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ABSTRACT

PROCESSING AND CHARACTERIZATION OF SCANDIUM ADDED
A356 CAST ALLOY

As a result of today's rapid technological developments and the rapid consumption of
reserves in the world, the search for alternative materials has started. One of the biggest
examples of this is wheel alloy. TisBi, one of the additives of the A356 Al alloy that is
generally used in automobile wheels, allows to reduce the grain size in the alloy. In the event
of depletion of possible TisBi resources, there will be a need to use alternative materials
instead. Based on this purpose, materials that can be used instead of TisB1 were examined.
Scandium (Sc) as a rare earth element was found to be the least studied element with A356.
A number of Sc-based studies with other aluminum alloys were reported and it was decided
to work with this element for A356 alloy.

In the thesis, the effect of Sc adjunction on the mechanical properties of A356
aluminum alloy after the permanent die casting process was investigated. Sc added to the
A356 alloy at a ratio of 0.2, 0.4 and 0.6 weight percent, respectively. Optical microscopy
(OM), Scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS)
were used for the microstructural analyses in this study. According to the experiments and
results obtained in this study, it was observed that Sc can significantly increase the
mechanical properties of the A356 alloy in terms of tensile strength and hardness values.
Overall, it was found that the addition of 0.2 wt.% Sc to the A356 alloy could achieve a
maximum tensile strength of 258.31 MPa compared to 242.54 MPa for the reference sample
without Sc. No significant improvement in tensile strength results was observed when more
than 0.2 wt.% Sc was added to the alloy. As for the hardness, the sample containing 0.2
wt.% Sc reached a maximum Brinell hardness of 75.01 HB compared to 77.58 HB for the
unmodified sample. As a result, the amount of porosity increased with Sc added to the alloy,
and an increase in dendrite arm lengths occurred. Due to this length in the arms, a decrease
in fracture toughness occurred. In addition, there was no significant improvement in

hardness.



OZET

SKANDIUM KATKILI A356 DOKUM ALASIM PROSESI VE
KARAKTERIZASYONU

Glinitimiizlin hizli teknolojik gelismeleri ve diinyadaki rezervlerin hizla tiiketilmesi
sonucunda alternatif malzeme arayislar1 baglamistir. Bunun en biiyiik 6rneklerinden biri jant
alagimidir. Otomobil jantlarinda sik¢a kullanilan A356 aliiminyum alasiminin katki
maddelerinden biri olan TisB1, alasimdaki tane boyutunun rafine edilmesini saglar. Olas1
TisB1 kaynaklarinin tiikenmesi durumunda bunun yerine alternatif malzemelerin
kullanilmasina ihtiya¢ duyulabilir. Bu amagctan yola ¢ikilarak TisB; yerine kullanilabilecek
malzemeler arastirilmis ve listelenmistir. Scandium (Sc), A356 ile en az calisilan element
olarak goze carpmaktadir . Diger alliminyum alasimlari ile yapilan Sc ¢caligmalari incelenmis
ve bu element ile ¢alisilmasina karar verilmistir.

Bu tezde, kokil dokiim isleminden sonra A356 aliiminyum alasimina skandiyum (Sc)
ilavesinin mekanik 6zelliklere etkisi incelenmistir. Skandiyum, A356 alasimina sirasi ile
0.2, 0.4 ve 0.6 agirlik yiizdelerinde ilave edilmistir. Bu calismada, malzemelerin mikroyapi
incelemelerinde optik mikroskopi (OM) ve enerji dagilimli spektroskopi (EDS) ile taramali
elektron mikroskobu (SEM) kullanilmistir. Bu ¢alismada yapilan deneyler ve elde edilen
sonuclara gore Sc’un A356 alasiminin mekanik 6zelliklerini cekme mukavemeti acisindan
onemli Olcilide artirabildigi gozlemlenmistir. Genel olarak, A356 alagimina agirlik¢a %0.2
Sc ilavesinin, Sc igermeyen numune i¢in 242.54 MPa'ya kiyasla 258.31 MPa'lik maksimum
cekme mukavemetine ulasabildigi gézlemlenmistir. Alasima agirlik¢a % 0.2 'den fazla Sc
eklendiginde cekme mukavemetinde 6nemli bir gelisme goriilmemistir. Sertlik agisindan,
agirlikg¢a 9%0.2 Sc igeren numune, modifiye edilmemis numunenin sahip oldugu 77.58 HB
degerine kiyasla 75.01 HB maksimum Brinell sertlik degerine ulagsmistir. Sonug olarak,
alagima eklenen Sc ile porozite miktar1 artt1, dendirit kol uzunluklarinda artis meydana geldi.
Kollarda olusan bu uzunluk nedeni ile kirilma toklugunda diisiis meydana gelmistir. Bunlara

ek olarak sertlikte de dnemli bir gelisme kaydedilmemistir.

1
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CHAPTER 1

INTRODUCTION

With the growing need for lightweight parts, improving strength and ductility of light alloys
such as aluminum (Al) and magnesium (Mg) has become of paramount importance in industries
[1]. In addition to these features, the factors such as making excellent castings with a good
combination of strength and ductility, improved wear and resistance to corrosion are also
demanded in aerospace and automotive industries., In line with these demands, the use of Al-
Silicon (Si1) Mg alloys has become widespread [1,2].

One of the most common and familiar methods for strengthening Al alloys is to use micro-
alloy additions with fine dispersion of precipitates. Sc is known to be one of the most effective
micro-alloy reinforcing/ strengthening elements for Al alloys [3], and this approach was patented
by Lowell A. Willey Lower Burrell in 1971 [4]. Sc as one of the rare-earth elements strengthens
Al and its alloys in three different ways, these are: (1) grain refining, (2) precipitation
hardening/recrystallization inhibition, and (3) grain growth [5]. Despite its advantages, Sc has
historically been limited to industrial use due to its high cost and low availability. However, it is
expected to be a reliable alternative for industrial use in the next decade with the help of its
worldwide known and usage by more researchers and decreasing production cost with new
efficient extraction technologies [1].

Niranjan and Lakshminarayanan [6] and Suresh et al. [7] obtained an enhance in wear
resistance in Al-TiB, composite by using TiB> content. Kumar et al. [8] studied the effect of 5-
10 wt.% TiB; respectively, in Al-7Si alloy and reported nearly 50% reduction in wear rate and
nearly 40% increase in tensile property for 10 wt.% TiB> content. Mandal et al. [9] studied the
wear behavior of A356-5/10 wt.%TiB2 composites and showed that with the TiB> content the
wear resistance improves significantly. In the study conducted by Reyset and Ryum [10], it was
observed that adding a small amount of Zirconium (Zr) with the Sc element into results in an
increase in recrystallization resistance. In their study, the aluminum alloys with 0.2 5% Sc and
0.08% Zr by weight addition were cold worked, resisted recrystallization at 520 °C for 8 hours

and did not show recrystallization up to about 600 ° C. Another study with the Sc element was



conducted by Prukkanon et al. [11]. In this study, it was observed that modification with Sc did
not decrease the fluidity of the melt. The fluidity of the A356 samples modified with 0.2 wt.%
Sc, 0.4 wt.% Sc and also 0.2 wt.% Zr increased with increasing temperature. The scandium and
Sc - Zr additions were also noted to significantly reduce the grain size of the cast aluminum
samples. The fluidity of these samples with finer grain size is higher than that of the unmodified
samples. To summarize, in that study, the fluidity tests were applied on the Sc modified A356
alloy, and it was observed that the addition of 0.2% and 0.4% by weight increased the fluidity
more than 40%. Pramod et al. [12] investigated the effect of Sc addition on the grain refinement,
modification of eutectic Si, mechanical and wear properties of A356-10 wt.% TiB; in-situ
composite. This adjunct resulted in reduction of a-Al the secondary dendrite arms spacing
(SDAS) and modification of eutectic Si. Compared to that of A356 alloy, hardness values of
A356-0.4 wt.% Sc alloy and A356—10 wt.% TiB2 composite with 0.4 wt.% Sc increased by 20%
and 45%, respectively.

