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THE EFFECT OF DIFFERENT ADDITION RATIO OF RARE EARTH
ELEMENT ERBIUM AND EUROPIUM ON MICROSTRUCTURE AND
MECHANICAL PROPERTIES OF A356 (Al-7Si-0.3Mg) ALLOY

SUMMARY

A356 (Al-7Si-0.3Mg) alloy is widely used in automotive, aerospace and defense
industries due to its good specific strength, castability, corrosion resistance and
weldability. The main microstructural features of Al-Si alloys are primary o-Al
dendrites, secondary denrite arm space (SDAS), eutectic Si and intermetallic phases.
The size and morphology of primary a-Al, the acicular and coarse plate-like structure
of eutectic Si cause poor mechanical properties. a -Al grain refinement and eutectic Si
modification techniques are used to improve the mechanical properties of the alloy.
Alloying is widely used in industry for grain refinement and modification because of
its simple handling and low cost advantages. Ti, B, and their combinations are
commonly used as grain refiners, while Na and Sr are used to modify the eutectic Si.
It is seen that there are more effective grain refinement and/or modification effects
with the addition of rare earth elements in trace amounts. The present work investigates
the optimum addition amount of Er and Eu to achieve the best mechanical properties
on sand mold casting. Sand casting is one of the most traditional casting methods. It
has advantages such as slower solidification and ability to mold complex parts.

Defect free casting begins with starting melt cleanliness, casting speed and well-
designed runner systems. Failure of one of these three main components has a
significant negative impact on the quality of part. The ASTM B108/B 108M mold is
the most common mold used to obtain a tensile specimen. New mold designs were
proposed in this work that would provide statistically reproducible results. Filling
analyzes of the designs were made in the Anycast software. In order to evaluate the
tensile test results of the samples cast with A356 alloy. T6 heat treatment was carried
out, and the quality index values were calculated. The reliability of the results was
evaluated using survivability plots. Considering these results, V3 mold was casted by
tilt casting method in subsequent alloying castings.

Alloying additions were applied in the best mold design and casting method. The effect
of adding different amounts of Er and Eu to the A356 alloy was investigated:

. 0.0

. 0.1 Er wt%

. 0.1Er+0.1 Euwt%
. 0.3 Er wt%

. 0.3 Er+0.1 Euwt%

T6 heat treatment was applied to examine the heat treatment effect of the same addition
rates. To the heat-treated and non-heat-treated samples; OES, XRF, RPT,
microstructure, hardness, tensile test, microstructure and SEM tests were employed to
the fractured surfaces.
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Grain refinement was observed with the addition of Er, while grain coarsening was
observed with the addition of Eu. However, while there is no change in the eutectic Si
length with the addition of Er, a shortening is observed as the amount of Er increases.
Eutectic Si is modified by the addition of Eu. The best eutectic Si aspect ratio was
obtained with the addition of Eu with the heat treatment. The mechanical properties
were improved with the addition of alloying elements. The best mechanical properties
were obtained by heat treatment and the addition of alloying elements. The hardness
value decreased with the addition of alloying elements, although the heat treatments
increased. In SEM examinations, acicular Fe intermetallic phases in unalloyed
structure were observed. With the addition of the alloying element, there wer acicular
intermetallic phases containing Er or Er, Eu elements together in accordance with the
alloying element. The frequency of intermetallic phases in the structure increased with
the addition of alloying element. Although these intermetallic phases shortened after
heat treatment, they could not be fully spheroidized.
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NADIiR TOPRAK ELEMENTI ERBiUM VE EUROPYUM'UN FARKLI
ILAVE ORANLARININ A356 (Al-7Si-0.3Mg) ALASIMININ MiKROYAPI VE
MEKANIK OZELLIKLERI UZERINDEKI ETKIiSi

OZET

A356 (Al-7Si-0.3Mg) alagimi, iyi 6zgiil mukavemet, dokiilebilirlik, korozyon direnci,
kaynaklanabilme &zellikleri sayesinde otomotiv, havacilik ve savunma sanayinde
yaygm olarak kullanilmaktadir. Otektik alt1 Al-Si alasimlarinm baslica mikroyapisal
Ozellikleri birincil a-Al dendritleri, ikincil denrit kol araligi (SDAS), otektik Si ve
intermetalik fazlaridir. Birincil a-Al’nin boyutu ve morfolojisi, 6tektik Si’nin ignemsi
ve kaba plaka benzeri yapisi, zayif mekanik 6zelliklere sebep olur. Bu yapilarin kontrol
edilerek istenilen forma getirilmesiyle istenen mekanik 6zelliklere sahip dokim
iirtinleri elde etmek miimkiindiir. Alasimin mekanik 6zelliklerini iyilestirmek i¢in o-
Al tane inceltmesi ve 6tektik Si modifikasyon teknikleri kullanilir. Alagimlama, basit
kullanim ve disiik maliyet avantajlar1 nedeniyle, endiistride tane inceltme ve
modifikasyon i¢in yaygin olarak kullanilmaktadir. Ti, B ve kombinasyonlari tane
inceltici olarak yaygin olarak kullanilirken, Na ve Sr 6tektik Si’yi modifiye etmek i¢in
kullanilmaktadir. Nadir toprak elementlerinin ¢ok az miktarda ilaveleriyle daha etkili
tane inceltme ve/veya modifikasyon etkilerinin oldugu goriilmektedir.

Kum kaliba dokiim, en geleneksel dokiim yontemlerinden biridir. Daha yavas
katilagsmas1 ve karmasik parcalar kaliplanabilmesi gibi avantajlar1 s6z konusudur.

Bu calismada ¢ekme test kalib1 olarak kullanilan ASTM B108/B 108M kalibinin tek
dokiimden sadece 2 adet numune iiretmektedir. Istatistiksel calismalarda birden fazla
kalibin dokiimiine ihtiya¢ duyulmaktadir. Bu durumunda operator etkisini ve dokim
sartlarinda (sicaklik vb.) degisiklik olmasi muhtemeldir. Aym1 zamanda ASTM
B108/B 108M kalibinin Anycasting simiilasyonuyla dolum analizi incelenmis bu
analiz sirasinda kalip tasariminda sivi metalin bircok noktada tiirblilansa ugradigi
goriilmiistiir. Iyi bir nihai dokiim iiriinii elde etmek icin iyi siv1 kalitesine sahip metalle
baslamak kadar kalip tasariminin dokiim swrasinda tiirbiilans yaratmadan kalibi
tiirbiilanssiz ve yeni oksit olusturmadan doldurmasi gerekmektedir. Bu niianslar goz
oniinde bulundurularak farkli kalp tasarmmlar1 ve farkli dokim yontemleri
uygulanmistir. Kalip tasarimlarinda ayn1 dokiimde, dokiim sartlar1 degismeden 10 adet
test silindirik test numunesi iiretmek amaglanmistir. Simiilasyon ve yapilan
dokiimlerle en iyi tasarimin egerek dokme (tilt casting) yontemiyle elde edilmistir.

Alagmmlama ilaveleri elde edilen en iyi kalip tasarmmi ve dokiim yonteminde
uygulanmistir. A356 alasimina farkli oranlarda Er ve Eu ilavelerinin etkisi
arastirilmustir:

. 0.0

. 0.1 Er wt%

. 0.1 Er+0.1 Euwt%
. 0.3 Er wt%
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. 0.3 Er+0.1 Euwt%

Ayni ilave oranlarin 1s1l islem etkisini incelemek igin T6 1s1l islemi uygulanmistir.
Elde edilen 1s1l islem gormiis ve gormemis numunelere; OES, XRF, RPT, mikroyapi,
sertlik, gekme testi, mikroyap1 ve kirik yiizeylere SEM testleri uygulanmistir.

Optical Emission Spectroscopy (OES) test sonucuyla A356 alasgimmin kimyasal
kompozisyonun Fe diginda standartlar i¢indedir. Kullanilan A356 kiilgeleri ikincil
iiretim oldugu icin Fe degerleri sinir araligindan ytiksektir. XRF sonucuyla, Er ve Eu
alagim elementlerinin istenen oranlarda eklendigi goriilmiistiir.

Stvi metal temizligi i¢in uygulanan gaz giderme islemlerinden once bifilm degeri 71
mm’dir. Gaz giderme isleminden sonra alman Reduced Presure Test (RPT)
numunelerinin Kkesit ylzeyleri incelenerek dokim ic¢in uygun bifilm index degerlerin
olan 10 mm’den az degerlere sahip olduklar1 elde edilmistir.

Mikroyap1 incelemeleri i¢in daglandiktan sonra numunelere polarize 151k altinda tane
boyutlar1 6l¢iimleri yapilmistir. Isil islem gormemis numunelerde ilavesiz tane boyutu
789 um’dir. Er ilavesi tane boyutunda kiiclilmeye sebep olmazken Eu ilavesiyle tane
kabalasmasi goriilmektedir En kaba tane boyutu 0.1 Er + 0.1 Eu wt% ilavesinde 1033
um’dir. Isil islem gérmiis numunelerde ilavesiz A356 alasiminin tane boyut ortalamasi
950 um’dir. Er ilavesiyle tane incelmesi gozlemlenirken, Eu ilavesiyle tane
kabalasmasi olmustur. En ince tane degeri 0.3 Er ilavesiyle 643 pm, en kaba tane 0.1
Er + 0.1 Eu ilavesiyle 1022 pm’dir.

Otektik Si morfolojisi incelendiginde alasim element ilavesi olmadan 12 um’dir. Er
ilavesiyle otektik Si boyunda bir degisiklik olmazken Er miktar1 arttik¢a boyunda
kisalma goriilmektedir. Ama en iyi Otektik Si boyundaki etkiyi 0.1 Er + 0.1 Eu
ilavesiyle 2.4 um elde edilmistir. Alasimlama ilavesi olmadan 9.6 olan 6tektik Si en-
boy orani alagimlama elementlerinin ilavesiyle kiiciilerek daha kiiresel bir hale
gelmistir. Ama en iyi otektik Si0.1 Er + 0.1 Eu ilavesiyle 2.4 olarak bulunmustur. T6
11l islemi etkisiyle 6tektik Si fazlarmin boyutlar1 ve en-boy orani azalmistir. Alagim
element ilavesinden once sirasiyla 5.8 um ve 1.9’dur. Alasim elementlerinin ilavesiyle
modifikasyon etkisi artmistir. En iyi modifikasyon 0.1 Er + 0.1 Eu ilavesiyle elde
edilmistir (2.8 um ve 1.2).

