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ABSTRACT 
 

THE EFFECTS OF MN CONCENTRATION ON THE MECHANICAL 

PROPERTIES OF A356 ALUMINUM ALLOY WHEELS PRODUCED 

BY LOW PRESSURE DIE CASTING 

 
Aluminum has become increasingly crucial in the automotive industry and 

automobile wheels, often made from aluminum alloy, because of their recycling 

efficiency, high specific strength, thermal conductivity, machinability, and corrosion 

resistance, contribute to vehicles' enhanced performance and improved fuel efficiency 

due to their reduced weight. Aluminum alloy wheels must meet specific mechanical 

standards. A major concern is whether recycled aluminum alloys can fulfill these 

mechanical requirements. As the proportion of recycled scrap increases in aluminum 

alloy components, the mixing and accumulation of impurities become significant issues.  

In this study, Mn was used to counteract the detrimental effects of iron content. 

The presence of Mn neutralizes these adverse effects, thereby enabling the use of 

secondary aluminum in safety-critical applications. For this purpose, A356 alloy 

automobile wheels containing 0.040 wt% (batch 1), 0.069 wt% (batch 2) and 0.14 wt% 

(batch 3) Mn were cast by low pressure die casting method. In order to see the effects of 

Mn by examining intermetallics, optical microscope examination was performed and 

these images were converted into numerical data with the help of ImageJ software. In 

addition. The mechanical properties of the produced wheels were examined by 

performing hardness measurement, tensile test, and Charpy impact test. Fracture surfaces 

formed as a result of Charpy impact test were examined with the help of SEM and EDX.  

As expected, the hardness and yield strength values exhibited similar behavior 

across all samples. With regional increases and decreases mirroring each other. After 

statistical analysis a non-strong negative linear correlation between Mn concentration and 

mechanical properties was observed. Therefore, Mn addition is not the only and the 

strongest parameter for the decrease in mechanical properties. Impact energy is strongly 

infleunced on aspect ratio and grains/mm2 as like elongation and yield strength. But 

oppositely, it is more sensitive aspect ratio than grains/mm2.     
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ÖZET 
 

MANGAN KONSANTRASYONUNUN ALÇAK BASINÇLI DÖKÜM 

YÖNTEMİYLE ÜRETİLMİŞ A356 ALUMİNYUM ALAŞIMLI 

JANTLARDA MEKANİK ÖZELLİKLERE ETKİSİ 
 

Alüminyum, otomotiv endüstrisinde her geçen gün daha önemli hale gelmektedir. 

Genellikle alüminyum alaşımından yapılan otomobil jantları, geri dönüşüm verimliliği, 

yüksek özgül mukavemeti, termal iletkenliği, işlenebilirliği ve korozyon direnci 

nedeniyle tercih edilmekte ve hafiflikleriyle araçların artan performansına ve yakıt 

verimliliğine katkıda bulunmaktadır. Alüminyum alaşımlı jantlar belirli mekanik 

standartları karşılamak zorundadır. Bu konudaki büyük bir endişe, geri dönüştürülmüş 

alüminyum alaşımlarının bu mekanik gereksinimleri karşılayıp karşılayamayacağıdır. 

Alüminyum alaşımlarında geri dönüştürülmüş hurda oranı arttıkça, empüritelerin 

karışması ve birikmesi önemli sorunları beraberinde getirmektedir. 

Bu çalışmada demir içeriğinin zararlı etkilerini ortadan kaldırmak için Mn 

kullanılmıştır. Mangan varlığı demir intermeteliklerinin olumsuz etkilerini nötralize eder, 

böylece ikincil alüminyumun güvenlik açısından kritik uygulamalarda kullanılmasına 

olanak tanır. Bu amaçla ağırlıkça %0,040 (şarj 1), ağırlıkça %0,069 (şarj 2) ve ağırlıkça 

%0,14 (şarj 3) Mn içeren A356 alaşımlı otomobil jantları alçak basınçlı döküm 

yöntemiyle döküldü. İntermetalikler incelenerek Mangan etkilerinin görülebilmesi 

amacıyla optik mikroskop incelemesi yapılmış ve bu görüntüler ImageJ yazılımı 

yardımıyla sayısal verilere dönüştürülmüştür. Üretilen jantların mekanik özellikleri 

sertlik ölçümü, çekme testi ve Charpy darbe testi yapılarak incelenmiştir. Charpy darbe 

testi sonucunda oluşan kırılma yüzeyleri SEM ve EDX yardımıyla incelenmiştir.  

Beklendiği gibi, sertlik ve akma dayanımı değerleri tüm numunelerde benzer 

davranış sergilemiştir. Bölgesel artış ve azalışlar vardır. İstatistiksel analizler sonrasında, 

Mn konsantrasyonu ile mekanik özellikler arasında güçlü olmayan negatif doğrusal bir 

korelasyon gözlenmiştir. Dolayısıyla, Mn ilavesi mekanik özelliklerdeki düşüş için tek 

ve en güçlü parametre değildir. Darbe enerjisi, uzama ve akma dayanımında olduğu gibi 

en-boy oranı ve tane/mm2 üzerinde güçlü bir etkiye sahiptir. Ancak akma dayanımı ve 

uzamanın aksine, en-boy oranı tane/mm2'ye göre daha hassastır.    
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CHAPTER 1 

 
 

INTRODUCTION 
 
 

It has not been more than 150 years since aluminum metal has been produced or 

used on an industrial scale, even though aluminum is the most abundant metal to be found 

as well as that after the oxygen and silicon, it is the third most abundant element in the 

earth's crust. The solid surface of the earth contains 8.1% of its weight. However, it has 

grown to become the second most important metal producer behind iron and steel in the 

last century (Schlesinger, 2014; Lide, 2003). Recycling efficiency, high specific strength, 

thermal and electrical conductivity, machinability, and corrosion resistance led to 

aluminum has become more and more vital in the automotive industry. As a lightweight 

material, aluminum provides vehicles with a significant advantage in terms of fuel 

consumption. Because it's approximately 3 times lighter than steel components.  

There are also other lightweight alloys that can be an alternative to aluminum 

alloys in the automotive industry. The most common examples are titanium and 

magnesium alloys. Not only aluminum alloys are heavier than magnesium alloys, but also 

titanium alloys can outperform aluminum alloys when used at high temperatures. R&D 

studies have being carried out to determine which of these alloys are more suitable for 

certain components. Aluminum alloys, however, have been used more widely in 

automobile applications than other lightweight alloys due to their ease of casting, 

machining and competitive cost at the moment.  

Automobile wheels are one of the parts that can be produced as an aluminum alloy 

in vehicles. The reduced weight of lighter wheels not only enhances the vehicle's 

performance, but also improves fuel efficiency; lighter wheels decrease the overall 

weight, therefore requiring less energy to accelerate and brake. On the other hand, In 

comparison to producing aluminum from raw materials, remelting aluminum requires 

only 5% of the energy it consumes. With this circumstance, aluminum can provide a clear 

advantage over environmental regulations that are likely to become more strict in the near 

future (Başer, 2013; Raabe et al., 2022).  

In order to combat climate change and advance environmental sustainability, the 

European Union (EU) has established the 'Green Deal' as a policy initiative. As part of 



2 
 

this initiative, ambitious targets and strategies are outlined that will help achieve climate 

neutrality within the EU by 2050 (“Delivering the European Green Deal - European 

Commission,”). As a result of this, there are some automotive main industry companies 

have started to use automobile wheels made of 100% recycled aluminum. However, 

foundries by and large use a mix of primary ingot and secondary sources in a 

proportionate amount. Thus it can be said that the demand for the cast product in which 

secondary aluminum is used more can be expected to gradually increase. 

In addition to these environmental requirements, automobile wheel is a cosmetic 

product as well as a safety equipment. For this reason, it has to meet certain mechanical 

and visual conditions (“Wheel Testing Services,”) and one of the main problems is 

whether recycled aluminum alloys can meet these mechanical requirements. When 

recycling aluminum alloy components with increasing amounts of recycled scrap, mixing 

and thickening of impurities is a serious problem, as cast components must exhibit higher 

performance. That's why some highly secure automotive components require primary 

ingots with low iron content as an impurity element (Závodská, Tillová, Švecová, 

Kuchariková, et al., 2018). Studies have shown that increased iron content and 

contamination sources cause recycled materials to have lower mechanical properties 

(Závodská et al., 2018; Kuchariková et al., 2017). Not only increased iron content 

negatively affect mechanical properties due to the needle-like intermetallics it creates, but 

also other contaminations during recycling give a question mark over minds in terms of 

molten metal quality. For this reason, the production of security parts entirely from 

recycled ingots seems risky and requires a lot of R&D work to prove that the risk has 

been reduced (Nunes et al., 2023). 

It can be possible to minimize harmful effects. Both microstructure modification 

is commonly carried out in aluminum alloy wheels with elements such as Sr, Sc, Na, and 

also the needle-like structure is replaced by a more rounded structure after heat treatment 

(Barrirero, 2019). In addition to that, Mn was used in this study to eliminate the harmful 

effects of iron content. The presence of Mn will neutralize its damaging effects and 

annihilate the obstacle to using secondary aluminum for safety equipment like automobile 

wheels in automotive and other industries. The presence of Mn will neutralize its 

damaging effects and annihilate the obstacle to using secondary aluminum for safety 

equipment like automobile wheels in automotive and other industries. As a result of 

removing the mechanical property constraint, foundries and industrial facility ecosystems 
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that consume less energy, have less carbon emission, and able to manufacture a safety 

equipment with the same quality at a lower cost. 
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CHAPTER 2 

 
 

STATE OF THE ART 
 
 
2.1. Production of Aluminum 
 

It's well known that making aluminum has played a pivotal and important role in 

the history and growth of industries. It's approximately one-third as dense as iron and 

steel. At room temperature, aluminum has a density of 2.7g/cm³, classifying among the 

light metals. Besides, alloying aluminum gives it special properties, which has allowed it 

to be used for the design of operational equipment (Kvande, 2015). Although aluminum 

metal is a recent discovery, its compounds have been widely used throughout the history 

in various civilizations such as the Egyptians, Persians, and Greeks. The absence and 

abundance of aluminum depended on the ability of scientists to extract aluminum in the 

mid-19th century even though it is the third most common element in the crust of the 

earth by weight. The most familiar story of the first extraction of aluminum is that Charles 

Martin Hall, from Ohio, developed aluminum’s electrolytic extraction process in the late 

1800s. On the other hand, it has been revealed that a similar but different process was 

developed by Paul Héroult in France during the same period. By rapidly heating 

aluminum chloride (AlCl3) with potassium amalgam and distilling off the mercury, Hans 

Christian Ørsted manufactured the first metallic aluminum in the early 1800s. But it was 

a process hard to be repeatable. Continuing his series of experiments, Hall made a 

significant discovery: the dissolution of alumina in cryolite (sodium hexafluoroaluminate, 

Na3AlF6) occurred upon heating it beyond its melting point of 1000ºC within his furnace. 

It's worth noting that in nature, there are very few minerals of aluminum that are free of 

oxygen. However, there is one notable exception, namely cryolite. The experiments were 

not just conducted by Hall, but Héroult also used cryolite as a solvent and succeeded in 

making his first extraction. The two innovators came to a friendly understanding as a 

result and the Hall-Héroult process is now commonly known (Geller, 2007).  

The overall reaction of his experiment was:  
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2Al2O3 + 3C → 4Al + 3CO2 

The cathode: Al3
+(melt) + 3e– → Al(l) 

The anode: 2O2
–(melt) + C(s) → CO2(g) + 4e– 

 

Two separate processes are required to transform the ore into aluminum in the 

production of primary aluminum. These are the Bayer process, which is the wet chemical 

caustic leach operation to transfrom bauxite to alumina and the Hall–Héroult process, 

whose molten aluminum is produced by electrolysis of alumina dissolved in a molten 

fluoride electrolyte consisting primarily of cryolite (Schwarz, 2004). The main ore of 

aluminum today, despite the use of cryolite previously, is bauxite, the source of over 99% 

of global metallic aluminum (Kvande, 2015).  

 

Table 2.1. Composition and process differences in bauxite ores (Source: Seetharaman et 

al., 2014) 

 Unit Gibbsite Böhmite Diaspore 

Process  Bayer Bayer Soda-Lime Sinter 

 

Composition  α-Al2O3.3H2O α-Al2O3.H2O β-Al2O3.H2O 

Alumina Content % 45-65 47-85 47-85 

Silica % 1-5 2-5 4-16 

Alumina/Silica Ratio  19 12 4 

Crystal System  Monoclinic Orthorhombic Orthorhombic 

Density g/cm3 2.42 3.01 3.44 

Temperature, Rapid 

Dehydration 

°C 150 200-250 450 

Energy Gj/t 7.5-12 11-16 34-45 

 

It was discovered by Bayer that alumina in bauxite can be dissolved by heating it 

under pressure with a mixture of sodium hydroxide in an autoclave. This creates a solution 

called sodium aluminate. Later, aluminum hydroxide can be made to fall out of this 

solution by adding alumina hydrate. The resulting hydrate can be easily filtered, washed, 

and calcined to make a high-quality crystalline alumina. To make aluminum using the 

Hall–Héroult process, a significant quantity of alumina must be generated. It takes 



6 
 

approximately 4 tons of bauxite to produce 2 tons of alumina, and nearly 2 tons of alumina 

are needed to produce 1 ton of aluminum metal. In Bayer plants, the two most substantial 

expenses per ton of alumina are bauxite and fuel. The process has five key steps. First, 

crushed ore is mixed with a caustic soda solution in order to make a slurry. This slurry, 

containing aluminum-bearing minerals from bauxite, is then pumped into a digester, 

where the aluminum compound is dissolved and extracted. The hot slurry, now with 

sodium aluminate solution, goes through flash tanks that lower the pressure. Bauxite is 

added during digestion to reach a certain alumina level, ensuring stability as it moves 

through the flashing and clarification stages. During clarification, the solution is pumped 

into a tank where the caustic will not dissolve the oxide impurities, and the liquor 

containing sodium aluminate is separated from the insoluble impurities. After cooling the 

filtered liquid, it goes through big tanks where solid seed crystals are added. By using 

evaporation, a cake-like substance called aluminum hydroxide is obtained. Finally in 

calcination step, a quarter of the required energy is consumed. Aluminum hydroxide is 

washed, filtered, and calcined to remove the chemically bonded water from hydrate and 

form anhydrous alumina crystals in the process (Seetharaman et al., 2014; Grjotheim et 

al., 1982). After all, in the electrolysis of aluminum oxide, molten cryolite is dissolved in 

aluminum oxide, and a direct electric current is passed through the mixture to produce 

pure aluminum metal. 

Four units of bauxite must be given to the system as input to produce one unit of 

aluminum is shown in Figure 2.1. Also as an anode, carbon has a special role in the 

production process, being responsible for the reduction of alumina. Its moderate electrical 

conductivity and the fact that it does not produce chemically undesirable reactions make 

it suitable for use as an anode material. 

Anodes by and large are made of baked the mixture of petroleum coke aggregate 

and a binder. Diminishing the coke quality also raises questions about carbon sources. 

This reduction in quality also means an increase in sulphur content, which makes the 

process gases emitted during electrolysis more environmentally harmful, forcing the 

industry to look for other alternatives. 

Aluminum production faces three major challenges worldwide: the economy, 

exceptional energy consumption, and environmental protection. One of the reasons for 

the majority of the problem is that in the early years of aluminum production, these issues 

were not very popular and therefore mitigation measures were not given much thought. 
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Figure 2.1. Inputs and outputs of electrolytic production of 1 t aluminum (Source: 

Tabereaux and Peterson, 2014) 

 

Metal prices, energy costs, environmental regulations and emission restrictions, 

which were much lower in the past, were also considered to be at levels that did not cause 

concern on these issues. From a business standpoint, most aluminum companies are 

currently working on programs that will decrease production costs and increase margins, 

which will improve operations and increase productivity. Additionally, reducing output 

and shutting down inefficient units are part of a plan to reduce capacity. From an energy 

perspective, aluminum production is quite electrical energy intensive. For instance, the 

aluminum smelters of world now consume about 3.5% of the global electric power 

consumption. In the other words, primary aluminum industry has always relied on cheap 

electric power to drive production. Power is the main driver of costs, which differ greatly 

throughout producers. Usually, energy makes up around 30% of the total cost of primary 

aluminum production (Kvande, 2015). Such inefficient energy consumption is mainly 

attributed to two reasons: To prevent the back reaction of aluminum with CO2 gas thereby 

decreasing the amount of metal produced, the anode-cathode distance ought to be 

adjusted above a specific minimum value. Ohmic resistances in the anodes and cathode 

contribute to the high cell resistance. The other reason is keeping the temperature low 

enough in order to shield the sidewall material from chemical assault by the electrolyte, 

high heat losses through the cell sidewalls are required. After all considering the process 

environmentally, eventhough non-reactive material cannot be found to not form carbon 
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dioxide as an off-gas, collecting the CO2 that releases during the process may be the 

alternative solution. Besides, energy recovery is another challenge. Outgoing heat that 

comes from sidewalls of cells should be made usable for further operations. 