In this thesis, it is aimed to use Sc as a grain refiner and to investigate the other effects of

Sc addition.



CHAPTER 2

LITERATURE REVIEW

2.1. Aluminum and Aluminum Alloys

Aluminum is an important element found in the earth in different mineralogical forms such
as AlOs, bauxite, corundum or bonded with silica and, alumina silicates. The metallurgical
process of aluminum is a difficult process due to its affinity for oxygen and its tendency to form
the oxide layer. Bayer and Hall-Heroult processes are the most widely used processes for
aluminum production [13,14]. In the un-alloyed state, pure aluminum is a relatively soft material
with a yield strength of 34.5 MPa, a tensile strength of 90 MPa and a density of about 2.7 g / cm?
[15]. Silicon (Si), Magnesium (Mg), Copper (Cu), Zinc (Zn), Manganese (Mn) and Nickel (Ni)
are used to produce different types of aluminum alloys. All these elements are added to pure
aluminum to improve mechanical properties.

Effect of alloying elements on aluminum are as follows:

Copper (Cu): Copper greatly improves strength and hardness in cast alloys and heat-treated
alloys. The solubility of copper in aluminum is 0.5 wt.% at room temperature and 5.65 wt.% at
548 © C eutectic temperature. With the addition of Cu up to 5.5 wt.%, strength increases, and
ductility decreases in Al-Cu alloys. Mechanical properties decrease with the addition of higher
amounts of Cu. It was reported that Al-Cu alloy with the best casting properties contains 8 wt.%
Cu[l6,17].

Iron (Fe): Iron increases hot tear resistance and reduces the tendency of liquid metal to stick
to the mold in castings using metal molds. Iron found in Al alloys at ratios over 1,3 wt.% decreases
the ductility. Another negative effect of high iron ratio is that the grain structure of the alloy leads
to coarsening [17].

Manganese (Mn): The addition of 0.5 wt.% Mn in Al alloys increases the hardness and
ductility [17].



Zinc (Zn): Zn is rarely used in aluminum casting alloys as it causes hot tearing. The most
important effect of Zn is that it increases the strength and machinability of the alloy. It is preferred
due to its natural aging feature. It also increases the weldability [17].

Magnesium (Mg): The Mg ratio in commonly used Al-Mg alloys is between 4-10 wt.%.
The addition of Mg provides high strength, high corrosion resistance and high welding ability to
the Al alloys. Especially in Al-Mg alloys used in the maritime industry, high mechanical
properties and fine-grained structure are preferred [19].

Silicon (Si): The addition of Si to pure aluminum significantly improves its fluidity, and
hot tear resistance properties. Due to these properties, the most widely used aluminum alloys in
the industry are Al-Si alloys. Al-Si alloys containing 7-12 wt.% silicon is employed under
conditions that require high strength and high temperature abrasion resistance [19].

Scandium (Sc): Sc is a suitable additive (as an alloying element) to improve the weldability,
heat resistance and creep properties of high strength alloys. Also, Sc addition causes grain
refinement as it significantly affects grain development and sub-grain size. Studies have shown
that the addition of Sc transforms the growth morphology of dendrites in the alloy into fine
spherical grains [20].

2.2. Al-Si-Mg Alloys (A356)

Al-Si alloys are used in defense industry, aviation, and automotive sectors due to their
lightness, high strength, high thermal conductivity, and low thermal expansion properties. In Al-
Si-Mg alloys; while Si increases the casting capability, Mg improves the yield and tensile
strength. As depicted in from Figure 2.1 Al alloys containing less than 14 wt.% Si are called hypo-
eutectic, while Al alloys containing 14 wt.% or more Si are called hyper-eutectic. The increase in
strength and ductility of Al-Si alloys, especially in alloys containing high amounts of silicon, is

achieved by the modification at Al-Si eutectic point [21,22].
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Figure 2.1. Al-Si binary phase diagram [23]

Mg is the basic solid solution booster for Al - Si alloy (to form Al - Si - Mg alloys) and its
addition leads to an increase in precipitation hardening resulting in higher yield strength in these
alloys [24].

The most important and widely used alloy among Al-Si-Mg alloys is “Hypoeutectic cast”
A356 alloy. Since the A356 alloy contains 7% Si by weight, it is a material with high castability
properties. Approximately 0.35 wt.% Mg in its composition enables this alloy to be strengthened
by aging [25,26]. The composition of the A356 alloy is given in Table 2.1.

Table 2.1. Chemical composition of A356 alloy (wt.%)

Al Si Cu Fe Mn Mg Zn Ti

Bal. 6.5-7.5 020 020 0.10 0.25-0.45 0.10 020




2.3. Scandium Master Alloy

Scandium (Sc) has an atomic number of 21. Firstly, it was named as “Eka-boron” [27]. It
is classified as a rare earth element along with “yttrium” and “lanthanides”. It was discovered in
1879 by Lars Fredrik Nilsson through spectral analysis of euxenite and gadolinite minerals from
Scandinavia [28]. Sc is commonly found in deposits of rare earth and uranium compounds, but
only a few mines are mined worldwide. It took the 1970s to understand the effects of Sc on Al
/Al alloys. Due to its new discovery and the difficult stages, it contained, it was used in certain
private sectors in those years [29]. The global Scandium oxide trade is 15-20 tons per year [30].

In this thesis, 7 kilograms of aluminum-based master alloy containing 2% Sc from KBM
AFFILIPS was used. Figure 2.2 and Figure 2.3 show the 2% Sc-Al master alloy and the AlSc»
waffle ingot phase as indicated by the arrow in the 30um matrix, respectively. Chemical

composition of 2% Sc, Al master alloy shown in Table 2.2.

Figure 2.2. 2% Sc, balance Al master alloy

Table 2.2 Al-2 wt.% Sc master alloy

Element | Sc Si Fe Mg Other
wt.% 1.9-22 ] 0.1 0.1 0.2 0.15
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Figure 2.3. AlSc2% waftle ingot phase in matrix

2.3.1. Application Area of Al-Sc Alloys

Because of high price and lack of abundance of Sc element, current use of these alloys are
restricted despite of all the improvements and benefits by addition of Sc to Al alloys. For this
reason, Al-Sc alloys are used in particular applications or for Scientific research [10].

