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Abstract 

Thermal analysis is an effective approach for studying the characteristics of materials under different temperature 

situations. The study implemented cooling curve analysis (CCA), complemented by computational methods for 

precisely evaluating the temperature variation of the molten alloy by employing two thermocouples. An aluminium 

alloy with 1 wt. % Mg addition was melted in graphite crucible and subjected to various cooling conditions, which 

included normal, slow, fast, and fastest cooling rate conditions. Normal cooling condition (A) was achieved when the 

crucible was allowed to cool down to room temperature. Meanwhile, the slow cooling condition (B) was achieved 

when the crucible was allowed to cool within the Kaowool insulator chamber. In addition, the fast (C) and fastest (D) 

cooling conditions were attained when the forced airflow was directed at the crucible at minimum and maximum 

speed, respectively. The temperature data was collected via K-type thermocouples connected to a Ni 9129 data 

acquisition system and DasyLab software. Cooling curves, cooling curves with baselines, dendritic coherency points, 

and solid fractions were then recorded using OriginPro 2019b software. The liquidus, eutectic, and solidus 

temperatures were determined. The microstructure of the alloy sample was characterised by optical microscopy (OM), 

scanning electron microscopy (SEM), combined with energy dispersive X-ray spectroscopy (EDX), and X-ray 

diffraction (XRD) analysis. The results show that the high cooling rates produced smaller and more globular grain 

structures. The highest cooling rate condition produced smaller and globular microstructure formation at 944 µm2 and 

a circularity of 0.61, respectively. Meanwhile, the slow cooling condition produced the largest grain size at 1668 µm2 

and a circularity of 0.46. The results show that higher cooling rates result in a smaller and more spherical grain 

structure than other cooling conditions. This underlines the significant influence of the cooling rate on the development 

of the microstructure during the solidification process. This comprehensive thermal analysis study has shed light on 

the significant influence of Mg addition and different cooling conditions on the Al-Si alloy's thermal properties and 

microstructure formation. The results contribute to understanding alloy solidification and may have practical 

implications for materials engineering and manufacturing. 
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1. Introduction 

 The versatile and skilful utilisation of aluminium alloy across the various manufacturing sectors, such as 

packaging, medical equipment, electrical components, and automotive production, has undoubtedly led to 

considerable global economic growth. Nevertheless, intensive research is underway to exploit the potential of 

aluminium used in various manufacturing sectors. The needs for improved structural efficiency in the automotive and 

aerospace industries has led to the development of lighter, sturdier, and stronger materials, which are becoming 

increasingly important [1-3]. This is because using lighter and stronger materials can help reduce the structure's 

weight, thereby improving fuel efficiency and performance. Aluminium and its alloys play a vital role in the most 

used materials in mechanical design and the automotive industry. Aluminium alloy is widely recognised across 

multiple sectors for its exceptional qualities, including corrosion resistance, lightweight construction, high strength, 

remarkable resistance to low temperatures, and simplicity of extrusion moulding. The widespread use of aluminium 

alloys in casting industries is attributable to their distinctive corrosion resistance and malleability. Mg is the main 

alloying element in these alloy series, with the precipitation of Mg2Si during solidification making the alloys heat-

treatable [4].   

 Metal casting plays a crucial role in the manufacturing industry since it is heavily relied upon for the large 

scale production of a wide range of components. The manufacturing industry is currently confronting the crucial 

challenge of meeting demand and supply by producing materials of superior quality. However, the conventional 

casting technique has several drawbacks, such as porosity, hot ripping, and gas inclusions in the material [5-8]. In 

1970, Flemings and Spencer discovered semisolid metal (SSM) processing at the Massachusetts Institute of 

Technology [9-11]. It was discovered that the viscosity of the Sn-15wt.%Pb alloy decreased as a result of applying 

shear force to the molten metal while it was solidifying. The SSM processing in the casting process can eliminate 

defects that occur in the standard casting process. Additionally, it has been observed that SSM processing results in 

materials with superior mechanical qualities and reduced porosity content. SSM processing has been shown to produce 

materials with enhanced mechanical properties and decreased porosity levels. The utilisation of this approach has 

gained extensive recognition as a casting process for manufacturing high-quality Mg and aluminium alloy products. 

