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1. Introduction 

Aluminum is an element with a metallic character, which has a 

low density of 2.7 g/cm3 in pure form and is abundantly found in 

nature. So that it is the third most common element among all ele-

ments and the most abundant element among metallic elements. In 

addition to the abundance of aluminum, the Al2O3 layer formed on 

the surface gives aluminum excellent oxidation and resistance to 

many chemicals. This metal, which is quite ductile in its pure form, 

can be easily machining and forging, and it can be easily produced 

by casting method thanks to its low melting temperature. However, 

the strength of pure aluminum has a very low value of 45-50 MPa 

[1–4]. This value can be increased with addition of alloying ele-

ments to aluminum. The alloying elements added to the aluminum 

improve the manufacturing properties such as castability and ma-

chinability, while hardness, strength, wear and corrosion resistance 

can be increased. In addition, thanks to the alloying elements, the 

aluminum alloy becomes heat treatable, so that many properties of 

the alloy can be improved. 

Commercially, aluminum alloys are divided into cast aluminum 

alloys and wrought aluminum alloys. Both cast and wrought alu-

minum alloys have heat treatable and non-heat treatable groups. In 

the use of wrought aluminum alloys, properties such as machina-

bility, hardenability by heat treatment and weldability come to the 

fore, since the final products generally have thinner sections. In 

cast aluminum alloys, as the name suggests, the castability proper-

ties of the alloy come to the fore. Among these alloys, Al-Si alloys 

have a special place in terms of their usage rate and ease of pro-

duction by casting method. The main reason for this is that it has a 

phase diagram showing the eutectic point with aluminum silicon 

[5,6]. This reduces casting costs, particularly by lowering the melt-

ing temperature of alloys near the eutectic point, and at the same 

time improves the fluidity properties due to the fact that solidifica-

tion takes place at lower temperatures. Although hypoeutectic, eu-

tectic and hypereutectic Al-Si alloys are used commercially, as 

mentioned above, alloys near the eutectic point are preferred. The 

fact that the castability properties of Al-Si alloys are so good has 

made these alloys frequently preferred in the automotive industry 

such as engine blocks, piston cylinders, wheels, composite brake 

discs, and in areas such as aerospace industry and shipbuilding in-

dustry [7–12]. 

The performance of aluminum alloys can be improved by addi-

tion of alloying elements, heat treatment and/or mechanical/ther-

momechanical methods. In addition to these methods, grain refine-

ment method is widely used, especially in cast aluminum alloys, 

which ensures the elimination of various casting defects, increases 

the castability properties of the alloy and improves its mechanical 

Research Article 

https://doi.org/10.30939/ijastech..1237345   

 
 

 

Received   17.01.2023 
Revised    14.02.2023  

Accepted   15.02.2023 

 

 

* Corresponding author 

Engin Kocaman 
enginkocaman@beun.edu.tr  

Address: Department of Aerospace Engi-

neering, Faculty of Engineering, Zongul-
dak Bulent Ecevit University, Zonguldak, 

Turkey 

Tel: +903722911970 
 

 

 
 

http://www.ijastech.org/
https://doi.org/10.30939/ijastech..1237345
mailto:enginkocaman@beun.edu.tr


 

Kocaman and Şirin / International Journal of Automotive Science and Technology 7 (1): 30-36, 2023 

 

31 

 

properties [13–15]. In today's foundries, this process is carried out 

by adding grain refiner master alloys in the form of rods or tablets 

into the molten alloy. It is thought that, with the addition of grain 

refiner to the molten alloy, intermetallic structures that can be dis-

solved in the molten metal in the grain refiner master alloy, semi-

soluble or insoluble form a center for heterogeneous nucleation, 

thus improving the properties of the alloy by providing a finer 

grained solidification [16,17]. Grain refinement was carried out by 

adding titanium into molten aluminum in the 1930s [18]. As a re-

sult of this process, while the grains exhibit a equaxial solidifica-

tion, a more homogeneous structure as microstructural is obtained. 