These applications are as follows:

*Aerospace industry such as bulk heads, heat shields, seat tracks, wheels, running gears,
fuel, and exhaust systems. [31]

*Bicycle frames, baseball bats, handguns frames, golf clubs tent poles and lacrosse sticks
[3,10,31].

*In the automotive industry such as body frame and crash management systems (due to high
strength extrusions) [31,32]

Considering the usage areas of Scandium, one of the most important application areas is
metallurgy. It is known as an effective alloying element. When Scandium is added to aluminum
alloys, it strengthens the structure and improves the grain size of the aluminum. The 0.2 wt.% Sc
amount used in aluminum alloy provides excellent properties in terms of grain refining without
heat treatment. Other effects of Sc on Al alloys are: (1) Enhancing resistance to recrystallization
by improving thermal stability [10,33,34], (2) Improving the corrosion resistance of Al alloys
such as pit initiation [35] and addition of Zr shows improvement on the “EXFO”, exfoliation

corrosion resistance [36] (3) Due to anti-recrystallization effect of Sc in Al it enhances super-



plasticity of the alloy [37-39]. (4) Enhancing strength [5,10]. (5) Improving resistance to hot
cracking [40.41].

2.4. Mechanical Properties

Mechanical property is the form of behavior of materials when exposed to mechanical
stresses. Mechanical properties are mainly related to the bond strengths between atoms; However,
the microstructure of the material also has a great effect. Mechanical properties can be improved
significantly by making changes in the grain structure. When the mechanical properties of the
material are mentioned, the following properties should be considered, tensile and compression,
hardness, impact, fracture, fatigue, and creep. It is essential to understand the mechanical behavior

of materials for mechanical design and manufacturing [42].

2.4.1. Tensile Test

The tensile test is the most important and widely used destructive material inspection
method used to determine the strength of metallic materials under static loads. In this method, the
resistance of samples with rectangular cross-section, circular cross-section type and different
geometric shapes against tensile stress as a result of subjecting to tensile force is investigated
[42,43]. The main purpose of the tensile test is to measure the durability of the material. Material
strength can be measured by the force that must be loaded in order for the material to undergo
physical deformation or by the highest stress the material can withstand [44].

The samples are connected to the device in a way that they are located between the jaws,
one is fixed, and the other is movable, and uniaxial load is applied. The applied tensile force is
continuously increased at a constant speed and temperature until the sample is fractured. The
tensile force applied to the sample during the test is recorded along with the elongation value of
the sample and time. As a result of this information, the Load-Elongation (F — AL) Curve and
the Stress-Strain (6 — €) curve of the material are obtained [42,43].

In summary, tensile test steps can be listed as follows.



e Selection of the material to be tested for tensile testing.

e Preparation of the sample in accordance with the standards
e Adjusting the tensile test device settings

e Tensile testing in accordance with test procedures

e Recording and analyzing tensile test data

e Reporting of tensile test results.

2.4.1.2. Tensile Test Parameters

The interpretation of the test parameters and graph obtained after the tensile test can be

explained as follows (Figure 2.4) [42-44]

Stress: The load acting on the unit area is indicated by the symbol Stress (o) and is

calculated by the following formula.

G_F 2.1
” @

where, F 1s Load applied to the sample and Ao is Cross-sectional area of the sample.

Strain: Strain is the elongation that corresponds to the unit length. It is calculated by the

formula below.

li—-10 Al Al
= —e = —

%¢e (2.2)

lo bl

% ¢: percent strain change, Al: elongation amount of the sample, li: length of the sample at

the time of selection, lo: initial length of the sample.

Elastic modulus: Elastic modulus is the ratio of stress to elongation in proportional strength.

E=2 2.3)

€

Elasticity Limit: It is the boundary point where the plastic deformation of a material begins.
It is the point where there is the greatest stress at which the material can take its original shape by

removing the load applied to the material.



Yield Strength: yield is the point where elastic deformation ends and plastic deformation
begins in a material. Yield stress is the stress value at the point where plastic deformation begins.
The stress value at this point is denoted by o4 and calculated by the following equation.

F(£=0.2)
o2

— (2.4)

Resilience: Resilience is the return of the energy absorbed by a material in the elastic strain
zone when the applied load is removed. It is the area under the elastic region only in the stress-

strain curve.

2

a0
Ur= o (2.5)

Toughness: It is the property of a material to absorb energy during plastic deformation. It

gives the toughness of the material under the stress-strain curve.
&k
Ut={, s Omde (2.6)

Tensile Strength: It is defined as the maximum amount of load a material can carry without
breaking or rupturing. It is one of the most used tensile test results due to its wide use in quality
control and material standard conformities. By knowing the tensile strength, other mechanical
properties such as fatigue and hardness can be predicted with the help of empirical formulas. The

tensile strength, whose unit is N / mm?2, is calculated by the formula below.

_ Fmax
Ap

Rm (2.7

Fmax: maximum force applied to the material, Ao: cross-sectional area of the sample.

Percent Elongation: It is a percentage expression of the ratio of the amount of elongation
in the sample to the initial length of the sample and provides information about the ductility of
the material. Percentage elongation increases as ductility increases, meaning that materials tend

to deform more. Percent elongation after rupture is calculated with the help of the equation below.

%Elongation="x100="—=x100 2.8)

Lk: gauge length after rupture Lo: initial gauge length.
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Figure 2.4. The stress-strain curve for an aluminum alloy [45]

2.4.2. Brinell Hardness

In this test (Figure 2.5), it involves applying a constant load to the surface of a solid body
for a certain period (10-30 seconds), generally in the range of 500-3000 N, using a 1-10 mm

diameter [46] tungsten carbide or hardened steel ball. The formula of HB number is as below:

v

Figure 2.5. Schematic of the Brinell hardness test [47]
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P
HB = nD[D—(D2-d?)1/2] (2.9)

Where:

e Ball diameter represented as D in mm,
e drepresented the diameter of the recovered circular recess (mm),
e P is the applied load in kg [48].

2.5. Motivation of Study

With the developing technology, the reserves in the world are rapidly depleting. One of the
examples that can be given in this field is wheel alloy. Scientists have started to search for
alternative materials in this area. For this purpose, a lot of research has been done and continues
to be done.

Wheels are movable equipment that works for a long time under dynamic load. For this
reason, it is referred to as safety equipment. The wheels must be of high strength due to the
conditions of use. In this, the grains in the structure and the spaces between them should be small.

Wheels are moving equipment that works for a long time under dynamic load. That is why
it is called safety equipment. Wheels must be of high strength due to the conditions of use. In
addition, it is desirable that it has a light structure. In this, the grains in the structure and the spaces
between them should be small. Problems may arise due to the wheel chosen against the vehicle's
weight, traction and basic characteristics. The fuel consumption of the car may increase, and the
traction power may weaken due to the wheel chosen differently from the original. For this reason,
the selection of wheels should not be taken lightly.

In this thesis, the search for an alternative to the additives of the A356 alloy used in wheel
alloys has been discussed and the usability of the Sc element as an additive has been examined.
Here, the properties of the Sc addition in the A356 alloy and whether it will exhibit a modifier or
grain refiner feature in the alloy are discussed and observed in detail.

In the light of these problems, it was decided to study the addition of Sc with A356 alloy.

