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THE EFFECTS OF GRAIN REFINEMENT IN AL-SI ALLOYS 
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The mechanical properties of castings can be influenced by grain refinement which means the 

addition of a master alloy to refine the grains of the α-solid-solution. The experiments showcased in 

the article included the alteration of the titanium concentration of AlSi9CuFe0.5 alloy by the addition 

of AlTi5B1 master alloy. Thermal analysis, measurements of secondary dendrite arm spacing and 

grain size distribution were used to determine the effectiveness of grain refinement. The experiments 

demonstrated how the extent of grain refinement depends on the titanium concentration. 
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Introduction 

The crystallisation of the Al-Si hypoeutectic in the casting die starts with the formation and 

growth of the nuclei of the aluminium solid solution. The nuclei continuously grow until 

reaching the eutectic temperature. The solidification ends with the crystallisation of the 

eutectic structure. The number and degree of fineness of the grains in the solid solution 

highly effect the mechanical properties: the finer the granular structure is, the better the 

mechanical properties are. The grain size can be decreased by accelerating the nucleation in 

the crystallisation process. Thus, the structure must be composed of more and smaller 

crystals. In order to achieve such structure, the so-called inoculation, a grain refinement is 

applied [1]. 

Apart from wrought alloys grain refinement has several benefits in cast alloys like 

improved mechanical properties that are uniform throughout the casting, distribution of 

second phase and microporosity on a fine scale, better feeding to eliminate shrinkage 

porosity, improved ability to achieve a uniform anodized surface, better strength and 

fatigue life [2, 3]. 

The size and distribution of grains and their secondary dendrite arm spacing (SDAS), 

which is highly influenced by the cooling rate, are parameters to be tightly controlled [4]. 

The grain size of aluminium castings is usually between 0.1 and 10 mm. Castings have fine 

structure if the average diameter of the grains are less than 1 mm. Due to overheating, long 

holding time or slow solidification rate, the structure of aluminium alloys become 

coarsened. In consequence, the mechanical properties are deteriorated. The aim of grain 

refinement is to eliminate the above-mentioned issues by adding an additive to the molten 
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metal to increase the amount of nuclei [5]. Elements which react with aluminium in a 

peritectic reaction during the solidification are the most sufficient grain refiners. Thus, 

titanium is one of the most commonly used grain refiner. Grain refinement should always 

occur after degassing and cleaning (slag removal) on 730–750 °C, depending on the 

composition of the alloy [5]. Figure 1 shows examples of solidifications with and without 

grain refinement. 

  

Figure 1  

Solidification a) without grain refiner and b) with grain refiner [6] 

1. Experimental part 

A block of AlSi9CuFe0.5 low iron content alloy was examined in lab. 2819 g alloy was 

melted on 775±5 °C in air atmosphere in the smelting furnace shown in Figure 2. 

As rotary degassing (nitrogen) treatment could not be performed under laboratory 

conditions, degassing pill (GASEX) was mixed with the melt. Test bars for density index 

test were prepared during the different stages of the experiment. The values of the density 

index were below the 3.3% limit value in each case. 

  

Figure 2  

The smelting-holding furnace used for the experiments 
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AlTi5B1 master alloy was used as grain refiner. Thermal analyses and chill tests were 

carried out at each steps of the experiment. The experimental parameters are shown in 

Table 1. 

 Table 1 

 Experimental parameters 

The temperature of melting and alloying 775±5°C 

Casting temperature 765±5°C 

Preheating temperature of the crucible  250 °C 

Holding time after the addition of the master alloy  15 min 

During the experiments the titanium concentration was significantly increased from 0,08–

0,2 wt% Ti in three steps: 

1. 0,08–0,10 Wt% Ti 

2. 0,1–0,13 wt% Ti 

3. 0,13–0,2 wt% Ti. 

 

The holding time in case of each sample was 15 minutes. The titanium concentrations were 

chosen based on the typical titanium concentrations used in real industrial settings. The 

illustration of the process can be seen in Figure 3. 
 

 

Figure 3  

The steps of the experimental process 

 
Figure 4  

The titanium concentration of various alloying processes 
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The quantity of the melt was monitored during the experiments to be able to adjust the 

titanium content as precisely as possible. The mass of the test bars and the removed slag 

were continuously measured to monitor the decrease of the weight to calculate the quantity 

of the remaining melt. The various titanium concentrations after the additions can be seen 

in Figure 4. The detected Ti concentration was quite equal to the expected amount. Optical 

Emission Spectrometry (OES) technique was used to determine the chemical compositions 

of the alloys. 