This has a positive effect on the mechanical properties of the alloy 

[19,20]. Also, grain refinement is known to be effective in increas-

ing the fatigue resistance of aluminum alloys by reducing porosity 

and shrinkage [21,22]. Another master alloy modifier used to in-

crease the machinability performance of cast aluminum alloys, not 

just the mechanical properties [23,24]. Sr, Na or Sb etc. elements 

are added in order to distribute the eutectic silicon particles formed 

during the solidification of eutectic Al-Si alloys more homogene-

ously in the microstructure [25,26]. At the end of the modification 

process, the primary silicon particles are refined and dispersed 

more fine and homogeneously in the microstructure. In this way, 

the machinability properties of the cast part are improved. 

Today, although there are many studies on both grain refinement 

and modification, these studies still continue intensively. One of 

the important reasons for this is that the mechanism of grain refine-

ment has not been clarified clearly. This situation causes the master 

alloys to show a different performance compared to the aluminum 

alloy to which it is applied. On the other hand, studies on the effects 

of Al5Ti1B and Al10Sr master alloys on the mechanical and cor-

rosion properties of A360 alloy are limited in the literature. In this 

study, the effects of different ratios of Al5Ti1B grain refiner and 

Al10Sr modifier added to the A360 alloy on the microstructural, 

mechanical and corrosive properties of the A360 alloy were inves-

tigated, aiming to contribute to the filling of these gaps identified 

in the literature. 

2. Experimental Studies 

In this study, primary production aluminum alloy in the form of 

ingots received from Eti Aluminum Company and given in Table 

1 as a result of spectral analysis was used. The alloy in the form of 

ingots was cut into pieces of 3 kilograms and placed in SiC cruci-

bles and melted at 760 oC with an electric resistance furnace. Ac-

cording to the design given in Table 2, Al5Ti1B grain refiner 

and/or Al10Sr modifier were added into the melted alloys and 

mixed with the help of a graphite rod. After the master alloy was 

added, the molten metal was kept in the furnace for 10 minutes. At 

the end of this period, degassing was done for 5 minutes by using 

nitrogen gas in the furnace with the help of a graphic lance, and 

then casting was carried out by keeping it waiting for 5 minutes. 

The casting process was carried out using a permanent mold whose 

schematic view is given in Figure 1. All casting processes were 

carried out at mold temperature of 250 oC and casting temperature 

of 720 oC. 

Table 1. Spectral analysis of A360 aluminum alloy 

Zn Mg Cu Fe Si Ni Ti Al 

0.1 0.33 0.1 0.5 9-10 0.1 0.15 Bal. 

Tensile test specimens were prepared on Lokesh-Tl 250 CNC 

lathe in accordance with ASTM B-108 standards (Figure 1-d). 

Tensile tests were carried out at room temperature at a speed of 0.5 

mm/min using an Alşa Company 10 tons capacity tensile device. 

Microstructure and corrosion tests were applied to the samples cut 

by using a water-cooled cutting device from a distance of 10 mm 

from the base of the cast parts. Microstructure and corrosion sam-

ples were prepared by sanding and polishing according to standard 

metallographic procedures. The samples to be examine micro-

structurally were etched with Keller's solution. Microstructural ex-

aminations of etched samples were carried out using Leica M 1750 

optical microscope and Jeol JSM-6060LV scanning electron mi-

croscope (SEM). 

Table 2. Amount of added master alloys 

Master  
Alloys 

Cast 1 Cast 2 Cast 3  Cast 4 Cast 5 Cast 6 

Al5Ti1B 
(ppm) 

- 100 200 - - 200 

Al10Sr  
(ppm) 

- - - 100 200 200 

Hardness measurements were measured in Brinell hardness 

mode with Bulut Machine DIGIROCK-RB model hardness device 

by applying a 2.5 mm diameter ball and 62.5 kg load. The average 

hardness result was determined by taking 10 measurements at 5 

mm intervals across the entire surface. Electrochemical corrosion 

tests were performed with Gamry Interface 1010-E Potentiostat at 

25 ℃, in 0.5 M NaCl solution, with a scanning range of -0.5 to 

+1.5 V and a scanning rate of 1 mV/s. Saturated calomel electrode 

was used as reference electrode and graphite as counter electrode. 