12



CHAPTER 3

EXPERIMENTAL DETAILS

In this section, studies on grain refinement, modification and heat treatment stages, which
are important parameters determining the final mechanical properties of the Al — Si — Mg casting
alloy system, are explained. These studies were carried out using various foundry practices,
statistical methods, experimental designs, parameters, numerical values, and quantities were
determined and examined in the light of professional experience. In the experimental studies
carried out for the thesis study, the effect of grain refinement, modification and heat treatment on
the mechanical values of the material was tried to be examined individually. T6 method was used
for heat treatment. T6 heat treatment method is applied to wheel alloys due to the structure, alloy

and usage conditions.

The study consists of raw material input, liquid metal preparation, degassing processes and

metal mold casting stages.

3.1. Raw Material

The raw materials used in the experiments; Ready-made alloy 100% original A356.0 ingots

supplied from Norwegian Aluminum manufacturer HYDRO were used.

3.2. Liquid Metal Preparation

For the production of liquid metal, a German origin, reverber type Striko tilting furnace
with a capacity of 2.5 tons / hour was used. The melting temperature for the ingots is 750 £ 30
°C, and 500 kilograms of liquid metal was transferred to the FOSECO Insural 140 model transfer
crucible at 770 °C.

13



After the liquid metal was taken into the transfer crucible, the ladle was transferred to the
Rotorject model rotor degassing device made by WBB Minerals Company for degassing. In the
degassing device, degassing was performed by adding 400 gr HMC — 37 flux (slag maker) (for
more detail please check section 3.2.3) powder with 99.95% pure Nitrogen gas (N2) at 1 bar
pressure for 4 minutes. After the process, gaseousness and chemical analysis samples were taken
from the liquid metal, which fell to a temperature of approximately 745 °C, and the gaseousness
was measured with the IDECO brand Thermal Analysis and Gaseousness Measurement device
and chemical analysis was performed with the ARL Metals Analyzer Spectrometer. The liquid
metal at 745 °C, which was approved after the analysis reports, was taken to the induction holding

furnace with a capacity of 700 kg.

3.2.1. Striko Reverberatory Furnace

In this furnace with a melting rate of 2.5 tons/hour, the burners working with natural gas
are positioned on the bath and the necessary heat is provided by radiation and convection resulting
from combustion. The hot combustion gases released in the furnace pass through a chimney
opening to the preheating zone and provide preheating to the alloy ingots loaded to be melted,
making the melting process fast and economical. The furnace is a tiltable type, and the liquid
metal is discharged into the transfer ladle by tilting the furnace through the hydraulic system and
thus the liquid metal flows due to the slope.

3.2.2. Degassing Process

Degassing was carried out in a Rotorject model degassing device of WBB Minerals (Table
3.1). The device has been specially designed according to the flux injection process; Flux powder
is injected into the liquid metal together with nitrogen gas through a rotor cylinder made of silicon
carbide, which rotates at 300 rpm. Schematic Illustration of rotorject degassing device can be

indicate on Figure 3.1
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Figure 3.1. Schematic Illustration of Rotorject Degassing Device [49]
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Table 3.1. Technical Data of WBB Minerals Made Rotorject Degassing Device [49]

WBB Minerals Rotorject Technical Data

Voltage 240/ 110V
power requirement I3A
Frequency 50 Hz
Optional Frequency 60 Hz
Supply Voltage External Control Voltage 110V
Control System Automatic
Nitrogen Gas Operation Automatic

Nitrogen Gas Supply Pressure

2 - 4 Bar (Max.)

Nitrogen Gas Working Pressure

0,3-1,5Bar

Nitrogen Gas Output Pressure

0,3-1,5Bar

Nitrogen Gas Supply Control

Level Control with Alarm

Nitrogen Gas Feed Time (During Process)

0 - 30 Minutes (Timer Control)

Nitrogen Gas Feed Time (Before Process)

0 - 215 Minute

Nitrogen Gas Injection Rate

Changeable

Flux Feed Rate

0-250 gr/ min

Rotor Speed

0 - 600 rpm
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3.2.3. HMC 37

HMC 37 is a white powder flux used in aluminum alloys, it is a cleaning and degassing
flux that can be used with all aluminum alloys rather than other alloys that are not intolerant to
sodium. HMC 37 has been specially developed for the Flux Injection Process using nitrogen as
the carrier gas. This process ensures optimum contact of liquid metal and flux particles. In this
way, while the flux is used very efficiently, metal cleaning is provided well.

The HMC 37 has a wide range of uses, from small crucibles to large reverberatory melting
furnaces. Due to the powder structure of the flux, it has the feature of free flowing and dispersion
in liquid metal. Flux injected into the liquid metal ensures the separation of oxides and impurities
in the metal and the removal of trapped gases.

As a consequence of the reactions occurred during the contact of liquid metal and flux, a
dry slag layer is formed and suspended on the liquid metal surface. In addition, with this flux, the
slag adhering to the furnace walls can be easily dissolved, thereby facilitating the cleaning work
and simplifying the repair processes.

The method of use is basically based on the following principles:

e The amount of flux to be injected should generally be 0.2 % of the total liquid metal
weight. However, this amount can be increased according to the degree of
contamination in the liquid metal.

e The addition of flux should be done with a Flux Feeder or Rotorject while the liquid
metal is in the temperature range of 640 — 720 °C.

o After the application, the slag layer formed on the surface is peeled off and separated

from the metal.
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3.4. Sample-Casting

3.4.1. Mold Preparation

After the liquid metal and mold preparation processes, the casting phase was started, and
as can be understood from the sprue and feeding design of the sample mold, the liquid metal was
poured directly into the mold with the help of a ladle according to the gravity casting method
principle. For filling the mold, a steel ladle (ST 37 standard) with a liquid metal capacity of
approximately 1.2 kg was used, and it was coated with DYCOTE 34 to prevent sticking similar
to the mold.

Mold was preheated to 320°C. Casting processes were carried out at a liquid metal
temperature of 730 + 15 °C. The metal temperature was measured with a Heraues Electro-Nite
brand hand pyrometer before each piece was cast, and the mold temperature was measured with
a RAYTEK brand laser pyrometer. The mold temperature was kept in the range of 320 + 5 °C
during all sample castings. For the solidification process, no additional cooling was applied, and
the part was allowed to solidify in the mold itself. Each piece whose casting was completed was
cooled by giving water in a container filled with normal mains water. After the cooling process,

the marked parts were transferred to the lathe workshop for processing.