Aluminum is produced by alumina through electrolytic reduction as mentioned 

formerly. Briefly, after the electrolysis molten aluminum is ready for refining before 

being molded into its different dimensions. 

 

Table 2.2. Aluminum production by countries in 2021 (Source: Bhutada, 2022) 

Country 2021 Aluminum Production (tonnes) % of total 

China  39 000 000 59% 

India 3 900 000 6% 

Russia 3 700 000 6% 

Canada 3 100 000 5% 

United Arab Emirates 2 600 000 4% 

Australia 1 600 000 2% 

Rest of the World 12 660 000 18% 

Total 66 560 000 100% 

 

China is both the greatest producer and consumer of aluminum worldwide. India 

is the second-largest producer, but its output is barely one-tenth that of China. The 

requirement for aluminum has grown along with the material's expanding application 

areas. In 2021 alone, about 66 million tonnes of aluminum were produced, as shown in 

Table 2.2, which is a proof of the growing production and demand for aluminum. It is 

anticipated that this production will rise even more due to the need for aluminum. 

Considering the energy consumed in primary aluminum production, harmful gases 

emitted to nature and process efficiency, there is a necessity to find less harmfull, cheaper, 

new sources and efficient processes every day as discussed earlier. One of the concepts 

that can solve these problems is undoubtedly the widespread use of recycling and 

secondary aluminum production. The secondary aluminum production process uses either 

new, old scrap and drosses. Various types of furnaces are used for melting aluminum 

scrap based upon the type of scrap that is collected and the required final grade. Scrap is 

often melted in rotary furnaces beneath a layer of liquid melting salt in order to produce 

casting alloys. It consists of scrap preparation and remelting basically. In scrap 
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preparation, sorting is the most important step such as removing the iron included scrap 

by using magnetic separator. Afterwards, relying on the alloy type, the variety of furnace 

to be used is determined. Because, by and large diferrent furnace types are used for 

wrought alloys and cast alloys. In a remelter, wrought aluminum is made mostly from 

clean, sorted wrought alloy scrap. Refining comes after the rotary furnace-based alloy 

manufacturing process. 

Considering the volumes of energy in primary and secondary production, the 

energy consumption to produce recycled aluminum can be reduced up to 95% of that 

required to produce primary aluminum, also which means that CO2 emissions are 

significantly reduced. Aluminum has one of the highest recycling rates of any material. 

In Europe, the building and automotive sectors recycle at above 90%, yet only 75% of 

aluminum cans are recycled (“Circular Aluminium Action Plan” 2020). The process of 

converting alumina to aluminum metal needs about 13 kWh/kg (46,800 MJ/t) of 

electricity.  However, in the recycling context, the industry norm of 2000 Btu/lb (2110 

MJ/t) that is frequently cited usually only covers the melting and casting of recovered 

aluminum. On the low end of the energy usage range, inefficient reverb furnaces may use 

as much as 4220 MJ/t, while rotary furnaces with oxy-fuel burners are capable of using 

as low as 580 MJ/t. The gathering and delivery of the feed materials to a recycling plant 

also require energy. Furthermore, several preprocessing methods may be used, requiring 

as an input. The goal of maximizing aluminum metal recovery tempers this urge to use 

less energy. The heat letting out due to the oxidation of aluminum, and theoretically 

melting the entire load might be achieved by oxidizing just 4-5 percent of the aluminum. 

Since aluminum has a far higher value than the heat produced during oxidation, every 

attempt is taken to guarantee that lower energy consumption for melting the metal results 

from appropriate thermal practices rather than recovery being sacrificed (Seetharaman et 

al., 2014). 

Consequently, we ought to promote sustainability and recover and recycle all 

aluminum scraps and by-products, just like we should with any other resource. Recycling 

aluminum benefits the environment and the economy. 

 

2.2. Aluminum Alloys 
 
Fundamental alloy design is a continuous process since industrial applications 

always require greater outcomes. The aluminum industry has recognized its primary 
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sectors as building and construction, transportation, consumer goods, electrical 

engineering, machinery and equipment, packaging. For a very long period, the only 

material groups utilized in structural materials were steels and cast irons. Thanks to the 

its lower density, lower melting point, specific strength, corrosion resistance, and 

malleability compared to steel, aluminum has largely displaced ferrous alloys in various 

applications, particularly in the automotive industry. Due to weight constraints and a push 

to enhance payload capacity, manufacturers have extensively incorporated aluminum into 

the design of cabs, trailers, and trucks. Sheet alloys play a vital role in constructing truck 

cab bodies, while extruded stringers, frame rails, and cross members further reduce dead 

weight. Typically, extruded or formed sheet bumpers and forged wheels are employed. 

Aluminum fuel tanks offer benefits such as weight reduction, corrosion resistance, and 

an appealing appearance. Additionally, castings and forgings are widely utilized in engine 

and suspension systems (ASM Handbook, 1990). Since aluminum is insufficient to meet 

basic properties such as hardness and strength when used in its pure form because pure 

aluminum is quite ductile and soft, alloying is performed to improve the targeted 

properties by alloying with elements such as silicon, magnesium, copper, and zinc.  

From the recycling point of view, unfortunately the removal of most alloying 

elements from molten aluminum makes them hard to recycle into anything other than cast 

alloy. Therefore, they shouldn't be collected and melt wrought and cast alloy scraps into 

the same batch. Wrought alloys has a lower amount of alloying elements. As wrought and 

cast alloy scraps are collected and mixed together, chemical composition of recycled 

mixture metal would have less alloying elements proportional to the quantity. This causes 

a diminishment in mechanical properties such as hardness, and yield strength and as a 

result, rendering all the anticipated benefits of recycling meaningless (Schlesinger, 2014). 

Aluminum alloys are classified under two different categories: wrought and cast 

alloys. These alloys are numbered according to the most abundant element after 

aluminum as shown in Table 2.3. These alloys can also be analysed in two different 

groups: heat treatable and non-heat treatable. Wrought alloys are usually intended for the 

production of wrought products by hot or cold working such as rolling, extruding, forging 

and drawing. According to the European designation system 4 digit system is used and 

the first digit describes the alloy group. Last two digits identify the alloy or indicate the 

aluminum purity. The second digit indicates modifications or impurity limits. On the 

other hand, for cast alloys composition is described by 5 digit seperated by a decimal 

point at the end of the fourth digit (“The Aluminum Automotive Manual”, 2002). 
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Considering hardenability by heat treatment, 1xxx, 3xxx, 5xxx, and the majority 

of the 4xxx wrought alloys are not able to strengthened by heat treatment. The 1xxx, 

3xxx, and 5xxx alloys can be strengthened by strain hardening, solid solution 

strengrhening, and grain size controlling. The 2xxx, 6xxx, and 7xxx alloys are 

strengthened by precipitation hardening.  

 

Table 2.3. Classification of aluminum alloys (F. C. Campbell, 2012)  

Series Aluminum content or main alloying element 

Wrought alloys  

1xxx 99% min 

2xxx Copper 

3xxx Manganese 

4xxx Silicon 

5xxx Magnesium 

6xxx Magnesium and silicon 

7xxx Zinc 

8xxx Others 

Cast alloys  

1xx.0 99% min 

2xx.0 Copper 

3xx.0 Silicon with copper and/or magnesium 

4xx.0 Silicon 

5xx.0 Magnesium 

7xx.0 Zinc 

8xx.0 Tin 

9xx.0 Other 

 
 

2.2.1. Aluminum Silicon Alloys  
 

As well as wrought aluminum alloys, there are over 200 cast aluminum alloys 

available. Compared to wrought alloys, cast alloys usually have higher alloy contents. 

The industrial use of the 3xx.x and 4xx.x series, whose main alloying element is silicon, 

is quite widespread and is increasing day by day. These alloys containing from 4% to 
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22% Si comprise more than 90% of all castings and the maximum dissolution limit of 

silicon in aluminum is 1.65% (Zolotorevsky, Belov, and Glazoff, 2007). The most critical 

properties of hypoeutectic aluminum alloys are the decrease in melting temperature and 

increase in fluidity with the increasing silicon content. Due to the  Al-Si alloys with high 

fluidity values are more preferred for thin-section parts or for casting into a permanent 

mold where solidification in the part may be faster than in other parts, since feeding and 

filling the mold may be problematic. Increased fluidity allows thin sections and complex 

parts to be cast. High silicon alloys have low thermal expansion coefficient, high 

corrosion resistance, good weldability, and high wear resistance. In additive 

manufacturing field, Al-Si alloys are increasingly gaining attention for their potential in 

producing complex geometries with high precision. However, their adoption in additive 

manufacturing processes such as selective laser melting or powder bed fusion has been 

limited compared to other alloys like titanium or stainless steel. Despite the current 

challenges, Al-Si alloys are promosing for additive manufacturing applications 

particularly in industries where lightweighting, thermal management, and complex part 

geometries are critical factors (Kan et al., 2019; Shakil et al., 2021). In addition to that, 

silicon plays a substantial role in minimizing the solidification shrinkage of aluminum 

because it needs longer time to solidify, with negligible influence from other alloying 

elements on the shrinkage phenomenon during solidification after the casting operation. 

Therefore, they find their place in automotive applications requiring high temperature, 

and complex shaped products such as cover plates, motor shells, brackets. (Kaufman and 

Rooy, 2004).  

The Al-Si binary equilibrium phase diagram has a eutectic point at the 12.6 wt.% 

Si content at 577°C according to Figure 2.2.  If the composition of Si is lower than 12.6 

wt.% named hypoeutectic, if it is between 15 and 20 wt.% called hypereutectic. Besides, 

these alloys have between 10 and 13 wt.% silicon they described as an eutectic alloy. 

These alloys, often eutectic in nature and typically composed of copper, magnesium, and 

occasionally nickel, possess several desirable characteristics. They exhibit a narrow 

freezing range, ensuring consistent casting, and boast excellent fluidity, facilitating ease 

of manufacturing. Moreover, they offer commendable wear resistance and maintain good 

ductility, particularly when not subjected to alloying and high-temperature treatments for 

enhancing strength. These alloys are extensively utilized in piston production, playing a 

vital role in achieving the reliability and performance standards demanded by internal 

combustion engines (Sigworth, 2013). 
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Figure 2.2. Al-Si phase diagram (Source: Sigworth, 2013) 

 

 In the region where silicon is less than 1.65 wt.%, an α aluminum phase is 

observed and less silicon gives ductility to the structure. The microstructure of 

hypoeutectic Al-Si alloys consists of a dendritic α primary phase and a eutectic phase 

distributed between these phases. The α aluminum solid solution is the matrix of cast 

aluminum silicon. It solidifies as non-faceted dendrites, aligning with the crystallographic 

lattice structure of aluminum. This lattice system adopts a face-centered cubic (fcc) 

arrangement, accommodating four atoms within each elementary cell. The atoms are 

bound together by metallic bonds, which exhibit isotropy and relatively modest bonding 

energy (Askeland et al., 2013). The silicon precipitates within commercially used 

aluminum-silicon alloys are predominantly pure, exhibiting faceted crystalline structures. 

These formations vary in appearance, appearing either as primary, dense precipitates in 

hypereutectic alloys or as branching plates within the aluminum-silicon eutectic phase. 

In essence, these alloys consist of a ductile, continuous matrix of α-aluminum solid 

solution, interspersed with silicon precipitates of differing morphologies, contributing to 
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the material's overall hardness (Warmuzek, 2004). Al-Si alloys generally used as casting 

alloys in the range of 5-11 wt.% in the industry all this given the advantages of the 

properties and chemical composition. There are various additions and processes involved 

in modifying alloy properties to meet the desired specifications for the end product. 

Among these, ensuring that the liquid metal is sufficiently clean is paramount. Hydrogen 

is a problem for Al-Si cast alloys. Because hydrogen is able to soluble in the matrix. It’s 

solubility changes drastically at approximately 750°C. The solubility of this gas is notably 

higher in the molten metal than in its solid form. It can be regulated through alterations 

in processing. This is achieved through treatments such as regassing, degassing, to 

minimize aluminum loss by using fluxes, and isolating the liquid metal from exposure to 

air, which are commonly employed (C. Li et al., 2023). Importantly, it is crucial to transfer 

the liquid metal very slowly before casting operation, and measures should be taken to 

prevent turbulent flow within the mold and the overlapping of liquid metal layers (J. 

Campbell, 2004; Tigli and Dispinar, 2023). Once metal cleanliness and turbulence-free 

flow are ensured, the effects of alloying elements on mechanical properties become more 

apparent, leading to observable enhancements.  

In figure 2.3, the darker regions within the microstructures correspond to eutectic 

silicon, which contributes to the hardness of the matrix but tends to be more brittle. 

Conversely, the lighter regions represent α aluminum. In hypoeutectic alloys, Figure  2.3 

(A), the solidification process results in the formation of dendrites, clearly visible in the 

microstructure. The black areas observed at the boundaries of dendrites and above the 

grey regions in the hypereutectic alloy are indicative of defects, such as microporosity, 

shrinkage, or gas porosity, which can arise during production.  

Silicon serves as the primary alloying element in the majority of aluminum casting 

alloys, imparting excellent castability, hot tear resistance, and wear resistance to the 

aluminum. Addition of silicon also leads to a decrease in specific gravity and coefficient 

of thermal expansion. The most important feature observed in hypoeutectic cast alloys is 

the liquid metal fluidity, which increases with increasing silicon content. Thanks to this 

increase, the liquid metal can fill through the complex and thin sections in the molds 

without any difficulty, and thus, if the mold and molten metal temperature are  kept under 

favourable conditions, defects such as misrun due to lack of fluidity can be avoided. 
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Figure 2.3. (A) Microstructure of hypoeutectic alloy 150x magnification. (B) 

Microstructure of eutectic alloy 400x magnification (C) Microstructure 

of hypereutectic alloy 150x magnification (Source: Warmuzek, 2004) 

 
Changes in the microstructure and their impact on mechanical properties are 

typically associated with the size and shape of eutectic silicon grains. Consequently, 

factors like challenging machinability and increased hardness can often be attributed to 

silicon, although it may not be the only contributing factor (Robles Hernandez, Herrera 

Ramírez, and Mackay, 2017; Y. Kaya et al., 2019).  
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Another concept that should be mentioned is Secondary dendrite arm spacing. 

 

 
 

Figure 2.4. Primary and secondary dendrites (Source: Nikolic, Štajduhar, and Čanađija, 
2021) 

 
SDAS is an abbreviation of secondary dendrite arm spacing. SDAS is relied on 

the solidification rate and the composition of an alloy, also there is a relationship between 

mechanical properties and SDAS. Not only the mechanical properties are strongly 

dependent on casting defects like porosity or oxide films, but also Si particle distrubution 

and size, and the amount of Fe-rich brittle intermetallics. The optical microscope is 

capable of measuring SDAS. 

 

2.2.2. Trace Elements in Aluminum-Silicon Alloys 
 

Aluminum-silicon (Al-Si) alloys employ various alloy additions to manage and 

enhance properties such as hardness, strength, fracture energy, ductility, and corrosion 

resistance. However, it's crucial to enhance these properties without compromising other 

important factors like fluidity, machinability, and wear resistance. 

 

2.2.2.1.  Magnesium  
 

Magnesium plays a critical role for hardness and strength in some alloys with heat 

treatment. Because it is a precipitation harneder. These alloys may also contain Cu and 

Ni. The hardening phase, Mg2Si, demonstrates an advantageous limit of solubility after 

which further reinforcement ceases or the matrix undergoes softening. After a certain heat 
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treatment whose are usually T5 and T6 heat treatments, the precipitates undergo an aging 

to convert into Mg2Si and helps to reduce the residual stress of the structure that can 

stealthily cause catastrophic failures. Aging can occur naturally (T5) or artificially (T6) 

(Pezda, 2015; Özaydın et al., 2019; Kutsal et al., 2023). Mg2Si is evenly dispersed, 

enhancing the uniformity of the alloy and consequently elevating its mechanical 

characteristics. Even though the addition of Mg should be adjusted the right amount for 

the required features, it should not be forgotten that impacts the ductility negatively It is 

advised to maintain magnesium content within the range of 0.6 to 3 wt.% (Riahi and 

Alpas, 2006). In addition to that, it has been noted that the hardness of A356 alloy rises 

with magnesium levels reaching around 0.9 wt% (Şimşek and Özyürek, 2019). However, 

in the manufacturing of safety components, it's important to recognize that although high 

magnesium content boosts hardness during processes like machining and flow forming, 

it also poses the risk of reducing tool tip longevity and potentially causing hard-to-detect 

cracks as the parts near completion. 

