Detailing of the resulting as-cast ingot from the upward solidification, showing the longitudinal samples and 

the technique of 2 measurement (Adapted of Rocha et al. 2020). 

 

 

 



Thiago G. Costa, Fernando S. Rocha, Ailton G. Oliveira, Thiago S. Costa, Ariely A. Pereira, Otavio L. Rocha. 
Thermal and microstructural analysis of the Al12.6Si alloy. 

 

 

 

3. RESULTS AND DISCUSSION 

 

Figure 4 shows the results of thermal processing, and experimental curves for each thermocouple, inserted in the 

metal, which have been published in our recent work (Rocha et al. 2020). It was allowed to determine experimentally 

the growth and cooling rates (VL e TR), as shown in Figure 3b. The intersection of the liquidus temperature (TL) of the 

investigated alloy with the respective curves has allowed to obtain the solidification kinetics, represented by the 

mathematical expression given by P=1.65(t)0.77. VL and TR  have been determined by the derivatives d[1.65(t)0.77]/dt and 

dT/dt at the point of intersection of TL with the respective experimental curves, respectively (Barros et al. 2016; 

Carvalho et al. 2013, 2018; Costa et al. 2015; Ferreira et al. 2018; Peres et al. 2004; Quaresma et al. 2000; Reyes et al. 

2017; Rocha et al. 2003; Rocha et al. 2020). It is observed that the cooling water imposes high VL and TR values close 

to the heat-transfer surface (Figure 1b), which gradually decrease with the progress of vertical solidification. It has been 

due to the progressive formation of the solidified layer, which acts during the solidification as resistance to the heat 

extraction by conduction, as observed in Figure 1a. 

 

 
Figure 4. Thermal analysis resulting from the upward solidification of the Al12.6Si alloy (wt.%): (a) experimental 

curves, (b) thermal solidification parameters. 

 

Figure 5 shows the 2 variation with the position in the as-cast ingot as well as with the transient solidification 

thermal parameters, VL and TR. Mathematical expressions given by 2 = 8.7(VL)-0.66 and 2 = 13.7(TR)-0.24 have 

characterized the 2 dependence as a function of VL and TR, respectively. It can be observed that finer microstructures, 

i.e., lower 2 values have been obtained for as-caste samples close to the heat transfer surface, were VL and TR became 

higher. The microstructure observed in this work has been of halo dendrite, consisting of a branched network of primary 

and secondary arms, as seen in Figure 6. Reys et al. (2017) and Rocha et al. (2020) have also observed it. 

The exponent equal the 0.66 (2/3) found in the mathematical correlation 2-VL is in agreement with the theoretical 

(Bouchard and Kirkaldy 1997) and experimental (Carvalho et al. 2018; Peres et al. 2004; Spinelli, Peres, and Garcia 

2005) predictions for secondary dendritic growth proposed in the literature for hypoeutectic Al-Si alloys, as well as for 

other binary and multicomponent Al-based alloys (Barros et al. 2016; Costa et al. 2015; Quaresma et al. 2000; Rocha et 

al. 2003). On the other hand, the n exponent (0.24) proposed in this work to characterize the 2 growth law with TR, for 

the eutectic Al-Si alloy,  is different from that suggested for hypoeutectic Al-Si alloys (0.662/3) (Carvalho et al. 2018; 

Peres et al. 2004; Spinelli et al. 2005). Peres et al. (Peres et al. 2004) have depicted for upward solidified hypoeutectic 

Al-xSi alloys (x=3, 5, 7 and 9wt.%) the following experimental equations 2=A.(VL)-2/3 (A=32, 32, 26 and 22, 

respectively). Spinelli et al. (Spinelli et al. 2005) have reported for downward solidified hypoeutectic Al-xSi alloys 

(x=5, 7 and 9wt.%) the following experimental expressions 2=A.(VL)-2/3 (A=31, 25, and 22, respectively).  