The SSM processing produces a microstructure that is not dendritic or globular in type, which differs from the 

production of dendritic microstructures [9]. 

 In early 1949, Cibula et al. discovered the grain refinement technique, which involves the use of titanium 

together with boron or carbon to effectively modify the particle size distribution within the alloy [12]. Subsequently, 

the technique of grain refinement, particularly the incorporation of titanium together with boron or carbon, has 

successfully produced a favourable refining impact on aluminium, enhancing the material's mechanical characteristics 

and surface quality. Grain refining has emerged as a preferred technique for creating superior characteristics and 

spherical grain structures required for semisolid metal (SSM) processing. Grain refining is a method that reduces 

casting errors by controlling the growth of grains during solidification, resulting in materials with smaller grain sizes. 

The primary goal of the grain refinement process is to enhance the mechanical properties of the alloy, precisely its 

strength, hardness, and ductility [13-14]. Cast components with refined grain structure are less prone to flaws such as 



hot cracking and the formation of isolated areas with high porosity during the solidification process. Additionally, a 

refined grain structure enhances the pressure-tightness of the components [15]. 

  The small and globular particle sizes in the as-cast state can improve the efficiency of various processes by 

reducing homogenization time, optimising the uniformity of recrystallized crystal structures, and enhancing the 

mechanical properties of the materials. The literature indicates that the alloys containing 1.0 and 1.5 wt.% Mg 

produced a more globular microstructure formation and a significant refinement of the grain structure [16-18]. The 

alloy's tensile strength was enhanced by adding 1.0 and 1.5 wt.% of Mg. The increased Mg content resulted in a 

reduction in particle size, an increase in the globular microstructure, and an enhancement of the alloy's mechanical 

properties. Nevertheless, due to the high amount of Mg addition, the percentage of elongation decreased. In summary, 

the addition of Mg influences the development of the grain structure and mechanical properties of aluminium alloys.  

 Microstructure and chemical element measurements were typically used to evaluate the quality of the 

materials [19-20]. The solidification process of Al-Si alloy involves several distinct phases, including nucleation, 

followed by the development of equiaxed dendrites that converge at the dendrite coherence point (DCP), the growth 

of secondary dendrite arms, and eutectic precipitation. The estimation of microstructure refinement is usually achieved 

by using secondary dendrite arm spacing (SDAS), which serves as a general indicator of the size of α-Al  

dendrites [21-23]. Thermal analysis is a method to analyse the characteristics of materials at various temperature 

conditions. Thermal analysis is an adequate and essential method for determining the physical properties of a sample 

as a function of temperature (T) versus time (t) while heating and cooling the sample according to a predetermined 

program [23]. The thermal analysis method was used to evaluate the discrepancies within the sample regarding 

chemical and physical characteristics. Additionally, thermal analysis is a crucial and alternative technique that enables 

the assessment of a melt's quality using phase change temperature and fraction solid temperature [25-26]. Thermal 

analysis provided the solidification latent heat information, such as the alloy's liquidus, solidus, and eutectic 

temperature during the solidification process. In addition, the thermal analysis also provided information on the 

fraction solid and dendritic coherency point (DCP) that significantly affect the alloy's flowability. Differential thermal 

analysis (DTA) and differential scanning calorimetry (DSC) are among the techniques used in the thermal analysis 

method [1, 25, 27-28]. The DTA concept was based on measuring the temperature variations in the sample. In contrast, 

DSC measures the energy differences directly rather than the temperature changes at low heating rates to avoid 

sensitivity losses [1, 27, 29]. 

 Nevertheless, these procedures are expensive due to the high cost of the equipment, and they cannot precisely 

characterise the required parameter [1, 30]. However, an alternative thermal analysis, known as cooling curve analysis 

(CCA), was developed to obtain the molten metal data before casting. This method used the concept of measuring the 

heat change within the melt using two thermocouples developed by Bäckerud [26]. Computer-aided cooling curve 

analysis (CA-CCA), one of the methods used in thermal analysis, is the most straightforward and practical to use in a 

laboratory environment. Thermal and microstructural analyses are two methods used to control and characterise molten 

alloys. Previous research has shown that the cooling rate significantly influences microstructure development, with 

higher cooling rates leading to a finer microstructure and enhanced mechanical properties [25, 31, 32]. Furthermore, 

higher cooling rates led to finer particles in the primary phase [31]. Thus, these research objectives are to determine 



the effect of 1 wt.% Mg addition on the solidification characteristics of aluminium alloy cooling rate using the CCA 

method before semisolid metal processing. 