 

2.2.2.2.  Copper 
 

Copper plays a significant role as an alloying element in aluminum-silicon alloys, 

typically enhancing their strength in as-cast or heat-treated situations substantially like 

magnesium. It aids in precipitation hardening, thereby boosting the strength and hardness 

of the alloys. However, presence of copper may diminish ductility. The maximum solid 

solubility of Cu in aluminum is around 6 wt.% at 546 °C. For optimal precipitation 

hardening outcomes, it is suggested to adding copper ranging between 2 and 4 wt%. In 

general, copper tends to diminish resistance to corrosion. Additionally, the inclusion of 

copper decreases resistance to hot tearing and prevents castability (ASM Handbook, 

1990; Haque and Maleque, 1998). 

 

2.2.2.3.  Boron  
 

Boron is often used to improve mechanical properties by enabling the formation 

of finer grains. However, since it is a small element and additions are made at ppm levels, 

its determination in the chemical composition may not always be accurate. When 

combined with other metals, boron forms borides. Titanium boride acts as stable 
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nucleation points, facilitating interaction with grain-refining phases. Boron is usually 

added to aluminum alloys in the form of master alloy. It also has been studied a powder 

form of the master alloy (Pozan, 2022). Master alloys added in tripliternary in the form 

of Al-Ti-B are suspected to cause Si poisoning effect. For this reason, a binary Al-B 

master alloy was investigated. For optimum grain refinement in aluminum foundry alloys 

with boron additions, it's preferable for them to be devoid not only of titanium but also 

other trace elements like Zr. Most importantly, this article given the current findings, the 

deliberate addition of titanium in foundry alloys should be reassessed. Also, in other 

article it was observed that boron and strontium added separately at 300 ppm provided 

the best grain refinement (Birol, 2014a; 2014b; Nogita, McDonald, and Dahle, 2003). 

 

2.2.2.4.  Titanium  
 

Titanium is commonly utilized to enhance the grain structure of aluminum casting 

alloys, typically alongside smaller quantities of boron. It's important to have an excess of 

titanium beyond the stoichiometry of TiB2 to achieve optimal grain refinement. In some 

cases, titanium is used in concentrations higher than necessary for grain refinement to 

mitigate cracking. In molten metal, there should be a sufficient amount of titanium to 

initiate the nucleation of TiAl  before the transformation of α-Al occurs to reduce the size 

of grains (Mohanty and Gruzleski, 1995; C. Li et al., 2024). 

 

2.2.2.5.  Strontium  
 

Strontium is employed to alter the morphology and microstructure of eutectic 

silicon, particularly in hypoeutectic Al-Si alloys. Increased addition levels, like more than 

400 ppm, are linked to the occurrence of casting porosity, particularly in processes or 

thick-section parts where solidification takes place at a slower rate. Moreover, higher 

levels of strontium may negatively impact degassing efficiency. (ASM Handbook, 1990). 

Altering a coarse and elongated grain (needle like) to a finer morphology (chineese script) 

which leads to improved mechanical features. Additionally, improved feeding 

effectiveness may be observed with modification. However, it is important to monitor the 

holding time of strontium, as its effectiveness may diminish over time. (Özaydin, 

Armakan, and Kaya, 2018). On the other hand, it was observed that there was no greater 
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effect on hot tearing than bifilms that deteriorate metal quality (Uludağ, Çetin, and 

Dispinar, 2017). 

 

2.2.2.6.  Iron  
 

Especially for secondary Al alloys, it is considered the impurity element. It is 

considered undesirable because intermetallic phases formed by iron during solidification 

have a negative impact on the mechanical properties of alloys, particularly their ductility. 

The influence of iron on aluminum varies depending on the quantity of iron present in the 

alloy and the structure of the iron-formed phases. Al5FeSi (β-phase) has a harmful 

morphology like needle-shaped or plate-shaped. Its shape is a stress concentrator and may 

responsible for cracks because it’s also brittle, therefore it decreases the impact energy 

(Karabulut et al., 2023). In recycled alloys, the iron concentration can reach up to 1 wt% 

(Davis, 1993). However, in future, this concentration should be increased due to the 

growing necessity of utilizing secondary sources. By gradually increasing the use of 

ferrous sources, we can avoid sudden production bottlenecks caused by the adverse 

effects of the β-phase, enabling us to confidently embrace ferrous sources in production 

processes. This phase can be controlled with alloying or cooling rates (Robles Hernandez, 

Herrera Ramírez, and Mackay, 2017; Wu et al., 2020; Sanchez et al., 2023; Závodská, 

Tillová, Švecová, Chalupová, et al., 2018). 

 

2.2.2.7.  Rare Earth Elements 
 

Various elements are recognized for their ability to induce chemical modification; 

for instance, strontium and sodium are notable examples. Conversely, for the purpose of 

reducing grain size through alloying, elements such as boron and titanium are widely 

employed in today's industrial practices. In order to create an alternative in terms of a 

possible supply crisis, elemental effect and cost, rare earth elements have been widely 

tested in recent years due to the their modification and grain size reduction effect. It is 

observed that the efficacy of modifying the mechanical properties of A356 alloy with 1.0 

wt.% lanthanum is comparable to that achieved with the commercially available modifier, 

Sr (Tsai et al., 2009). Apart from that, Erbium (Er), Scandium (Sc), and Yttrium (Y) are 

also considered rare earth elements (REEs) that are commonly researched. When 0.1wt.% 

of Sc is added along with Vanadium (V), it enhances fluidity (Can Dizdar et al., 2022). 
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Additionally, the inclusion of Erbium may lead to a relative increase in Ultimate Tensile 

Strength (UTS) and elongation. Researchers have experimented with different amounts 

of Lanthanum, Cerium, and their combination. Increasing the intermetallic content, was 

found to reduce feedability, consequently raising shrinkage and promoting porosity 

formation (Mahmoud et al., 2018). Sc is not only has advantegous for fluidity but also the 

microstructure refined by Sc eradicated the formation of Fe-intermetallics and enhanced 

tensile strength features like the Mn do. It is observed that the harmful Fe intermetallics 

turned into Chinese script morphology (Xu et al., 2015). Other REEs have also special 

effect on cast aluminum alloys especially generally studied A356 alloy. The grain size 

decreases from 443 to 196 μm with the increasing of Hf content with the help of AlHf 

master alloy (H. Li et al., 2016). La and Yb are studied. The effect of modification 

declined when the pouring temperature increased above 730°C. almost no modification 

was observed until 0.3 wt.% addition (Song et al., 2019). Gadolinium (Gd) belongs to a 

distinct group of rare earth elements, and researchers have explored its impact on 

modification and strength properties. They observed a grain refinement effect, though its 

influence on tensile properties was minimal when added to the alloy without undergoing 

heat treatment (Shi et al., 2015).  

 

2.2.3. Effect of Manganese in Aluminum-Silicon Alloys  
 

In Cu-free alloys, the amount of Mn can reduce the negative effects of Fe. In Al-

Si alloys with medium or high Fe content, it can induce the formation of α-phase instead 

of the damaging β-phase. With three elements (Si, Fe, Al) it creates a Al15(Mn, Fe)3Si2 

intermetallic which is known as Chinese script phase. Iron tends to combine with other 

elements to form various types of intermetallic phase particles. Also a critical concept of 

Fe level for Al-Si alloys was defined and empirically formulated by Taylor. The 

calculation is based on the relationship between silicon and iron content (Taylor, 2004). 

It indicates the threshold at which the presence of iron above a certain level of silicon 

content becomes detrimental, expressed as a percentage. Mn is a common alloying 

addition used to neutralize the effect of iron and change the morphology, type of 

intermetallic phases. It has been reported that if the iron content exceeds 0.45% by weight, 

the Mn content should not be less than half of the iron. Studies have indicated that when 

the iron content surpasses 0.45% by weight, the manganese content should be maintained 
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at no less than half of the iron content (Ak, 2012; Muşdal, 2018). Besides, cooling rates 

alters the form of the intermetallic. Higher than 20 °C/s can provide less defective alpha 

phase of iron (Becker et al., 2019). Not only the effect of cooling rates alters the 

morphology of intermetallic of iron, but also alloying has been studied a lot. The effect 

of Mn, Fe, Y was investigated, sample alloys were prepared using Al–20%Si-2.5%Fe-

2%Mn master alloy and Y. Since Y and Mn are used together, they increased the tensile 

strength and elongation values on the safety equipment of automobile (Q. Li et al., 2020). 

Also, the triple effect of the use of Mn, Cr, Be was examined. No positive results were 

obtained from the corrosion test (Zabalegui et al., 2014). The advantages of this process 

are not consistently evident. An excess of manganese might decrease the presence of β-

phase and encourage the formation of α-phase, potentially enhancing ductility. However, 

it can also result in the development of hard spots and machining challenges. 

Additionally, manganese additions do not consistently enhance the ability to cast or 

reduce porosity in alloys with high iron content.  

 

 

Figure 2.5. Optical microscopic observation of AlSi7Mg0.3 alloy, precipitates at A) 

200x B) 500x (Source: Fasching, 2015) 

 
The impact of manganese is influenced by the overall composition of the alloy. 

Given the absence of a practical means to separate iron from aluminum, adjusting the 

chemical composition and managing local cooling rates offer a solution to convert the 

coarse and needle-like iron β-phase into the α-phase, known as Chinese script. This 

approach effectively mitigates any detrimental effects on the alloy's mechanical 

properties (Muşdal, 2018). 
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2.3. Methods of Wheel Production  
 

Wheels, an ancient invention, are circular frames designed to rotate on an axis. 

According to the IATF 16949 Quality Management System, automobile wheels are 

considered safety equipment and must undergo various tests to ensure their suitability for 

use in cars. The wheel serves as the main suspension component of the vehicle, bearing 

both static and dynamic loads throughout its operation. Therefore, the selection of 

materials must be made with careful consideration. In recent times, the automotive 

industry has seen a rise in the significance of lightweight materials, driven by stringent 

fuel economy and emissions regulations. Aluminum alloy materials are extensively 

employed in the automobile wheel sector owing to their notable specific strength, 

resistance to corrosion, and lightweight properties. Additionally, alternative alloy choices 

such as magnesium alloy exist. Despite magnesium alloy being lighter than aluminum, 

challenges are encountered during the manufacturing process of magnesium alloy wheels. 

Magnesium die casting is a specialized manufacturing technique utilized for creating 

metal parts and components from magnesium alloy. Among the primary issues associated 

with magnesium casting is its heightened reactivity during melting and its tendency to be 

more costly than other commonly used casting alloys (Fleming, 2012).  Enhancing the 

range of electric vehicles, reducing weight is a key strategy. This is because lighter 

vehicles require less energy to move, thus increasing efficiency and extending the driving 

range on a single charge. However, it's not just about making parts lighter; they also need 

to maintain or even improve performance and durability. One approach to reducing 

weight is through the use of advanced materials with high strength-to-weight ratios, such 

as magnesium  alloys and carbon fiber composites. These materials offer significant 

weight savings while still providing the necessary structural integrity and durability 

required for automotive applications. Additionally, the design of components plays a 

crucial role in weight reduction. Topological optimization is a computational design 

approach that allows engineers to create highly efficient structures by removing excess 

material while maintaining structural integrity. This can result in complex, lightweight 

designs that maximize strength and minimize weight. However, there are limitations to 

how much weight can be reduced through design optimization alone. At a certain point, 

further reductions may compromise the performance or safety of the component. In such 
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cases, alternative materials or manufacturing processes may need to be considered 

(Korkut et al., 2019; 2020).  

The lightweighting of automobiles is a notable trend also in application. An 

alternative approach involves producing lighter structural components by altering the 

production technique while retaining the same primary material group. Both cast and 

forged automotive parts can be crafted using aluminum alloys. While the composition of 

the alloy differs between wrought and cast variants, the base material remains aluminum. 

Prior to forging, the material is heated below solidification temperatures, and the forging 

process occurs without the presence of liquid at relatively lower temperatures compared 

to casting. However, this doesn't necessarily meaning of lower costs compared to casting. 

Generally, the energy consumption associated with forging is considerably higher than 

that of casting. Despite this, forging remains a widely adopted method for lightweighting, 

enabling the creation of thinner sections with excellent mechanical properties (Öztürk, 

2008). About 20 years ago, aluminum alloy wheels were widely produced by gravity die 

casting, but they were also produced by cutting the runners, which requires a lot of 

material and is an additional process. Despite all this, the most profitable production 

method for the manufacturer of an average automobile wheel that meets the general 

expectations of OEM brands, except for special applications and premium customer 

expectations, is the production of wheels with low pressure die casting. Nonetheless, 

polymeric composites, comprising a polymeric matrix and fibers, exhibit exceptionally 

high specific strengths, making them valuable for vehicle construction. Consequently, 

these composites find widespread use in automotive applications. Unfortunately, polymer 

composite applications in the automotive industry come with their own set of drawbacks. 

Unlike aluminum alloy, they are not conducive to mass production and come with higher 

associated costs. Steel wheels, being the traditional choice for automobiles, play a vital 

role in propelling vehicles and offer a simpler, more cost-effective alternative to alloy 

wheels. Nevertheless, their production involves multiple manufacturing steps to shape a 

basic steel plate into a wheel suitable for various automotive applications. Similar to other 

commercial options, ensuring the safety and quality of these wheels before reaching 

consumers necessitates employing a variety of tools and measures during production to 

meet rigorous standards. However, challenges such as corrosion susceptibility and 

significantly greater weight compared to aluminum are pressing issues that the 

automotive industry faces. 
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2.3.1. Composite Wheels 
 

While the primary focus remains on polymer composites due to the fiber martix 

of composites are lighter and have higher tensile strength than metallic materials, there 

are ongoing experiments involving metal matrix composites. The increasing appeal of 

materials exhibiting high tribological performance at a low cost globally is driving 

interest in metal matrix composites. Adjusting parameters such as molten metal 

temperature, holding time, and pressurization presents significant challenges. Stir casting 

stands out as a widely utilized production technique in metal matrix composites. Through 

continuous stirring at elevated temperatures over an extended period, particles aggregate 

in the molten state. This method, typically employing ceramic powders (SiC, Al2O3, B4C, 

fly ash etc.) has shown potential for enhancing hardness, impact energy, and excellent 

fatigue life (Rao et al., 2019). Other frequently employed production methods for 

preparing composites include centrifugal casting, powder metallurgy, and squeeze 

casting. The primary obstacle in manufacturing metal matrix composites lies in achieving 

a homogeneous mixture. Special modifications to traditional techniques are necessary to 

achieve this goal. Metal matrix composites find application in various components such 

as brake drums, and gears (Singh et al., 2021). However, their suitability for automobile 

wheels remains a research and development project. The feasibility of mass production is 

still under scrutiny, considering alternative production methods and ongoing 

advancements in the field.  

Fiber-reinforced polymer composite materials are rapidly becoming popular in 

both fundamental research and practical use. They offer cost-effectiveness, and full or 

partial recyclability. By utilizing carbon-epoxy composite materials, the weight reduction 

is approximately 10% compared to aluminum alloy wheels (Wilczynski et al., 2018). 