A356 alasiminda yapilan alagimlama sonrasinda 1sil islemli ve 1sil islemsiz
numunelere ¢cekme testleri uygulanmistir. Isil islemsiz numunelerde alagim element
ilavesi olmadan ¢ekme dayanimi degeri 138 MPa ve % uzaman 1.1°dir. Alasim
element ilavesiyle mekanik ozellikler iyilestirilmistir. En iyi ¢ekme dayanimi degeri
0.1 Er ilavesiyle 177 MPa olarak elde edilirken en iyi uzama degeri 3.7 ile 0.3 Er + 0.1
Eu ilavesinde elde edilmistir. Isil islem sonrasi alasimlama elementi ilavesi olmayan
A356 alasim1 228 MPa ¢cekme dayanimi ve 0.8 % uzama degerine sahiptir. Alasimlama
elementi ilavesiyle mekanik 6zelliklerde iyilesmeler olmasina ragmen en iyi ¢ekme
dayanimi 0.1 Er ilavesiyle elde edilirken en iyi uzama degeri 2.4 ile 0.3 Er + 0.1 Eu
ilavesinde elde edilmistir.

Isil islem uygulanmigs ve uygulanmamis A356 alasimma sertlik testi yapilmistir.
Alagmmlama ilavesi olmayan 1sil islem gormemis numunenin sertlik degeri 11.5
HRB10’dur. Alasim elementi ilavesiyle sertlik degerleri degismektedir. En iyi sertlik
degeri 19.5 HRBI1O0 olarak 0.1 Er ilavesinde elde edilmistir. Isil islemle alasimsiz
numunenin sertligi 58.5 HRB10 olmasma ragmen alasimlama elementinin ilavesiyle
sertlik degeri siirekli azalmaktadir ve en diisiikk deger 0.3 Er ilavesiyle 48.5 HRB10
olarak elde edilmistir.
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SEM incelemelerinde alasim elementi olamayan yapida ignemsi Fe intermetalik
fazlar1 gozlemlenmistir. Alagim elementinin ilavesiyle alasim elementine uygun olarak
Er veya Er, Eu elementlerini birlikte iceren ignemsi intermetalik fazlari
bulunmaktadir. Alasim elementinin ilavesiyle yapidaki intermetalik fazlarinin
sikliginda artmustir. Isil islem sonrast bu intermetaliklerin boyu kisalmis olmasina
ragmen tam olarak kiiresellestirilememistir.
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1. INTRODUCTION

In terms of classification of metals, there are two essential divisions which are
“Ferrous” and “Non-Ferrous” alloys. Figure 1.1 illustrates the general overview and
information of those metals. The most common pure metals physical properties are
shown in Table 1.1.

Table 1.1 : Some physical features of pure metals [2].

Property Unit Al Mg Ti Be Fe Cu
Atomic number - 13 12 22 4 26 29
Relative atomic - 26.982 24.305 4790 9.012 55.847 63.546

mass
Crystall structure - fcc cph cph cph bcc fcc
a nm 0.4041 0.3203 0.2950 0.2286 0.2866 0.3615
c Nm - 0.5199 0.4653 0.3583 - -
Meltin point °C 660 650 1678 1289 1525 1083
Boiling point °C 2520 1090 3289 2472 2862 2563
Relative density - 2.70 1.74 4,51 1.85 7.87 8.96
(d)
Elastic modulus GPa 70 45 120 295 211 130
(E)
Specific modulus - 26 26 26 160 27 14
(E/d)

Mean specific JkgK? 917 1038 528 2052 456 386
heat 0-100°C
Thermal wm'K* 238 156 26 194 78 397
conductivity 20-
100°C
Coeffcient of 10°K™ 23.5 26.0 8.9 12.0 12.1 17.0
thermal
expansion 0-
100°C
Electrical p.ohm.cm 2.67 4.2 54 3.3 10.1 1.69
resistivity at
20°C

Mechanical properties, formability, suitability for machining, weldability and
resistance of corrosion are quite important in selecting an alloy. Ashby diagram gives
a comparison of strength/density ratios for different materials (Figure 1.2). Table 1.2
also gives information about material indices and relative costs. This information

provides essential information for the selection and application of an alloy.
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Figure 1.1 : Structure of the metal casting industry [1].

Aluminum is one of the most important non-ferrous alloys due to its high-density
strength ratio, widely ways of forming ranging from casting to extrusion, highly
recyclable and numerous application areas like can for drinkable products, engine for
automotive or many parts of aerospace and defense industry. Table 1.3 illustrates the

properties of unalloyed aluminum.

Table 1.2 : Material indexes and relative costs [3].

Properties (relative values) Material index for stiffness Material index for
critical design strength critical design
Material  Density Modulus Tensile Tension Buckling Bending Tension Bending  Cost of material
o) (E} strength  E EV2 B3 5 512 (relative values)
(S P e ' P ra
DQ Steel 1 1 1 26.3 1.83 0.75 40.3 2.26 1
DF Steel 1 1 21 26.3 1.83 0.75 88.9 3.36 1.15
AABITT 034 0.34 1.13 259 3.10 1.53 133.3 7.03 45
Mg AZ81 0.23 0.22 0.76 25 3.73 1.97 133.3 8.6 4-5
55304 1 0.97 1.94 253 1.79 0.74 7T 3.14 6-8
High 0.2 0.67 4.89 89 7.58 3.33 1000 25.4 15-20
strength
CFRE
GFRE 0.23 0.19 3.04 2711 3.37 1.83 521.6 16.8 8
SMC 0.24 0.08 0.562 85 2.14 1.35 87.7 6.85 1.5
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Figure 1.2 : Ashby Diagram for different materials [2].

Table 1.3 : Properties of unalloyed aluminum [4].
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Property Unit Value Note
Atomic number 13
Density kg.m? 2.698
Melting point °C 660.45 <1,013 x 102 bar>
Boiling point °C 2056 <1,013 x 107 bar>
Vapour pressure Pa 3.7x10° At 927°C
Massinternal energy J.kg* 3.98 x 10°
Mass thermal capacity J.kg'K? 897 At 25°C
Thermal conductivity w.mtK? 237 At 27°C
Linear expansion 10°K? 23.1 At 25°C
coefficient
Electrical resistivity 10°Q.m 26.548 At 25°C
Magnetic susceptibility 0.6 x 103 At 25°C
Longitudinal elastic MPa 69,000
modulus
Poisson’s ratio 0.33




1.2 Aluminium Production

Aluminum is the second most produced metal and third most abundant material
(Figure 1.3). Total metal production increased with increasing recycling production
percentage, even though decreasing percentage of primary aluminum production in the

last decades (Figure 1.4).
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Figure 1.3 : World production numbers for different metals and plastics [1].
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Figure 1.4 : Distribution ratios of primary and secondary production in total
aluminum production [4].

Total production of non-ferrous metal casting has been dramatically increasing in
Turkey in the last a few years. It was 573 10° ton in 2019 (Table 1.4). Figure 1.5
illustrates that producing primary aluminum was quite similar except at 2009. On the
other hand, producing secondary aluminum was increasing logarithmically. This is
mainly due the high recyclability of aluminum which in turn is an environmentally

friendly process.

Table 1.4 : Total metal casting of non-ferrous metal in 1000 t [4].

Country 2015 2016 2017 2018 2019
Austria 140 147 148 163 144
Czech Rep. 116 119 122 124 116
France 357 362 367 441 392
Germany 1221 1248 1206 1176 1146
Italy 900 934 1000 1000 958
Poland 353 349 346 346 356
Spain 146 163 167 153 154
Turkey 380 427 440 547 573
United 131 141 152 166 166
Kingdom
Total CAEF 4006 4237 4278 4495 4360

Figure 1.6 is showing the life cycle of aluminum from bauxite mineral to final products
using areas which are construction, durable goods, electrical, machinery, packaging,
transportation and others. About 180 metric tons bauxite is used to produce 65 metric

tons alumina. Only 34 metric tons primary aluminum was gained from that alumina.



Final product was 40 metric tons and it included primary and recycled aluminum. Total

586 metric tons aluminum was used.
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Figure 1.5 : Turkey primary and secondary aluminum production (Ton) [5].
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Figure 1.6 : Global life cycle of aluminum [6].

Transportation, consumers and packaging and building and construction include the

main areas for consumption of aluminum (Figure 1.7)
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Figure 1.7 : Global aluminium consumption in (A) advanced economies and (B)
emerging economies [2].

1.3 Recycling of Aluminium

Aluminum has a positive reputation of recycling. It is most recyclable metal and Figure
1.8 shows its ability, aluminum is two times better than iron/steel.
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7 500
E 400 Iron/steel
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> 200 Cosper
100 Lead

Recycle rate %

Figure 1.8 : Estimated relationship between recycling rates and remaining years of
supply [2].

1.4 Classification of Aluminium
Aluminum alloys are divided into two major categories: casting alloys and wrought

alloys. In addition to this, these alloys can also be classified according to their heat
treatment capabilities. Figure 1.9 demonstrates the principal types of aluminum alloys.
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Figure 1.9 : The main types of aluminium alloys [7].
Table 1.5 : Aluminium wrought alloys [4].
Mode of  Series  Alloying Content Additives  Tensile strength
hardening element range Rm (MPa)
(Wt.%)
Strain IXXX None Cu 50-160
hardenable
3xxx  Manganese 0.5-1.5 Mg, Cu 100-240
5xxx  Magnesium 0.5-5 Mn, Cr 100-340
8XXX Iron and Si: 0.3-1 130-190
silicon Fe: 0.6-2
Age 6xxx Magnesium Mg: 0.5-1.5  Cu, Cr 200-300
hardenable and silicon  Si:0.5-1.5
2XXX Copper 2-6 Si, Mg 300-480
7xXxxX  Zinc and Zn: 5-7 Without Cu 320-
magnesium Mg: 1-2 350 With Cu 430-
600
Table 1.6 : Aluminium casting alloys [4].
Alloy element Designation
AA EN1780
Unalloyed aluminium >99% 1XX.X 10000
Copper 2XX.X 20000
Silicon + magnesium and/or copper 3XX.X 40000
Silicon (binary aluminium-silicon) 4XX.X 40000
Magnesium (major allyoing element) 5XX.X 50000
Zinc (major alloying element) TXX.X 70000




There are many different identification systems. The Aluminum Association system
has three-digit system for casting alloys and four-digit system for wrought alloys.
Table 1.5 and Table 1.6 list wrought alloys and casting alloys classification with the
principal alloying elements.