 

Fig. 1. a) Experimental setup b) Casting press c) Cast Sample d) Ten-

sile test sample 

3. Results 

3.1 Microstructural Investigation 

Optical microscope images of cast samples at different magnifi-

cations are given in Figure 2. In the optical microscope image of 

the Cast 1, which is the reference sample, it is seen that the dendrite 

sizes are quite large. At high magnifications, it is seen that there 

are blocky black particles formed in the region between dendrites 

and solidified in rod-like form. In addition, there are complex 

shaped structures in light gray color. In the SEM image, EDS and 

MAP analysis of this sample given in Figure 4, both the blocky 
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phases and the rod-shaped structures contain high amounts of sili-

con. 

It can be said that the rod-shaped silicons seen in the microstruc-

ture are eutectic silicon particles that solidify eutectically. On the 

other hand, blocky phases can be explained as eutectic silicon par-

ticles that become coarse depending on the solidification time or 

as primary silicon particles formed during solidification. Normally, 

primary silicon particles are not expected to form in hypoeutectic 

aluminum-silicon alloys, but it has been reported that primary sili-

con particles can form in hypoeutectic Al-Si alloys depending on 

solidification conditions [27]. On the other hand, the light gray col-

ored phases exhibit a morphology similar to the phases containing 

Al, Si, Fe, and Mg, known as Chinese script in the literature [28]. 

It is seen that complex shaped phases, similar to these phases but 

with larger structures, take place in the microstructure. In the MAP 

analysis given in Figure 4, it is understood that high amounts of Fe 

and Mn signals were obtained from these phases. In the EDS anal-

ysis no. 1 performed right on this phase, it is seen that a high level 

of aluminum signal and some Fe and Mn signals are obtained. It is 

reported in the literature that these phases are intermetallic struc-

tures with (FeMn)3Si2Al15 composition [29]. 

In the optical microscope image of the Cast 2 coded sample in 

Figure 2, the dendrite lengths are shortened and the distance be-

tween the dendrite arms is reduced. In addition, it was determined 

that α-Al dendrites became equaxial with the added grain refiner. 

In the grain refinement processes applied to aluminum alloys, the 

general opinion is that the added Al5Ti1B grain refiner creates sol-

uble, semi-soluble or insoluble intermetallic phases such as TiAl3, 

AlB2 and TiB2 in the melt, and these phases play a role as a heter-

ogeneous nucleation center during solidification [30,31].  

In this way, as can be seen from the optical microscope images, 

the solidification starts at many points in the molten metal and pro-

motes the equaxial solidification of the alloy, thanks to the grain 

refiner added to the alloy that solidifies as long dendrites. In the 

200X magnification image of the same sample, it is understood 

that there is no visible change in the size of the coarse eutectic sil-

icon particles, but there is a decrease in the number of these parti-

cles. In the study performed by Basak et al. [32], 0-6% by weight 

Al5Ti1B grain refiner was added to the Al-Si alloy containing 

12.6% (wt.) Si.  

 

 

 

Fig. 2. Optical microscope images of cast samples 

It has been reported that as a result of the addition of grain re-

finer, the coarse silicon particles are surrounded by nano-sized 

AlTi3, and it inhibits the growth of silicon particles. It is seen that 

the addition of grain refiner is effective in refining coarse eutectic 

silicon particles in the samples produced within the scope of ex-

perimental studies. However, unlike the study by Başak et al., the 

use of a much lower rate of grain refiner in the samples produced 

within the scope of experimental studies caused less growth-re-

stricting effect on coarse eutectic silicon particles. It is understood 

that there is no visible change in the optical microscope images of 

the Cast 3 coded sample, which is obtained as a result of doubling 

the amount of 100 ppm Al5Ti1B grain refiner added to the Cast 2 

sample, that is, to 200 ppm, but the size of the coarse eutectic sili-

con particles has decreased considerably.  