2. Experimental procedure 

 The chemical composition of the as-received material was analysed using Foundry Master Uv spectroscopy. 

The chemical composition test was repeated thrice, and the average result was presented in Table 1. 

 
Table 1 Chemical composition of Al-Si alloy. 

Element Si Zn Cu Fe Ni Mn Mg Cr Ti Al 

Composition (wt.%) 9.76 1.48 1.16 0.69 0.54 0.31 0.23 0.11 0.09 Balance 

 

 A mass of 200 g of the as-received material was cut and labelled A, B, C, and D, respectively. The materials 

were then put into 2 kg graphite with the addition of 1 wt.% of pure Mg. Figure 1 represents the dimensions of the 

graphite crucible used during the melting and solidification processes. The crucible was melted in an electric furnace 

at a frequency of 60 Hz and 220 V until the temperature reached 800 °C. As soon as the samples began to melt, the 

heating process was maintained for five minutes to homogenize the molten alloy. Then, the melt was stirred for 10 s 

to ensure the alloy and Mg were well mixed. The crucible was taken out of the furnace and allowed to cool to room 

temperature. This condition is known as the normal cooling condition (A). Meanwhile, the slow cooling condition (B) 

was achieved when the crucible was allowed to cool within the Kaowool insulator chamber. In addition, the fast (C) 

and fastest (D) cooling conditions were attained when the forced airflow was directed at the crucible at minimum and 

maximum speed, respectively. A pair of K-type thermocouples with a diameter of 1 mm were connected with the data 

acquisition device Ni 9129 to measure the melt's temperature difference. Data acquisition device Ni 9129 is able to 

read 25 samples per second at a frequency of 5 Hz. The thermocouple was immersed at the centre of the crucible, and 

the other one was immersed near the wall. Both of the thermocouples` tips are immersed 85 mm apart from the top 

surface of the crucible, and the gap between the two thermocouples is about 15 mm. The experimental setup for 

thermal analysis is shown in Figure 2. 



 

Figure 1: Dimension of the graphite crucible used in this experimental work. 
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Figure 2: Thermal analysis experimental setup for (a) normal cooling, (b) slow cooling, (c) fast cooling and (d) fastest cooling 

conditions. 

 

 The NI 9219 data acquisition device captured the data once the cooling process began, and it was 

subsequently transmitted to the user's PC. The experiment was repeated three times for each cooling rate condition to 

obtain the average value. OriginPro 2019b was used to perform data analysis and plot the cooling curve alongside the 

first derivative curve. A baseline was then established using the first derivative curve. It represents the rate of cooling 

that could have occurred without latent heat. The trend line is identical to the first derivative curve in the single-phase 

regions above the liquidus temperature and below the solidus temperature. In the single-phase zones, which are above 

the liquidus temperature and below the solidus temperature, it exhibits the same trend line as the first derivative  

curve [1-2]. The solid fraction was computed using the accumulative area between the first derivative and the baseline 

based on Equation 1. The first derivative curve was denoted by FDC while the baseline curve is delineated by DBL. 

The te and ts was defined by end time of solidification and the beginning of solidification. The determination of the 

dendritic coherence point (DCP) used either the largest temperature difference or the first minimum point on the 

temperature difference curve during the solidification duration. 

 

  𝑓𝑠 =  
∫ 𝐹𝐷𝐶−𝐷𝐵𝐿
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Where cooling curve (CC) and baseline (BL). The cooling rate was calculated at the temperature difference between 

the initial temperature points, To, and the point 50 °C after the liquidus temperature of the alloy, 

 

 

                             𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =  
𝑇0−𝑇𝑙𝑖𝑞+50𝐶

𝑡0−𝑡𝑙𝑖𝑞+50𝐶
                                          (2) 

 

 

The microscopic sample was sectioned 20 mm from the bottom of the crucible, and the centre region was mounted 

using Bakelite resin with a pressure of 60 bars, a heating time of 2 minutes, and a cooling time of 3 minutes. Then, 

the samples were ground using a grinding machine with 120, 320, 400, 600, 1200, and 2400 grit-size silicon carbide. 