1.5 Casting Aluminium Alloy

Chemical composition and casting proses significantly effects their mechanical
properties (yield stress, tensile stress and elongation) and casting characteristics. These
effects are shown in Table 1.7 in detail. The detailed chemical compositions of casting
alluminum alloys shows in Table 1.8.

Table 1.7 : Compositions of casting aluminium alloys [2].

Association LM Si Fe Cu Mn Mg Zn Ti  Other
number number
150.1 LM 1 0.10 0.05 92.|5
0.10 0.15 4.0- 0.20- 0.15- 0.15- Ag
201.0 5.2 0.50 0.55 0.35 0.40-
1.0
LM 4 4.0- 0.8 2.0- 0.20- 0.15 1.0 0.25
6.0 4.0 0.6
3550 LM 16 4.5- 0.6 1.0- 0.50 0.40- 035 0.25
' 55 1.5 0.6
356.0 LM 29 6.5- 020 020 0.10 0.20- 0.10 0.20
' 7.5 0.40
LM 9 9.0- 2.0 0.6 0.35 0.40- 0.50
360.0 10.0 0.6
LM 24 7.5- 2.0 3.0- 050 3.0
380.0 9.5 4.0
413.0 LM 20 11%3% 2.0 1.0 035 010 20 0.20
520.0 LM 10 025 030 025 015 95- 015 0.25

10.6

Table 1.8 : Foundry characteristics and mechanical properties of casting aluminium

alloys [2].
Association LM Fludity Resistance Corrosion  Weldability = Machining
number number of hot resistance
tearing

201.0 C D D C B
355.0 LM 16 B B C B C
356.0 LM 25 B A B B C
360.0 LM 9 A A B B C
413.0 LM 20 A A B A C
520.0 LM 10 D B A E B




1.6 Casting

The casting of metal is an artwork from art and science so the foundryman is a scientist
and also an artist. There are many casting methods as gravity diecasting, low pressure
die casting, high pressure diecasting and squeeze casting etc. There are many variables
that can affect the quality of end product properties. Mold materials, pouring
temperature, runner, feeders and gating design, melt treatment such as degassing or
flux and inoculation of refiners and modifiers. Fig 1.10 shows different mold materials
and their casting time. Different casting methods significantly effect of the
microstructure and cause changes in mechanical properties. That impact clearly seen
at Table 1.9 squeeze casting yield stress and tensile properties is 50% better than sand
casting and elongation is five times better than sand casting [8].

Mold Materials

Sand Molds Ceramic Molds
Metal Dies

(Investment Processes)
Bonding Mechanisms (Lost wax)

[ [ [ | I | |
High Low i R Greensand || Chemical | EQ::?;EE Block shell
Pressure (| Pressure ravity queeze | (clay/water) I T molds molds
Die Casting | 1

Die Die

Sodium | Resin
I ;——\/———/ silicate based | Lost Foaml | V Process |

T One mold
per shift
One casting Upto ‘r approximately
every few One mold One mold per
tSec_onds minutes every 10 seconds minute (or better)
o minutes may contain

per casting
depending
on casting

many Impressions,

Figure 1.10 : The structure of the casting industry with molding technology [1].

Table 1.9 : Mechanical properties of A357 alloy produced by different casting
methods [2].

Process 0.2% Proof  Tensile strength Elongation (%)
stress (MPa) (MPa)
Sand cast 200 226 1.6
Chill cast 248 313 6.9
Squeeze cast 283 347 9.3
Cosworth 242 312 9.8

1.7 Liquid Aluminum Cleanness

Producing final product without any defects based on two main steps. The first is the
cleaning of the liquid metal before casting and the second is that it does not produce
any turbulence during casting. Turbulence creates a bifilm which causes potential

defects or porosity in final product.
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Aluminum is located bottom part of EMF series. This is critical in physical properties
where one of them is oxidation. Aluminum oxidizes so fast and it creates protective
oxide layer. If it stays on the surface, it is protective, but if it becomes entrained into
the melt, it generates a defect called a bifilm (Figure 1.11) . The bifilm density is quite
similar to liquid aluminum and it generates a disadvantage. Due to similar density of
aluminum and its oxide, it floats in liquid aluminum. It would not float to the surface
nor sedimate to the bottom. These oxides must be removed in order to obtain a clean
liquid metal. Degassing, flux or combination of them are used for cleaning liquid
metal. Inoculation of refiners and modifiers are also potential for entrainment bifilm

(Figure 1.12) so a cleaning proses should be used after alloying [8].

S
)

)

Figure 1.11 : Sketch of bifilm formation by surface turbulence [1].

7

(a) (b) ()

Figure 1.12 : Mixing surface oxide into liquid metal by alloying methods of
different sizes (a) big (b) medium and (c) small [1].

It does not produce turbulence, contains two parts. Firstly, not to exceed critical height
and velocity of liquid metal. Figure 1.13 demonstrates the liquid metal flow below and

above the critical velocity. The critical height and velocities show in Table 1.10.
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Figure 1.13 : Liquid metal flow at different speeds [1].

Table 1.10 : The critical velocities and height of some liquid metals [1].

Liquid Density  Surface Tension  Critical Height  Critical Velocity

(kgm*®) (Nm™) h (mm) (ms™)

Ti 4110 1.65 12.8 0.50
Al 2385 0.914 12,5 0.50
Mg 1590 0.559 16.0 0.42
Fe 7015 1.872 10.4 0.45
Ni 7905 1.778 9.6 0.43
Cu 8000 1.285 8.1 0.40
Zn 6575 0.782 7.0 0.37
Pt 19,000 1.8 6.2 0.35
Au 17,360 1.14 5.2 0.32
Pb 10,678 0.468 4.2 0.29
Hg 13,691 0.498 3.9 0.27
Water 1000 0.072 5.4 0.33

Even though liquid metal flow does not exceed the critical velocity, if mold design is
not appropriate it can still produce bifilm. Vertical and horizonal runner shape, gate
location (drag or cope), offset, feeder location etc. are critically important to proper
design. Figure 1.14 a shows basically poor mold design and Fig 1.14 b shows a more

satisfactory mold design [8].
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Figure 1.14 : (a) poor sprue, top runner and side feeder system. (b) better sprue,
bottom tapper runner and top feeder system [1].

1.8 Determination of Liquid Metal Quality

Figure 1.15 : Different bifilm morphologies (a) convoluted and (b) canyon-like [1].

Entrainment surface oxide, i.e. bifilm, is present in the cast part, it can deteriorate the

product properties. Fig 1.15 shows convoluted bifilm in microstructure and in the SEM

13



image. Defects or porosity can occur with the unfurling or inflation of the bifilm
(Figure 1.16).

_XT—__#E?? gﬁ&f Egg
TIT PTT A4

Figure 1.16 : (a-d)Unfurling and inflation stages of bifilms [1].

Determination of liquid metal quality is easy and cheap with Reduced Pressure Test
(RPT). Liquid metal is poured into sand or preheated permanent mold. It solidified
under vacuum. That RPT sample is sliced vertically (Figure 1.17). Measurement of
bifilm index unfurling or inflation bifilms under vacuum with Equation 1. Liquid metal
cleanses can relatively compare with that equation before degassing, after inoculation,
after degassing and before casting. The effect of these processes on liquid metal

cleanings can thus be easily determined [8,9].

Figure 1.17 : Cross section of RPT sample [9].
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bifilm index = ),(pore length) = Ly (1.1)

1.9 The 10 Rules of Castings by Campbel John [1]

John Campbell came out with “The 10 Rules are my personal checklist, ensuring that
I have not forgotten any essential aspect of casting manufacture.” for 10 rules. That
check list is important to obtain appropriate final product. Many of these rules are

described in this section, but it maybe more convenient to view them as a list.
Summary of 10 rules:

1. Start with a good quality melt

2. Avoid turbulent entrainment of the surface film on the liquid
3. Avoid laminar entrainment of the surface film on the liquid
4. Avoid bubble entrainment

5. Avoid core blows

6. Avoid shrinkage

7. Avoid convection
8. Reduce segregation
9. Reduce residual stress

10.  Provide location point

1.10 Grain Refinement and Modification

The major microstructure features of Al alloys are primary a-Al dendrites, secondary
dendrite arm spacing (SDAS), acicular or coarse plate-like eutectic Si (secondary
phases) and intermetallic phases in the alloy. These coarse microstructure features

determine the mechanical properties.

1.10.1 Grain refinement

Solidification of melted metal starts from mold surface. Adjacent to the mold walls,
the heat transfer is so rapid that these grains are finer in those regions. The second

region is the columnar grains. This structure is formed due to the heat loss where the
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growth is in the reverse direction. Center of the mold has equiaxed grains (Figure
1.18). These grains are coarser because of slowed heat loss. It is important to control
microstructure as it has direct influence on the mechanical properties. The schematic

representation of dendrites joining to form grains is shown in Figure 1.19.

Figure 1.18 : Schematic casting grain structure distribution [2].
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Figure 1.19 : Schematic illustration of grain-forming dendrites [1].
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Obtaining of small grains of the casting microstructure provides many advantages. The
smaller grain means, larger grain boundaries. When the area of grain boundary is
increased, dislocation needs more energy to overcome those obstacles. Due to the finer
grain, mechanical properties such as yield stress, ductility, toughness, fatigue
resistance are improved. Porosity and size of pores are also reduced with finer grain.