Natural fiber-reinforced polymer composite materials are rapidly gaining 

popularity in both fundamental research and practical usage. Composite materials, 

particularly those reinforced with carbon fiber, exhibit superior strength-to-weight ratios, 

which make them highly suitable for high-performance automotive applications. Three 

distinct polymer material combinations were subjected to testing: E-glass/Polyester, 

Carbon/Polyester, and E-glass/Carbon/Polyester. Mechanical properties were evaluated 

through hardness and Charpy impact tests. 
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Figure 2.6. Preparation steps of polymer matrix composite wheel (Source: Edwin Raja 

Dhas et al., 2023) 

 

 . Based solely on these results, they could serve as alternatives to metal alloy 

wheels. In figure 2.5 preparation and coating of outside of the wheel can be observed 

(Edwin Raja Dhas et al., 2023). Composite wheels are generally designed with an 

aerodynamic advantage because of the closed surfaces. It's the same effect with aluminum 

alloy wheels with the plastic cover (Korkut et al., 2019). Through numerical analysis, the 

authors determined that utilizing a laminated carbon/epoxy composite material wheel 

instead of steel resulted in a 31.5% reduction in equivalent (Von-Mises) stress and a 

15.5% decrease in total deformation. Furthermore, compared to a structural steel wheel, 

the use of a reinforced carbon epoxy automotive wheel led to an approximate 80% 

reduction in weight. This reduction in unsprung weight of the vehicle contributes to 

improved performance (Gardie et al., 2021). Additionally, the significant weight 

reduction in composite wheels not only enhances vehicle performance but also 

contributes to fuel efficiency and reduces emissions. The lower unsprung weight allows 

for better handling and improved ride comfort due to the decreased inertia forces acting 

on the suspension system. 
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2.3.2. Forged Wheels 
 

This method is widely used and suitable for mass production. Higher investment 

costs are required, and lower production rates are achieved, with less flexibility regarding 

geometry. Hybrid processes are additionally employed to reduce costs for example 

rheocasting, thixocasting, or squeeze casting, all aimed at boosting production rates while 

simultaneously ensuring a substantial reduction in porosity in castings. In forging, an 

aluminum bar heated under liquidus temperature is forged into shape. Since this is a semi-

solid forging process, the mechanical properties are much better than casting. The wheels, 

which can also be flow-formed to adjust the shape of the rim surface, then go to machining 

and take their final shape. Wheels produced in this way are usually heat treated before 

being subjected to machining processes to further increase their mechanical properties. 

The most important advantage of the forging process is that it is possible to produce parts 

with very thin sections and thicknesses without any casting defects related to fluidity and 

filling in thin sections, which are difficult in cast wheels today. In cast wheels, porosity 

and shrinkage problems are seen in this case, since a thick section that is fed through a 

thin section has to be formed. These problems can be overcome with a design change, but 

you don't always have the flexibility to update the design to be castable (Çetin and 

Kalkanli, 2009; Gursoy et al., 2021). Forging also produces lightweight wheels that 

provide optimal strength across all wheel regions, along with the ability to accommodate 

larger wheel diameters which is another problem today’s world among wheel 

manufacturers. 

Despite the favorable forgeability of aluminum alloys in terms of ductility, the 

energy and force demands vary significantly depending on the chemical composition of 

the alloy and the forging temperature. The primary reason for the limited use of less 

forgeable materials in forging operations is the high pressure requirement (Öztürk, 2008). 

The integrated casting and forging process, an alternative technique, combines the 

advantages of both casting and forging. This approach enables the achievement of 

specific properties in different sections of the wheel. In traditional casting, the hub section 

of the wheel typically displays coarser grain size and inferior mechanical properties due 

to its thickness and position as the initial solidification region where molten metal enters 

the mold cavity (Tocci et al., 2015). 
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Figure 2.7. Die parts of automobile wheel. (Source: Zhang et al., 2015). 

 

However, hybrid methods allow for independent control of the processing region. 

Illustrated in Figure 2.6 are die components associated with the integrated casting and 

forging process, identified by numbers. The molten metal enters the mold through the 

injection piston, after which the punch forges the hub section of the wheel.  

 

2.3.3. Steel Wheels 
 

Wheels can be made from either lightweight metal alloy materials or steel. They 

offer a simpler and more economical alternative to alloy wheels. Forming and welding 

methods are commonly used in their production, with steel wheels finding greater use in 

construction machinery and commercially used vehicles. Automotive wheel rims can be 

classified into single-piece and multi-piece types. However, they are not perfectly axis-
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symmetric due to ventilation holes, bolt holes, and valve seats. The rim and disc are 

produced separately using lamination and stamping processes, respectively, and are then 

joined through welding. Non-heat-treated low carbon steels typically have low resistance 

and hardness but high toughness and ductility, making them easily machinable and 

weldable with low production costs. Sectional welding is preferred over constant welding 

seams to avoid significant distortion. Overall, the standard steel wheel rim for 

automobiles is formed by shaping a rectangular sheet metal into a cylindrical sleeve, 

achieving the desired thickness profile through cylindrical flow spinning, and then 

forming rims on both sides with an inner cylindrical wall and an outer conical wall. The 

rim and wheel disc are finally assembled and welded beneath the outer seat of the rim 

(“Car Steel Wheels,” n.d.). 

 

 
 

Figure 2.8. View of a steel wheel (Source: Borecki et al., 2024) 

 

2.3.4. Cast Wheels (Low Pressure Die Casting) 
 

The automotive alloy wheel market is expanding as a result of growing demand 

for lighter and stronger wheels in the automotive sector. Aluminum alloy wheels offer 

several benefits compared to welded steel wheels, such as greater design flexibility, visual 

appeal, and weight advantages. Alloy wheels play a role in reducing vehicle weight, 

improving fuel efficiency, and enhancing performance. Furthermore, they offer superior 

durability and aesthetics, making them a preferred choice among vehicle owners. The Al 

alloy wheel manufacturing sector is expected to grow at a compound annual growth rate 

(CAGR) of 9.63% from 2023 to 2030 (Sejal, 2024). Regarding the low pressure die 



29 
 

casting (LPDC) process, which stands as one of the predominant technologies employed 

for manufacturing aluminum wheels.  

The low pressure die casting machine consists of two main parts: The lower part 

and the upper part. In the lower section, there's a pressure vessel known as the holding 

furnace. Here, the liquid metal is maintained at a set temperature using electrical energy. 

The furnace is lined with refractory bricks and typically features a front cover for transfer 

purposes. At the rear of the furnace, channels are present through which dried air is 

supplied via compressors, creating the pressure necessary for the liquid metal to enter the 

mold. This furnace is mobile and typically moves along a single axis on rails. It contains 

a riser tube submerged within it and a thermocouple for real-time monitoring of the liquid 

metal temperature. In the upper part, there is a bottom plate, columns, pistons and cooling 

channels to which several permanent molds consisting of steel and cast iron parts are 

connected. 

Positioned at the top is the control screen for the machine, allowing for monitoring 

of all process parameters such as cooling times, flow rates, pressurization parameters, and 

thermocouple temperature values. The top plate of the bench moves along the z-axis, 

while the pistons, linked to the side cores, move along a single axis. Furthermore, the 

outlets of the cooling channels are situated on the upper side for connection to the molds 

using fasteners and hoses. Even though commercial LPDC machines pressure can be 

adjusted up to 8 steps and more, typically, the low pressure referred to in this casting 

method involves a pressure value that comprises three stages, with the pressure slightly 

exceeding 1 bar in the third stage. The length of the riser tube extends below the metal 

surface, depending on factors such as style, size, and depth of the casting furnace. This 

feature provides a notable advantage to the low-pressure process by ensuring that the 

surface of the molten bath remains undisturbed throughout casting. Consequently, this 

helps prevent the inclusion of surface oxides into the melt. Mechanical and fatigue 

properties of low-pressure cast components generally exhibit an improvement of around 

5% compared to gravity cast components of the same alloy. By applying pressure in a 

controlled manner, a seamless and non-turbulent filling of the cavity from bottom to top 

is achieved. During the initial step, the metal riser is positioned at the end of the tube, 

with the pressure at its lowest level. The subsequent step involves filling the mold cavity, 

where the rate of increase in pressure (measured in mbar/s) from the first to the second 

step is crucial. 
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Figure 2.9. Schematic represantation of low pressure die casting machine with electric 

resistance holding furnace (Source: Woycik and Peters, 2008) 

 

It's important to ensure that the metal is filled into the mold without turbulence 

during this step. The recommended guideline, as stated in the literature, is to fill at speeds 

below 0.5 m/s (Runyoro and Campbell, 1992). The third stage is where the highest 

pressure is applied, compressing the metal and maintaining a constant pressure for an 

extended period. During this time, directional solidification may begin from the inner 

flange towards the hub as cooling channels come into play. In this casting process, 

typically consisting of three stages, the pressures and durations in these stages are 

influenced by factors such as riser tube length, metal density, and mold length along the 

z-axis.  

When setting the parameter, it is also necessary to set the compensation pressure 

correctly. Compensation pressure is the pressure value entered to compensate for the 
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decreasing metal level after each part and to pour each part at preset pressure values. 

Considering that the holding furnaces can carry approximately 1 ton of liquid metal, since 

the metal level will decrease considerably at the end of 15 pieces, the valves should be 

commanded to gradually increase the pressure after each piece in order to avoid casting 

errors such as misrun. Although low pressure die casting is designed to avoid turbulent 

casting, turbulence must also be avoided in previous operations. As shown in figure 2.9, 

during the transfer of the metal to the holding furnace, it is important to introduce the 

liquid metal in the correct time and method (Ou et al., 2020; Kaufman and Rooy, 2004). 

 

 

Figure 2.10. Molten metal transffering to the holding furnace 

 
Due to the LPDC method, it is examined with the help of a number of mechanical 

tests that a wheel is manufactued that is robust and meets customer requirements. 

Although some of these mechanical tests are wheel-specific and standardized, overall, 

they are mainly used to measure the basic concepts of fatigue, tensile and yield strength, 

percent elongation and hardness. The aim of all mechanical tests is to ensure that 

passenger safety is not compromised. For this reason, the tensile test, which is a 

destructive testing method, is frequently used in wheel production.  

Tensile testing is a widely used type of destructive testing that is one of the easiest 

ways to understand the mechanical properties of wheels. This test can be repeated even 

if parameters are changed mid-production to monitor the change in mechanical properties. 

Depending on the intensity of the labor, results can be obtained after one hour of sample 

extraction and processing. Customers require specific values to be provided from specific 
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regions during the commissioning phase and after mass production. The progress of the 

project and its acceptance for mass production depends on these mechanical properties 

and other tests. 

 

 
 

Figure 2.11. Technical drawing of the location for tensile test bar 

 

The hardness test is another frequently used test. There is a direct correlation 

between tensile strength value and hardness. After heat treatment, hardness checks are 

carried out periodically from defined areas of the wheels. Hardness is a critical 

mechanical property of wheels are checked regularly. In particular, the formation of the 

Mg2Si phase after heat treatment results in significant increases in hardness. Wheels with 

insufficient hardness are defined as a scrap. Generally, the hardness values expected by 

customers are above 80 HB.  

The Charpy impact test, which is an unusual test in wheel production, is valuable 

in giving a numerical idea of the impact energy of the samples. The ease of execution 

makes the test more applicable. Although there are normally impact tests specific to the 

wheel product, these tests usually give a binary result in the form of an impact load OK-

Not OK. This results are given after visual inspection whether any section on the wheel 
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has crack or not. Due to the primitive nature of this result, the Charpy impact test was 

used in this study. Under certain conditions, typically ductile metals can fracture suddenly 

and with minimal plastic deformation. Additionally, standard tensile tests may not 

provide sufficient depth of analysis regarding the fracture characteristics of a material 

following an instantaneous impact. 

 

 

Figure 2.12. Drawing of Charpy impact tessting 

 

The Charpy test, originally designed and still widely employed, serves as a 

common method for measuring impact energy. The specimen typically takes the form of 

a square cross-section bar, featuring a centrally machined v-notch. The notch in thee 

middle can be U type or in some conditions no notched. Machining procedures adhere to 

the specifications outlined in ISO 148-1 (“ISO 148-1 2009 Metallic Materials —Charpy 

Pendulum Impact Test”, 2009). 

 

2.4. Heat Treatments 
 

Heat treating refers to the heating and cooling procedures conducted to alter the 

mechanical properties, metallurgical structure, or residual stress state of a metal product 
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without aiming to change the physical shape of product. However, when discussing 

aluminum alloys, the term often specifically refers to operations aimed at enhancing the 

strength and hardness of precipitation-hardenable wrought and cast alloys heat treated 

(ASM Handbook, 1991). Aluminum alloys can be divided into non heat treatable and heat 

treatable. But heat treatment is not only for improving hardness and strength. Annealing 

is also performed to increase ductility and reduce residual stresses.  

 

 
Figure 2.13. Microstructures of A356 alloy light microscope micrographs; etched with 

1% HF. (a) As-cast modified, 150x . (b) As-cast modified, 750x. (c) After 

heat treatment (T6), 150x . (d) After heat treatment (T6), 750x 

(Source:Warmuzek, 2004) 

 
In the heat treatment, the pace of structural alterations is typically regulated by the 

speed at which atoms within the lattice shift positions. As a result of heat treatment, the 

needle-like appearance of eutectic silica structures is replaced by rounded structures. Heat 

treatments can be described by different letters. T3 (solution heat treated, cold worked, 

and naturally aged to a substantially stable condition), T4 (solutionized, natural aged), T5 

(cooled from an elevated-temperature shaping process and artificially aged), T6 (solution 

heat treated and artificially aged), T7 (solution heat treated and stabilized), T8 

(solutionized, cold worked, artificial aged) and so on. Due to its Mg2Si phase content, 
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A356 is a precipitation hardenable alloy, so a three-step T6 heat treatment is usually 

applied in wheel production.  (Pezda, 2015; Md Yahaya et al., 2020). 

 

2.4.1. T6 Heat Treatment  
 

The T6 heat treatment method is widely employed to strengthen age-hardenable 

aluminum alloys. It involves a series of steps including solution treatment, quenching, 

and artificial aging as shown in figure 2.11.  

 

 

Figure 2.14. T6 heat treatment (Source:A. Y. Kaya et al., 2021) 

 

The initial phase of T6 heat treatment, termed solution heat treatment or 

solutizing, holds quite  importance in dissolving soluble phases within the A356 alloy. 

This intricate step involves subjecting the alloy to a meticulously controlled temperature 

range, allowing the plate-shaped Mg2Si particles within the aluminum alloy to dissolve 

and diffuse uniformly throughout the matrix as a solid solution. The dissolution of 

magnesium and silicon constituents into the aluminum matrix instigates the formation of 

GP zones, which serve as precursory sites for the subsequent emergence of Mg2Si 

precipitates. Consequently, the resultant state reveals a supersaturated solid solution, a 

critical foundation for enhancing the alloy's mechanical properties. Furthermore, 

alongside its role in modifying the eutectic silicon morphology through alloying with Sr, 

this treatment facilitates the spheroidization process, further refining the alloy's 
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microstructure (Güneren, 2019). Solutinizing time and temperature is a subject that has 

been extensively studied and continues to be optimized according to alloys and 

conditions. The important issue here is the effect of the time and temperature spent in this 

phase on the hardness at the end of the aging process. In addition, there are studies that 

show that secondary dendrite arm spacing also changes with the solution time (do Lee, 

2013). 

Following the solution heat treatment, the alloy undergoes rapid quenching in a 

suitable medium, such as water or a polymer solution. This quenching action serves to 

diminish the solubility of the alloying elements within the aluminum matrix, resulting in 

the creation of a supersaturated solid solution. During this phase, various observations 

such as deformations in distinct areas may become apparent. The efficacy of this process 

is directly influenced by factors such as the type and temperature of the quenching liquid, 

the duration of immersion, and the entry position of the parts into the liquid. Importantly, 

quenching plays a pivotal role in averting the formation of large precipitates while 

promoting  the generation of fine, dispersed precipitates essential for the subsequent aging 

process (Peng et al., 2011). 

The quenched alloy undergoes a subsequent stage, called artificial aging, where it 

is reheated to a moderate temperature and held for a specified duration to enhance its 

hardness, yield and tensile strength. Both the duration of exposure and the temperature 

during this aging process are critical. An additional benefit of aging is its capacity to 

alleviate residual stresses induced during quenching, similar to the stress relief annealing 

effect. Nonetheless, precise control of time and temperature is crucial to avoid entering a 

stage known as over aging, which can lead to a decline in hardness. Given that heat 

treatment is typically employed as a continuous process in industrial settings, optimizing 

this stage is as crucial as the preceding steps in terms of its impact on material yield, 

tensile strength, and hardness. It's important to note that prioritizing maximum hardness 

and strength may necessitate compromising elongation properties (Özaydın et al., 2019; 

Do Lee, 2018). 
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CHAPTER 3 

 
 

EXPERIMENTAL 
 
 

3.1. Materials  
 

Batches containing the specified amounts of Mn were initially prepared in this 

section. These Mn ratios, given below in table 3.1, were determined based on the 

customer defined Mn limits. Four batches, each with different amounts of Mn, were 

created by varying the Mn levels to be both below and above the customer limit. 

 

Table 3.1. Composition of main elements of batches 

 

Batch No. 

Mn 

(wt.%) 

Si 

(wt.%) 

Mg 

(wt.%) 

Fe 

(wt.%) 

Ti 

(wt.%) 

Sr 

(wt.%) 

Al 

(wt.%) 

EN AC-

AlSi7Mg0.3 

Max. 

