
 
Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 122, Issue 2 (2024) 83-93 

 

83 
 

 

Journal of Advanced Research in Fluid      

Mechanics and Thermal Sciences 

 

Journal homepage: 
https://semarakilmu.com.my/journals/index.php/fluid_mechanics_thermal_sciences/index 

ISSN: 2289-7879 

 

The Effect of Cooling Rate on Solidification Characteristics and Grain 
Structure of Al-9Si Cast Alloy 

 

Ma Xian Hui1, Nur Azhani Abd Razak1,*, Asnul Hadi Ahmad1,2, Juliawati Alias1,2, Nasrul Azuan Alang1
 

  
1 Faculty of Mechanical and Automotive Engineering Technology, Universiti Malaysia Pahang, 26600 Pekan, Pahang, Malaysia 
2 Centre for Automotive Engineering, Universiti Malaysia Pahang, 26600 Pekan, Pahang Darul Makmur, Malaysia 
  

ARTICLE INFO ABSTRACT 

Article history: 
Received 28 June 2024 
Received in revised form 22 September 2024 
Accepted 30 September 2024 
Available online 20 October 2024 

 

 

 

A thermal analysis study is essential before the semisolid metal processing of a 
particular alloy. The surrounding environment, especially the cooling rate is also an 
important factor. This study investigated the influence of different cooling rates on the 
solidification characteristics and microstructure evolution of the Al-9Si cast alloy. Four 
cooling mediums were designed, and their cooling rates are 0.16 ℃/s, 1.0 ℃/s, 1.3 
℃/s, and 1.9 ℃/s, respectively. The results show that the primary dendrite size of the 
Al-9Si alloy was reduced from 162.61 μm to 86.86 μm as the cooling rate increased 
from 0.16 ℃/s to 1.9 ℃/s. Significant grain refinement was observed, however, the 
external cooling has a negligible impact on solid fraction. The optimal temperature 
range of the Al-9Si cast alloy for the semisolid metal processing at a solid fraction of 
0.5 to 0.7 is between 554 ℃ and 563 ℃. With these thermal profiles provided, the 
relationship between the solid fraction and the solidification time could be expressed 
using the polynomial equation, which is also useful for point prediction in the 
subsequent semisolid metal processing. 
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1. Introduction 
 

Direct thermal method (DTM) is a thixotropic feedstock production technique developed by 
researchers at University College Dublin [1]. It is a simple and cost-saving treatment to produce billets 
with nearly globular microstructure for the subsequent thixoforming. Thixoforming is one of the 
semisolid metal (SSM) processing technologies which offer several advantages over conventional 
high-pressure die casting (HPDC), such as products with fine and spherical microstructure formation, 
improved mechanical properties, minimised material and energy consumption, lower thermal shock 
enabling die life prolonged, as well as reduced processing cost on thixoformed parts owing to its 
improved usage of feedstock materials [2-6]. 

In DTM, the process involves pouring a low superheat liquid alloy into a low thermal mass 
cylindrical mould with high thermal conductivity. The alloy is treated in a pseudo-isothermal holding 
until it reaches a semisolid state with desired fraction solid. It is then followed by a water-quenching 
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at room temperature to produce the thixotropic feedstock billets needed in the later process for 
thixoforming. It is believed that the microstructure in the semisolid state consists of solid-phase 
spheroids enclosed in a liquid phase, allowing laminar cavity fill, which could contribute to reduced 
gas entrapment [7,8]. Therefore, the determination of the most suitable processing parameters, 
especially the pouring temperature and the holding time, should be carefully considered, as it would 
affect the resulting microstructure formation. 