The AI-Ti-B master alloys are the most widely used in the grain refinement of
aluminum casting alloys. The purpose of grain refinement is to lower the temperature
in the melt. It encourages equiaxed grains and removes columnar growth. Even though
there are many theories such as peritectic hulk, duplex, hyper nucleation and phase
related theories, none of these theories is not accepted as main theory. These theories
are based on two assumptions which are TiB; particles poor nucleants for aluminum
and peritectic reaction. Fig 1.20 shows the grain refinement effect at the macro size.
Therefore, typically B is added to the alloy where TiB,, AlIB> and AlzTi all together

acts as heterogeneous nucleation sites to decrease the grain size.

Figure 1.20 : (a)Unalloyed and (b)alloyed macrostructure [1].

The solidification process includes of the nucleation and growth of a-Al and this
determines the grain size of aluminum alloy. The nucleation step is obtaining
heterogeneous nucleation sites of a-Al by adding grain refiner to aluminum melt. The
a-Al grain growth stage is the grain growth restriction by aggregation solution
elements or insoluble particles between the grains. Grain size refinement is achieved
with high nucleation rate and grain growth restriction. The carbide-borides theory, the
peritectic theory, the peritectic hulk theory, the duplex nucleation theory and the solute
theory are proposed to explain the grain refinement mechanism with the grain refiner
[10].

17



The carbide-borides theory was proposed by Cibula. The carbide or boride particles
promote the heterogeneous nucleation of a-Al in solidification process of aluminum
alloy. These particles with high melting point and small size acted as a-Al nucleation
sites [10].

Nevertheless, Fan et al., Gruzleski et al. and Zhou et al. proposed that the insoluble
particles such as TiB2 could not act as nucleation sites of a-Al in the absence of other
soluble elements. When AI-Ti-B grain refiner was added, a more effective grain
refinement effect was obtained in aluminum alloy [11-13].

In the peritectic theory, it was argued that the grain refinement obtained by the refiner
was achieved by the peritectic reaction [10,14-15]. However, the reliability of these
reactions is questioned [10].

The peritectic hulk theory was put forward by Backerud et al [16]. In this theory, TiAlz
was thought to be surrounded by the hulk form TiB2, so the dissolution rate decreased
with hulk. The peritectic reaction took place when the Ti composition reached the
critical value. Nevertheless, Fan et al. and Mohanty et al [11-12] argued that the main
grain refinement mechanism of grain refiner was not the peritectic reaction. Since
TiAlz particles are not stable in molten aluminum alloy, Ti amount provided by refiner

is less than peritectic reaction requirement.

According to the duplex nucleation mechanism, nucleation consisted of two steps. The
first step was the aggregation of TiAls on the TiB> surface. In the second step, a-Al
nucleates in the region consisting of TiB, and TiAls. Jones proposed the
hypernucleation theory which is similar with the duplex nucleation mechanism [16].
However, Horsfield et al. suspected that the Ti source on the surface of TiB2 was not
certain, also Schumacher et al. argued that the duplex nucleation mechanism was not

accuracy [17-18].

In the solute theory, solute element such as Ti and nucleation particles were suggested
to be important for grain refinement in aluminum alloy. Heterogeneous nucleation was
promoted by structural supercooling caused by the solute element, and solute element
segregation near the solid-liquid interface limited the grain growth of aluminum alloy
[19].
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Zhang et al. proposed that the addition of rare earth element promoted the grain

refinement. The TiAls was wrapped by the rare earth and decreased the surface energy

of TiAls, this indicated that the peritectic reaction was accelerated [20].

The schematic of different nucleation theories was shown in Figure 1.21, while the

positive and negative viewpoints of these theories were shown in Table 1.11.

a-Al
TiB,

: i
’ i) [TiAlL— ik

The carbide-borides theory ~ The peritectic theory  The duplex nucleation theory The peritectic hulk theory

a-Al a-Al a-Al

Figure 1.21 : Schematic of different nucleation theories [10].

Table 1.11 : Positive and negative viewpoints of different grain refinement
mechanisms using grain refiner [10].

Theory Positive viewpoints Negative viewpoints
The carbide-borides theory TiB, is observed in Al grain Al-TiB, master alloy has no grain refinement to high pure Al
The AL-Ti-B master alloy shows a better But Al-Ti alloy has grain refinement effectiveness to high
grain refinement effectiveness than Al-Ti pure Al
alloy The carbide (or borides) has no grain refinement in the
absence of solute Ti
The peritectic theory The refinement behaviors by Al-Ti series This theory cannot explain the invigorating effect of B
alloys are explained element on grain refinement
This theory is reasonable in Al alloy melt The amount of free Ti is much lower than the Ti level
contain TiAlz required for peritectic reaction
TiAl; is observed at the center of the Al grain  The TiAlj; phase is not thermodynamically stable for the
peritectic reaction
The peritectic hulk theory TiAl; phase is stable even at lower The boron has no effect on the Al-Ti phase diagram and
concentration in case of B addition stability of TiAl;
The refinement behavior by Al-Ti-B (Ti/ The grain refinement by Al-Ti-B refiner fades with the
B > 2.22) is explained by the duplex prolongation of holding time, but this fading disappears
nucleation theory after stimring
The duplex nucleation theory The existence of a Ti-rich layer on the The thin phase between TiB; and amorphous Al is difficult to
(the hypernucleation theory) surface of TiB; identify
In theory, pure Al, the mixture of Al and AlsTi, or an
intermediate Al-Ti structure all can nucleate on the surface
of TiB; particle
The solute theory Solute element has an effect on the growth  The restrictive effect of solute element has a negligible

restriction of grain influence on nucleation behavior and final grain size
The increased solute contents induce
increased nucleation

1.10.

2 Modification

Al-Si alloys are widely used for many different applications. Figure 1.22 illustrates

Al-Si phase diagram with microstructures and Si morphology with different Si content

(hypoeutectic <12.5%, eutectic, hypereutectic >12.5%).
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Figure 1.22 : Microstructure change with different Si contents in Al-Si phase
diagram [2].

Si particles are located in grain boundaries, particularly in between dendrites because,
according to phase diagram, a-grains nucleate first, and then, when the temperature
drops below 577°C (the eutectic temperature), the remaining liquid solidifies as the
eutectic structure. The shape of Si phase is sharped-edged plate and it acts as crack
initiators. Therefore, the mechanical properties are negatively affected. The addition
of sodium or strontium modifies the Si phase from acicular needle shape to fibrous
finer particles. Addition of these modifiers converts coarse eutectic Si flakes into fine
eutectic (Figure 1.23). Effects of the precipitate shape on dislocation movement shows
in Figure 1.24.

fapn

=i

Figure 1.23 : Eutectic Si in Al-7Si (a) unmodified, (b)modified by Sr addition [1].
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The modification of Si by Sr reduces the eutectic temperature to 571°Cs. Thus,

feedability and fluidity increases.

Figure 1.24 : The effect of different precipitate shape on the dislocation motion [2].

The eutectic Si modification with Na addition was patented in1921 by A.Paczk*.
Although The eutectic Si modification has been used more than 100 years, a
modification mechanism accepted by everyone has not been found yet [21]. Various
theories, such as restricted growth theory and restricted nucleation theory, have been
proposed to elucidate the mechanism of chemical modification in eutectic Si in
hypoeutectic Al-Si alloy. The twin-plane re-entrant edge (TPRE) mechanism and the
impurity induced twinning (I1T) mechanism explain the restricted growth theory. The
TPRE mechanism proposes that a modifier retards or suppresses the subsequent
attachment of silicon atoms during eutectic silicon growth. The IIT mechanism
postulates that the modifier’s atoms are absorbed in the growth steps of the silicon
solid-liquid interface, which causes an increase in the twinning density of the silicon.
Furthermore, the mechanism of chemical modification is explained by other important

factors such as intermetallic clusters and altered surface tension [21-24].

1.10.3 Rare earth elements

Over the past few years, the effect of adding trace amount of rare earth elements have
been examined on primary o-Al grain refinement. Rare earth elements can refine
primary a-Al and/or modified the eutectic Si from acicular or coarse plate-like to
fibrous or globular morphology. Even though scandium (Sc) addition provides the
most effective refining and strength effect. Sc addition cannot widely used due to its
high price [10] .
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The low cost and better efficiency rare earth elements have been searching for

simultaneous grain refinement and modification effect. Phase diagrams of rare earth

elements Er and Eu with Al are shown in Figure 1.25 — 1.26.
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Figure 1.25 : Al-Er phase diagram
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Figure 1.26 : Al-Eu phase diagram

22



1.11 Heat Treatment

The traditional heat treatment of a precipitation-hardened aluminum alloy includes 3
steps, a solution treatment, water quench and age (natural aging or artificial aging) as
shown in Figure 1.27. The main purpose of heat treatment is to distribute the secondary
phase homogenously and finer shape within the microstructure. As a result,

mechanical properties are improved by modification-like mechanism.

Solution

500 -
Water or polymer
— quench
S
-
Age
L i T

Figure 1.27 : The precipitation-hardened aluminum alloy heat treatment steps [1].

According to the phase diagram, the alloy must represent a curved solvus line. In this
way, when the alloy is heated to temperatures between solvus and eutectic temperature,
the composition consists of only a-phase. Since the cast microstructure at room
temperature consists of a- and b- (two) phases, when the alloy is heated above solvus
temperature, the secondary phase dissolves; thus, this stage is called “solutionizing”.
Then, the alloy is quenched in water. During this stage, the temperature of the alloy
drops from above 500°C’s down to room temperature. Since the thermal contraction
cannot occur regularly, the rapidly cooled structure contains point defects. This is
important because at the following step; i.e. aging; the secondary phases start to
nucleates on these point defects (due to high energy regions), and thus, the secondary
phases become smaller and homogeneously distributed in the microstructure as seen

in Figure 1.28. Temper designation was shown in Table 1.12 in detail.
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Figure 1.28 : The phase diagram and microstructure schematic representation of heat
treatment stages [2].

Table 1.12 : Temper designation of casting alloys [1].