In Cast 4 and Cast 5 samples, 100 ppm and 200 ppm Al10Sr 

modifier were added instead of grain refiner, respectively. In the 

optical microscope image of these samples, there is no change in 

the dendrite sizes of the microstructures compared to the reference 

sample, but the eutectic silicon particles are finer. The eutectic sil-

icon particles exhibited a finer solidification with the increasing 

Al10Sr modifier in the microstructure of the cast sample 5. In the 

optical microscope image of casting number 6, obtained by adding 

200 ppm Al5Ti1B and 200 ppm Al10Sr into the A360 alloy, it is 

seen that there is a decrease in dendrites lengths similar to the cast-

ings with only grain refiner added. 
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It is also understood that the modifier added to this sample 

breaks up the eutectic silicon particles and distributes them more 

homogeneously in the structure. However, the sizes of eutectic sil-

icon particles are not as small as Cast 4 and Cast 5. In the literature, 

the Al-B interaction resulting from the use of a boron-containing 

grain refiner and a strontium-containing modifier has been ex-

plained as reducing the effect of both the grain refiner and the mod-

ifier [33]. 
 

 

Fig. 3. SEM image, EDS and MAP analysis of sample of Cast 1 

For this reason, it is thought that Al5Ti1B grain refiner and 

Al10Sr modifier in casting number 6 may cause such an effect. On 

the other hand, this situation is also seen in the SEM images of the 

samples Cast 3, Cast 5 and Cast 6 given in Figure 5. While the 

Al5Ti1B grain refiner added to the alloy reduces the arm distance 

between dendrites and dendrites, it does not cause a significant ef-

fect on the eutectic silicon particles. However, it is understood that 

with the modifier added to the alloy, the eutectic silicon particles 

are fragmented and dispersed in the structure. It is also seen that 

there is a decrease in dendrite lengths and a refining in eutectic 

silicon particles in the microstructure of the alloy, where both the 

grain refiner and the modifier are used. 

 

Fig. 4. SEM images of cast samples a) 200ppm Al5Ti1B b) 200ppm 
Al10Sr c) 200 ppm Al5Ti1B + 200 ppm Al10Sr 

3.1 Mechanical Test Results 

In Figure 5-a, the hardness values measured using the Brinell 

hardness method from the cast samples are given. The hardness of 

the first casting, which is the reference sample, was measured as 

60.1 HB. This value is compatible with similar studies carried out 

in the literature [34]. It has been determined that there is a ~14% 

increase in the hardness of the alloy with Al5Ti1B grain refiner 

added to the alloy at a rate of 100 ppm by weight. By increasing 

the amount of grain refiner to 200 ppm by weight, the hardness 

value increased by ~10% compared to the initial situation. How-

ever, the hardness value did not increase with the increase in the 

amount of grain refiner. It is seen that the hardness values of Cast 

4 and Cast 5 samples decreased slightly compared to the initial sit-

uation and did not change with increasing Al10Sr modifier amount. 