It is important to note that the processing parameters are directly associated to the solidification 
characteristics of the alloy, for instance, the liquidus (TL), eutectic (TE), solidus (TS) and dendrite 
coherency (TDCP) temperatures. Solidification of an alloy begins at the liquidus point and ends at the 
solidus point. Besides, the dendrite coherency temperature marks the point of impingement of the 
dendrites where the mechanical strength development begins [9]. The thermal profile of a solidifying 
alloy is crucial in the DTM experiment which could be used to display the solid fraction curve 
corresponding to temperature along the solidification path, allowing users to ease the process 
parameter determination. It is noteworthy that the solid fraction significantly impacts the viscosity 
of the mush [10]. Kirkwood et al., [11] proposed that an effective amount of fraction solid for 
thixoforming should be between 0.5 and 0.6. It is due to the billet becoming too soft to support its 
own weight for fraction solid below 0.5, whereas if it is above 0.6, the billet will become too stiff to 
flow and will not fill in the die for fraction solid. Other related studies also endorsed that the 
appropriate solid fraction range should be between 0.5 to 0.7 as by limiting the liquid fraction in 
semisolid, both the solidification range and the shrinkage can be controlled [12]. Nevertheless, some 
considerations should be considered; for example, the more complex geometry and larger parts 
would require higher liquid fractions. In short, the optimal solid fraction at which desired properties 
of the material are attained for SSM processing hinges on the material and process selection. 

Hence, a thermal analysis study is certainly required before executing the DTM experiment. 
However, there is less literature to include the thermal analysis methodology before the 
determination of the optimal processing parameter in DTM. Moreover, it was reported that the 
addition of external cooling agent surrounding the copper mould in the DTM process significantly 
improves the microstructure refinement by 36.4 % [13]. It implies that the presence of a cooling agent 
could result in a better formation of the desired microstructure. Therefore, the magnitude or the 
intensity of the cooling rate becomes the topic of interest in the present study. The study aims to 
investigate the thermal properties and the microstructure evolution of Al-9Si cast alloy upon the 
alteration of the cooling rate to determine the suitable processing parameter in DTM. 
 
2. Methodology 
 

The as-received sample for the studied material was examined through optical emission 
spectroscopy to obtain the average composition reading, as shown in Table 1. 
 

Table 1 
Chemical composition of the as-received sample 
Material Composition, wt% 

Al Si Zn Cu Fe Ni Mn Mg Others 

As-received sample 81.5 9.76 1.48 1.16 0.69 0.54 0.31 0.23 Rem. 

 
About 350 g of the specimen was prepared inside a graphite crucible with a dimension of 43 mm 

in diameter and 110 mm in depth, for each experimental run. The crucible was then heated up to 
830 ℃ by an induction furnace, and the heating process was held for about 5 minutes for 
homogenisation of the melt. The experiment was designed with four different cooling mediums. 
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Their respective specimens were termed specimens A, B, C, and D from lowest to highest cooling 
rate, as summarised in Table 2. 
 

Table 2 
Specimens were solidified in different cooling medium 
Specimen Cooling Medium 

A Cooled inside a kaowool chamber 
B Crucible`s top and bottom are covered with kaowool sheets while its body 

open to the atmosphere 
C Natural ambient cooling 
D Compressed airflow 

 
During the experiments, two K-type thermocouples were inserted inside the crucible to obtain 

the cooling curves at wall and centre. They were immersed about 90 mm in depth, and 20 mm apart 
from one another. Dasylab and NI 9219 were used for data logging. Figure 1 illustrates the thermal 
analysis experimental setup for a slow cooling condition. 
 

 
Fig. 1. Thermal analysis experimental setup for a 
slow cooling condition. A kaowool blanket fully 
enclosed the graphite crucible containing specimen 
A for the best thermal insulation effect 

 
The cooling rate for each experiment was calculated by taking the temperature difference 

between the initial reading (680 ℃) and the final reading (at which the temperature point was located 
50 ℃ above the liquidus point of the specimen) and then dividing it by the time taken in seconds. 
The unit for cooling rate would be ℃/s, and its equation is shown as follows 
 

𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =
𝑇𝑜−𝑇𝐿+50℃

𝑡𝑜−𝑡𝐿+50℃
            (1) 