0.050 

 

7.5-6.5 

 

0.20-0.45 

Max. 

0.15 

 

0.10-0.25 

Max. 

0.02 

 

Balance 

Batch 1 0.040 7.23 0.27 0.11 0.11 0.01 Balance 

Batch 2 0.069 7.09 0.27 0.11 0.11 0.01 Balance 

Batch 3 0.14 7.23 0.27 0.12 0.11 0.01 Balance 

 

Analyzes are carried out according to EN ISO 10204 3.1. Sampling starts with 

liquid metal. It is poured into a mold with a diameter of about 35 mm. The solidified 

sample is removed and grinded on one side. This sample is placed in the spectrometer 

with the machined surface on top. Spectral analysis is performed on this surface. This is 

done because cleaned and machined surfaces give the most accurate results. Optical 

emmision spectroscopy can give a percentage distribution of 21 elements. The number of 

channels can be increased according to the need for additional elemental analysis. 

The chemical composition is determined by optical emission spectrometer (OES) 

can be seen in figure 3.1. ARL ispark 8820.  
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Figure 3.1. Optical emmision spectrometer 

 

For each group, the chemical composition of the sample which was taken from 

gas fired crucible after adding Mn tablets and grain refiners also being sure to the 

chemical composition samples were taken after degassing and holding furnace just before 

casting operation is given in table 3.1. The chemical composition provided indicates the 

materials derived from the melting furnace and allocated to each group. To minimize 

measurement errors, the chemical composition is assessed at three distinct points on the 

surface. To ensure precision in the analysis, three measurements are taken from each 

prepared sample surface. The values presented in table 3.1 depict the average data derived 

from three separate analyses conducted on each sample surface.  

The manganese tablets (75 wt.%) seen in the figure 3.2 were added into the liquid 

metal and manually stirred until completely dissolved. Then anaylsed the chemical 

composition of liquid metal after stirring.   

 

 

Figure 3.2. 75 wt.% Mn tablet 
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Figure 3.3. Gas fired crucible 

 

In this study, a gas-fired crucible (figure 3.3) was used for alloying trials. The 

temperature started to rise by using natural gas. Molten metal temperature was 730 

±10°C. Once melting occurred, an OES sample was taken to analyze the Mn-free 

chemical composition. After calculations for the aimed Mn composition, Mn tablets were 

cut, weighed, and then placed into a steel apparatus. Manual mixing was initiated. The 

process involved waiting until the manganese tablet completely dissolved in the steel 

apparatus. Once all tablets had dissolved, the liquid metal was transferred to the degassing 

unit for degassing. Rotary degassing facilitated a more uniform distribution of manganese 

and other elements within the structure. Following degassing, the crucible underwent 

another round of sampling for chemical analysis before being transferred to the holding 

furnace. Chemical analysis was conducted at each stage to precisely determine the alloy's 

composition and ensure the desired proportions of manganese were achieved, thereby 

enhancing the trial’s accuracy. Subsequently, after closing the holding furnace cover, 

samples were taken just before the casting process commenced to verify that the cast 

wheels also met the desired chemical composition. 
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3.2. Wheel Production 
 

In these experiments, production was carried out with the low pressure casting 

method, which is also widely mentioned in the literature. This method is widely used in 

the production of aluminum alloy wheels. One of the biggest advantages of the method is 

that it is possible to produce a wheel in an average of 5 minutes, although it varies greatly 

depending on the wheel size, alloy type, cooling design and coolant. With this method, 

directional solidification is performed and the wheel is solidified starting from the inner 

flange towards the hub. In this way, it is possible to achieve the desired mechanical values 

in certain areas and reduce the defects that may occur during filling and solidification by 

managing the correct heat transfers. These heat transfers can be between the mold and the 

liquid metal, between the liquid metal and the gating system, between the mold and the 

mold an so on. What needs to be done here is to adjust the correct mold thicknesses and 

to provide adequate cooling in appropriate places.  

 

 

Figure 3.4. Molten metal transfer from melting furnace (“Cevher,” n.d.) 

 

Aluminum ingots and scraps are melted in the shaft type melting furnace 

(StrikoWestofen GmbH), with the proportion of recycled aluminum varying depending 

on the manufacturing method. For this investigation, a composition of 50% primary 



41 
 

aluminum ingot, 20% aluminum scrap, and 30% machining chips is employed. The first 

step of this experimental process melting the ingots. Gas fired furnace has a capacity of 

approximately 700 kg. The metal is transferred from the shaft type melting furnace to the 

ladle as shown in figure 3.4. The method of carrying the ladle is using forklift. When the 

metal transferred from the main melting furnace to the crucible the temperature of molten 

metal is around 720°C. The main melting furnace is set at a high temperature because the 

cooling of the metal is taken into account, taking into account the waiting times for 

degassing and transfer, and also to ensure a fast melting under mass production 

conditions. Thermocouples are installed in different zones of the main melting furnace to 

control the temperature. One in the bath section, one in the chimney section and one in 

the section where the metal is taken, which is measured manually with a pyrometer. The 

temperature in the chimney may give information about the condition of the furnace. It is 

normal to have a temperature difference between the section where the melting takes 

place and the section where the metal is taken. In the melting section, the temperature is 

higher because the burners hit directly. The crucibles are made of alumina based ceramic 

and are regularly maintained. The maximum service temperature of the refractories used 

is usually 1200°C. This ladle was then poured into a preheated gas fired crucible. 

Chemical analysis was then taken before starting alloying. After the first batch of 

alloying, the metal in the crucible was transferred back to the transfer ladle and taken to 

the degassing unit for degassing operation. In general, a modifier element such as Sr and 

grain refiner elements such as Ti and B are added into the liquid metal before degassing. 

In some production facilities, it is even common to use flux to minimize the loss of 

aluminum during this degassing stage and to cut the contact of the aluminum surface with 

the air and to lower the melting point slightly. Neither flux nor grain refiners and 

modifiers were not used in this study.  

In the degassing operation, there is a rotatable graphite impeller as shown in figure 

3.5 with holes at the bottom for blowing gas. The crucible must be centered in the 

degassing unit and the liquid metal level must be constant at all times for accurate 

degassing performance. After the impeller is immersed in the liquid metal, it starts to 

blow 99.99% purity nitrogen gas into the metal at the end. 

During this operation bubbles should be observed clearly. Because it may be the 

evidence of better distributed gas bubbles which provides more efficient degassing 

(Huang et al., 2002). 
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Figure 3.5. Rotary degassing operation 

 

While blowing continues, the shaft continues to rotate at a certain rpm. Then 50% 

hydrogen 50% argon mixture is blown for a short time for regassing, after degassing is 

completed. During these processes, the speed of the rotor was around 300 rpm. It is 

actually an operation of degassing and re-gassing. It aims to bring hydrogen and 

inclusions in the molten metal to the surface, hydrogen is released through the surface. 

Initially, during these trials, 200 seconds of nitrogen was blown at a flow rate of 15 l/min, 

followed by 3 seconds of mixed hydrogen argon gas, also at a flow rate of 15 l/min which 

was the regassing stage. It is done for upgassing, that is, to lower the density of the metal 

in a controlled manner. It is done because it is practical knowledge that castability is 

increased. The proportions of these values and the combination of gases utilized may vary 

under mass production conditions. During mass production, the degassing process may 

involve higher duration of nitrogen blowing, and adjustments in the quantity of mixed 

gases blown may be made to attain the desired density index values. Additionally, the 

programs within degassing machine can be modified dynamically to accommodate these 

variations. This procedure significantly reduces the gas content in the liquid metal. 

Subsequently, the liquid metal is prepared for casting. 
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Figure 3.6. After mold coating operation 

 

The low pressure die casting process is done with permanent molds. Therefore, 

the molds have a preparation process. Before being connected to the machine, the mold 

parts, whose bottom core is made of Uddeholm dievar, side blocks are made of cast iron, 

and the upper core is made of H13 steel, are subjected to mold painting after machining. 

Once the molds reach a temperature of around 250°C through exposure to an open flame, 

they undergo the application of Dycote 34 and Dycote 39 coatings. Subsequently, after 

looks like in figure 3.6 the mold is retrieved and closed using a combination of forklifts, 

cranes, and manual labor. Following the closing process, it is returned to the heating 

stations for further heating. This time, the mold, heated to a range of 450-550°C, is then 

transferred to the low-pressure die casting machine and linked up for operation.  

It's fair to say that in casting, two crucial steps are filling and solidification. In 

permanent molds, solidification is achieved using nozzles and cooling channels, as 

depicted in figure 3.7. Since directional solidification is utilized in wheel production, the 

nozzle areas and the working time and flow rates during cooling are designed accordingly. 

The efficiency of cooling is directly impacted by various factors such as the diameter of 

the air pipes, the area they cover, the number of nozzles utilized, the flow rate passing 

through them, and the integrity of the pipes with no cracks. 
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Figure 3.7. Cooling pipes of a die (Kırmızıgöl et al., 2020) 

 

Although the design in the photo is not suitable for water use, there are areas where 

water is used for cooling. According to the knowledge, the main reason for the use of 

water is that thicker areas or areas that are required to solidify much faster cannot be 

cooled sufficiently with air and can instead be brought to lower temperatures in a shorter 

time with water (Özaydin, Kaya, and Çatal, 2022).  In the mold used in this study, only 

air cooling was used during casting to cool the certain zones of the bottom core, top core 

and side cores. 

Once the mold is placed to the machine as seen in figure 3.8, casting is ready if 

there is sufficient molten metal in the holding furnace. In mass production conditions, 

usually before starting production, two castings are made before cooling channels run and 

therefore castings are made before the full product is shaped. This approach aims to 

achieve a homogeneous temperature distribution within the mold and ensure a solid 

product in the final part. This method was employed during the experimental production 

phase and important for beginning the casting with relatively hot mold, when the mold 

temperature cannot be monitored locally. It can prevent casting defects that may occur 

due to increased molten metal flow. However, it is still important that the temperature of 

the mold can be monitored from at least one point. Otherwise, hot regions will be more 

likely to crack in stress concentrated areas. In the molds, this temperature is provided by 



45 
 

a thermocouple placed at the spoke end of the lower core and an infrared pyrometer 

measured manually from the outside. 

 

 
 

Figure 3.8. LPDC machine 

 

Once the casting has started and making sure that everything is working properly, 

cooling and its parameters are the most important issue. During mass production, there 

are quite limited possibilities to change with waiting time and cooling time. The reason 

for this is that the molds are given to mass production after the process has been 

established by the new product launch team. However, in this study, unlike mass 

production conditions, the process was completely free and casting was done with a 

different process than mass production conditions. With this process, the wheels passed 

x-ray without any defects. Then, the same process was applied for all cases in order to 

avoid any problems due to cooling difference. Following the completion of the casting 

process, aluminum wheels are removed from the machine and visually inspected by an 

operator. At this stage, the rim is checked for misrun, intense cold shots, cracks and 

deformations. Then, x-ray inspection is conducted to identify any porosities, shrinkages, 

or other defects present in the casting. 



46 
 

Xray is a mandatory quality inspection for all wheels, whether mass production or 

trial. Wheels that do not meet the criteria here are directly marked as scrap and separated. 

Xray inspect at the hub, spokes, rim, and offset of the wheel from certain viewing angles 

according to the ASTM E 155: Standard reference radiographs for inspection of 

aluminium and magnesium casting. A distinction is made according to the distance and 

size of the existing porosities from each other. If they are above a certain size and number, 

the wheel is separated into waste. The same applies to the shrinkage error. If there is also 

an error caused by the wire filter used in the hub, it can also be considered as waste. Small 

cracks may not be visible on xray. A liquid penetrant test is essential for this. In the trial 

production, all wheels passed the xray inspection intact. 

 

 

Figure 3.9. Xray inspection A) hub B) spoke part of wheel 

 

3.3. Mechanical Characterization 
 

As mentioned earlier, Fe intermetallics have a negative effect on the fracture 

properties of the wheel. In order to better understand and quantify this property, wheels 

were subjected to various mechanical characterization processes. Tensile tests were 

performed to see the differences between elongation and yield, tensile strength, Charpy 

impact test to see the fracture energy change and hardness measurements to see the 

changes in hardness. 
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3.3.1. Tensile Testing 
 

The samples underwent processing according to DIN 50125 standards. The 

specimens undergo machining with a horizontal CNC turning machine to achieve the 

desired dimensions. (“Testing Of Metallic Materials – Tensile Test Pieces, Prüfung 

Metallischer Werkstoffe – Zugproben Deutsche Norm DIN50125”, 2016). 

After cutting from the certain region of wheel for tensile test according to 

technical drawing can be observed in figure 3.10, tests were carried out at least 3 times 

for each region by using Zwick Z100 model test machine according to PN-EN ISO 6892-

1: 2020-05 (“Metallic Materials - Tensile Testing - Part 1:Method Of Test at Room 

Temperature, PN-EN ISO 6892-1: 2020-05”, 2020). Preload is set 50 N and test velocity 

of tests is 0.002 1/s. 

 

 
Figure 3.10. Tensile test bar in DIN 50125 

 

In these trials, two wheels from each batch were subjected to tensile tests after 

heat treatment and as-cast condition. The bar was removed from the relevant areas. 

Approximately 5 tensile bars were removed from each area of a wheel in a batch, and 

four different zones were examined per wheel. Excluding the reference specimens, a total 

of 160 tensile tests were performed. The non-heat-treated bars removed to understand the 

progress of the trial production will not be shared to avoid data redundancy. For this 

reason, the averages of 120 tensile test results will be shared and discussed in the results 

section.   

 

3.3.2. Hardness Test 
 

Brinell hardness tests are conducted in accordance with EN ISO 6506 and ASTM 

E 10 standard. Prior to conducting the hardness test, it's essential to grind and polish the 
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surfaces of critical regions designated for testing. Following the polishing process, the 

cross section of wheels were prepared for the Brinell hardness test. Cross-sections are 

taken from the wheels and the hardness of the critical 11 different zones is examined. In 

this study, In order to see accurate results, the hardness of the critical areas of the cross 

sections taken from three different wheels belonging to the same batch, i.e. 12 different 

wheels in total, were examined by the machine Qness q250 Cs.  

 

 
 

Figure 3.11. Points on a cross seciton of a wheel for hardness test (Kutsal et al., 2023) 

 

The regions shown in figure 3.12 have different thicknesses and cooling 

parameters. It may therefore only make sense to compare the same number for a different 

wheel. For example, the region where solidification starts first is region 11th. It would 

not be surprising that the hardness here is higher than in region 2nd, which is a thicker 

and later solidifying zone. However, as mentioned before, after heat treatment, a hardness 

value above 80 HB should be observed in each of them. Hardness values are displayed 

directly on the digital display. The logic behind the calculation is the formula used in 

equation 3.1. 

 

 (3.1) 
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3.3.3. Charpy-Impact Test  
 

The principle underlying the Charpy impact test relies on the concepts of potential 

energy and gravity. The sample is positioned centrally within the notch, and the hammer 

strikes the back of the notch. The hammer is initially held in a cocked position and then 

released from a consistent height. It falls freely, causing the specimen to fracture at the 

notch. Eventually, a numerical value in joules is displayed on the screen, representing the 

impact energy. This energy is calculated as the difference between the pendulum's initial 

position and its highest point following the fracture of the sample. 

 

 

Figure 3.12. Red coloured Charpy specimen region on a wheel 

 
These tests give binary like OK and not OK results under certain loads. In order 

to observe the effect of manganese addition more clearly, charpy samples were removed 

from the cosmetic surface of the wheel where industrial impact tests were performed. 

Since the specimen dimensions were 55 mm and the length and width were 10 mm, and 

since this is the area where the hammers of the other industrial impact tests hit, the 

specimen was removed from the area marked in red. A total of 18 specimens were 

removed from three different areas for each wheel with the same logic, 6 specimens from 

each batch, for a total of 18 specimens, such as the area marked in red in Figure 3.14. The 
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notched parts were created to coincide with the back side of the wheel. The reason for 

this is that in real life, the impacts on the wheel usually come from the front surface (such 

as hitting the crub, crushing with a car). Charpy impact tests were carried out v notched 

specimens by using the CEAST Resil Impactor having maximum hammer energy of 15 

J. 

 

 
 

Figure 3.13. Ceast Charpy impact test machine 

 
3.4. Microscopic Characterization 

 

Wheel production flow chart mentioned in detail in the previous chapter, the cast 

wheel first goes to xray control. If there is no casting defect such as porosity, shrinkage, 

etc. that meets the criteria, it is sent directly to the heat treatment furnaces, which is a 

continious system, for T6 heat treatment. After heat treatment, waiting for the wheel to 

cool to room temperature, then it is sent to the laboratory.  