As a result of 200 ppm Al5Ti1B and 200 ppm Al10Sr added into 

the alloy in Casting 6 sample, the hardness value increased com-

pared to the initial situation, but remained lower than Casting 3 and 

Casting 4 samples, where only grain refiner was added. With the 

addition of grain refiner, it is expected that the hardness will in-

crease as a result of the increase in the number of grains that can 

prevent the dislocation movement in the microstructure. On the 

other hand, with the addition of modifier, eutectic silicon particles 

exhibit a finer and homogeneous distribution. In the absence of 

grain refiner, a more refined and homogeneous microstructure is 

expected to increase ductility along with strength. For this reason, 

a partial decrease in the hardness value occurred with the addition 

of the modifier. In a similar study, Fan et al. [35] reported that the 

hardness of the alloy decreased with the increase in the amount of 

Al10Sr modifier added at different rates to the aluminum alloy 

containing 10-13 wt% Si. It has been reported that the SrB6 phase 

formed when the boron in the Al5Ti1B grain refiner and the Sr in 

the modifier are Sr/B=1.35 reduce both the effect of the grain re-

finer and the modifier by binding the strontium and boron [33]. For 

this reason, the hardness of the casting number 6 was lower than 

the hardness values of the Cast 2 and Cast 3 samples, in which only 

Al5Ti1B grain refiner was added. 

 

Fig. 5. a) Hardness and b) Tensile test results 

The tensile test results applied to the cast specimens are given in 

Figure 5-b. The tensile strength of the reference sample was meas-

ured as ~153 MPa. With the addition of 100 ppm Al5Ti1B into the 

A360 alloy, the tensile strength increased by ~13.1% compared to 

the reference sample and was measured as 173 MPa. However, by 

increasing the amount of grain refiner to the level of 200 ppm, it 

was determined that the tensile strength value increased compared 
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to the reference sample and decreased compared to the sample with 

100 ppm grain refiner added. In the Cast 4 and Cast 5 samples, the 

Al10Sr modifier added to the alloy increased the tensile strength 

and % elongation values compared to the initial value of the A360 

alloy. However, a decrease in the tensile strength value of the cast 

part occurred as a result of increasing the addition rate from 100 

ppm to 200 ppm, similar to the grain refiner master alloy. In the 

literature, a study was conducted by Fan et al. [35] to examine the 

effect of the amount of modifier on ZL102 aluminum alloy. In the 

study, it was reported that the silicon refining formed in the micro-

structure as a result of increasing the amount of modifier will in-

crease the strength and ductility. As a result of decreasing in grain 

size caused by grain refiner added into A360 alloy, dislocation 

movement is restricted and causes an increase in hardness and 

strength as stated in Orawan and Hall-Patch theories [36–38]. On 

the other hand, it is seen that there is no increase in hardness and 

strength with increasing amount of grain refiner. This can be ex-

plained by the changes in the microstructure of the increasing mas-

ter alloy addition. 

In a similar study, Rodriguez et al. [39] investigated the effect 

of Al5Ti1B grain refiner added to the Al-Si-Fe alloy between 0-

0.03% by weight on the mechanical properties of the alloy. In the 

study, it was shown that increasing amount of grain refiner did not 

cause a significant change in the tensile strength of Al-12Si-0.44Fe 

alloy, and this was explained by the absence of a significant change 

in microstructure with increasing grain refiner. In a similar study, 

Samuel et al. [40] found a decrease in the strength value of the 

A356.2 alloy with increasing master alloy. Samuel et al. explained 

this situation as intermetallic phases such as titanium-based TiAl3 

and TiB2 can agglomerate in certain regions in the microstructure 

and have an adverse effect on the mechanical properties. The high-

est tensile strength and ductility values obtained in experimental 

studies were obtained in casting number 6. The change in the mi-

crostructure of Al5Ti1B master alloy and Al10Sr at a rate of 200 

ppm added into the molten alloy played a role in increasing the 

tensile strength and ductility. 

3.3. Corrosion Test Results  

Tafel curves obtained as a result of the potentiodynamic polari-

zation test are given in Figure 6. It is understood that the Tafel 

curves are very close to each other and the corrosion potential val-

ues vary between -573.5 and -605.5 mV, as can be seen from the 

Tafel parameters given in Table 3. On the other hand, it is under-

stood that there is no linear change in corrosion potentials with 

Al5Ti1B grain refiner or Al10Sr modifier added to the A360 alloy. 

It is seen that the most noble alloy among the samples produced 

according to their corrosion potential is the Cast 6. Uludağ et al. 