 
Data smoothing and plotting of the cooling curve, cooling rate curve (commonly called first 

derivative curve), temperature difference curve, zero curves (or baseline), and fraction solid curve 
were created with the aid of OriginPro 2019b as a graphical representation tool. In theory, the 
impingement that occurred in the coherent dendrite network increases the thermal conductivity of 
the liquid and solid mixture, resulting in a reduction of the temperature difference, ∆𝑇, between the 
wall and the centre of the crucible [14]. Therefore, the dendrite coherency point could be found in 
the temperature difference curve by detecting the first minimal point within the solidification 
temperature range [15]. Based on the solid fraction curve, the amount of heat that evolved from a 
solidifying specimen was calculated by measuring the area between the first derivative curve and the 
baseline [14]. 
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While in the present study of metallography concerning different cooling rates, all specimens 
were cut into a section where the thermocouple tips were previously located. Each sectioned part 
was about 15 mm thick and further sectioned into quadrant-like pieces. Three samples for each 
specimen were chosen for the hot-mounting process. Next, these samples were mounted on the 
ground surface with 800-, 1200-, and 2400-grit size silicon carbide papers and continued with surface 
polishing by using 6-, 3-, and 1-micron diamond suspension with a different polishing cloth. The final 
polishing stage was done by 0.05-micron colloidal silica suspension. After that, the etching process 
was carried out on the polished samples by swabbing the samples` surfaces with Keller`s reagent 
using a cotton bud. The swabbing process took around 5 seconds, and the samples’ surfaces were 
immediately rinsed with water to remove etchant residue. After etching, the material`s grain 
boundaries and interior structure were exposed and ready to be examined under the Olympus 
BX51M optical microscope while Motic Image Plus 3.0 ML software were used for microstructure 
characterisation. The image taken was set at 5x and 20x magnification. In the microstructure analysis, 
the primary grain structures of samples were inspected using ImageJ software to determine their 
diameter, circularity, and aspect ratio. 
 
3. Results 
3.1 Effects of Cooling Rate on Solidification Parameters 
 

Upon the implementation of computer-aided cooling curve analysis, several important 
solidification parameters could be determined from the thermal profile, especially the liquidus, 
eutectic, solidus, and dendritic coherency points of the solidified material. The dendritic coherency 
point is a transition of alloy properties from liquid state to solid state, such as strength, thermal 
conductivity, and contraction [16]. The thermal profiles in Figure 2(a), Figure 2(c), Figure 2(e), and 
Figure 2(g) encompasses the cooling curve, cooling rate curve, and zero curves under different 
cooling rate conditions. The use of first derivatives eases the identification of the solidification 
characteristics on the cooling curve [16]. Also, the precipitation of a new phase that liberates latent 
heat will result in a sharp peak in the derivative curve. The derivative increases at the start of phase 
transformation and decreases at the end of phase transformation. For instance, in Figure 2(b), the 
intercepting point between the cooling curve and its first derivative curve denotes the liquidus 
temperature, TL, where primary dendrites (α-Al) begin to solidify from the liquid. The change in the 
slope of the cooling curve at TL results from the release of latent heat by the solidification of the alpha 
phase. The derivative curve at TL surges rapidly due to the nucleation of α-Al and is succeeded by the 
growth and thickening of aluminium dendrites which results in the decline of the derivative curve. 
The eutectic reaction releases a large amount of latent heat, which leads to an increase in the 
derivative and is continued by the development of the secondary phase [16]. The solidus point, TS 
corresponds to an inflection on the derivative curve denoting the end of the solidification. The 
dendritic coherency point was found at the minimal point of the temperature difference curve within 
the solidification range by employing the two-thermocouple method. The same working principle 
applies to the thermal profiles of the other cooling rate conditions in Figure 2(d), Figure 2(f), and 
Figure 2(h). 