The grinding speed was set at 200 rpm to reduce the cutting damage on the sample surface. Next, the samples were 

polished using 6, 3, and 1-micron diamond suspension for 10 minutes with a polishing speed of 150 rpm. Then, the 

samples were polished using colloidal silica suspension before being etched using Keller's reagent for 5 s. The 

microscopic images of the structure were captured using an optical microscope and the Motic Image Plus 3.0 software. 

A selection of slow and normal cooling settings was conducted to study the composition and identify the phase. The 

microstructures of the materials were analysed using an Olympus optical microscope (OM), while the different phases 

present in the samples were detected through the utilization of a Jeol JSM-IT 200 scanning electron microscope (SEM) 

equipped with energy dispersive X-ray spectroscopy (EDX). Furthermore, X-ray diffraction (XRD) analysis was 

performed using the PANalytical X'Pert³ Powder instrument. In addition, the analysis was performed using the Image-

J software program to determine the grain size, circularity, and feret diameter of the a-Al phase in the samples. The 

circularity can be calculated using equation 3. 

 

 

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 = 4𝜋 𝑥 𝑎𝑟𝑒𝑎/𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2 (3) 

 

 

3. Results and Discussion 

I. Thermal Analysis  

 

 Figure 3 depicts the cooling curve, first derivative curve, solid fraction, and DCP curve recorded for the 

normal cooling condition. Figure 3 (a) shows the cooling curve of the normal cooling condition during the 

solidification process. Due to heat convection from the wall surface to the ambient, the wall temperature is slightly 

lower than the temperature at the centre of the crucible, as shown in the figure. The cooling rate was measured at the 

temperature between the initial point, 630 °C, and 50 °C before the liquidus temperature, as depicted by Equation 2, 

within the specified time. The cooling rate determined by the slope of the cooling curve above the liquidus region was 

at 1.22 °C/s. The thermal characteristics, such as solidus, liquidus, and eutectic temperature, of the molten alloy can 

be obtained by performing further analysis on the cooling curve by acquiring the first derivative. The cooling curve, 



also known as the derivative curve, facilitates the identification of phase changes that occur in the alloy during 

solidification. Previous research provided a clear explanation of the nucleation identification process, crystal 

development, and phase transitions of the alloy during the solidification phase in the temperature profile [2, 33]. Figure 

3 (b) shows that for the normal cooling rate condition, the liquidus, solidus, and eutectic temperatures were found at 

571 °C, 459 °C, and 480 °C, respectively. In the meantime, Figure 3 (c) represents the solid fraction graph calculated 

between the liquidus and solidus temperatures of the molten alloy. The solid fraction during solidification is very 

crucial to determining the processing parameters for semisolid metal processing, including the pouring temperature 

and holding time [1]. In Figure 3 (d), the DCP for normal cooling conditions occurred at 94.7 s, corresponding to 

temperatures of 563 °C, respectively. 

    
 

 

 

    
 

 

 
Figure 3: Normal cooling condition with a cooling rate of 1.22 °C/s with (a) cooling curve, (b) cooling curve and first derivative 

curve, (c) fraction solid curve, and (d) DCP curve. 

 The thermal profile for slow cooling conditions are shown in Figure 4. Figure 4(a) shows the cooling curve 

between the wall and centre temperature during the solidification process. From the cooling curve graph, the cooling 

rate calculated was 0.17 °C/s beyond the liquidus temperature. Based on the cooling curve in Figure 4(b), the liquidus, 

(a) (b) 

(c) (d) 



solidus, and eutectic temperatures were found at 579 °C, 464 °C, and 479 °C, respectively. The calculated fraction of 

solids for slow cooling conditions is shown in Figure 4(c). The DCP for the slow cooling curve occurred at time 

861.1s, corresponding to temperatures of 567 °C respectively.  