 

2. Results and discussion 

2.1. Thermal analysis 

Two methods were used to determine the extent of grain refinement from the cooling 

curves predefined during the thermal analysis: using the KF16 method and based on the 

TLmax (liquidus maximum temperature). 

The determination of the KF16 value is based on liquidus temperature changes in a 

given time. To be more precise, the temperature difference between two points of the 

cooling curve is determined: TR1, the temperature at 2K/s cooling speed and T2, the 

temperature 16 seconds later (Figure 5) [7]. 

 
Figure 5  

Evaluation based on the temperature difference of the liquidus transition [7] 

 

Figure 6  

KF16 values 
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Because of some technical difficulties of the thermal analysis instrument, the KF16 values 

could be calculated in case of only two samples as the cooling curves could not be properly 

recorded during the liquidus transition in any other cases. These are shown in Figure 6. 

Even though only two KF16 values could be calculated based on our cooling curves, an 

approximate maximum liquidus temperature could be determined. As a result, the 

correspondence between the titanium content various cooling curves could be observed 

(Figure 7). The results clearly indicate that the maximum liquidus temperature increases as 

the time required for nucleus development was reduced.  

 

Figure 7  

Cooling curves during solidification 

2.2. The determination of secondary dendrite arm spacing 

 
Figure 8  

Secondary dendrite arm spacing values based on the titanium content 
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Microsections were prepared from the test bars. The test bars were etched in 0.5% HF for 

15 seconds. Secondary dendrite arm spacing (SDAS) was measured with the help of an 

optical light microscope. Figure 8 shows the secondary dendrite arm spacing results in 

relation to the Ti content. 

As the concentration of the Ti is increased, the secondary dendrite arm spacing values 

decrease by approximately 10% by volume. The increased number of the nuclei and the 

decreased size of the grains refines not only the primary but the secondary dendrite arms as 

well. However, the extent of this refinement is minor compared to grain size refinement. 

2.3. The determination of the number of grains 

 

Barker [8] etching was carried out to examine the grain structure with a Struers LectroPol-5 

instrument. The parameters of the etching are summarised in Table 2. 

Table 2 

The parameters of the instrument used for Barker etching 

Al Barker etching 

Electrolyte: 5 g tetrafluoroboric acid; 200 ml distilled water 

Masking: 5 cm2 mask 

Voltage: 25 V 

Flow: 20 Flow rate 

Time: 60 s 

Cleaning: Distilled waterAlcoholDrying 

The samples were examined with an optical microscope (N = 25x). The approximate 

number of particles were determined on the surface of the samples with the help of their 

different colours. Five micrographs of each sample have been made and calculations carried 

out based on them (Figure 9). 

 

Figure 9  

Optical microscope micrograph of a Barker-etched microstructure 
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Figure 10 illustrates that the increased Ti content resulted in higher number of particles. 

According to Figure 8 and 10, increasing the Ti concentration is the reason for the decrease 

of the secondary dendrite arm spacing and the increase of the average number of particles. 

The decreasing grain size, which also means an increasing number of particles, is much 

higher by volume than the decrease of secondary dendrite arm spacing. While the value of 

SDAS decreases by hardly 10%, the number of particles is 40 times higher. In case of the 

initial (0,086 Ti wt%) and the first two alloys (0,095 Ti wt% and 0,132 Ti wt%), the 

number of particles is within the range of what can be observed in test bars with similar Ti 

concentration under operation conditions. However, column 4 represents a significantly 

higher number of particles. 

 
Figure 10  

The average number of particles in case of different titanium contents 

As Table 3 shows, the higher the titanium content was, the finer the structure became. 
 

Table 3 

The number of particles and SDAS under laboratory conditions 
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As it can be observed in Table 3, the temperature of the melt was different during each 

castings. The reason for this phenomena is the malfunction of the holding furnace.  

 

Conclusion 

The KF16 values of the base alloy and the alloy with 0.132 wt% Ti content seem to have an 

increasing tendency during the experiments. However, further investigation is required in 

case of these values. 

As the increase in the maximum liquidus temperature can be observed depending on the 

concentration of the titanium during the thermal analysis, the fact that crystallisation can 

start at lower temperature when the Ti concentration is increased. 

A direct correlation can be observed between the maximum liquidus temperature and 

the titanium concentration, as the maximum of the liquidus rises parallel with the increasing 

titanium concentration. Thus, the degree of supercooling for the crystallisation process to 

start is decreased. 

The secondary dendrite arm spacing and the grain size correlate, as the smaller 

secondary dendrite arm spacing results in higher number of particles, thus, the grain size is 

decreased. 

Increasing the titanium content resulted in achieving appropriate mechanical properties 

due to the fine grained structure of the casting. 
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