The baseline was generated to get the fraction solid to correspond to its solidifying temperature. 
The fraction solid curve was constructed by computing the area under the graph between the 
baseline and the first derivative curve within the solidification range. The aforementioned equation 
(1) was applied to measure the cooling rate at the slope of the cooling curve above the liquidus 
region. The cooling rates obtained in the present experimental work for different cooling conditions 
were 0.16 ℃/s (slow cooling), 1.0 ℃/s (intermediate cooling), 1.3 ℃/s (normal cooling), and 1.9 ℃/s 
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(fast cooling). Their thermal properties readings were recorded in Table 3. Based on the results shown 
in Table 3, each parameter` readings do not show a consistent trend and were fluctuated by the 
change of the cooling rate. The temperature variation of each parameter from the cooling rate of 
0.16 ℃/s to 1.9 ℃/s: 6 ℃ in TL; 11 ℃ in both TDCP and TE; 13 ℃ in TS. However, the output value for 
the lowest cooling rate is much the same as for the highest cooling rate. It could be said that the 
external cooling has an insignificant impact on the solidification parameters. 
 

Table 3 
Solidification parameters at four different cooling rate conditions 
Specimen Cooling 

Rate 
(℃/s) 

𝑇𝐿  (℃) 𝑇𝐷𝐶𝑃 (℃) 𝑇𝐸  (℃) 𝑇𝑆 (℃) ∆𝑇 (℃) ∆𝑡 (s) 

A 0.16 574 568 506 459 115 2429 
B 1.0 578 560 496 468 110 467 
C 1.3 571 557 507 455 116 377 
D 1.9 574 568 502 456 118 240 
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(e) (f) 

  
(g) (h) 

Fig. 2. Solidification characteristics and thermal profile of Al-9Si cast alloy which is subjected to cooling 
rate conditions of (a), (b) 0.16 ℃/s, (c), (d) 1.0 ℃/s, (e), (f) 1.3 ℃/s, and (g), (h) 1.9 ℃/s respectively 

 
Figure 3(a) compares cooling curves with four different cooling rates. The solidification 

temperature ranges slightly varied from 110 ℃ to 118 ℃. As for the solidification time, about 2429 
seconds in slow cooling, 467 seconds in intermediate cooling, 377 seconds in normal cooling, and 240 
seconds in fast cooling were taken to complete the solidification process. At a higher cooling rate, 
more heat is lost from the specimen, resulting in a steeper cooling curve slope and vice versa. Figure 
3(b) illustrates solid fraction curves and their corresponding temperature at four different cooling 
rates. As mentioned in the literature, the optimal temperature range for SSM process control should 
be within 0.5 to 0.7 of solid volume fraction, and the material has a sufficient rigid form which could 
support its own weight for the thixoforming process; at the same time, the material flow rate and 
shrinkage could be well controlled and reduced. As displayed in Figure 3(b), the maximum and 
minimum temperature of solidifying material with several cooling rates at solid volume fraction, fs = 
0.5 are 563 ℃ and 558 ℃ with a temperature variation of 5 ℃, whereas the maximum and minimum 
temperature at fs = 0.7 is 558 ℃ and 554 ℃ with a temperature variation of 4 ℃. The overall results 
found that the temperature variation at fs = 0.5 and fs = 0.7 is considerably small and that the fraction 
solid of material is not significantly affected by the change of cooling rate, which is in agreement with 
other finding [17]. 
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(a) (b) 

Fig. 3. (a) Cooling curves of four different cooling rate conditions. (b) Fraction solid curves and their 
corresponding temperatures at four different cooling rates 

 
3.2 Effects of Cooling Rate on Primary Grain Structure 
 

The impact of cooling rate on microstructure evolution was studied using qualitative and 
quantitative comparison methods. The microstructure images that are shown in Figure 4(a), Figure 
4(c), Figure 4(e), and Figure 4(g) are the samples `of cross-sectional areas at the crucible centre. In 
contrast, Figure 4(b), Figure 4(d), Figure 4(f) and Figure 4(h) are the samples `of cross-sectional areas 
at the crucible wall. The samples subject to slow cooling in Figure 4(a) and Figure 4(b) were 
characterised by the presence of coarse primary phase grains and nonuniform eutectic distribution 
throughout the volume of a specimen. As the cooling rate increased from 0.16 ℃/s to 1.9 ℃/s, the 
size of primary phase crystals gradually reduced, and the eutectic became more dispersed and 
uniform. It is believed that individual coarse inclusions of binary eutectic Mg2Si were observed (see 
red circle in figures) since the eutectic Mg2Si was shaped as irregular Chinese characters, dendrites, 
or fishbones, as described in other studies [18]. These figures in elongated lamellar oval-shaped white 
area are the primary α-Al structure, whereas the grey fibrous dense constituents are eutectic silicon. 