Temper designation Temper

As cast F

Annealed O

Controlled cooling from casting and naturally aged Tl
Solution heat treated and naturally aged where application T4
Controlled cooling from casting and artificially aged or over-aged T5
Solution heat treated and fully artificially aged T6
Solution heat treated and artificially under-aged T64

Solution heat treated and artificially over-aged (stabilized) T7
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2. EXPERIMENTAL

2.1 Tensile Test Mold design and optimization

Dimension of tensile test bar mold for aluminum alloy according to ASTM B108/B
108M [25] is shown in Figure 2.1 The data was drawn using SolidWorks and it was
subjected to filing and solidification analysis in Anycast software. ASTM B108/B
108M tensile test mold design is drawn in 3D in SolidWorks. The drawing was saved
as STL format to prepare for analysis in Anycast program. A356 (Al-7Si-0.3Mg) alloy
was selected and simulated in sand mold with a casting temperature of 750°C for all
design. Liquid metal enters the mold with a radius of 14 mm and completely filled in
2.8 seconds in ASTM B108/B 108M tensile test mold.
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Figure 2.1 : The sketch image and dimensions of ASTM mold design.
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V1 tensile test mold was designed (Figure 2.2), which can produce 10 samples in one
casting. The liquid metal entered the mold with a radius of 10 mm in the V1 design
and was completely filled in 4.8 seconds.

180
230

0 . —%§ =
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Figure 2.2 : The sketch image and dimensions of V1 mold design.

Figure 2.3 showed the V2 design with smaller height and diameter of bars with
narrowing runner. The liquid metal entered the mold with a radius of 6 mm in the V2

design and was completely filled in 4 seconds.
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Figure 2.3 : The sketch image and dimensions of V1 mold design.
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Inthe V3 design (Figure 2.4), the sprue was enlarged, making it suitable for tilt casting.
The mold was tilted at a 30° angle and after the casting begins it was slowly lifted
upright. Casting ended when the mold reaches the vertical position at an angle of 90°
I.e. tilt casting. The liquid metal entered the mold with a radius of 10 mm in the V3

design and is completely filled in 4.8 seconds.
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Figure 2.4 : The sketch image and dimensions of V3 mold design.
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Figure 2.5 : The dimensions of ES/E8M tensile test bar [26].

It was cast with A356 alloy at 750°C in mold designs V1, V2 and V3. According to T6
state, A356 bars were solution treated for 6 hours at 540°C at resistance furnace.
Following by the hot water quenched at 75°C, the alloys were aged at 160°C for 4
hours, and cooled in the air. The heat-treated bars were machined in accordance with
ASTM E8/E8M standard [26]. Figure 2.5 showed schematic representation of
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machined tensile test bar. The tensile test was performed on the Zeiss device at
Imm/min. Yield strength (YS), ultimate tensile strength (UTS) and % elongation (e%)
were obtained as a result of tensile test.

2.2 Materials and Methods

In this study, A356(Al-7Si-0.3Mg) alloy was used. Its chemical composition was
shown in Table 2.1. Al-3%Er and Al-10%Eu master alloys were used for alloying in
appropriate proportions. The desired alloying amounts were shown in Table 2.2.

Table 2.1 : The chemical composition ranges of A356 alloy.

Si Mg Fe Cu Ti Al

A356  6.5-7.5 %24%' <0.10 <0.20 <0.20  91.1-933

Table 2.2 : Alloying ratios of Er and Eu.

Er Eu
0.0 - -
0.1Er 0.1 -
0.1Er+0.1Eu 0.1 0.1
0.3 Er 0.3 -
0.3Er+0.1Eu 0.3 0.1

To prepare a sand mold, 60-65 AFS sand was mixed with 2 wt% resin and 0.5 wt%
hardener. The mixture is put into the wooden model and compressed. After one hour
the mold is set to be ready to be removed from the pattern (Figure 2.6). The molds
were prepared one day before casting, allowing the moisture inside to be completely

removed.
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Figure 2.6 : The sand mold prepared for casting.
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15 kg base alloys were melted in A50 Mammut SiC crucibles at 750°C in ICS MELT

induction furnace (Figure 2.7).

Figure 2.7 : Induction metal melting furnace.

Before degassing, solidification test under vacuum was applied to determine the liquid
metal quality. When the liquid metal in the crucible is at 750°C, approximately 250
grams of alloy is poured into preheated and coated metal mold with ladle in the fastest
way and vacuum (80-100 mbar) is applied. Reduced Pressure Test (RPT) sample is
taken from vacuum chamber after 5 minutes. RPT samples were taken for each alloy
before degassing and after degassing. Optic Emission Spectrometer (OES) sample was

taken to determine the chemical composition.

Half of the liquid metal was cast as ingot to have the same chemical composition in
different alloying. Degassing was applied to the remaining liquid metal in the crucible.
The remaining liquid metal in the crucible was degassed with N2 for 10 minutes with
Pyrotek ceramic diffusor. Nitrogen flow was adjusted to have small bubbles on the
surface (f 2,2,5,1). After removing the dross from the liquid metal surface, it was
poured into the prepared V3 design tensile test mold by tilt casting method. The first
casting is the base alloy without any alloying with the rare earth elements. Considering
the remaining liquid metal amount, the required master amount was calculated for 0.1
wt% Er by weight. 5 minutes was waited at 750°C for alloying then 5 minutes of

degassing was done. The dross from the liquid metal surface was skimmed before
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casting. The remaining metal has 0.1 wt% Er. Considering the remaining liquid metal
amount, the required master amount was calculated for 0.1 wt % Eu by weight. As a
result, an alloy containing 0.1 wt% Er and 0.1 wt% Eu was obtained. The alloy casted
into sand mold, after 5 minutes of degassing and skimming of the dross. The rest of
alloy was poured as an ingot. Half of the previously separated base metal was charged
into the crucible and melted. The required master amount was calculated for 0.3 wt%
Er. 5 minutes was waited at 750°C for alloying then 10 minutes of degassing and
removing slag were done. It was casted. Considering the remaining liquid metal
amount, the required master amount was calculated for 0.1 wt% Eu by weight. The
last alloying metal which included 0.3 wt% Er and 0.1 wt% Eu, was casted after 5
minutes degassing and skimming of the dross. Consequently, 1 base and 4 alloying

metal was obtained:

1. 0.0 wt% (Base alloy without master alloy)
2. 0.1 Er wt%

3. 0.1 Er +0.1 Eu wt%

4. 0.3 Er wt%

5. 0.3 Er+0.1 Euwt%

Liquid metal was casted at 770°C.

2.2.1 Optic emission spectrometer analysis

Optic Emission Spectrometer (OES) sample was taken during the casting was grinded
with 120 grit sandpaper. Optic Emission Spectrometer Analysis was employed on the
prepared samples with QUANTOLUX QLX3 Optic Emission Spectrometer Analysis.
Same samples were employed X-ray fluorescence (XRF) analysis in Bruker brand

XRF Spectrometers device.

2.2.2 Reduced Pressure Test

RPT samples were taken before and after degassing. RPT samples were cut in cross-
section, were grinded with 120, 220, 400 and 800 grit sandpapers, respectively. The
prepared samples were scanned at 800 dpi. Bifilm dimensions from scanned images

measured in Kameram software.
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2.2.3 Microstructure analysis

10-bar were cut from taper runner. 10 mm thick sample was cut from the bottom of
the bar before heat treatment. After heat treatment, 10 mm thick sample was cut from
the bottom of the bar (Figure 2.8). In this way, microstructure changes before and after
heat treatment were examined from similar regions. The cut pieces after taking warm
bakallite, the bakallites were grinded with 120, 220, 400, 800, 1000, 1500 and 2000
grit sandpapers, respectively. The grinded specimens were polished with felt and
diamond fluid. Microstructure images were taking with Zeiss electron microscope..
Polished sample were electrolytic etched in 2.5% HBF4 solution at 24 V and 0.04 A

for 120 seconds for grain size analysis. 50 grains were measured for the grain size

measurement. 50X for determination of secondary phase formation without etching.

Figure 2.8 : Sampling for microstructure analysis.

2.2.4 Heat treatment

3 of 10 bar were processed without heat treatment, 7 of them were processed after heat

treatment. Termnevo resistance furnace was used for heat treatment (Figure 2.9).

Regarding T6 state, A356 base and alloyed bars were solution treated for 6 hours at
540°C at resistance furnace. Following by the hot water quenched at 75°C, the alloys

were aged at 160°C for 4 hours, and cooled in the air (Figure 2.10).
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Figure 2.9 : Resistance furnace for heat treatment.
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Figure 2.10 : T6 heat treatment steps.
2.2.5 Tensile test
As-cast and heat-treated bars were machined in accordance with ASTM E8/E8M
standard. The tensile test was performed on the Zeiss device at 1 mm/min. Yield

strength (Y'S), ultimate tensile strength (UTS) and % elongation (e%) were obtained
as a result of tensile test (Figure 2.11).
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Figure 2.11 : Tenstile test machine
2.2.6 Hardness Test

10 mm thick section from the taper runner was obtained from casting before and after
heat-treatment. These samples were taken warm bakallite. The bakallites were grinded
with 120, 220, 400, 800, 1000, 1500 and 2000 grit sandpapers, respectively. The
sanded specimens were polished with felt and diamond fluid. Samples were prepared

before hardness test.

2.2.7 SEM and EDS analysis

Scanning electron microscope (SEM) images and energy dispersive X-ray
spectroscopy (EDS) analyzes were performed on the samples prepared for

microstructure in Zeiss brand SEM device.
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3. RESULT AND DISCUSSION

3.1 Tensile Test Mold Design and Optimization

The velocity and temperature filling of the ASTM B108/B 108M tensile test mold were
shown in Figure 3.1 and Figure 3.2. New designs were tired due to turbulence during
filling the mold, only 2 samples taken in one casting, increased operator effect, loss of

time and excessive metal loss in feeders and runners.

Figure 3.1 : The filling of ASTM B108/B 108M tensile test mold with temperature
unit.

The idea of statistical work is fundamental to science. Therefore, the more test
samples, the higher the reliability of the results. Instead of taking two samples from
one mold, it would be possible to obtain ten samples from a single casting with the
new design. Since there are no difference in molds, it will be ensured that there is no
effect of any other parameter on the properties of the casting due to the filling and
casting temperature. In consideration of these, the V1 mold design was made.
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Figure 3.2 : The filling of ASTM B108/B 108M tensile test mold with velocity unit.