More recently, Carvalho et al. (2018) have obtained for the horizontally solidified Al-9wt.%Si alloy the following 

mathematical expression 2=18.48(VL)-2/3, whose exponent (2/3) has been exactly equal to the found in the present 

work, as well as that reported for upward solidified Al-xSi alloys (Peres et al. 2004; Spinelli et al. 2005). It can be 

observed that the A constants values found in the literature (Carvalho et al. 2018; Peres et al. 2004; Spinelli et al. 2005) 

have higher than those obtained in the present work (A =8.7). It has allowed to deduce that the secondary arm spacing in 

halo-like dendrites, observed as a primary phase in the eutectic Al-Si alloy, are smaller than the secondary dendrite arm 

spacing often seen in hypoeutectic Al-Si alloys.  
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Figure 5. 2 variation with the position as-cast ingot, growth rate and cooling rate 

 

Figure 6 shows the typical solidification microstructures revealed for two longitudinal positions from the cooled 

surface (see Figure 1a). It is observed significant changes in the length of the microstructure scale in the as-cast sample 

further away from the cooled base (P=30mm), since the greater thermal resistance to heat extraction in the metal/mold 

system has prevailed through the heat conduction mode, due to the increasing formation of the solid layer, as observed 

in Figure, and in these conditions, it results lower VL and TR values and, as a consequence, coarser microstructure has 

been found. 

 

 
Figure 6. Typical solidification microstructure for two samples in the ingot from the cooled base. 

 

 

4. CONCLUSIONS 

 

The main conclusions reached in this work were: 

 

1. The water-cooled solidification device imposes high growth and cooling rates values close to the heat-transfer 

surface, providing an inverse mathematical relation of VL and TR with the position in the as-cast ingot, given by the 

general formula (VL, TR)=Constant.P-n. 

2. The as-cast microstructure of the analyzed primary phase, for the Al-12.6Si alloy (wt.%), under the assumed 

solidification conditions in this work, has been characterized by a network of halos dendrite, according to a recently 

published work (Rocha et al. 2020). 

3. As expected, the solidification conditions (VL and TR) have influenced the length of the microstructural scale, where 

finer microstructures have been found in samples close to the heat-transfer surface, i.e., lower 2 values for higher 

VL and TR values. 
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4. Power mathematical expressions given by 2=8.7(VL)-0.66 and 2=13.7(TR)-0.24 have characterized the 2 variation as 

functions of VL and TR. Despite the primary phase has been observed as halo-type dendrite, it has been observed that 

the exponent equal to 2/3 found for the eutectic Al-Si alloy, investigated in this work, is perfectly in agreement with 

the literature for hypoeutectic Al-Si alloys. On the other hand, the exponent equal to 0.24, found for secondary arms 

of halo dendrite, does not represent the growth laws of 2 (2/3  0.66) proposed in the literature for Al-based 

hypoeutectic alloys. 

5. Finally, through comparative analysis with the literature for other Si compositions, it has been possible to verify that 

the 2 values decrease with the increase of Si content. It is in agreement with the theoretical prediction for 2 growth, 
proposed by Bouchard-Kirkaldy (Bouchard and Kirkaldy 1997). 

                            

5. ACKNOWLEDGEMENTS 

The authors acknowledge the financial support provided by IFPA – Federal Institute of Education, Science and 

Technology of Pará, UFPA – Federal University of Pará (EDITAL n° 01/2020 PIBICTI – PROPPG – IFPA – CNPq), 

and CNPq – National Council for Scientific and Technological Development (grants 302846/2017-4) and CAPES – 

Coordenação de Aperfeiçoamento de Pessoal de Nível Superior. 

 

6. REFERENCES 

 

Barros, André dos Santos, Maria Adrina Paixão de Souza da Silva, Otávio Fernandes Lima da Rocha, and Antonio 

Luciano Seabra Moreira. 2016. “Thermal Parameters, Tertiary Dendritic Growth and Microhardness of 

Directionally Solidified Al-3wt%Cu Alloy.” in Materials Science Forum, Vol. 869, pp.453-457. 