[41], who carried out a similar study in the literature, reported that 

the grain refiner and modifier added to the Al-7Si-0.3Mg alloy did 

not cause a significant change in the corrosion potential of the sam-

ples. However Yaman et all [42] reported that grain refiner has 

positive effect on corrosion resistance of Al 7075 alloy. 

 

 

 

 

Fig. 6. Tafel curve of cast samples  

When the corrosion tests in the Tafel parameters given in Table 

3 and especially the current density values, which is a critical pa-

rameter in terms of kinetics, are examined, it is understood that the 

highest current density was measured in casting number 1, and the 

lowest current density was measured in Cast 6. Similarly, in the 

corrosion rate values, it is understood that the highest corrosion 

rate was measured in the reference sample and the lowest corrosion 

rate was measured in the Cast 6. Although there is no clear view 

on the corrosion resistance of the alloy in grain refinement studies, 

some researchers stated that the corrosion resistance increases with 

decreasing grain size, while others stated that larger grain size is 

required for higher corrosion resistance [43–45]. In this study, the 

corrosion resistance of the alloy increased slightly with the addi-

tion of grain refiner. Also, addition of modifier to the A360 alloy 

increases the corrosion resistance of the alloy. In the literature, the 

studies have shown that the addition of a modifier will increase the 

corrosion resistance as a more refined microstructure is obtained 

[46]. It is seen that the findings obtained within the scope of exper-

imental studies are compatible with the literature. 

Table 3. Material properties of SCP10. 

Sample 
Ecor 
(mV) 

Icor 
(µA/cm2) 

βa 

(V/dec) 

βc 

(V/dec) 

Cr 

(mpy) 

Cast 1 -579.3 2.503 28.6 337.8 1.357 

Cast 2 -588.9 1.478 23.9 377.7 0.801 

Cast 3 -592.8 1.225 22.9 363.2 0.669 

Cast 4 -591.8 1.039 12.8 391 0.563 

Cast 5 -605.5 0.95 35.3 363.3 0.515 

Cast 6 -573.5 0.45 15.2 409.3 0.244 
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4. Conclusions 

In this study, the effects of Al5Ti1B grain refiner and 

Al10Sr modifier added to the A360 alloy at different rates on the 

microstructure, hardness value, tensile strength and corrosion 

resistance of the alloy were investigated and the findings are as 

follows; 

With the Al5Ti1B grain refiner added to the A360 alloy, 

it was observed that the dendrite lengths were shortened com-

pared to the reference sample, and the transition from dendritic 

solidification to a equaxial solidification was observed. With the 

Al10Sr modifier added into the alloy, the eutectic silicon parti-

cles were fragmented and showed a refined distribution in the 

structure. Grain size reduction and refining of eutectic silicon 

particles occurred as a result of the addition of both grain refiner 

and modifier to the molten alloy. 

Al5Ti1B grain refiner added to the A360 alloy increased 

the hardness value of the alloy by approximately 10-14% com-

pared to the initial situation. Al10Sr modifier reduced the hard-

ness of the alloy slightly compared to the initial state. On the 

other hand, it was observed that the hardness test results for both 

the grain refiner and the modifier changed independently of the 

addition amount. 

According to the tensile test result, the tensile strength 

and ductility of the alloy to which Al5Ti1B grain refiner was 

added increased compared to the initial situation. While the ten-

sile strength and elongation values increased with the addition 

of the modifier, it was observed that the modifier was more ef-

fective on the elongation of the alloy. In the study, the highest 

tensile strength and elongation values were obtained in Casting 

6, where both master alloys were used at a rate of 200 ppm. 

According to the potentiodynamic polarization test re-

sults, both the grain refiner and the modifier shifted the corro-

sion potential values of the samples to the nobler side and de-

creased the current density values. In the study, the highest cor-

rosion potential, the lowest current density and the highest cor-

rosion resistance value were obtained in the Cast 6, in which 

both grain refiner and modifier were added. 
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