V1 mold design has pros and cons. Falling molten metal tapers. Thanks to taper sprue
design liquid metal does not have enough space to provide turbulence. Provides a 50%
reduction in speed for each turn in the runner. When the turn does not have radius,
flow is unstable and providing turbulence. There are two turns with angle decreases
velocity without providing turbulence. Figure 3.3 and Figure 3.4 illustrated filling of
the V1 design. There are so many turbulences as the velocity of the liquid increases.
The main reason for the speed increase is due to the metallostatic pressure caused by
the mold height. The turns have not enough radius to decrease the velocity of the
molted metal. By reducing the mold size, the speed is reduced, but narrowing in
diameter is required to produce parts in accordance with the ASTM E8/E8M Standard
Test Methods for Tensile Testing of Metallic Materials.
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Figure 3.3 : The filling of V1 tensile test mold with temperature unit.

V2 mold was designed with smaller height and diameter of bars with narrowing runner.
Diameter of taper sprue is decreased because of smaller volume requirement. Runner
formation change to taper runner and trapper was added end of the tapper runner.
Trapper provides to catch the first entrained oxides or inclusions rather than carrying
them to the bars. Taper runner also provides the bars to be filled at the same time due
to pressure generated from both sides together with the pressure coming from the
runner. Figure 3.5 and Figure 3.6 showed some filling images. The tensile samples
were filled simultaneously without turbulence due to taper runner design. On the other
hand, the velocity of the liquid metal when it contacted with the runner could not be
controlled and it caused more turbulence in the 90 degree turn that should decrease the

speed of liquid metal [8].
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Figure 3.4 : The filling of V1 tensile test mold with velocity unit.

Even though using pouring basin and stopper, the turbulence at the entrance of the
liquid metal to the bars is reduced, it is not completely prevented. Instead of changing
the mold design, the casting method was changed to provide more controlled filling.
Tilt casting reduces the acceleration of the liquid metal velocity by reducing the effect
of gravity. Taper sprue volume is extended so that it does not to solidify before filling
the mold. Filling analysis of the V3 mold design with tilt casting result in shown in
Figure 3.7 and Figure 3.8. With the V3 design and tilt casting method, the velocity of
the liquid metal when it contacted with the runner was controlled, so that the mold was
filled free-turbulence [8].
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Figure 3.5 : The filling of V2 tensile test mold with temperature unit.

Figure 3.6 : The filling of V2 tensile test mold with velocity unit.

39



Figure 3.6 : The filling of V2 tensile test mold with velocity unit.

Figure 3.7 : The filling of V3 tensile test mold with temperature unit by tilt casting
method.
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Figure 3.8 : The filling of V3 tensile test mold with velocity unit by tilt casting
method.

The tensile test was employed to the new mold designs that were treated with T6 heat
treatment after casting. Quality index values (equation 3.1), which include a
relationship between, ultimate tensile strength (UTS) and % elongation (%e) obtained
from tensile test results, are calculated with Equation 1. The K value is a constant value
for each alloy and heat treatment state, this value is 150 for heat treated Al-7Si-0.3Mg

commercial purity alloy.
Q = UTS + K log(%e) (3.2)

In the evaluation of the data obtained, survivability plot curves were drawn in order to
make an easier interpretation. In survival charts, the steeper the curve, the more
reproducible the results. In Figure 3.9, when the quality indexes obtained from the
tensile test results for V1, V2 and V3 patterns are compared, it is seen that the steepest

curve is V3, V2 and V1 respectively.
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Figure 3.9 : Survivability plots of quality index of tensile test results

Considering these results, V3 mold was casted by tilt casting method in subsequent
alloying castings.

3.2 Casting and Characterization

3.2.1 OES-XRF

The chemical composition of the A356 alloy obtained from the analysis with the OES

device was as in Table 3.1 and XRF was in Table 3.2.

Table 3.1 : Composition of Al-7Si-0.3Mg alloy with OES.

Si Fe Cu Mn Mg Ti Al
7.1 0.24 0.07 0.1 0.33 0.09 Bal.

Table 3.2 : Composition of Al-7Si-0.3Mg alloy with XRF.
Si Fe Cu Mn Mg Ti Er Eu Al

0.0 699 030 009 003 071 0.09 - - Bal.
01Er 696 030 011 0.03 0.71 0.08 0.14 - Bal.
OdllEé’u+ 523 035 0.09 0.07 065 0.07 013 031 Bal.
03Er 625 030 012 0.03 0.68 0.08 0.52 - Bal.
03Er+ 551 032 012 006 0.63 0.07 0.49 0.02-  Bal.
0.1Eu ' 0.30
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3.2.2RPT

The cross-section images of the RPT samples taken to determine the liquid metal
quality were shown in Figure 3.10. The bifilm index of the A356 alloy before
degassing was 71 mm, after degassing it decreased to 4 mm. In order not to increase
the amount of oxide with alloying, degassing was applied again after each alloying. In
this way, the casting process was carried out below 5 mm (Figure 3.11) which
represents good melt quality for casting.

(a)

-

(b)

Figure 3.10 : RPT cross sections (a) before degassing, (b) after degassing (0.0), (c)
0.1Er, (d)0.1Er+0.1Eu, (e) 0.3Er, (f) 0.3 Er +0.1 Eu.
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Bifilm Index (mm)
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Figure 3.11 : Bifilm index values of different addition.
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Colombo, M., et al. determined that the pore size and number increased with the
addition of Er [27]. On the other hand, Li, J. H., et al. showed the eutectic Si
modification with the addition of Eu was shown by CT investigation to reduce the size
and size distribution of casting defects [28].

3.2.3 Grain size

The different alloying images created by combining photographs taken under
polarized light after etching were shown in Figure 3.12 to reflect the overall grain size.
Images at 50x magnification at different alloying ratios are illustrated at Figure 3.13.

(a. (b.
(c. (d.

2mm

()

Figure 3.12 : Overall grain size (a) 0.0, (b) 0.1 Er, (¢) 0.1 Er + 0.1 Eu, (d) 0.3 Er, (e)
0.3Er+0.1 Eu.
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(e)

Figure 3.13 : Microstructure images with different alloying additions (a) 0.0, (b) 0.1
Er, () 0.1 Er+0.1 Eu, (d) 0.3 Er, (¢) 0.3Er+0.1 Eu.

The grain size of the sample that was not heat treated with the addition of 0.0 alloy
was 789 um. While there was not much change with the addition of 0.1 wt% Er, the
grain size increased slightly to 795 um, with the addition of 0.3 wt% Er and became
852 um (Figure 3.14). On the other hand, grain coarsening was clearly seen with the
addition of Eu on Er. There was 25% grain coarsening with 0.3 Er + 0.1 Eu addition
wt%. The highest grain coarsening of 31% was obtained at 0.1 Er + 0.1 Eu addition
wt% (Figure 3.15).
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Figure 3.14 : Average grain size measurement in untreated alloy with different alloy

addition.
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Figure 3.15 : Grain size change in untreated alloy with different alloy addition.

In t6 heat treated samples, the grain size of the 0.0 addition wt% was 950 um (Figure
3.16). Grain refinement was achieved by adding 0.1 Er and 0.3 Er wt% to the heat-
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treated A356 alloy (811 and 873 um respectively), different from the non-heat-treated
samples. However, grain coarsening with the addition of Eu was observed in heat-
treated and non-heat-treated A356 alloys. The best grain refinement effect with 32%
was gained at 0.3 wt% Er addition. On the other hand, %8 grain coarsening was
obtained with the addition wt% of 0.1 Er + 0.1 Eu (Figure 3.17).

1800 {

1600 +
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g
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0
T6 state T6 state T6 state T6 state T6 state
0.0 0.1 Er 0.1Er+ 0.1 Eu 0.3 Er 0.3Er+0.1 Eu

Addition wt%

Figure 3.16 : Average grain size measurement in heat treated alloy with different
alloy addition.

In the Al-Er phase diagram (Figure 1.25), in additions of 0.1 Er and 0.3 Er wt%, the
AI3Er particle formed first during solidification creates a heterogeneous nucleation
point and causes grain refinement. When the Al-Eu phase diagram is examined, since
the a-Al and then the AI4Eu phase is formed in the 0.1 Eu wt% addition during

solidification, it cannot have a positive effect on grain refinement.

Niazi et al. worked on the effects of different Er addition rate (0, 0.2, 0.4 and 0.6 wt%)
on permanent mold. The best grain refinement effect was obtained at the addition of

0.2 Er wt%. With the increase of Er addition amount, grain coarsening was obtained
[29].

Qi, Peng, et al. investigated the effect of 0, 0.1, 0.3, 0.5 and 0.8 Er wt% addition with
electromagnetic stirring in semi solid A356 alloy. With 0.4 Er wt% addition, a-Al
grain refined well. [30].
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Figure 3.17 : Grain size change in heat treated alloy with different alloy addition.

Er and Zr different amount of combination were added to the A356 alloy at rates of 0,
0.15, 0.3, 0.5, 0.6 and 0.8 wt% by Ji, Liantao, et al. T6 heat treatment was carried out
to examine the heat treatment effect in these additions. The best result was obtained
with the addition of 0.3 Er-Zr wt% addition in heat treated and non-heat treated

samples. The best grain refinement was observed in that addition [31].

The effect of addition of Er up to 0.6 at 0 with an increase of 0.2 wt% in A356 was
investigated at two different cooling rates and as-cast, T6 heat-treatment conditions by
Pandee, P., et al. While the grain size dramatically decreased with the addition of Er
at the 1°C /s cooling rate. The grain refinement effect was also observed at the 3°C/s
cooling rate. The maximum a-Al refinement effect was observed in the addition of 0.4
Er wt%.There was no fading effect in grain size and eutectic morphology at the
addition of 0.4 Er wt%. [32].

The effect of 0.0, 0.3, 0.6 wt% Er addition on A356 alloy was investigated by
Colombo, M., et al. SDAS size decreased with the increase of Er addition [27].

The effect of addition of Er to A356 alloy with an increase of 0.1 from 0.0 to 0.4 wt%,

before and after heat treatment was investigated by Shi, Z. M., et al. a-Al grains and
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eutectic Si morphology were refined with an increase of Er addition up to 0.3 wt%.
When the amount of Er increased to 0.4 wt%, it had negative effect[33].

3.2.4 Si Morphology

3.2.4.1 As-cast

Si morphologies with different alloy addition as as-cast conditions are shown in Figure
3.18.