 

      
 

  
Figure 4: Slow cooling condition with cooling rate of 0.17 °C/s with (a) cooling curve, (b) cooling curve and first derivative 

curve, (c) fraction solid curve and (d) DCP curve. 

  

 Figure 5 shows the cooling curve for fast cooling rate conditions. The cooling rate for the fast cooling rate in 

Figure 5 (a) was determined to be 1.58 °C/s based on the cooling curve slope beyond the liquidus temperature. Based 

on Figure 5(b), the liquidus, solidus, and eutectic temperatures were found at 577 °C, 477 °C, and 503 °C. In contrast, 

the corresponding calculated fraction of solid temperature is presented in Figure 5 (c). The DCP for the fast cooling 

curve occurred at time 80.6s, corresponding to temperatures of 567 °C, respectively. Figure 6 (a) presents the cooling 

curve for the fastest cooling condition. The cooling rate for the fastest cooling condition was determined to  

be 5.66 °C/s based on the cooling curve slope beyond the liquidus temperature. Figure 6 (b) shows that the liquidus, 

solidus, and eutectic temperatures were found at 571 °C, 459 °C, and 480 °C. The relationship between temperature 

and fraction solids is presented in Figure 6 (c). The DCP for the fastest cooling curve occurred at time 48.5s, 

corresponding to temperatures of 542 °C, respectively. In this particular experimental study, it was observed that the 

phase transition temperatures for the alloy could be varied by manipulating the cooling rate. Determining solidification 

(a) (b) 

(c) (d) 



parameters, especially liquidus and solidus temperature, is of utmost importance as it serves as a crucial reference 

temperature for processing SSM raw material billets [34-35]. Table 2  shows the solidification characteristics of the 

alloy under various cooling conditions. 

 

 

  
Figure 5: Fast cooling condition with cooling rate of 1.58 °C/s with (a) cooling curve, (b) cooling curve and first derivative curve, 

(c) fraction solid curve and (d) DCP curve. 
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Figure 6: Fastest cooling condition with cooling rate of 5.66 °C/s with (a) cooling curve, (b) cooling curve and first derivative 

curve, (c) fraction solid curve and (d) DCP curve. 

 
Table 2: solidification characteristic of the Al-Si alloy with Mg addition under various cooling conditions. 

Cooling rate (°C/s) Liquidus Temperature 

(°C) 

Solidus Temperature 

(°C) 

Eutectic Temperature 

(°C) 

DCP (°C) 

0.17 579 464 479 567 

1.22 571 496 468 563 

1.58 577 481 503 576 

5.66 571 459 466 542 

 

  

II. Microstructure Analysis 

 

 The relationship between cooling rate and secondary dendrite arm spacing (SDAS) is presented in Table 3. 

The lowest cooling rate, which is 0.17 °C/s, produces the largest SDAS values, which are 54.8 µm compared to other 

cooling conditions. Meanwhile, the fast-cooling condition with a cooling rate of 5.66 °C/s   has the lowest SDAS value 

at 18.9 µm. Increasing the cooling rate from 0.17 to 5.66 °C/s changed the SDAS from 54.8 to 18.9 µm. This 

experimental work's findings correlate with the literature, where the higher cooling rate will produce a smaller SDAS 

value [20]. 

(b) (a) 

(c) (d) 



 Table 3: Relationship between cooling rate and SDAS. 

Cooling rate (°C/s) Average SDAS (µm) 

0.17 54.8 ± 5.6 

1.22 46.8 ± 4.3 

1.58 34.3 ± 3.4 

5.66 18.9 ± 2.2 

 

 

 The effect of different cooling rates on the microstructure formation within the samples was analysed using 

qualitative methods. Figure 7 depicts the microstructure formation under different cooling rate conditions. After the 

solidification was completed, the samples for analysis were analysed in the centre of the crucible. There was an 

obvious difference between the microstructure formations in Figure 7. The difference in microstructure formation was 

due to the difference in the cooling rate applied during the solidification process. 

 

                      

 

                     

 

Figure 7: The microstructure formation with 5x magnification for (a) normal cooling condition (1.22°C/s), (b) slow cooling 

condition (0.17°C/s), (c) fast cooling condition (1.58°C/s) and (d) fastest cooling condition (5.66°C/s). 