Microstructure formation is highly dependent on the cooling rate. The results in Figure 5(a) 
indicate that a high cooling rate resulted in the formation of a more compact and finer primary grain 
structure. In comparison to the other three cooling rate conditions, the highest cooling rate of 1.9 
℃/s produced the smallest grain size of 40.96 μm. As for the lowest cooling rate of 0.16 ℃/s, the 
grain size throughout the specimen is inconsistent, and the variation of measurement is 
comparatively high, which its reading ranging from 79.29 μm and capped at 252.89 μm. The data 
analysis also reveals that high cooling rates lead to fine and highly oriented dendrites, whereas low 
cooling rates result in large and coarse dendrites. The increment of cooling rate accelerates the heat 
extraction from the melt, hence, the solidification time is shortened, causing the nuclei growth to be 
suppressed [19]. Moreover, this finding is consistent with solidification theory which states that rapid 
solidification reduces the time required for diffusion, resulting in a more refined dendritic 
microstructure. A tiny dendritic size implies a fine structure, with all the related benefits, such as finer 
intermetallic, improved micro-homogeneity, and less porosity [20]. All these desirable characteristics 
of the cast structure contribute to its superior mechanical properties. Besides that, the shape factor 
of the primary grain was determined from the average circularity and the average aspect ratio. A 
circularity with a value of 1.0 indicates a perfect circle. An increasingly elongated shape shall be 
observed as the value approaches zero. Also, a particle with an aspect ratio of 1:1 is a perfect circle. 
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Based on the results presented in Figure 5(b), most primary phase grains have circularity ranging 
from 0.5 to 0.6, except for the sample subjected to slow cooling at the crucible wall whose average 
grain circularity is below 0.5. In Figure 5(c), it was also found that most of the samples seem to be 
ellipse- or oval-shaped as their major axis is double their minor axis, where their aspect ratio is 2:1. 
 

  
(a)  (b)  
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 (e) (f) 

  
(g) (h) 

Fig. 4. Microstructure evolution of the solidified material at the 
crucible centre (left) and at the crucible wall (right) with cooling 
rate of (a), (b) 0.16 ℃/s, (c), (d) 1.0 ℃/s, (e), (f) 1.3 ℃/s, and (g), 
(h) 1.9 ℃/s. (5x magnification) 
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(a) (b) 

 
(c) 

Fig. 5. Grain size measurement of the solidified material at the crucible centre and wall in the aspect of 
(a) average diameter, (b) average circularity, and (c) average aspect ratio of the primary grain structure 

 
4. Conclusions 
 

In order to determine the optimal process parameters in the semisolid metal processing of the 
Al-9Si cast alloy, a thermal analysis study of this material was conducted. The results from this study 
reveal the following 

i. The solidification parameters are weakly correlated to the change of the cooling rate. 
ii. A significant grain refinement with an increase in cooling rate is observed. Increasing the 

cooling rate of the Al-9Si cast alloy from 0.16 ℃/s to 1.9 ℃/s reduced the primary dendrite 
size from 162.61 μm to 86.86 μm. Samples with a higher cooling rate (1.3 ℃/s and 1.9 ℃/s in 
particular) have primary grain sizes lower than 100 μm. 

iii. As the cooling rate increases, the solidification period decreases, and the critical phase 
transformation shifts accordingly in terms of time. The increase in cooling rate facilitates the 
nucleation rate and the crystal growth is suppressed, hence producing a greater amount of 
fine primary phase grains. 

iv. The solid fraction of the Al-9Si cast alloy in the semisolid state, at which 0.5 to 0.7 in particular, 
indicates a negligible change with the cooling rate. 
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v. The optimal temperature of the Al-9.7Si cast alloy for the semisolid metal processing is 560 
±3℃ at fs=0.5, or/and 556 ±2℃ at fs=0.7. 
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