(e)

Figure 3.18 : Eutectic Si morphology in untreated with different alloying additions
(@) 0.0, (b) 0.1 Er, () 0.1 Er + 0.1 Eu, (d) 0.3 Er, (¢) 0.3 Er + 0.1 Eu.

With additions other than the addition of 0.1 wt% Er, Si was very well modified and
decreased in length. With the addition of 0.1 Er + 0.1 Eu wt%, the Si length with the
shortest average length was obtained 2.4 um. Si length was reduced by 80% with this
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addition. When the amount of Er increased to 0.3 Er wt%, the modification effect on
the Si size also increased. It decreased by 71.6% and reached an average of 3.4
pm(Figure 3.19).
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Figure 3.19 : Average eutectic Si measurement in untreated alloy with different

alloy addition.
12.0
10.0 +
8.0 +
S I
= L
& L
5 60 T
fé- -
< I
4.0 +
N i i
0.0
0.1 Er 0.1 Er+0.1 Eu r 0.3 Er+0.1 Eu
As-cast

Figure 3.20 : Average eutectic Si aspect ratio measurement in untreated alloy with
different alloy addition.
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Si aspect ratio of unalloyed A356 alloy was 9.6 um. Si was modified with the addition
of alloying elements and the Si aspect ratio was decreased. As in Si aspect ratio and Si
length, the best modification results were obtained when Er and Eu additions were
together. With the addition of 0.1 Er + 0.1 Eu wt%, the aspect ratio was reduced by
64.6% and an average of 2.4 was reached (Figure 3.20).

3.2.4.2 T6 heat treated

The change in Si morphology with heat treatment is clearly seen in Figure 3.21. Si
flake like morphology was spheroidized.

Figure 3.21 : Eutectic Si morphology in heat treated with different alloying
additions (a) 0.0, (b) 0.1 Er, (c) 0.1 Er + 0.1 Eu, (d) 0.3 Er, (¢) 0.3 Er + 0.1 Eu.
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Although the scatter in Si length was high in the heat treated and non-alloyed A356
alloy, its average decreased by 51.7% from 12 to 5.8 um. The lowest Si size was
obtained with the addition of 0.1 Er + 0.1 Eu wt% and it was declined 51.7% to 2.8
pm (Figure 3.22).
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Figure 3.22 : Average eutectic Si measurement in heat treated alloy with different
alloy addition.
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Figure 3.23 : Average eutectic Si aspect ratio measurement in heat treated alloy with
different alloy addition.
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Even though, the Si distribution was also high in the aspect ratio, the aspect ratio was
reduced by 80.2% to 1.9 without alloying with T6 heat treatment state. The addition
of 0.1 Er + 0.1 Eu wt% again had the best Si aspect ratio. It was 1.2 and decreased by

80%. It was seen that the scattering of values was very low (Figure 3.23).

Although the main purpose of the Er addition is to refine the a-Al grain, it is also seen
the literature that Er addition also modifies the eutectic Si phases from need-like, flake
to fine, spherical shape. [30-32].

Mao, Feng, et al. Added Eu to the Al-7Si alloy in an increment of 0.05 from 0 to 0.3
wt%. No modification was not observed up to the addition of 0.1 Eu wt%. The eutectic
Si was completely modified at the addition of 0.1 Eu wt%. When the amount of Eu

increased, there was no over modification [22].

Different ratios of Eu (0-0.05-0.1-0.2 wt%) were added to high purity Al-16Si,
commercial purity and commercial purity Al-16Si-0.06P alloy by Mao, Feng, et al.
The eutectic Si modification increased with increase of Eu addition in Al-16Si alloy.
While the eutectic Si phases were coarsened by the addition of Eu, the eutectic Si
phases were modified with the addition of P until the addition of 0.15 Eu wt% in the
commercial purity Al-16Si alloy. It showed the importance of the purity of the master
alloy in Figure 3.24 [34].
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Figure 3.24 : The effect of the amount of Eu on the refinement mechanism (a)
unchanged (b) 0.15% Eu (c) 0.2% Eu [34].

53



Li, J. H., et al. investigated the effect of combination of Eu (0-50-100-200 ppm) and P
(0-3-10 ppm) addition in the Al-5Si, Al-7Si-0.7Mg-0.2Mn and Al-10Si-0.7Mg-0.2Mn
alloys. When Eu and P were added together, the eutectic Si was better modified [28].

The addition of Eu with an increase of 0.02 from 0 to 0.1 wt% in A356 alloy with and
without heat treated was investigated by Mao, Feng, et al. The decrease was observed
in Si area, Si aspect ratio, SDAS value and primary a-Al with T6 state and as-cast
condition. [36].

0.05 Eu was added to the Al-5Si alloy by Li, J. H., et al. It modified eutectic Si [24].
3.2.5 Tensile test

3.2.5.1 As-cast
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Figure 3.25 : Untreated tensile test result in different alloy additions.

Yield strength (YS), ultimate tensile strength (UTS) and % elongation (%e) obtained
from the tensile test results without heat treatment samples were given in Figure 3.25.
There was not change in YS, which was 117 MPa before the alloying element addition.

On the other hand, with the addition of alloying element, UTS and %e values were
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improved. The best UTS and %e values were obtained at 0.1 Er wt% and 0.3 Er + 0.1
Eu wt% (177 MPa, 171 MPa UTS and 2.4%, 3.7% %e repectively)

3.2.5.2 T6 heat treated

The tensile test results of T6 treated samples are given in Figure 3.26. While there was
a slight improvement in YS with the addition of alloying element. There was a clear
improvement in UTS and %e. The highest YS and UTS values were achieved with the
addition of 0.1 Er wt% (250 MPa and 302 MPa, respectively). The best %e value was
2.4% and it was obtained with the addition of 0.3 Er + 0.1 Eu wt%.
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Figure 3.26 : Heat treated tensile test result in different alloy additions.

3.2.6 Hardness test

The hardness values increased more than 4 times with the heat treatment. The hardness

value in the unalloyed A356 alloy was 11.5 HRB 10 in as-cast condition and 58.5
HRB10 in T6 state (Figure 3.27).
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Figure 3.27 : Hardness test result in different alloy additions with and without heat
treatment.

The hardness increased to 19.5 HRB 10 with the addition of Er in untreated condition.
It was observed that the hardness value decreased at different addition rates (Figure
3.28).
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Figure 3.28 : Untreated hardness test result in different alloy additions.
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The hardness of the heat-treated samples decreased slightly with the increase of alloy
addition. The highest hardness was 58.5 HRB 10 without alloy addition (Figure 3.29).
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Figure 3.29 : Heat treated tensile test result in different alloy additions.

In many studies in the literature, it has been observed that the addition of Er to the
A356 alloy improved the mechanical properties up to approximately 0.3 wt% Er
addition, then adversely affects it both in as-cast and T6 heat treated [27,29,30,32,33].

Moreover, it has been shown in the literature that the addition of 0.1 Eu% improved
the mechanical properties of Al-Si alloys [34,35].

3.2.7 Microstructure SEM Analysis

SEM images, EDX analysis and mapping analysis results containing different ratios
of alloying elements with and without heat treatment were shown in Figure 3.30-3.48.
3.2.7.1 As-cast

It was seen that the intermetallic phases formed in the mapping analysis of the sample,
which non-heat treated and without alloying addition, contained Mg and Fe. Dark
colored intermetallic contained Mg, while the whiter colored ones contained high level
of Fe (Figure 3.30). Mapping also showed these intermetallic phases include Mg and
Fe (Figure 3.31).

S7



B Spectrum 1
Wt% o
637 08
189 04
8.8 11
0.2
0.1

0.2

01

B Spectrum 17
Wt% o
685 1.0
124 03
105 1.2

EHT =20.00 kV Signal A=NTS BSD
150K X WD =10.0 mm 4-103.tif

Figure 3.30 : SEM and point EDS analysis on unalloyed specimen without heat
treatment.
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Figure 3.31 : Mapping analysis on unalloyed specimen without heat treatment.
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Figure 3.32 : SEM and EDS analysis in 0.1 Er alloy addition without heat treatment.

58



With the addition of 0.1 wt% Er, the size and number of white colored intermetallic
containing Er, Mg and Fe increased (Figure 3.32). Mapping also show these
intermetallic phases obtain Mg, Fe and Er (Figure 3.33).

Discontinues acicular intermetallic phases were observed in the addition of 0.1 Er +
0.1 Eu wt%. 1n Figure x. Even tough, EDX results show there are around 5 % Er and
Eu (Figure 3.34). Mapping did not show these phases (Figure 3.35).
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Figure 3.33 : Mapping analysis in 0.1 Er alloy addition without heat treatment.
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Figure 3.34 : SEM and EDS analysis in 0.1 Er + 0.1 Eu alloy addition without heat
treatment.
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Figure 3.35 : Mapping analysis in 0.1 Er + 0.1 Eu alloy addition without heat
treatment.
As the alloy addition increased to 0.3 Er wt%, coarsening was observed in the
intermetallic dimensions, while the amount of Er contained in the intermetallic also
increased (Figure 3.36). As the amount of Er increased, Er is getting more obvious in

mapping (Figure 3.37).

It was observed that the intermetallic shrunk and turned into acicular phases with the
addition of 0.3 Er + 0.1 Eu wt%. A chucky intermetallic of 35% Eu was observed
(Figure 3.38). Mapping showed that many intermetallic phases contain Mg and Fe
(Figure 3.39).

B Spectrum 7
Wt% o
Al 556 06
Er 179 05
0.8
Si ] 0.2

. Spectrum 12
Wt% o

Al 53.5

Si 134

Er 121

20 um
[ — EHT =20.00 kV Signal A = SE1

Mag= 1.02KX WD = 85 mm 4-4-1-06 tif

Figure 3.36 : SEM and EDS analysis in 0.3 Er alloy addition without heat treatment.
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Figure 3.38 : SEM and EDS analysis in 0.3 Er + 0.1 Eu alloy addition without heat
treatment.
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Figure 3.39 : Mapping analysis in 0.3 Er + 0.1 Eu alloy addition without heat
treatment.