3.4.2. Sample preparation

After the sprue and runners were cut, the parts whose casting was completed were prepared
in pieces, the dimensions of cut section are given in Figure 3.3. Since the tests will be done
repetitively, the parts in Figure 3.3 were cut in two equal parts, marked and made ready for the

tensile test.
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Figure 3.3. Tensile Test Bar Post Casting Dimensions (All dimensions are in mm.) [49]

The samples, whose heat treatment was completed, were machined with a lathe into a

diameter of 5.64 mm and made ready for the tensile test. The technical drawing of the tensile test

rod is given in Figure 3.4.
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Figure 3.4. Tensile Test Sample Dimensions (All dimensions are in mm.) [49]
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3.4.3. Casting

The casting process was carried out using a gravity die. In the first stage, the molds were
subjected to the poteage process, and then they were preheated by heating up to a temperature of
approximately 320 (x 5) ° C. A total of 4 ladle were used in the casting part of the experiment.
The casting temperature was determined to be 730 (x 5) © C. Ladles are 4 kilograms and the first
ladle is A356 alloy, which is the reference alloy. The second ladle contains 0.2 wt.% Sc-A356
alloy, the third ladle contains 0.4 wt.% Sc A356 alloy and the fourth ladle contains 0.6 wt.% Sc.
Casting was done twice to prevent deflections/offset that may occur in the tests. (Figure 3.5) 10
samples were obtained from each group. In the experiment, 1.6 g, 2.4 g and 8 g Sc were used for
4 kg of A356 alloy. After casting processes, samples were first cooled in open air and then
subjected to T6 heat treatment. In the heat treatment, the processes of taking into solution,
quenching and holding at 550 degrees were realized. After the heat treatment, the samples were

subjected to tensile testing. (Figure 3.4)

Figure 3.5. (a) Casting of Sc-A356 Alloy, (b) Casting alloys into molds for tensile testing.
20



3.4.4. Tensile Test

Tensile tests of all samples were carried out in accordance with EN ISO 10002-1 Tensile
Test Standard. The material testing device is defined as an above ground tensile testing device
with a maximum test load capacity of 100 kN in the technical and commercial literature. The
device is specially designed for tensile testing and is suitable for testing ferrous and non-ferrous
metals, hard and reinforced plastics, wood, and similar materials [50].

Tensile bar samples for the tensile test were prepared as 10 samples for each test group.
The prepared samples were measured with the “Zwick Z100/SN3A” model tensile tester. The
amount of elongation from the tensile test was measured with an extensometer. The results were

evaluated by taking the average of the tests performed for each group.

3.2. Characterization Techniques

3.2.1. Optical Microscopy

One of the most used imaging tools is the optical microscope used in many fields [51]. It
is also referred as the light microscope. This microscope uses system of lenses to magnify images
of small samples by using visible light [52,53]. Within the scope of this thesis, the samples were
examined with a NIKON-2000 optical microscope (4X,10X,20X and 40X optical lens size).

3.2.2. Sample Preparation

500, 1000, 2000 grit size grinding papers were used in the metallographic sample
preparation and then the polishing stage with 1um etched diamond paste was applied. The samples
were etched with 3% HCI acid. In order to obtain macrostructure images, the samples were
prepared by going through the grinding, polishing and etching stages as stated above.
Macrostructure samples were etched using FeCl acid. Sample preparation stages are given in table

3.2. Macrostructure samples are made to measure grain sizes and also to have a general idea about
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grain structures. The samples were examined under a microscope and grain size measurements

were made.

Table 3.2. Sample Preparation Stages

Parameters | Surface Etching Liquid Rotate
Stages (rpm)
Rough 500 Water 350

grinding Grinding SiC

Medium 1000 Water 300
grinding Grinding SiC
Fine 2000 Water 300
grinding Grinding SiC
Final 1 pm Diamond 270
Polishing Broadcloth Diamond water
paste

3.2.3. SEM- Scanning electron microscopy

SEM is used to study the microstructure and morphology of materials (Figure 3.6) [54].
An electron probe Scans the surface of the material as a result of which electrons interact with the
material. Secondary electrons emanate from the surface of the sample and then register. The high
differences in the sample give contrast in the image. While a topographic image is taken from the
surface in SE (secondary electron), contrast difference of the elements occurs in BSE (Back
Scattered electron). In other words, heavy elements (higher atomic number) appear brighter
because they reflect more, while lighter ones (lower atomic number) appear darker [55]. In this

thesis, FEI QUANTA 250 FEG device was used.
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Figure 3.6. SEM device used in the study

3.24. EDS

Energy dispersive X-ray analysis microanalysis are called EDS, EDX [56,57]. EDS is a
technique which shows the analysis of elements near the surface and the amount of the sample at
different positions on a map by using SEM [58]. This technique is based on the interaction of
some X-ray excitation source with a sample. Each element has a unique atomic structure that
allows for a unique set of peaks in the X-ray emission spectrum [56,57].

In addition, fracture surface analysis was carried out using the samples that broke off during

the tensile test.
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CHAPTER 4

RESULT AND DISCUSSION

4.1. Optical Microscopy Results

In microstructures, the grains are mostly needlelike. A needle-like wheel is more likely to
break due to the dynamic force being created on the wheel while the wheel is moving. For this

reason, it is preferred that the grain structure be spherical. It was observed that no sphericity was

formed in the grain structure with the addition of Sc (Figure 4.1).
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Figure 4.1. Shows (a) reference alloy (A356) with 48.50 um dendrite arm lengths, (b) A356 - 0.2
wt.% Sc with 36.46 um dendrite arm lengths, (c) A356 - 0.4 wt.% Sc with 35 um

dendrite arm lengths, and (d) A356 - 0.6 wt.% Sc with 44.6 um dendrite arm lengths
under optical microscopy
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According to DAS (Dentritic Arm Spacing) measurements, adding 0.2 wt.% Sc to the
reference alloy caused a shortening of 12pum in dendrite arm lengths. Dendrite arm lengths
continued to decrease as the amount of Scandium continued to increase. After exceeding 0.4 wt.%
Sc, dendrite arm lengths started to increase again. According to DAS measurements, an increase
in the amount of Scandium up to 0.4% by weight decreases the dendrite arm lengths. Fracture
strength and crack growth show that it is better than the reference alloy. It was observed that
dendrite arm lengths increased after the Sc amount exceeded 0.4% by weight (Figure 4.2). This

situation causes the mechanical properties to decrease.

Figure 4.2. Shows (a) reference alloy (A356) with 3.89 um porosity, (b) A356 - 0.2 wt.% Sc with
2.45 pm porosity, (¢) A356 - 0.4 wt.% Sc with 3.58 um porosity, and (d) A356 - 0.6
wt.% Sc with 4.28 um porosity under optical microscopy
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According to the porosity measurements, added Sc by 0.2 % in weight to the reference
alloy caused a decrease in the porosity amount. As can be seen from Figure 4.3 it has been
observed that the increase in the amount of Sc to greater than 0.2 wt.% causes an increase in the
porosity ratio. Increase in the amount of porosity will decrease the mechanical strength of the
material as well as cause crack formation and increase in crack propagation. It was observed that
adding 0.2 wt.% Scandium by weight decreases the amount of porosity, so it is the best sample

in terms of mechanical strength, crack formation and progress.
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Figure 4.3. Shows (a) reference alloy (A356), (b) A356 - 0.2 wt.% Sc, (¢) A356 - 0.4 wt.% Sc,
and (d) A356 - 0.6 wt.% Sc under 500 um in optical microscopy

It was determined that the addition of 0.2 % Sc by weight provided thinning in the grain
structure in the microstructures (under 500 pm). Addition of 0.4% Sc resulted in reduction in
dendrite arms. It has been observed that adding 0.2 % Sc by weight has a grain refining effect. As

seen in the microstructures, the silicon length in the eutectic regions has been observed to decrease
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greatly due to the scandium addition. The shape of the silicon was observed to change from needle
to spherical shapes with the addition of scandium, thus exhibiting the well-known phenomenon

of modification (Figure 4.4).