In this study, T6 heat treated wheels were given to the laboratory. A number of 

cutting, grinding, and polishing processes were applied to 2 wheels from each batch for 

microstructural analyse. Since the wheel was too large for laboratory scale work, they 
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were first cut out on the band saw from the areas where the microstructure was to be 

examined. In order to see all of these regions properly, a cross-section was taken from 

half of the wheel, as was done during the new product launching phase. Since this cross-

section would still be large, it was cut into pieces as shown in figure 3.16.  

 

 

Figure 3.14. Wheel sections for microstructural analyse 

 
On the other hand, after Charpy impact test, for deeper understanding the type of 

fracture and analysing the causes lying behind differences impact energies among 

specimens, they were prepared to examine the fracture surfaces to be observed by 

scanning electron microscopy. In total, 6 samples from each batch and a total of 18 

Charpy impact tests were performed. However, since examining the surfaces of all 

specimens would lead to data pollution, the fracture surfaces of 5 specimens were 

examined from each batch, including the specimen closest to the average impact energy 

value and the specimens with the highest and lowest impact energy. The scanning electron 

microscopy (SEM) analysis revealed distinct fracture morphologies corresponding to the 

different impact energy values. Specimens with higher impact energies typically 

exhibited ductile fracture characteristics. 
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3.4.1. Optical Microscopy 
 

 First of all, the specimens need to be flattened. It is not possible to look at an 

unflattened specimen with an optical microscope because the depth of field is too low in 

an optical microscope. Such a specimen will have a clear image on one region and a 

blurred image on the other. This image may not provide proper information about the 

microstructure of specimen. For this purpose, surface preparation is started by passing the 

samples through abrasives ranging from 180 to 2500 ppi silicon carbide papers by using 

the machine Struers Tegramin. The sample is rotated 90 degrees before each grinding.   

Heating is prevented by using water during grinding. The sample is cleaned with 

alcohol after grinding and immediately dried with compressed air to determine whether 

the sample has been grinded properly. Diamond pastes are categorized based on the 

dimensions of the particles they contain. Polishing with 1 micron diamond paste is 

performed. It is a water-free application. Following these procedures, the specimens 

undergo etching in a 0.5% HF contained etching solution. The polished surface is treated 

with the etching solution for approximately 15 seconds. Finally, the surface exhibits a 

reflective appearance like a mirror, indicative of the completion of the preparation 

process. This miror-like image indicates that the sample is ready to be examined under 

the microscope.  

As can be seen in figure 3.17, play dough was used as a support to ensure complete 

flatness during the optical examination of the pieces that were cut out of large pieces like 

wheel and could not be completely flattened. Because the surfaces of these specimens 

contacting the ground must be flattened as well as the upper surfaces. The time and labour 

required for specimens are decreased by using dough. The microstructural examination 

of samples was conducted using a Nikon LV150N optical microscope and analyzed with 

Clemex image analysis software. Using an optical microscope, examinations were 

performed at 100x and 200x magnifications. Previously, samples were prepared by 

dividing the wheel into hub, spoke, outer flange, rim and inner flange. Subsequent 

examinations showed that there were no visible differences between some regions. In 

these microstructural examinations, particular attention was given to identifying any 

inconsistencies or defects within the material. Regions of interest included the grain 

structure, presence of inclusions, and potential microcracks, as these factors significantly 

influence the mechanical properties and overall performance of the wheel component. 
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Figure 3.15. A sample of the optical microscopy 

 
Therefore, these examinations were basically made from 3 different wheel 

regions. These were spoke, hub, and rim. In these images, the distribution of grain size, 

modification in eutectic silica, the distribution of different phases, aspect ratio and 

porosity-like casting defects were observed. In images recorded with the help of a 

microscope, the scale bar can be selected according to the closeness of the lens and 

specimen then the image can be saved with suitable scale bar. In addition, in order to 

verify the visual analysis with numerical data, various visualizations were made with the 

help of ImageJ software. After these visualizations, the numerical data were processed 

and converted into histograms. Another parameter that was analyzed using an optical 

microscope was the dimensions of the SDAS.  

Measurements can be made at all magnifications, but these measurements were 

made at 25x magnification, looking at the sample from a distance to see a more general 

distribution. Critical regions were previously identified in figure 3.16 but SDAS was 

measured from these critical 3 regions as mentioned earlier. Using the linear interception 

method, the SDAS is determined by dividing the length of a dendrite arm by the number 

of arms. The procedure for measuring SDAS involved specifically selecting dendrites 

with at least five arms and performing the measurement exclusively on these dendrites 

(Özaydın, 2015). However, in this study, 3 primary dendrites with more than 5 branches 
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were selected and measurements were taken accordingly. The length of these dendrites 

was then divided by the number of arms to obtain a number. Finally, 3 numbers were 

obtained from each region and the average of these numbers was taken as the SDAS 

length of the region.  

In addition to SDAS measurements, microstructures examined at 100x and 200x 

magnifications provide important information about the different zones of samples and 

their condition. With these photographs, circularity, aspect ratio, minor, and major axis 

histograms were drawn with the help of ImageJ software. These were plotted in two 

separate graphs as number fraction and area fraction.  

 

 

Figure 3.16. Menu of ImageJ 

 

The optical micrographs taken here is first dragged and dropped by opening the 

ImageJ software. After opening the program, the menu in figure 3.19 appears. Select a 

rectangular shape and crop all sections of the image except the scale bar. If you think that 

the photo is not sufficient enough, utilize the subtract background option which is a 

subheading of the processing tab in the menu. To ensure that uniform lighting across the 

image. This process is not always mandatory but this step contributes to a smoother 

appearance of the photos. The important thing here is to make the color tones (shades of 

gray) so that as many different phases as possible are perceived before converting the 

image into digital data. For example, if the sample exhibits numerous scratches resulting 

from the grinding process and if it is not removed them with photo processing, these 

scratches can be perceived as other eutectic Si particles because they are black in color 

and can potentially leading to significant calculation errors. Once decided that the photo 

is suitable enough for processing, it can be changed to an 8-bit version, so that it is 

completely in shades of gray. Then select adjust from the menu, which is a sub-heading 

of the image option. Click on the threshold option, which is also a sub-heading. Threshold 

is the option where the relevant image painted. It can be guesswork from the name, here 

which phases and particles will be painted in which color can choose. If certain values 
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exceed, it might be the reason for places that are not actually eutectic Si to be counted as 

if they are. For instance, mistakenly classifying gas porosities and micro porosities that 

are obviously not Si as Si simply because of the exceeded threshold by a significant 

margin, but if it would be too low for certain values, it may be ended up not being able to 

mark all eutectic Si. The ideal way to avoid both of these issues is to experiment between 

values, checking where in the image they are marked.  

 

 

Figure 3.17. Created images at 100x magnification A) after threshold B) after particle 

analyse 

 
Once ensured that the threshold option is properly configured, a black and white 

image is generated, as shown in Figure 3.20 A. Automated particle counting is feasible 

provided that the image does not contain an excessive number of individual particles that 

are in contact with each other. In this image, light-colored areas appear close to black 

tones, while dark-colored areas appear close to white tones. Assuming all silicon particles 

to be analyzed are accurately colored, the next step is particle analysis. The primary aim 

of generating object shapes is to analyse their morphology. Detectors that detect object 

contours automatically initiate the calculation of morphological characteristics. When 

applicable, these characteristics are calculated using the physical calibration and units of 

the source image. For instance, if image is calibrated with a pixel size in micrometers, the 
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area of objects will be expressed in square micrometers. During this stage, data generation 

is finalized after checking a few options based on the specific circumstances, such as 

excluding particles at the image edges. The software evaluates the particles as ellipses 

and generates corresponding data. Once it has figured out the correct threshold value and 

particle size range for your objects of interest, it can be automated particle analysis using 

macros. 

 

 

Figure 3.18. Results window of a processed image 

 

Eventually, some data is created by the software after bunch of image processing 

steps. Here are some captions about particles given in figure 3.21. The assesments are 

done by assuming these particles as an ellipse. Therefore, minor axis which is the y axis, 

major axis which is the x axis when thinking the coordinate system. Feret diameter is 

measure of an object's size along a specified direction. Feret x and feret y describes the 

starting coordinates of ferets. The longest distance between any two points along the 

selection boundary, is determined using the Feret. The angle of the Feret's diameter, 

which ranges from 0 to 180 degrees, is presented as the FeretAngle. We obtain the final 

histograms as a result of processing the data in these headings. Here we encounter two 

more critical concepts that will be discussed in the results section. They are circularity 

and aspect ratio. 

 

 (3.2) 

 

 (3.3) 
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According to the equation 3.2 circularity must be maximum a value of 1.0 that 

signifies a perfect circle, while approaching 0.0 suggests a progressively elongated shape. 

However, these values might not be reliable for very small particles. Whereas the aspect 

ratio tells whether there is elongation towards the major axis or the minor axis. 

 

3.4.2. Scanning Electron Microscopy 
 

Electron microscopy was used to analyze the fracture surfaces and to understand 

the phases formed on the surfaces by EDX analysis.  Efforts were undertaken to capture 

the brittle or ductile fracture of the surfaces, alongside the shrinkage and oxides resulting 

from casting. Since the fractured surface is analyzed, the sample surface is full of 

indentations and protrusions. For this reason, the depth of field, which is very low in 

optical microscopy, was examined in electron microscopy due to the need for a technique 

that can analyze well and take closer images. Surface preparation methods (polishing, 

grinding) steps could not be applied as in optical microscopy because of the topology of 

fracture surface. However, in order to examine these images accurately, like the optical 

microscope, the fracture surfaces must be cleaned of any dirt that may come to the surface 

during the test. For this reason, each fracture surface that was decided to be examined 

was placed in a beaker. The sample was filled with ethanol until it was completely 

submerged. Then, the mouth of the beaker was covered with parafilm and aluminum foil. 

It was placed in the ultrasonic washer as shown in figure 3.22 and waited for 5 hours. The 

ethanol of the samples taken out of the beaker was filtered and dried in the oven at 60 °C 

for 1 hour.  

Dried samples were placed in the ZEISS Evo 10 scanning electron microscopy 

(SEM) device for examination. A total of 5 samples were examined. These were the 

sample closest to the average from each batch, and the samples with the maximum impact 

energy and the minimum impact energy among all samples. Initially, an examination was 

made with the help of a secondary electron detector to understand the surface topology, 

see the broken grains and whether there were brittle or ductile fractures or examples of 

both. Then, for each batches, photographs were taken at a magnification of at least 50x 

and at most 5000x. The findings from the SEM and EDS analyses were integrated with 

the results from the Charpy impact tests and optical microscopy to build a comprehensive 

understanding of the material behavior. 
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Figure 3.19. Ultrasonic cleaning of SEM samples 

 

To understand the effect of manganese addition and to have a deeper knowledge 

about the composition of certain areas on fracture surfaces, elemental distribution was 

examined in determined areas and points with the help of a backscattered detector. With 

the assistance of the backscattered detector, various interpretations can be derived, given 

that heavier elements appear brighter than the gray tones in the area. Instead of providing 

topographical data, this detector reveals elemental distinctions that may arise in critical 

regions. A more thorough analysis was conducted using the EDX detector, which displays 

the elemental distribution of marked regions as points, areas, or lines. Due to their small 

atomic weight, elements like carbon and smaller in the periodic table cannot be detected. 

Moreover, the percentage elemental distribution in the marked area can be determined 

using this detector. In this study, elemental distribution information was obtained by 

conducting EDX analysis on critical areas on the fracture surfaces of these 5 samples. 

 

3.5. Casting Simulation 
 

In the previous chapters, it was explained that wheels are produced by the LPDC 

method, in which the cooling rate, alloy chemical composition and casting defects 

highlighting a direct influence on the mechanical properties of the wheel. It was said that 

the LPDC method is generally preferred in wheel production because it is a profitable 

method when large number of pieces are required. In parallel with these, the parameters 
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and designs of the cooling, the designs and thicknesses of the molds, the pressurization 

and molten metal temperature parameters of the casting are the parameters that have a 

significant effect on the mechanical properties of the product, the shape and size of the 

phases in the microstructure, since they are deeply influential on solidification and 

feeding, even if the composition does not change during the process. Developing and 

experimenting with these parameters and determining the most accurate one would 

require a great deal of time and cost if attempted in real life. For example, it takes hours 

to send a mold to the relevant mold repair team for modification, and even just thinning 

certain areas of the bottom core. This is due to the intensity of the work at the time, the 

time it takes to mount the mold to the workbench, and the time it takes to machine it, 

making it a time-consuming operation. Once the mold is tested with new parameters, it 

undergoes internal approval tests again due to its role as a safety component. Its 

integration into mass production requires a process and tracking mechanism that takes 

days. If the labor and alternative costs spent during this period are taken into account, it 

is obvious that it is not a budget-friendly method. For exactly these reasons (time and 

costs), software that performs computer-aided calculations has been developed. 

Magmasoft commercial casting software, which is frequently used in the casting industry, 

especially in high pressure die casting, and is also the most helpful program in wheel 

manufacturing by low pressure die casting, was also used within the scope of this study. 

Magmasoft has not been only just a theoretical model, but also becoming a practical tool 

that aids foundries by continuously gathering data from its customers and integrating real 

field parameters into the program. (Fan et al., 2018; Guofa et al., 2009; Reilly et al., 2013). 

The first menu that appears when you open Magmasoft 6.0 is shown in figure 

3.23. Here you need to select the project you are working on from the project section. In 

order to start a new project, you can also set up a new project from this section. In the 

geometry section, the main geometric data is defined to Magma. Generally, the parts 

drawn in commercial drawing softwares such as CATIA V5 are introduced to Magma in 

.stp format under this subsection. 

A definition is assigned to each part to make it meaningful for casting. Because 

the program cannot know which casting element is drawn and for what purpose. For 

example, you need to introduce the program that the geometry is a cooling channel.  

Besides, this is the section where the drawn runner, feeder and coolers are 

introduced. 
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Figure 3.20. Startup menu 

 
Here, the input of the molten metal should also be introduced to the program, 

however additions can be made with the help of additional drawings with the hlep of a 

simple interface.   

The entire mold looks like the one shown in Figure 3.24. Each component of the 

casting layout is converted into a separate .stp file and then introduced to Magma 

individually. 

 

 

Figure 3.21. .CAD data of the mold, wheel, and casting system 
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This approach allows for distinct assignments to be made for each tool, as it's not 

possible to make different definitions on a single part. The area coloured in purple in the 

figure represents the machine bedding part. While this section may not be particularly 

crucial in terms of casting, defining it separately enables the selection of different material 

types and heat transfer coefficients for further modelling sections. By incorporating such 

detailed information into the software, the inconsistency between simulation and real-life 

casting is reduced. 

 

 

Figure 3.22. Mesh quality 

 

After the geometry operations are completed, the meshing process is started. 

Meshing is the determination of the smallest unit selected in the software where 

mathematical formulas work and the weaving of the material with this unit. This refers to 

the process of getting closer to reality by creating the smallest possible network structure 

that outlines the workpiece. In specific areas, we can adjust the mesh to be either more 

detailed or more simplified as needed. As shown in figure 3.25, this mesh structure can 

be checked under the heading mesh quality. For this study, it should be noted that the 

areas indicated as in contact with air may or may not be genuinely connected to the air. 

Where edge-edge is shown highlighted with yellow, the problem can be solved by 

thinning the mesh a little more. 

Material definition is one of the most important subheading of the program. As 

can be seen in figure 3.26, almost all important information about the casting is defined 

here. Casting temperature, alloy composition, material type of mold parts, initial 

temperatures, heat transfer coefficients between casting elements including refractory 

materials, casting time, pressurization are just a few of them. Of course, it is not always 
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possible to define this stage one hundred percent accurately, as how realistic you can 

build your model depends on how accurately you can actually measure it at the 

manufacturing field. In this study, the Mn composition was changed and run.  

 

 

Figure 3.23. Material definitions 
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CHAPTER 4 

 
 

RESULTS AND DISCUSSION 
 
 
In this chapter, the mechanical properties and micro analysis data obtained from 

the wheels as a result of trial casting will be shared and their results will be evaluated. 

 

4.1. Mechanical Characterization Results 
 

In this section, HB hardness results, tensile test results, and impact test results will 

be shared respectively.  

In the screen of Qness q250 Cs test machine Brinell hardness results are seen. 

Screen provides magnified views of both the samples' surfaces and the indenter's marks. 