3.2.7.2 T6 heat treated

The intermetallic containing Fe shrank a little due to the heat treatment effect and the
sharp corners of the some of the intermetallic were more rounded in non-alloyed t6
heat treated A356 alloy (Figure 3.40). In the mapping, the specificity of Mg decreased
after heat treatment (Figure 3.41).
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Figure 3.40 : SEM and point EDS analysis on unalloyed specimen with heat
treatment.
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Figure 3.41 : Mapping analysis on unalloyed specimen with heat treatment.

With the addition of 0.1 Er wt%, small acicular intermetallic phases containing Er
appeared whiter in the structure (Figure 3.42).
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Figure 3.42 : SEM and EDS analysis in 0.1 Er alloy addition with heat treatment.

The waiter acicular intermetallics contained Er and Eu with addition of 0.1 Er + 0.1
Eu wt%. There was a chucky intermetallic containing 40% Er (Figure 3.42). In
mapping and ED, Mg phases lost their prominence after heat treatment (Figure 3.43).
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Figure 3.43 : SEM and EDS analysis in 0.1 Er + 0.1 Eu alloy addition with heat
treatment.
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Figure 3.44 : Mapping analysis in 0.1 Er + 0.1 Eu alloy addition with heat treatment.
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Figure 3.45 : SEM and EDS analysis in 0.3 Er alloy addition with heat treatment.
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Figure 3.46 : Mapping analysis in 0.3 Er alloy addition with heat treatment.

As the amount of Er increased to 0.3 wt%, the amount of Er of the formed intermetallic
phases increased and the number of white phases containing Er also increased (Figure
3.45). In addition, the Er phases became more distinct in mapping (Figure 3.46).

It contained white acicular intermetallic phases Er and Eu with the addition of 0.3 Er
+ 0.1 Eu wt% (Figure 3.47). In the mapping, Fe phases appeared very clearly, Er
phases appeared vaguely, Mg and Eu phases were not seen (Figure 3.48).
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Figure 3.47 : SEM and EDS analysis in 0.3 + 0.1 Er alloy addition with heat
treatment.
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Figure 3.48 : Mapping analysis in 0.3 Er + 0.1 Eu alloy addition with heat treatment.
3.2.8 Fracture Surface SEM Analysis

3.2.8.1 As-cast
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Figure 3.49 : SEM images of the as-cast condition fracture surfaces with additions
(@) 0.0, (b) 0.1 Er, (c) 0.1 Er + 0.1 Eu, (d) 0.3 Er, (e) 0.3 Er + 0.1 Eu.
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Figure 3.49 showed the SEM overview images of the as-cast condition tensile test

sample fracture surface with different alloy addition rates.

It was seen that lighter colored structures on the fracture surface area are intermetallic
containing Fe (Figure 3.50).
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Figure 3.50 : SEM and EDS analysis of the as-cast condition tensile test sample
fracture surfaces with 0.0 alloying addition.

It was shown in fig x that with the addition of 0.1 Er wt%, the fracture surface was

covered by intermetallic phases and these phases containing Er and Fe (Figure 3.51).
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Figure 3.51 : SEM and EDS analysis of the as-cast condition tensile test sample
fracture surfaces with 0.1 Er alloying addition.

The white phases clustered with the addition of 0.1 Er + 0.1 Eu wt% contained a high
amount of Eu (Figure 3.52).
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Figure 3.52 : SEM and EDS analysis of the as-cast condition tensile test sample
fracture surfaces with 0.1 Er + 0.1 Eu alloying addition.
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Figure 3.53 : SEM and EDS analysis of the as-cast condition tensile test sample
fracture surfaces with 0.3 Er alloying addition.
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Figure 3.54 : SEM and EDS analysis of the as-cast condition tensile test sample
fracture surfaces with 0.3 Er + 0.1 Eu alloying addition.
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Intermetallic phases containing Er were observed on the fracture surface with the

addition of 0.3 Er wt% (Figure 3.53).

The white intermetallic phases containing high Er and less Eu and without Fe were
observed on the fracture surface with the addition of 0.3 Er + 0.1 Eu wt% (Figure

3.54).
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Figure 3.55 : SEM images of the t6 condition fracture surfaces with additions
(@) 0.0, (b) 0.1 Er, (c) 0.1 Er + 0.1 Eu, (d) 0.3 Er, (¢) 0.3 Er+ 0.1 Eu.

Figure 3.55 showed the SEM overview images of the T6 heat treated condition tensile

test sample fracture surface with different alloy addition rates.
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Fe-containing intermetallic phases such as flake-like and intermetallic phases
surrounding the Si surface were observed on the fracture surface of the t6 state heat
treated A356 alloy without addition (Figure 3.56).

. Spectrum 37

A I
si I

c Im

Fe N

Mn
Weight %

o e

EHT = 20.00 KV Signal A=NTS BSD
Mag = 400X WD = 9.2mm 3564-1 AHT21.tif

Figure 3.56 : SEM and EDS analysis of the heat treated condition tensile test sample
fracture surfaces with 0.0 alloying addition.

Fine acicular structures containing Er and Fe were observed with the addition of 0.1
Er wt% (Figure 3.57).
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Figure 3.57 : SEM and EDS analysis of heat treated condition tensile test sample
fracture surfaces with 0.1 Er alloying addition.

The white chunky intermetallic phases with high Eu and less Er and without Fe content

were observed on the fracture surface with 0.1 Er + 0.1 Eu wt% addition (Figure 3.58).
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Figure 3.58 : SEM and EDS analysis of heat treated condition tensile test sample
fracture surfaces with 0.1 Er + 0.1 Eu alloying addition.

The white continuous intermetallic phases containing high Er and negligible Fe and
discontinuous intermetallic phases containing higher Er and Fe were observed with 0.3
wit% Er (Figure 3.59).
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Figure 3.59 : SEM and EDS analysis of heat treated condition tensile test sample
fracture surfaces with 0.3 Er alloying addition.

The white chunky intermetallic phases with high Eu and high Er and without Fe
content were observed on the fracture surface with 0.3 Er + 0.1 Eu wt% addition. The
amount of Er of intermetallic also increased with the increase of Er addition (Figure
3.60).
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Figure 3.60 : SEM and EDS analysis of heat treated condition tensile test sample
fracture surfaces with 0.3 Er + 0.1 Eu alloying addition.

In the studies in the literature, it has been observed that the intermetallic phases
morphology and chemical composition changed with Er and Eu addition
[22,24,28,30,33,35-37].

Qi, Peng, et al. investigated that n-Fe phase (AlISiFeMg) modified to fine and globular
Er-poor n phase (AISiFeMgEr) with Er addition [30]. In addition, Shi, Z. M., et al.
studied that the bulk, needle-like and rods of AlsEr phases were modified into fine
particles and short rods and dispersed in the structure with T6 heat treatment. The
harmful acicular B-Al5FeSi was eliminated by the T6 heat treatment and the addition
of Er [33].

Addition of 0.0, 0.1, 0.3, 0.5 wt% Er to Al-2wt%Fe alloy was investigated by Liang,
Y. H., et al. With the addition of Er, first AlzEr particles then eutectic a-Al and AlsFe
were nucleated in the molten aluminum (Figure 3.61). In this way, a-Al grain
refinement and modification of AlsFe intermetallic phases were achieved. The smallest
AlzFe intermetallic phases was observed at the addition of 0.3 Er wt%. AliwoFezEr

intermetallic was found in the structure with the addition of Er [36].

The AI2Si2Eu intermetallic phases were observed in the matrix by adding Eu to the
Al-Si alloy [22,24,35].
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Figure 3.61 : Solidification and its mechanism (a) with Er addition and

(b) unalloyed [36].
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4. CONCLUSIONS AND RECOMMENDATIONS

It is possible to get stable and reliable castings with initial liquid metal cleaning with
laminar flow and appropriate mold design. With the changes made in the mold design
and changing the casting method, better results were obtained in each design in the
quality index values. Among the mold design and casting methods, it has been shown
in the survivability plots that tilt casting and V3 mold design give the most
reproducible quality index results. In this way, a statistically sufficient amount of
sample (10) was produced in a single casting to give a reliable mechanical property

result, eliminating the extrinsic effects.

While the grain refinement effect was achieved with the addition of Er, it did not have
much effect on the eutectic Si modification. In t6 heat treated samples, the grain size
of the 0.0 addition wt% was 950 um. The best grain refinement effect with 32% was
gained at 0.3 wt% Er addition (643 pum). On the other hand, grain coarsening occurred
with the addition of Eu, but its effect on the eutectic Si modification was clearly
observed. The eutectic Si length was 12.0 um and the Si aspect ratio was 9.6 in the
unheat-treated 0.0-alloyed addition. With the addition of 0.1 Er + 0.1 Eu wt%, the Si
length with the shortest average length was obtained 2.4 um. Si length was reduced by
80%. With the effect of heat treatment, acicular long eutectic Si phases have been
modified and started to form spherical. Moreover, it has reached the most spherical
form with the addition of Eu. The eutectic Si length was 5.8 um and aspect ratio was
1.9 at T6 state. With the addition of 0.1 Er + 0.1 Eu wt%, the Si length with the shortest
average length was obtained 2.8 um. Si length was reduced by 51.7% with this
addition. The addition of 0.1 Er + 0.1 Eu wt% again had the best Si aspect ratio. It was
1.2 um and decreased by 80%.

As a reflection of these changes in the microstructure, the mechanical properties
improved with the addition of heat treatment and alloying elements. In as-cast
condition UTS was 138MPa and %e was 1.1%. The best UTS was 177 MPa with 0.1
Er addition. The best %e value was 3.7% with 0.3 Er + 0.1 Eu addition. The UTS was
228 MPa and %e was 0.8 with unalloyed t6 heat treatment. The highest UTS was
achieved with the addition of 0.1 Er wt%(302 MPa) and the highest %e value was
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2.4% and it was obtained with the addition of 0.3 Er + 0.1 Eu wt%. However, the
hardness value decreased with the addition of alloying elements in the heat treated
samples. The best hardness value, which was 11.5 HRB10 before heat treatment,
became 58.5 HRB10 with heat treatment.

In microstructure and fracture surface SEM analysis results, the number and size of
intermetallics increased with the addition of alloying element. Although these acicular

intermetallic phases are reduced in size by heat treatment, they were not spherical.
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