1 2 3 4 5 6 7 RGN

Figure 4.4. Represent sample number (a) A356-Refl, (b)A356-Ref2, (¢) A356 - 0.2 wt.% Sc-
Sc3, (d) A356 - 0.2 wt.% Sc-Sc4, (e) A356 - 0.4 wt.% Sc-Sc5, (f) A356 - 0.4 wt.% Sc-
Sc6, (g) A356 - 0.6 wt.% Sc-Sc7 and (h) A356 - 0.6 wt.% Sc-Sc8.
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4.2. Grain Size Analysis

According to the measurements, adding Scandium did not make a visible contribution to
the grain size. It was observed that the addition of 0.2 wt.% Sc caused a decrease in grain size of
38um on average, while the increase in the amount of Scandium caused significant increases in
the grain size. Figure 4.4 shows macrostructure of each sample. The general grain size average is

presented in table 4.1 in order to be easy to compare.

Table 4.1 Comparison of Average Grain Size of each sample

Alloy Average Grain Size Percentage change of
(micrometer) grain size by
reference
Reference Alloy 709.8 -
0.2 wt.% Sc Content 671.5 -5.70%
alloy
0.4 wt.% Sc Content 774.8 8,39%
alloy
0.6 wt.% Sc Content 750.1 5,38%
alloy

Due to the high dynamic load on the wheel, the wheel strength is expected to be high. One
of the factors that increase the strength is the grain size. If this phenomenon is large in a structure,
the strength decreases, if the grain size is small, the strength increases. Smaller grain structure
increases the strength as it will reduce the space between the grains and bring the grains closer
together. However, it was observed that the addition of Sc caused an increase in grain size

compared to the reference alloy. Therefore, the addition of Sc did not show an increase in strength.
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4.3. Tensile Test Result

The tensile test results are given in Figure 4.5 and details about the test result given in table
4.2 at below. Tensile curve for each specimen are given in Figure 4.6 up to 4.9 at below.
Comparison stress value for samples are given at Figure 4.10.

In the tensile test results, it was observed that 0.2 wt.% Sc addition increased the elongation
of the alloy by 3% compared to the reference alloy. It has been determined that as the Sc ratio
increases, it causes decreases in mechanical strengths such as yield strength. It has been observed
that 0.2 % Sc addition increases rupture strength by approximately 10 Mpa while increasing Sc
percentage decreases rupture strength. When examined in terms of quality, the addition of 0.2
wt.% Sc caused an increase in alloy properties by 35 MPa, while a high increase in Sc amount

decreased this value.

Table 4.2 Comparison of samples giving the average results in tensile testing

Alloy/ Average | Average | Average Percentage | Percentage | Percentage

Specification | Yield Tensile | Elongation | change of | change of | change of
Strength | Strength | (%) Yield Tensile Elongation
(MPa) (MPa) Strength Strength Percentage

Rates

Reference 182 247 5.7 - - -

Alloy

0.2 wt.% Sc 181 257 8.1 -0.36% 3.93% 29.25%

Content alloy

0.4 wt.% Sc 172 245 6.7 -5,32% -0,78% -14,77%

Content alloy

0.6 wt.% Sc 173 237 5.5 -4,71% -3.98% -4,63%

Content alloy
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Figure 4.5. Comparison of saamples giving the average results in tensile testing
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Figure 4.8 Stress-strain curves of 0.4 wt.% Sc with A356 alloy
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Figure 4.9. Stress-strain curves of 0.6 wt.% Sc with A356 alloy

Comparison Stress Value For Samples

300

250
200
150

10
50
0

Reference alloy 0.2 wt. %Sc (Blue 0.4 wt. %Sc (Blue 0.6 wt. %Sc (Blue
(Blue line) line) line) line)

o

Samples

Figure 4.10 Comparison stress value for samples
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4.4. Hardness Test Result

The addition of 0.2 % Scandium by weight did not show a noticeable increase on the
hardness compared to the hardness value of the A356 reference alloy, while the increase in the
Scandium ratio caused a decrease in the hardness values. Table which shows effect of %Sc on
hardness measurements (in appendix). In here measurements were made by taking two
measurements from each sample. Table 4.3 shows general hardness measurements in average and

Figure 4.10 represent comparison of hardness between samples.

Table 4.3. General average of hardness measurements obtained from each sample.

Average (HB) Percentage change of
hardness value by reference
Reference Alloy 75.77 -
0.2 wt.% Sc Content alloy 77.29 1.96%
0.4 wt.% Sc Content alloy 73.29 -3,38%
0.6 wt.% Sc Content alloy 74.39 -1,86%

Comparison Hardness Value
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Figure 4.11. Comparison between hardness of each sample
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4.5. SEM Results

SEM results are shown in Figure 4.12 and Figure 4.13. According to the SEM
Micrographs, it was found that the addition of Scandium at the rate of 0.2 and 0.4 wt.% Sc caused
shortening of the dendrite arms. Addition of 0.6 wt.% Sc caused a visible increase in dendrite
arms. When the structures were examined, it was concluded that the amount of porosity increased
in direct proportion with the increase of the amount of Sc. In addition, although it has a ductile

structure in terms of fracture behavior, there are indications of brittle fracture states.

Figure 4.12. SEM Micrographs (a) A356 without Sc 250x magnification, (b) A356 with 0.2 wt.%
Sc 250x magnification, (¢)A356 with 0.4 wt.% Sc 250x magnification, (d)A356
with 0.6 wt.% Sc 250x magnification
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Figure 4.13. SEM Micrographs (a)A356 without Sc 500x magnification, (b) A356 with 0.2 wt.%
Sc 500x magnification, (¢)A356 with 0.4 wt.% Sc 500x magnification, (d)A356
with 0.6 wt.% Sc 500x magnification

It can be seen in Figure 4.14 and Figure 4.15 that the addition of scandium causes a
decrease in the amount of ductility. In addition, it was observed in the obtained SEM images that

the porosity ratio increased with the increase in the amount of Sc.
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Figure 4.14 SEM micrographs (a) A356 without Sc 250x magnification, (b) A356 with 0.2 wt.%
Sc 250x magnification, (c)A356 with 0.4 wt.% Sc 250x magnification, (d)A356 with
0.6 wt.% Sc 250x magnification,

In the SEM analysis, it was observed that the grain structure was needle-like. Needle-like
structures reduce the strength values. For this reason, it is desirable that the grains are spherical
in structures where high strength values are desired. It was observed that the addition of scandium
element increased the needle-like structure in the samples examined. In addition, as the amount
of Sc increased, it was observed that the dendrite arms extended. The increase in dendrite arm
lengths is directly proportional to brittleness, and the strength of the structure decreases as the
dendrite arm length increases. The addition of scandium did not cause an increase in the strength

values, and it was found that the strength decreased due to the reasons stated.
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Figure 4.15. SEM micrographs (a)A356 without Sc 500x magnification, (b) A356 with 0.2 wt.%
Sc 500x magnification, (¢)A356 with 0.4 wt.% Sc 500x magnification, (d)A356
with 0.6 wt.% Sc 500x magnification

At the addition of 0.2 wt.% Sc, the fracture appears as ductile. Obviously, if this situation
is associated with the tensile test results, it is also a proof of the increase in material toughness.
However, with the increase in the amount of Sc added, this turns into the results of the reference
sample. In other words, the increase in the amount worsens the mechanical properties, which is

an indication of the acquisition of similar images with the reference in SEM images.