Bouchard, Dominique and John S. Kirkaldy. 1997. “Prediction of Dendrite Arm Spacings in Unsteady- and Steady-

State Heat Flow of Unidirectionally Solidified Binary Alloys.” Metallurgical and Materials Transactions B: 

Process Metallurgy and Materials Processing Science, Vol. 28, pp. 651-663. 

Carvalho, Diego B., Antonio L. Moreira, Daniel J. Moutinho, José M. Filho, Otávio L. Rocha, and José E. Spinelli. 

2014. “The Columnar to Equiaxed Transition of Horizontal Unsteady-State Directionally Solidified Al-Si 

Alloys.” Materials Research, Vol.17, No.2, pp.498-510 

Carlos A. S., Quaresma J.M.V., Garcia A. (2001) Determination of transient interfacial heat transfer coefficients in chill 

mold castings. Journal of Alloys and Compounds, vol. 319, pp. 174-186. 

Carvalho, Diego Brito, Emanuelle Casseb Guimarães, Antonio Luciano Moreira, Daniel Joaquim Moutinho, José 

Marcelino Dias Filho, and Otávio Lima Da Rocha. 2013. “Characterization of the Al-3wt.%Si Alloy in Unsteady-

State Horizontal Directional Solidification.” Materials Research, Vol. 21, No. 3, pp. 429-43. 

Carvalho, Diego, José Rodrigues, Daniele Soares, Júlio Aviz, André Barros, Maria Silva, Otávio Rocha, Ivaldo 

Ferreira, and Antonio Moreira. 2018. “Microindentation Hardness-Secondary Dendritic Spacings Correlation with 

Casting Thermal Parameters in an Al-9wt.%Si Alloy.” Medziagotyra, Vol. 24, No. 1, pp.18-23. 

Costa, T. A., A. L. Moreira, D. J. Moutinho, M. Dias, I. L. Ferreira, J. E. Spinelli, O. L. Rocha, and A. Garcia. 2015. 

“Growth Direction and Si Alloying Affecting Directionally Solidified Structures of Al-Cu-Si Alloys.” Materials 

Science and Technology (United Kingdom), Vol. 31, n. 9, pp. 1103-1112 

Dias, Marcelino, Ricardo Oliveira, Rafael Kakitani, Noé Cheung, Hani Henein, José Eduardo Spinelli, and Amauri 

Garcia. 2020. “Effects of Solidification Thermal Parameters and Bi Doping on Silicon Size, Morphology and 

Mechanical Properties of Al-15wt.% Si-3.2wt.% Bi and Al-18wt.% Si-3.2wt.% Bi Alloys.” Journal of Materials 

Research and Technology, Vol. 9, pp. 3460-3470. 

Ferreira, I. L., A. L. S. Moreira, J. A. S. Aviz, T. A. Costa, O. L. Rocha, A. S. Barros, and A. Garcia. 2018. “On an 

Expression for the Growth of Secondary Dendrite Arm Spacing during Non-Equilibrium Solidification of 

Multicomponent Alloys: Validation against Ternary Aluminum-Based Alloys.” Journal of Manufacturing 

Processes, Vol.35, pp. 634-650. 

Ferreira I. L., Spinelli J. E., Nestler B., Garcia A.(2008): Influences of solute content, melt superheat and growth 

directional the transient metal/mold interfacial heat transfer coefficient during solidification of Sn–Pb alloys. 

Materials Chemistry and Physics, vol.111, pp.444-454.. 

Gündüz, M., H. Kaya, E. Çadirli, and A. Özmen. 2004. “Interflake Spacings and Undercoolings in Al-Si Irregular 

Eutectic Alloy.” Materials Science and Engineering A, Vol. 369, pp. 215-229. 

Kaya, H., E. Çadirli, and M. Gündüz. 2007. “Dendritic Growth in an Aluminum-Silicon Alloy.” Journal of Materials 

Engineering and Performance, Vol. 12, pp.544 – 551. 

Kaya, H., E. Çadirli, M. Gündüz, and A. Ülgen. 2003. “Effect of the Temperature Gradient, Growth Rate, and the 

Interflake Spacing on the Microhardness in the Directionally Solidified Al-Si Eutectic Alloy.” Journal of 

Materials Engineering and Performance, Vol. 16, pp. 12-21. 