The grain size, circularity, and ferret diameter were measured for each cooling condition to determine the effect 

of different cooling rates on each microstructure formation. Figure 8 represents the result of the grain size 

measurement of each microstructure formation for each cooling condition. The findings indicate that a fine and 

globular grain structure has evolved as a result of the increased cooling rate. The fastest cooling rate condition of  

5.66 °C/s has the smallest grain size, which was 944 µm2 and has the most globular grain structure with a circularity 

(c) 

(a) 

(d) 

(b) 



of 0.63 compared to other cooling rate conditions. The grain size for normal (1.22 °C/s) and fast (1.58 °C/s) cooling 

conditions was measured at 1205 µm2 and 1037 µm2 respectively. Meanwhile, the grain size for slow cooling 

conditions of 0.17 °C/s has the largest grain size with 1668 µm2 and circularity of 0.46. 

The results clearly differentiate between the higher cooling rates producing smaller grain sizes, which is in 

agreement with the literature review on the earlier study on the impact of cooling rates on the microstructure of 

aluminium alloys [1, 28, 32, 36-37]. Table 4 summarises the effect of cooling rate conditions on microstructure 

formation during the solidification process. The increase in cooling rate increases the heat removal from the molten 

alloy. Thus, the molten alloy is cooled to a temperature beyond the equilibrium melting point. Consequently, nuclei 

formation is facilitated by the existing suitable undercooling [1, 36]. As the cooling rate and undercooling increase, 

the critical nucleus size decreases, leading to changes in the embryo's nuclei [37]. Moreover, the solidification time 

decreases as the cooling rate and the solidification temperature range increase. The nuclei's development is inhibited 

as the time to solidify the melt is shorter. Hence, the fastest cooling rate produces a smaller grain size than other 

cooling conditions. 

 

Table 4: Summary of the effect of cooling rate on the microstructure formation during the solidification process. 

Cooling rate (°C/s) Grain Size (µm2) Circularity Feret Diameter (µm) 

0.17 1668 0.46 77 

1.22 1205 0.57 62 

1.58 1037 0.59 53 

5.66 944 0.61 48 
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Figure 8: Grain size measurement for different cooling conditions with (a) average grain size, (b) circularity and (c) ferret 

diameter. 

 

III. SEM, EDX Analysis and XRD Analysis 

 

Figure 9 depicts SEM microscopic images and EDX spectra revealing intermetallic phases under normal cooling 

conditions. The eutectic Al-Si phase conspicuously surrounds the primary (Al) phase in the microstructure. Figure 9 

shows the selected area and the chemical composition of the sample under normal cooling conditions. Al, Si, Cu, and 

Mg were determined to be the four primary elements produced during normal cooling.   

 

                    

  

 

 

Figure 9: The microscopic images with (a & b) SEM images and (c & d) EDX analysis of normal cooling 

conditions. 
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Figure 10 illustrates the spectrum of the quantitative EDXS analysis of the phases identified in the indicated region. 

Five significant elements were detected in the sample, including Al, Mg, Si, Cu, and Fe. A trace of iron (Fe) was 

detected in a slow cooling rate sample, while this element was not previously detected in a sample cooled under normal 

conditions. 

 

               
 

  
 

Figure 10: The microscopic images with (a & b) SEM images and (c & d) EDX analysis of slow cooling conditions. 

Figure 11 (a) shows the X-ray diffraction spectra of the alloy at normal cooling conditions. There are several peaks 

composed of the peaks of the elements Al and Si. The distinct peak for the Al and Si elements was detected at several 

locations, which are at 28.71°, 38.73°, 47.58°, 65.31°, and 78.50°, respectively. The microstructure phases at normal 

cooling consist of α-Al, eutectic Si, and Zn. Meanwhile, the intermetallic compounds consist of Cu0.7Zn2, Al35Cu47 

and AlCu3. The X-ray diffraction spectra of the alloy during slow cooling are shown in Figure 11 (b). There are several 

peaks of the Al and Si elements found at different locations, which are at 28.37°, 38.42°, 47.24°, 56.06°, 64.99°, 

76.35°, 78.15°, and 88.03°. Figure 11 (b) shows that the microstructure phase consists of α-Al, Si and Cu, while the 

intermetallic compounds consist of Al2Cu and Al4Cu2Mg8Si7, respectively. 