4.6. EDS Results

Spectrometer measurements could not be taken from the samples because the determined

Sc amounts were below the spectrometer resolution limits.
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As shown in Figure 4.16 when the Eds results were examined, Sc element was found in the
star and hashtag region spectrum in the samples containing only 0.6 wt.% Sc. In the spectra taken,
it was observed that the Sc structure was not homogeneously distributed. No Sc element was
found in the eds analyzes of other samples. Details about star and hashtag region spectrum are

given in table 4.4 and table 4.5 respectively. EDS mapping of A356 with 0.6 wt.% Sc at 2.5um

is represented in Figure 4.17.
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Figure 4.16. Represented spectrums received when examining EDS results as (a) EDS (Energy
Dispersive Spectrometry (b) A and (c) B
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Table 4.4 Area A

Element wt.% Atomic %

Al 75.80 81.23

Si 11.67 12.01

Sc 2.14 1.37

Fe 10.40 5.38

Total: 100.00 100.00

Table 4.5 Area B
Element wt.% Atomic %
Al 93.08 96.50
Sc 026 0.16
Fe 6.67 3.34
Total: 100.00 100.00
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Figure 4.17. Shows EDS mapping of A356 with 0.6 wt.% Sc.
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Considering the EDS results, Sc element was found in the rectangular and circle region
which containing 0.4 wt.% Sc (see Figure 4.18). Table 4.6 and table 4.7 Area “A” and Area “B”
region spectrum contents, respectively. In the spectra taken, it was observed that the Sc structure
was not homogeneously distributed. No Sc element was found in the EDS analyzes of other
samples. A356 with 0.4 wt.% Sc EDS and A356 with 0.6 wt.% Sc EDS mapping are illustrated
in Figure 4.19 and Figure 4.20, respectively.
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Figure 4.18. Represented spectrums received when examining EDS results as (a) EDS (b) Area
A and (c) Area B
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Table 4.6 Area A

Element wt.% Atomic %
Mg 0.14 0.18
Al 61.75 69.41
Si 18.11 19.56
Sc 0.02 0.01
Mn 0.08 0.05
Fe 19.89 10.80
Zn 0.00 0.00
Total: 100.00 100.00
Table 4.7 Area B
Element wt.% Atomic %
Mg 0.49 0.58
Al 68.57 73.27
Si 18.97 19.48
Sc 3.97 2.54
Mn 0.00 0.00
Fe 7.96 4.11
Zn 0.03 0.02
Total: 100.00 100.00
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Figure 4.20. A356 with 0.6 wt.% Sc EDS mapping

EDS method was applied to determine the Sc ratios in the structure. As understood from
the EDS results, Sc is not homogeneously distributed in the structure. Therefore, Sc element was
not found in every spectrum taken. The homogeneity of the structure in the casting ensures the

same feature to be seen in all regions on the material. In cases where the structure is not
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homogeneous, the same feature cannot be seen in every region on the material. Therefore, the
material is not reliable. A homogeneous structure is desired, especially in structures that are
exposed to high and dynamic strength, to show the same feature from every part of the structure.
Since Sc is not homogeneously dispersed in the structure, it is inappropriate for wheel alloy.

In general, it has been concluded that the addition of Sc is preferred to improve the
mechanical properties of the A356 alloy. The results obtained were compared with other literature
studies and it was observed that similar results were obtained. As an illustration, Zhang et al. [58]
show that Al-Sc alloys showed excellent resistance to high-speed impact. In another study, cast
Al-Mg-Sc containing nearly 0.16% by weight of Sc was able to improve tensile strength by ~19%
and microhardness by ~30% compared to the Sc free alloy by Lathabai & Lloyd's [60]. Y.-C.
Tzeng et al. [61] investigate the Sc effects on tensile properties of Al-7Si—0.6Mg. They found
that the ductility of the alloy was significantly improved by addition of ~0.04 wt.% Sc, whereas
increasing the Sc content up to ~0.13 wt.% gave a negligible increasing to the ductility of the
alloy. Y. P. Lim et al. [62] shows that 0.2 wt.% scandium has the potential to improve tensile
strength by ~27%.

They also found that the improvement of ~13% and ~149% in the Vicker’s hardness and
Charpy impact strength, respectively with 0.3 wt.% Sc addition to the alloy. S.L. Pramod et al.
[12] investigated the wear and hardness of A356 alloy with Sc and TiB: added alloy. They showed
with 0.4 wt.% Sc alloy and 0.4 wt.% Sc—10 wt.% TiB2 composite hardness of the material increase
up to 20% and 45% respectively. Another study done by S.L. Pramod et al. [63] in tensile test of
Sc to A356 indicates that the addition of 0.4 wt.% Sc to the alloy enhance ductility, the hardness,
yield strength and upper tensile strength up to 30%, 20%, 20% and 25% respectively.

When the studies carried out within the scope of the thesis are compared with the literature
review, it has been observed that the addition of Sc does not cause a noticeable change in the
hardness value of the alloy. According to the results obtained in the study, the most ideal addition
rate is 0.2 wt.% Sc, and it has been obtained that an increase in this rate leads to a deterioration
in the mechanical properties of the alloy. The results found in this study are consistent with the

literature.
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CHAPTER 5

CONCLUSION

The effects of A356-Sc alloy were investigated. According to mechanical testing on

samples, the main gains and recommendations from this study are as follows:

In order to reach highest UTS (ultimate tensile strength) 0.2 wt.% Sc added. The
improvement in tensile strength with the addition of 0.2% by weight of Sc is 6.24%
compared to the unmodified A356 alloy.

The addition of Sc did not visibly changing the Brinell's hardness value.

The addition of 0.2 wt.% Sc provided in an increase of 2.39% over the reference on the
amount of elongation. The addition of Sc over 0.2 % caused a decrease in the amount
of elongation compared to the reference.

Addition of Sc did not show any noticeable change in yield values. However, increasing
the Sc ratio tends to decrease the yield value.

Addition of 0.2 wt.% Sc provided a 5.7% provided a reduction in grain size. If the Sc
ratio increased above 0.2 wt.%, an improvement in grain size was observed compared
to the reference alloy. Addition of 0.2 wt.% Sc showed grain refinement.