Kirkwood, D. H. 1985. “A Simple Model for Dendrite Arm Coarsening during Solidification.” Materials Science and 

Engineering, Vol. 73, pp. L1-L4. 

Kurz, Wilfried, David J. Fisher, and Rohit Trivedi. 2019. “Progress in Modelling Solidification Microstructures in 



18th Brazilian Congress of Thermal Sciences and Engineering 
November 16-20, 2020, on-line  

 

Metals and Alloys: Dendrites and Cells from 1700 to 2000.” International Materials Reviews, Voll.64:6, pp.311-

354. 

Mortensen, A. 1991. “On the Rate of Dendrite Arm Coarsening.” Metallurgical Transactions A, Vol. 22, pp. 569–574. 

Peres, M. D., C. A. Siqueira, and A. Garcia. 2004. “Macrostructural and Microstructural Development in Al-Si Alloys 

Directionally Solidified under Unsteady-State Conditions.” Journal of Alloys and Compounds, Vol. 381, pp. 168-

181. 

Quaresma, José M. V., A. Carlos, and Amauri Garcia. 2000. “Correlation between Unsteady-State Solidification 

Conditions, Dendrite Spacings, and Mechanical Properties of AI-Cu Alloys.” Metallurgical and Materials 

Transactions A: Physical Metallurgy and Materials Science, Vol. 31, pp. 3167-3178 

Rappaz, M. and W. J. Boettinger. 1999. “On Dendritic Solidification of Multicomponent Alloys with Unequal Liquid 

Diffusion Coefficients.” Acta Materialia, Vol. 35, pp. 1487-1497. 

Rappaz, M. and PH Thévoz. 1987. “Solute Diffusion Model for Equiaxed Dendritic Growth.” Acta Metallurgica, Vol. 

4, pp. 3205-3219. 

Reyes, Rodrigo V., Thomas S. Bello, Rafael Kakitani, Thiago A. Costa, Amauri Garcia, Noé Cheung, and José E. 

Spinelli. 2017. “Tensile Properties and Related Microstructural Aspects of Hypereutectic Al-Si Alloys 

Directionally Solidified under Different Melt Superheats and Transient Heat Flow Conditions.” Materials Science 

and Engineering A, Vol. 685, pp. 235-243. 

Rocha, Fernando S., Thiago G. Costa, Ailton G. Oliveira, Thiago A. Costa, Ivaldo L. Ferreira, and Otávio L. Rocha. 

2020. “Transient Heat Flow Parameters and Microstructure of the Upward Solidified Eutectic Al–Si Alloy: A 

Theoretical and Experimental Study.” Philosophical Magazine, pp.1–18, DOI: 10.1080/14786435.2020.1785646. 

Rocha, Otávio L., Cláudio A. Siqueira, and Amauri Garcia. 2003. “Heat Flow Parameters Affecting Dendrite Spacings 

during Unsteady-State Solidification of Sn-Pb and Al-Cu Alloys.” Metallurgical and Materials Transactions A: 

Physical Metallurgy and Materials Science 34 A, Vol. 34, pp. 995-1006. 

 Spinelli, J. E., M. D. Peres, and A. Garcia. 2005. “Thermosolutal Convective Effects on Dendritic Array Spacings in 

Downward Transient Directional Solidification of Al-Si Alloys.” Journal of Alloys and Compounds, Vol. 403, pp. 

228-238. 

Tiryakioğlu, Murat. 2019. “A Simple Model to Estimate Solidification Time–Dendrite Arm Spacing Relationships in 

Cast Aluminum Alloys with Two Major Alloying Additions: Application to the Al-Si-Cu System.” Metallurgical 

and Materials Transactions A: Physical Metallurgy and Materials Science, Vol.50, pp.3030–3032. 

 
 

7. RESPONSIBILITY NOTICE 

The authors are the only responsible for the printed material included in this paper. 