Measured points were shared previously in figure 3.12. Tests were carried out with EN 

ISO 6506 and ASTM E 10 standard. In this study, cross-sectional hardness measurements 

were taken from the defined areas of the wheels from three wheels from each of the 

reference samples (without added manganese), batch 1, batch 2, batch 3. In the table 4.1, 

each of these data is shared and then the averages for all three wheels are given with the 

abbreviation AVR. Standard deviations of hardness values are given with the abbreviation 

STD and error bars are plotted according to standard deviations. Since the wheel product 

is directionally solidified, it is so normal to have different hardness values at the 11 points 

given. In addition, the thickness and geometry of the wheel varies regionally. Also, areas 

close to the cooling nozzles will also cool rapidly and show high hardness values. 

Depending on the cooling direction, it was observed that the hardness increased towards 

the rim surface as expected. Reference specimens (specimens without manganese 

addition), showed relatively higher hardness than those with manganese addition.  

In this section, hardness, tensile strength, yield strength, percent elongation, 

impact energy and optical microscope and scanning electron microscope images are 

given, respectively. In here, which is also enriched with SDAS measurements, comments 

are left superficial as far as seen from the graphs and data. The main discussion will be 

made in the conclusion. 
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Table 4.1. Hardness test results 

Position  
Number 1 2 3 4 5 6 7 8 9 10 11 

Sample HARDNESS BRINELL 

Ref.  
Sample 

1st 89.3 85.7 87.5 84.4 85.7 84.0 89.9 89.0 89.7 88.9 92.1 

2nd 88.4 88.1 87.7 88.8 87.0 86.2 83.7 89.1 87.9 89.1 93.0 

3rd 88.6 89.1 92.0 87.5 86.3 83.0 88.5 88.2 87.2 91.2 92.0 

AVR 88.8 87.6 89.1 86.9 86.3 84.4 87.4 88.8 88.3 89.7 92.4 

STD 0.5 1.7 2.5 2.3 0.7 1.6 3.3 0.5 1.3 1.3 0.6 

Batch 1  

1st 89.5 87.5 83.5 85.7 84.0 77.8 87.6 86.1 88.6 79.7 87.7 

2nd 86.1 85.0 83.1 86.3 84.9 84.7 84.3 88.6 86.4 87.5 90.3 

3rd 88.0 86.4 84.8 85.1 83.0 85.0 85.3 87.8 89.0 88.0 89.1 

AVR 87.9 86.3 83.8 85.7 84.0 82.5 85.7 87.5 88.0 85.1 89.0 

STD 1.7 1.3 0.9 0.6 1 4.1 1.7 1.3 1.4 4.7 1.3 

Batch 2 

1st 90.1 88.0 89.0 84.7 83.4 81.6 91.7 90.1 89.0 88.0 90.6 

2nd 84.3 84.0 86.2 87.7 84.4 88.1 85.0 88.5 88.1 86.7 89.3 

3rd 85.4 84.1 86.8 86.2 83.8 85.0 84.4 87.7 88.6 86.5 89.3 

AVR 86.6 85.4 87.3 86.2 83.9 84.9 87.0 88.8 88.6 87.1 89.7 

STD 3.1 2.3 1.5 1.5 0.5 3.3 4.1 1.2 0.5 0.8 0.8 

Batch 3 

1st 90.7 87.2 87.4 86.1 85.0 83.7 90.4 91.3 88.3 85.4 89.6 

2nd 84.3 85.0 85.0 87.7 84.1 84.0 84.4 85.0 86.4 89.3 90.1 

3rd 86.1 85.2 88.4 85.0 86.3 85.7 85.0 89.3 87.3 85.1 89.0 

AVR 87.0 85.8 86.9 86.3 85.1 84.5 86.6 88.5 87.3 86.6 89.6 

STD 3.3 1.2 1.7 1.4 1.1 1.1 3.3 3.2 1 2.3 0.6 
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Figure 4.1. Average hardness test results 
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The reason for the hardness diminish in zones 4, 5, and 6 may be that the 

parameters in the spoke are set for the metal to feed. If the metal solidifies immediately 

in these regions, it will not be able to feed to the rim surface and tend to create casting 

defects. For this reason, the hardnesses also decreased as the cooling was running later in 

the spoke. 

 

 

Figure 4.2. Tensile strength results 

  
In this study, tensile bars were extracted from 4 different regions of the automobile 

wheel. Since the cooling rates in these regions were different, obviously different 

mechanical properties were observed. For this reason, it is necessary to compare the same 

regions among themselves. So, the same regions are gathered together. Batches are also 

indicated with the same color.  

The averages of tensile strength results are given in figure 4.2. Although there was 

no significant difference between the reference specimen and the manganese added 

specimens, there was a difference between batch 1, batch 2, and the reference specimen 

in the spoke region. 
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Figure 4.3. Yield strength results 

 

 

Figure 4.4. Elongation results 

 

19
5.

90

19
3.

78

18
5.

47

17
5.

2218
9.

57

18
9.

84

17
8.

46

15
7.

34

18
8.

82

18
7.

57

17
6.

94

16
4.

36

18
8.

52

18
5.

88

17
5.

66

16
2.

23

140
145
150
155
160
165
170
175
180
185
190
195
200
205
210

Inner Flange Outer Flange Rim Spoke

Y
ie

ld
 S

tr
en

gt
h 

[M
Pa

]

Parts of Wheel
Ref. Sample Batch 1 Batch 2 Batch 3

12
.9

2

11
.9

4

5.
78

5.
34

9.
59

8.
49

3.
43 3.
91

10
.5

9

7.
93

3.
66

3.
70

9.
74

9.
45

4.
43

4.
24

1
2
3
4
5
6
7
8
9

10
11
12
13
14

Inner Flange Outer Flange Rim Spoke

E
lo

ng
at

io
n 

[%
]

Parts of Wheel
Ref. Sample Batch 1 Batch 2 Batch 3



68 
 

A decrease in hardness was observed in the manganese added batches. Although 

the decrease in other regions was around 4% when manganese added, it increased up to 

9% in the spoke region. 

The average values of yield strength were also plotted regionally. At these data, it 

can be said that it exhibits a similar behavior with tensile strength. A 9% decrease in the 

spoke compared to the hub, outer and inner flange region, where 2% and 3% decreases 

were observed, in batches with manganese additions.  

Elongation generally develops inversely to yield strength. As the wheels are heat-

treated, their strength values increase above a certain level, while the same mechanism 

reduces their ductility. When the batches with manganese addition are compared among 

themselves, batch 3 has the highest elongation except for the inner flange region. 

However, in parallel with the other tensile test results, lower values were obtained 

compared to reference samples.  

 

Table 4.2. Arrenged data of impact energy 

Sample Batch 1  
(Joule) 

Batch 2 
(Joule) 

Batch 3 
(Joule) 

1st 1.59 1.74 2.08 
2nd 1.65 2.04 1.7 
3rd 2.04 1.41 1.69 
4th 1.76 1.89 1.84 
5th 1.66 1.42 1.61 
6th 1.89 1.68 2.31 
Max 2.04 2.04 2.31 
Min 1.59 1.41 1.61 
AVR 1.74 1.68 1.83 
STD 0.11 0.20 0.18 

 

Charpy tests were carried out with specimens removed from the areas of the wheel 

that were most likely to be impacted as described in the previous section. 6 specimens 

from each batch were tested. All values are given in Table 4.2. Mean values and standard 

deviations by batch are also given with the abbreviations AVR and STD, respectively. 

After that, a graph was drawn using the average values of the impact energies obtained 

as a result of the Charpy test. In this graph, the values are given by calculating the error 

bars (standard deviations). 



69 
 

 

Figure 4.5. Average values of Charpy impact test 

 
In the graph in Figure 4.5, the average values are plotted by neglecting the 

minimum and maximum values. Error bars are plotted based on standard deviation of 

samples. 

 According to the graph, the impact energy is higher in batch 3 where manganese 

addition is the highest. Although the values are very close to each other in general, it is 

really hard to be said that there is a significant difference between batch 1 and batch 2 

considering the sensitivity of the test. Impact energy can be affected by intensity of 

porosity and oxides in the area where the sample is taken. On the other hand, iron 

intermetallics in the microstructure can also lead to significant differences. The amount 

of modification of the eutectic Si grains and the grain size also affect the strength and 

hardness of the specimen and will be discussed again in the following section. 

 Since sample production for batch zero was not possible in this test, only the 

impact energies in batches with Mn addition could be observed. In previous studies, it 

was observed that there was no significant difference in the results when the same test 

was repeated without Mn addition. 
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Figure 4.6. Optical microscopy images of hub section a) reference sample at 100x b) 

batch 1 at 100x c) batch 2 at 100x d) batch 3 at 100x e) referance sample at 

200x f) batch 1 at 200x g) batch 2 at 200x h) batch 3 at 200x 

a b 

c d 

β (Al-Si-Fe) Si 

Al 

75 μm 

e f 

g h 
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Figure 4.7. Optical microscopy images of spoke section a) reference sample at 100x b) 

batch 1 at 100x c) batch 2 at 100x d) batch 3 at 100x e) reference sample at 

200x f) batch 1 at 200x g) batch 2 at 200x h) batch 3 at 200x 

a b 

c d 

75 μm 

e f 

g h 

Shrinkage 
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Figure 4.8. Optical microscopy images of rim section a) reference sample at 100x b) batch 

1 at 100x c) batch 2 at 100x d) batch 3 at 100x e) reference sample at 200x f) 

batch 1 at 200x g) batch 2 at 200x h) batch 3 at 200x  

a b 

c d 

75 μm 

e f 

g h 
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Microstructure images were examined locally on the cross-section of the wheel. 

Images were taken from the main three regions: Hub, spoke, and rim. These images were 

examined at 100x and 200x magnification. In the images as like in figure 4.6 (d), the 

darker small particles are usually Si, while the light matrix is alpha aluminum. Their 

location is indicated by arrows. In addition, different intermetallic formations are also 

observed and marked in figure 4.6 (c). One of these is the frequently encountered Al-Si-

Fe intermetallics. The shrinkage defect, which is one of the casting defects that occur 

during solidification, is also marked on the figures. The most critical information about 

the microstructures is the observation that the Si grains are smaller and more globullar in 

the regions where the solidification is completed earlier due to the decrease in cross-

sectional thickness as expected. This may be the reason why coarser grains and more 

needle-like Si grains are observed in the hub region. Since the hub part of the wheel is 

thicker, it will be the region that heats up the latest in heat treatment. For this reason, there 

may be areas where the modification is not completed Numerical analysis of this will be 

done by drawing histograms in the following sections. 

 

 

Figure 4.9. SDAS measurement at 25x magnfication 



74 
 

Table  4.3. Arrenged data of SDAS measurements 

 

Batch 

 
Section 

 
SDAS (μm) 

 
Number of 

Arms 

 
SDAS per 

Arm 
 

 
Batch 1 
  

Hub 615.62 10 61.56 
Hub 451.14 10 45.11 
Hub 473.87 6 78.98 
AVR 

  
61.88 

STD   16.93 
 
 
Batch 1  

Spoke 417.8 8 52.23 
Spoke 601.6 11 54.69 
Spoke 320.33 7 45.76 
AVR 

  
50.89 

STD   4.61 
 
 
 
Batch 1 

Rim 300.35 9 33.37 
Rim 333.13 7 47.59 
Rim 360.4 8 45.05 
AVR 

  
42.00 

STD   7.58 
 
 
Batch 2  

Hub 413.36 8 51.67 
Hub 312.35 5 62.47 
Hub 484.41 8 60.55 
AVR 

  
58.23 

STD   5.76 
 
 
Batch 2 

Spoke 380.06 8 47.51 
Spoke 390.04 7 55.72 
Spoke 395.07 8 49.38 
AVR 

  
50.87 

STD   4.30 
 
 
Batch 2 
 

Rim 194.44 6 32.41 
Rim 265.91 9 29.55 
Rim 390.78 10 39.08 
AVR 

  
33.68 

STD   4.89 
 
 
Batch 3 

Hub 489.41 8 61.18 
Hub 402.53 5 80.51 
Hub 705.67 14 50.41 
AVR 

  
64.03 

STD   15.25 
 
 

Batch 3 

Spoke 253.81 5 50.762 
Spoke 264.92 5 52.984 
Spoke 263.07 5 52.614 

                                                                             (Cont. on next page) 
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Table 4.3. (cont.) 

 STD   1.19 
AVR   52.12 

 
 
Batch 3 

Rim 319.52 8 39.94 
Rim 203 6 33.83 
Rim 316.93 9 35.21 
AVR 

  
36.33 

STD   3.20 
 

 SDAS measurements were taken at 25x magnification from the three regions 

identified in this study as shown in figure 4.9. Efforts were made to ensure that each 

dendrite had at least five arms. The measured values, number of dendrite arms and mean 

SDAS are given in table 4.3. AVR represents the meani and STD represents the standard 

deviation of the data. Based on this data, a graph was drawn with the average values by 

region as shown in figure 4.10.  

 

 

Figure 4.10. Averages of SDAS per arm 

 
The mean SDAS is calculated by dividing the measured distance by the number 

of dendrites. SDAS values can be influenced by various factors like alloy composition, 

location of measurement points, distance from the  surface, distance from cooling 
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channels. It is not always right decision comparing with other SDAS values. due to the 

reasons listed before it's depend on a few critical things. Most importantly, it relies on the 

operator's choose. Therefore it should always be criticise with other data like mechanical 

properties and microstructural images collected from sample. It is known that effective 

cooling, grain refinement affects SDAS. For this reason, it is expected that the SDAS size 

will decrease when moving from the hub region to the rim region in a regular manner 

between the regions. It can be said that the mechanical property decreases in Batch 1, 

which are also observed for other mechanical properties between batches, are not 

surprising when compared in terms of SDAS size. The relative good performance of 

Batch 2 in impact energy and other mechanical properties is also attributed to the shortest 

SDAS dimensions. However, as observed in the mechanical properties, there were no 

significant differences between batches.  

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 4.11. Major axis plotted histograms via ImageJ a) number fraction of hub b) area 

fraction of hub c) number fraction of spoke d) area fraction of spoke e) 

number fraction of rim f) area fraction of rim 

a b 

c d 

e f 
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As mentioned in the previous sections, optical light microscope photographs were 

taken and interpreted regionally. In this section, after converting these photographs into 

digital data and processing them with the ImageJ software, regional comparisons were 

made by creating histograms. The use of the program was explained in the previous 

section. Images smaller than 5 pixels were not included in the calculation to avoid errors. 

In Figure 4.11, there are graphs giving the distributions according to the state of the major 

axes. The major axis is the primary axis of the ellipse, the x-axis. ImageJ recognizes these 

particles as ellipses and gives an output in pixels. This output is converted to microns and 

the process continues. Here the size distribution of the elongated grains along the x-axis 

is shown.  

 

 

 

 

 
 

 

 

 
 

 

 

 

Figure 4.12. Circularity plotted histograms via ImageJ a) number fraction of hub b) area 

fraction of hub c) number fraction of spoke d) area fraction of spoke e) 

number fraction of rim f) area fraction of rim 

a b 

c d 

e f 
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Figure 4.13. Aspect ratio plotted histograms via ImageJ a) number fraction of hub, b) area 

fraction of hub, c) number fraction of spoke, d) area fraction of spoke, e) 

number fraction of rim, f) area fraction of rim 

 

Numerical distributions are given in the graphs on the left (a,c,e). Looking at these 

graphs, it is seen that the peaks occur in regions close to 1 micron. In other words, there 

are too many pieces close to 1 micron. However, it may be wrong to make this 

interpretation directly because when we look at the area distribution on the right side 

(b,d,f), it is understood that the grains close to 1 micron do not take up that much space 

when the area is considered. Accordingly, the peaks are generally distributed in the range 

of 10-100 microns. 

Circularity is the area divided by the square of the perimeter. The graphs in figure 

4.12 illustrate this property. It is clear from the formula that if a perfect ellipse is drawn, 

its value will be 1. Therefore, with this property, which shows a distribution between 0-

1, the modification status of Si grains was analyzed depending on the regions. Looking at 

the graphs on the left side (a,c,e), it seems that peaks close to 1 were formed in all regions 

and excellent distributions were observed. But here only the distribution of the number 

of almost perfectly round Si grains is shown. Since these perfectly round grains do not 

a b 

c d 

e f 
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occupy much space in the area, the peaks in the area fraction are in the range 0-0.5. The 

batch 2 rim region showed the best modification. Localized peaks are observed in the 

spoke region, but the overall distribution is closer to 0. This supports the poor 

performance of the spoke region in terms of mechanical properties. 