The increase in the amount Sc worsens the mechanical properties, which is an
indication of the acquisition of similar images with the reference in SEM images.
Addition of 0.2 wt.% Sc improvement the ductility according to the fracture surface
SEM images. If we associate this situation with the tensile test results, the material

toughness increased with the addition of Sc.
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APPENDICES

APPENDIX A

Table A.1 Tensile test results

Rod No Yield Strenght Tensile Elongation QI

(MPa) Strength (MPa) | (%) (MPa)
1 Reference 1 183.6 262.58 8.76 403.96
2 Reference 2 180.59 239.21 3.85 327.03
3 Reference 3 183.64 243.36 4.42 340.17
4 Reference 4 181.67 246.08 4.61 345.64
5 Reference 5 188.31 266.3 9.23 411.08
6 Reference 1 182.73 258.4 7.98 393.70
7 Reference 2 180.96 234.51 3.72 320.09
8 Reference 3 175.58 227.74 3.45 308.41
9 Reference 4 178.72 240.72 5 345.57
10 | Reference 5 180.83 251.32 6.62 374.45

AVERAGE 181.663 247.022 5.764 357.0092
1 02wt% Sc |1 180.03 2593 8.87 401.49
2 02wt.% Sc |2 177.76 249.65 6.99 376.32
3 02wt.% Sc |3 183.3 248.02 5.73 361.74
4 02wt.% Sc | 4 178.58 255.89 7.37 386.01
5 02wt% Sc |5 185.26 266.72 11.47 425.65
6 0.2wt.% Sc |1 181.35 260.71 8.78 402.23
7 02wt% Sc |2 180.93 253.75 6.89 379.48
8 02wt.% Sc |3 180.32 254.56 7.07 381.97
9 02wt% Sc |4 183.08 256.68 7.6 388.80
10 [ 02wt%Sc |5 179.5 265.86 10.7 420.27
AVERAGE 181.011 257.114 8.147 392.3978

1 0.4 wt.% Sc |1 168.19 250.57 8.06 386.52
2 0.4 wt.% Sc |2 173.06 235.37 5.25 343.39
3 0.4 wt.%Sc |3 171.42 240.2 4 6.32 360.35
4 04wt.%Sc |4 170.14 241.21 5.24 349.11
5 04wt%Sc |5 173.17 260.2 6 10.39 412.75
6 0.4wt% Sc |1 172.08 243.41 5.82 358.15
7 0.4 wt.% Sc |2 173.84 235.18 4.65 335.30
8 0.4 wt.%Sc |3 171.58 237.41 5.59 349.52

(cont. on next page)
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Table A.1 (cont.)

9 04wt%Sc |4 176.1 247.36 6.9 373.19

10 |04wt%Sc |5 175.29 260.12 9.41 406.16
AVERAGE 172.487 245.113 6.763 367.4438

1 0.6 wt% Sc |1 175.99 248.76 7.62 381.05

2 0.6 wt.% Sc | 2 170.49 228.53 4.01 319.00

3 0.6 wt.% Sc | 3 171.87 227.68 3.72 313.26

4 0.6 wt.% Sc | 4 175.84 239.74 5.11 346.00

5 0.6 wt% Sc |5 175.31 254.56 8.2 391.63

6 0.6 wt% Sc |1 173.53 241.12 5.78 355.41

7 0.6 wt.% Sc | 2 177.78 237.34 5.03 342.58

8 0.6 wt.% Sc | 3 169.55 216.62 3.06 289.48

9 0.6 wt% Sc | 4 171.21 228.73 4.17 321.75

10 |0.6wt%Sc |5 173.31 252.55 8.39 391.11
AVERAGE 173.488 237.563 5.509 345.1279
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APPENDIX B

Table B.1 Effect of %Sc on Hardness

o % ?0 g = % %
S Q‘\ = [w] S m < = : <
g © = é o X Z. n Z. o S~ QO S — O
k> 3 3 o = = g T £
] — ‘7 . .
H
Sc-01 Yes 1 183.6 | 262.58 8.76 80.38 75.33
2 180.59 | 239.21 3.85
3 3 183.64 | 243.36 442
[=
= 4 181.67 | 246.08 4.61
=
(0]
P~ 5 18831 | 266.3 9.23
Aver | 183.56 | 251.51 6.17
age
Sc-02 Yes 1 182.73 | 258.4 7.98 72.69 74.68
2 180.96 | 234.51 3.72
3 3 175.58 | 227.74 3.45
[=)
= 4 178.72 | 240.72 5
[}
Q
P 5 180.83 | 251.32 6.62
Aver | 179.76 | 242.54 5.35
age
® Yes Gene | 181.66 | 247.02 5.76 76.535 75.01
2 ral
(0]
JQ Aver
o~ age
75.77
Sc-03 | Yes 1 180.03 | 2593 8.87 79.83 76.24
S ~
S
o0
o0

(cont. on next page)
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Table B.1 (cont.)

2 177.76 | 249.65 6.99
3 183.3 | 248.02 5.73
4 178.58 | 255.89 7.37
5 185.26 | 266.72 11.47
avera | 180.99 | 255.92 8.09
ge
Sc-04 Yes 1 181.35 | 260.71 8.78 75.34 77.74
2 180.93 | 253.75 6.89
< 3 180.32 | 254.56 7.07
g 4 183.08 | 256.68 7.6
ED 5 179.5 | 265.86 10.7
avera | 181.04 | 258.31 8.21
ge
. Yes Gene | 181.01 | 257.11 8.15 77.585 76.99
E ral
g % Aver
=X age.
77.29
Sc-05 Yes 1 168.19 | 250.57 8.06 76.8 68.47
2 173.06 | 235.37 5.25
< 3 | 17142 | 24024 | 632
%; 4 170.14 | 241.21 5.24
éﬁ 5 173.17 | 260.2 6 10.39
avera | 171.20 | 245.53 7.05
ge

(cont. on next page)
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Table B.1 (cont.)

Sc-06 Yes 1 [ 172.08 | 243.41 5.82 75.81 72.08
< 2 | 173.84 | 23518 | 4.65
S 3 | 17158 | 23741 | 5.59
é" 4 176.1 | 247.36 6.9
5 | 17529 [ 260.12 | 9.41
aver | 173.78 | 244.70 6.47
age
‘ Yes | Gen | 172.49 | 245.11 6.76 76.305 70.2 8
E o eral
g n aver
X age
73.29
Sc-07 Yes 1 | 17599 [ 24876 | 7.62 75.02 78.13
2 | 17049 | 22853 | 4.01
& 3 | 17187 [ 22768 | 3.72
©
S 4 | 17584 [ 239.74 | 5.1
on
= 5 | 17531 | 254.56 8.2
aver | 173.90 | 23985 | 5.73
age
Sc-08 Yes 1 | 17353 [ 241.12| 5.78 72.68 71.73
2 117778 | 23734 5.03
& 3 169.55 | 216.62 3.06
©
S 4 | 17121 [ 22873 | 4.17
kb
S, 5 | 17331 [ 25255 ] 839
aver | 173.08 | 235.27 5.29
age
, Yes | Gen | 173.49 | 23756 | 5.51 73.85 74.93
E eral
g A aver
X age
74.39




APPENDIX C

Table C.1 Represent Average Grain Size of each sample

Sample Alloy Average Grain Standard Deviation Percentage of
No Size (micrometer) grain size by
reference
Reference A356 663.6 74.5 -
Sc2 A356 755.9 81.6 12.22%
Sc3 A356 - 0.2 wt.% Sc 662.4 64.9 -14.13%
Sc4 A356 - 0.2 wt.% Sc 680.6 70.5 2.69%
Sc5 A356 - 0.4 wt.% Sc 684.8 61.4 0.60%
Sc6 A356 - 0.4 wt.% Sc 864.8 104.4 20.82%
Sc7 A356 - 0.6 wt.% Sc 802.6 183.2 -1.75%
Sc8 A356 - 0.6 wt.% Sc 697.6 84.4 -15.05%