The eutectic composition of the alloys consisted of silicon (Si), aluminium, copper (Al2Cu), and other particles 

dispersed in an aluminium matrix (Al). The morphology of these constituents exhibited irregular shapes characteristic 

of a typical eutectic microstructure. The examination carried out with EDX shows the presence of traces of silicon 

(Si), copper (Cu), and magnesium (Mg) in the aluminium matrix. The eutectic phase experienced a significant 

accumulation of these components near the grain boundaries. It was discovered that the addition of Mg elements 

precipitated the intermetallic phases of Al4Cu2Mg8Si7 by consuming some of the Al2Cu and eutectic Si [18, 39].  

It has been shown that the observed high cooling rate is influenced by the presence of Mg, which modifies the 

(a) (c) 

(c) (d) 



eutectic Si structure [39]. In their study, Aguilera et al. [39] found that a more favourable degree of modification of 

the eutectic silicon structure was achieved when the cooling rate reached 4 °C/s. The eutectic structure of the silicon 

changed when the Mg concentration was increased from 0.4 to 0.6 wt.%. The resulting morphology had a more fibrous 

structure, characterised by a limited occurrence of acicular and laminar particles. In contrast, the formation of a fibrous 

structure with a limited number of acicular and laminar particles is not possible at cooling rates below 2 °C/s. 

Increasing the cooling rate led to a noticeable reduction in the size of the silicon particles, accompanied by a more 

uniform distribution in the microstructure. Despite the reduction in size of the silicon particles, their structure exhibited 

a persistent acicular nature, albeit with fragmentation. When the cooling rate increases, the temperature drops so 

rapidly that the high-temperature excretions do not have enough time to form [40]. The uneven morphology of the 

second phase in this model alloy is commonly attributed to variations in the temperature gradient, the degree of 

supercooling, and the changes in composition that occur during the solidification process. The microstructural 

morphology of an alloy is influenced by the rate of cooling during the solidification phase. This cooling rate plays a 

crucial role in determining the size and shape of the secondary phase of the alloy [41]. When the cooling rate is 

increased, the magnitude of the energy fluctuations increases accordingly, leading to an acceleration of nucleation. 

The phase transitions between liquid and solid occur prior to the growth of the crystal grain, which leads to the 

formation of smaller grains and a deviation from the state of equilibrium. 
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Figure 11:  The XRD spectra for (a) normal cooling condition and (b) slow cooling condition. 

         

 

4. Conclusion 

 

 In this experimental work, the addition of Mg to the Al-Si alloy results in an improvement in the solidification 

characteristics and microstructure formation. According to the results of the experimental work above, the following 

conclusion may be drawn: 

1. The different cooling rate conditions influence the thermal properties of the alloy during the solidification 

process. The thermal analysis experiment is crucial to determine the thermal profile of the alloy and develop 

parameters for semisolid metal processing. 

2. The cooling rate significantly affects secondary dendrite arm spacing (SDAS). Increasing the cooling rate 

from 0.17 to 5.66°C/s changes the SDAS value from 54.8 to 18.9 µm. 

3. The cooling rate influenced the development of the grain structure during the solidification process. The 

low cooling rate at 0.17°C/s produces largest grain size at 1668 µm2 with the circularity and ferret diameter 

at 0.46 and 77 µm, respectively. Meanwhile, the fastest cooling rate, 5.66 °C/s, produced the smallest grain 

size compared to other cooling rates at 944 µm2. In addition, the circularity and ferret diameter for the fastest 

cooling rate at 0.61 and 48 µm, respectively. 

4. The X-ray diffraction spectra analysis for normal cooling conditions shows that intermetallic components' 

formation consists of Cu0.7Zn2, Al35Cu47, and AlCu3. Meanwhile, the X-ray diffraction spectra for slow 

cooling conditions consist of intermetallic components such as Al2Cu and Al4Cu2Mg8Si7.  
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