 

 

 

 

Figure 4.14. SEM images at 45x a) batch 1 4th, b) batch 3 1st, c) batch 2 5th, d) batch 2 

6th, e) batch 3 4th 

 

a b 

c d 

e 
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(cont. on next page) 

Figure 4.15. SEM imges of the fracture surface a) batch 1 4th 500x, b) batch 1 4th 1000x, 

c) batch 1 4th 5000x, d) batch 3 1st 500x, e) batch 3 1st 1000x, f) batch 3 1st 

5000x, g) batch 2 5th 500x, h) batch 2 5th 1000x, i) batch 2 5th 5000x, j) 

batch 2 6th 500x, k)batch 2 6th 1000x, l) batch 2 6th 2500x, m) batch 3 4th 

500x, n) batch 3 4th 1000x, o) batch 3 4th 5000x 

a b 

c d 

e f 

Dimples 

Dendrite  
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         Figure 4.15. (cont.) 
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Figure 4.15. (cont.) 

 

The fractured surfaces after the Charpy impact test were examined in scanning 

electron microscopy. A total of 6 fracture surfaces were examined. From each batch, a 

sample closest to the average value and the samples with the minimum and maximum 

values among all samples were examined. The images were taken from the secondary 

electron detector. Because of the capability of the depth of field. Fracture surfaces are 

intricately structured and that’s why the technique requires depth of field. As can be seen 

in the photographs, the structure showed a ductile fracture for all batches to a pretty large 

extent. It is showed that from the cup and cone structures circled in red in figure 4.15 (h). 

When the red circled region is zoomed in 5000x (i), it can be easily seen that the grains 

actually did not break suddenly and catastrophically by forming an indented topography. 

However, it can be seen from the circular structure in figure 4.15 (k) that brittle fracture 

behavior is also observed in some areas. This is due to the direct fracture of the grain and 

the fact that it leaves no indentation before fracture. The dimple rich structure seen in 

Figure 4.15 (o) at 5000x magnification is another proof that ductile fracture is observed 

in the batch 3. Figure 4.15 (g) is an image of the sample with the lowest impact energy of 

1.42 J among all samples. It can be seen, the possibility of shrinkage which is a casting 

m n 

o 
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defect throughout the specimen weakened the mechanical properties. In addition, clevage 

fracture is seen in the region marked with a red arrow in (h), which suggests that the 

fracture is also brittle locally. In contrast, the image seen in (e), which is the sample image 

with the highest impact energy value, is generally seen to form dimples. 

In addition to images taken with the secondary electron detector in the scanning 

electron microscope, backscattered mode was also examined. As a result of this 

examination, the regions with compositional differences were analyzed elementally with 

the help of EDX detector. After this analysis, precipitates came together between the tear 

ridges and other light-colored structures were examined while aluminum was 

concentrated in the darker matrix. Fe and Mn were generally found together in the light-

colored regions examined by field scanning. In figure 4.16 (b), the sample with the highest 

impact value, Al, Si, Fe, Mn, which are the basic elements we expect to see in the matrix, 

were observed, while impurities were observed in the light-colored areas in sample (c), 

where the lowest energy was observed. Along with P and Ca, trace amounts of O were 

also observed in the structure. Trace amounts of oxygen and matrix elements were 

observed in all other samples. 

 

 

 
                                                                       (cont. on the next page) 

Figure 4.16. EDX results a) batch 1 4th, b) batch 3 1st, c) batch 2 5th, d) batch 2 6th, e) 

batch 3 4th 

a 

b 
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(Figure 4.16. cont.) 

 

4.2. Simulation Results 
 

The installed project was run as described in the previous sections. Various results 

were observed and 6 different project versions were tried to converge to the reality. In 

these versions, the entire parameters were kept constant and only the Mn level was 

changed inline with the experimental parameters. Since no change could be observed in 

the solidification curves, porosity dispersion, and other critical results. Then, 

comprehensive study was abandoned in the simulation. An attempt was made to achieve 

c 

d 

e 
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convergence in the new version by simply setting the casting parameters as it was during 

the trial casting. 

 

  

Figure 4.17. Die filling absolute velocity (m/s) results back and cross-sectional view 

 

Die filling is a module where we are able to see how the mold cavity is filled at 

the end of the simulation depending on different variables. In figure 4.17, it is shown 

depending on absolute velocity and time. As the color shifts towards yellow, the filling 

speed of the metal increases. It is often repeated in the literature that 0.5 m/s should not 

be exceeded for an ideal casting. On the contrary, when parameters are taken as in the 

figure, it is observed that 0.5 m/s is exceeded in the spoke regions. In addition, it is seen 

that a strong turbulence occurs due to the bottleneck in the area where the metal starts to 

fill the mold in the mold filling, which is viewed as cross-sectionally. These undoubtedly 

have a negative effect on the mechanical properties of the wheel due to the folding oxide 

films. 

Die filling can also occur depending on temperature and time. In figure 4.18, areas 

that remain hot and places where cold shots are likely to occur can be observed. 

 

 
 

Figure 4.18. Die filling temperature results 
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Accordingly, cooling design or mold thickness can be altered. As expected and 

frequently mentioned in the previous sections, the hub area is the hottest area after the 

filling is completely finished, while at the spoke had medium temperature, the rim could 

cool down immediately. 

 

Figure 4.19. Termocouple inserted locations 

 

 

 
Figure 4.20. Termocouple data during solidification and cooling 
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Magmasoft provides more than just information about mold filling; it also allows 

the study of various properties during solidification and cooling. Additionally, curves can 

be defined as if there were a virtual thermocouple in the desired regions. Each point 

shown in Figure 4.19 represents a thermocouple. Among these, only the thermocouple in 

the inner flange region is placed in the top core, while the others are positioned on the 

rim. When the temperature curves during solidification are examined in figure 4.20, It 

can be observed that due to directional solidification, the inner flange region, being closest 

to the rim, cools first, followed by the outer flange region, and finally the spoke region, 

which cools last. It is well known that the delayed cooling leads to grain growth, which 

negatively impacts mechanical properties. 

 

4.3. Statistical Approach 
 

In the previous section, it was mentioned that it is difficult to directly correlate the 

length of major axis, circularity, aspect ratio values of the obtained from microstructure 

photographs through a software.with the mechanical property values such as hardness, 

yield strength, percent elongation and impact energy. Therefore, "Multiple Linear 

Regression Analysis" (MLRA) was performed to take into account all microstructure 

parameters. MLRA is performed when determining the outcome of a dependent variable 

using two or more independent variable. Microstructure related parameters are circularity, 

aspect ratio, major axis, area fraction, SDAS, grains/mm2. Mechanical related parameters 

are elongation, tensile strength, yield strength, Brinell hardness, impact energy. Also, 

there is a parameter, Mn content, that is not related to either mechanical properties or 

microstructure.  

These correlations were calculated using the Pearson Correlation Coefficient 

(PCC) equation. Statistically, the Pearson Correlation Coefficient measures the linear 

correlation between two variables, indicating the strength and direction of their 

relationship. A result of 1 signifies a perfect positive linear correlation, a result of zero 

indicates no linear correlation, and a result of -1 signifies a perfect negative linear 

correlation (Pearson and Galton, 1997).  
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In this study, a total of 62,798 data points were analyzed, including 669 related to 

mechanical properties and 62,129 related to microstructural properties. To interpret this 

extensive dataset, it was necessary to develop a statistical model. 

When tables 4.4 and 4.5 are analyzed, it is found that some internal structure 

parameters are directly related to each other; in other words, these parameters are not 

considered independent of each other. Internal structure parameters were also found to 

have strong correlations among themselves. For example, as a result of the strong 

correlation between circularity and aspect ratio, circularity was removed from the analysis 

and aspect ratio was continued. Not only the simplest model was created by eliminating 

the parameters showing the same behavior with each other, but also it is ensured that the 

input parameters of the model are independent parameters. 

It was observed that aspect ratio, grains/mm2 and some mechanical properties 

showed strong correlations with each other after the values given in tables 4.4 and 4.5 

also the values subtracted for similar behavior. Afterwards, the relationships between the 

mechanical property values and the specified microstructure parameters were examined. 

It was obtained that only the yield strength, elongation, and impact energy had a strong 

relationship between aspect ratio and grains/mm2.  

Predictions were made by conducting a regression analysis (R-squared) of these 

values. These values are obtained  to evaluate the goodness of fit of a regression model. 

If it is 1, then model explains all the variance in the dependent variable. 

Analysis of Variance (ANOVA) was performed to further understand the 

relationship between strongly correlated parameters. ANOVA determines whether the 

observed differences are statistically significant. Therefore, significance F-values are 

shared to see how significant the analysis is. Lower than 0.15 is considered better. On the 

other hand, a sensitivity analysis was performed by using tornado charts to understand 

which microstructural feature is most sensitive to mechanical properties. In addition to 

these processes, Tornado plots were used to see the effect of increasing or decreasing 

each of the strongly correlated microstructure parameters by 10% on the yield strength, 

percent elongation and impact energy values. 
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Table  4.4. Pearson correlation values between microructural and mechanical  parameters for rim region 

 

M
n 

Co
nt

en
t

YS
TS

e
Ha

rd
ne

ss
SD

AS
Ci

rc
ul

ar
ity

 (n
um

)
Ci

rc
ul

ar
ity

 (a
re

a)
M

aj
or

 (n
um

)
M

aj
or

 (a
re

a)

As
pe

ct
 

ra
tio

 
(n

um
)

As
pe

ct
 

ra
tio

 
(a

re
a)

Im
pa

ct
 e

ne
rg

y
Ar

ea
 fr

ac
Gr

ai
ns

/m
m

2

M
n 

Co
nt

en
t

1

YS
-0

.8
50

1.
00

0

TS
-0

.5
57

0.
90

9
1.

00
0

e
-0

.3
45

0.
78

4
0.

97
2

1.
00

0

Ha
rd

ne
ss

-0
.4

51
0.

77
8

0.
91

1
0.

90
6

1.
00

0

SD
AS

-0
.4

73
0.

70
3

-0
.2

96
-0

.4
15

-0
.9

97
1.

00
0

Ci
rc

ul
ar

ity
 (n

um
)

0.
30

9
-0

.4
92

-0
.4

63
-0

.4
24

-0
.0

57
-0

.8
83

1.
00

0

Ci
rc

ul
ar

ity
 (a

re
a)

-0
.1

88
-0

.0
30

-0
.1

17
-0

.1
74

0.
25

7
-0

.7
03

0.
87

2
1.

00
0

M
aj

or
 (n

um
)

0.
25

9
-0

.5
86

-0
.6

62
-0

.6
66

-0
.3

12
-0

.7
11

0.
95

1
0.

81
5

1.
00

0

M
aj

or
 (a

re
a)

0.
70

8
-0

.5
70

-0
.4

02
-0

.2
62

-0
.6

14
0.

45
9

-0
.4

02
-0

.7
98

-0
.3

31
1.

00
0

As
pe

ct
 ra

tio
 (n

um
)

0.
45

2
-0

.2
90

-0
.0

31
0.

10
4

0.
35

4
-0

.9
97

0.
79

9
0.

64
8

0.
57

9
-0

.2
83

1.
00

0

As
pe

ct
 ra

tio
 (a

re
a)

-0
.3

56
0.

52
7

0.
62

0
0.

60
9

0.
88

3
-0

.9
43

0.
40

6
0.

67
3

0.
17

0
-0

.8
11

0.
64

2
1.

00
0

Im
pa

ct
 e

ne
rg

y
-0

.6
21

0.
94

0
0.

99
6

0.
94

8
0.

88
3

0.
20

1
-0

.5
07

-0
.1

36
-0

.6
83

-0
.4

14
-0

.1
12

0.
58

2
1.

00
0

Ar
ea

 fr
ac

0.
84

2
-0

.4
88

-0
.1

37
0.

08
0

-0
.2

10
-0

.0
82

-0
.2

01
-0

.6
08

-0
.2

99
0.

84
9

0.
17

8
-0

.3
82

-0
.1

93
1.

00
0

Gr
ai

ns
/m

m
2

-0
.4

14
0.

67
1

0.
67

6
0.

63
7

0.
31

3
0.

84
6

-0
.9

66
-0

.7
61

-0
.9

84
0.

22
1

-0
.6

71
-0

.1
58

0.
71

1
0.

13
3

1



90 
 

Table  4.5. Pearson correlation values between microstructural and mechanical parameters for spoke region 
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Figure 4.21. Significance, predicted values, and sensitivity analysis of elongation 

   

Aspect ratio and grain/mm2 values are the most sensitive parameters for the 

mechanical properties studied. In figure 4.21 shows the relationship with aspect ratio and 

grains/mm2 parameters, which are the most affected parameters of elongation. The 

tornado graph illustrates the relative importance of various variables. The Significance F 

value indicates the statistical reliability of your results, making it a worthwhile metric to 

analyze. According to the coefficient of determination (R-squared), 55% of the values fit 

this regression analysis model. For elongation, the significance F value is 0.1357. Since 

this value is less than 0.15, it is consistent for further analysis. According to sensitivity 

analysis, a change in particle/mm2 values affects the elongation value much more than a 

change in aspect ratio. 

 

 

Figure 4.22. Significance, predicted values, and sensitivity analysis of yield strength 

  

In figure 4.22, results of anaylse were given for yield strength. The two most 

effective internal structure parameters are aspect ratio and grains/mm2, just like the 

elongation values. The behavior of these values is also more sensitive to grains/mm2 as 

in elongation. 78.7 % of  values fits this regression analysis model according to R square. 



92 
 

Also, significance F value is 0.0208 which means it’s worth to analyse and make 

predictions. For elongation and yield strength values, the number of grains per square 

millimeter, grain size, is a more significant microstructure parameter than whether the 

grain is modified. Changes in grain size have a greater impact on these mechanical 

properties. This conclusion is supported by the F-value and R-squared values, which are 

meaningful statistical tools for making these interpretations. 

 

 

Figure 4.23. Significance, predicted values, and sensitivity analysis of impact energy 

  

In figure 4.23, a model was created and a graph was drawn according to the 

microstructure parameters most affected by the impact energy. Unlike the mechanical 

properties obtained as a result of the tensile test, the aspect ratio of the grains is a much 

more decisive internal structure parameter. In other words, the aspect ratio of the grains 

has an effect on changing the impact energy rather than the size of the grains. Significance 

F value is 0.0336 and 99.9 % of values fits this regression analysis model according to R 

square. 
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CHAPTER 5 
 
 

CONCLUSIONS 
 
 
 As expected, the hardness and yield strength values exhibited similar behavior 

across all samples. With regional increases and decreases mirroring each other. However, 

no significant differences were observed between the samples with added Mn. The only 

notable exception was the spoke region, which showed a yield strength value 9% lower 

than expected. This reduction may be attributed to turbulence observed in the spoke 

region, as discussed in the simulation section. This idea is supported by the shrinkage 

seen in optical microscope images and the porosities dispersed throughout the structure. 

The convergence of circularity number fraction values to 1 in the spoke region, as 

analyzed by ImageJ, also may be indicate an excess of porosities larger than 5 pixels in 

size. Despite their presence, these porosities affect only a very small area and this can be 

easily said by looking at the area fraction curves. Additionally, when comparing aspect 

ratios and the area fraction of the spoke region, it is evident that Si modification is pretty 

uneffective (less than 0.5), except for the peak in batch 1, contributing to the decrease in 

mechanical properties. 

 Examining the fractured surfaces and energies reveals no significant differences 

between the samples. SEM images show extensive ductile fractures in nearly all samples, 

though some regions exhibit cleavage fractures. EDX detector scans confirmed the 

presence of Mn in all batches, consistent with the OES analysis. On the sample surface 

with an impact energy of 1.42 J, which was the lowest value among all samples, impurity 

elements like P and Ca were detected. Refractory wall of the gas-fired crucible could be 

caused these impurities mentioned in the experimental section. Alternatively, the flux 

content in the Mn tablets could have agglomerated in the liquid metal and entered the 

mold, contributing to this observation. 

 The turbulent flow in the spoke region, which is thought to be the cause of the low 

mechanical properties, may have originated from the runner inlet diameter indicated by 

the red circle. 

A non-strong negative linear correlation between Mn concentration and 

mechanical properties was observed. Therefore, Mn addition is not the only and the 

strongest parameter for the decrease in mechanical properties.  
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Elongation and yield strength are strongly dependent on aspect ratio and 

grains/mm2. But they are more sensitive to grains/mm2 than aspect ratio.     

Impact energy is also strongly infleunced on aspect ratio and grains/mm2. But 

oppositely, it is more sensitive aspect ratio than grains/mm2.     
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