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ABSTRACT

THE TENSILE AND COMPRESSIVE PROPERTIES OF FOUR
EXPERIMENTAL MAGNESIUM ALLOYS ASSESSED FOR LIGHT
DUTY TRUCK OIL PANS

Light weight design has a great importance in tegetbpment process of new
automobiles. In recent years, the oil prices hacesased and the exhaust gases of ignition
engines have become a bigger concern for globahwar Many new materials, especially
magnesium alloys, have been developed and intradinte the automobile industry to
decrease the weight of the vehicles and to incréaseefficiency. For these significant

reasons, using the best material available to opsinte fuel economy is very important.

In this thesis, four magnesium alloy compositiomsénbeen chosen, based on the
AS21 and ACM522 magnesium alloys, suitable for tligluty trucks oil pans. The
experimental results of the microstructure, tenstifength, and compressive strength of the
die cast alloys are presented for these compositionthe metallographic analysis, &gy
and (-Mg;7Al 12 intermetallic phases have been observed. The ietailic compound
Mg.Si has appeared in two morphologies, polyhedral @ned Chinese script. Thp-
Mgi7Al 12 intermetallic phase has been observed as bloclgpitetes. The increase in the
calcium content has been observed to increase ttwairg and thickness of the Mg
Chinese script phases present within the alloys Tas been observed to increase the
strength of the alloys. In addition, a CAE analyss been performed for modal analysis.
The optimum composition for the light duty trucks pans is selected according to the
results of these experiments.



OZET

HAFIF TICARI ARACLARIN YA G KARTERLER i iCiN
GELISTIRILEN DORT DENEYSEL MAGNEZYUM ALA SIMININ
CEKME VE BASMA OZELL iKLER i

Hafif tasarim, yeni otomobillerin getiriimesi strecinde blyuk dnemstmaktadir.
Son yillarda, petrol fiyatlarindaki ve motor egzgazlarindaki argl kiiresel 1sinma igin
daha buyuk bir tehlike yaratmayastzanistir. Birgcok yeni malzeme, 6zellikle magnezyum
alssimlar, araglarin @rliklarinin azaltilmasi ve yakit verimig@inin arttirimasi icin
gelistiriimi stir. Bu nedenlerden dolayr en uygun 6zellikleri rolmalzemenin kullanimi

yakit verimliliginin arttiriimasi icin biyik énemgemaktadir.

Bu tezde dort farkh magnezyum gl kompozisyonu, AS21 ve ACM522 glani
temel alinarak, hafif ticari araclaring&arteri icin deneysel olarak ggilrilmistir. Bu dort
farkli kompozisyon icin numuneler kokil kalipta ddkUstir. Bu hazirlanan numunelerin
mikro analiz, cekme, ve basma testleri sonuclaukowstur. Metalografik analizde M&i
ve B-Mgi7Al 12 fazlar goruntilendi. Mghi fazi iki morfolojide goériintilendi, ¢okyuzli ve
Cin el yazisiseklinde. B-Mgi7Al1, fazi blok pargaciklar halinde gorildi. Kalsiyum
miktarinda ki ary Cin el yazisgeklinde ki Mg@Si fazinin miktarini ve kalirgini arttirdi.
Bunun da algmlarin kuvvetini arttirdii gozlemlendi. Daha sonra deneylerin sonucunda
ulasilan degerler, CAE analizinde kullanilarak magnezyumsetanin ya& karteriseklinde
uretildiginde ki d@al frekanslari ve ivmelenmeleri incelerytin. Boylece ara¢ uUsttinde ki
kullaniminin uygunlgu argtirimistir. Deneylerin sonunda, hafif ticari araglaringya

karterinde kullanilabilmesi i¢cin en uygun kompoznsysecilmgtir.
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1. INTRODUCTION

In recent years, the world’'s resources and ecolbgye become increasingly
important. A number of researches have been coeduct order to preserve these
resources and protect the environment by contgpliire human impact. As an example,
European Union has a commitment to increase thleefifieiency of vehicles by 35 per
cent from the 1995 level until 2010 [1] and to reelthe CQ emissions from 156 g per km
for average new cars to 70 g £@er km by again 2010 [2].

One of the ways to reduce the emissions is produbghter vehicles because
lowering the weight of a vehicle will decrease foece to drive it, which will eventually
reduce the fuel usage and emissions. Other waysigoove the fuel efficiency can be
given as follows: using engines with higher effig such as diesel engines, optimizing
the tire design, and decreasing the drag coefti@émehicles in order to reduce the forces
on a vehicle which are caused by wind. However,nlest economical way to reduce the
emissions is by reducing the weight of the carsclwis the reason for running extensive
research programs conducted by several auto madargex to develop a light weight

material [2].

Light-weight materials should posses certain prigpersuch as strength, corrosion
resistance, cost, creep resistance, and easedfgaioality. Many new light materials have
been developed and introduced into the productiages Among these, magnesium alloys
appear to be the best materials choice becausentbsity possess the above mentioned

property criteria.

In today’s automotive industry, most of the autonmiparts are currently produced
from steel and aluminum which are denser than nmgme alloys. By using a light
magnesium alloy, therefore, the weight of the Viesican be greatly reduced.



1.1. Magnesium and its Alloys

1.1.1. History

Magnesium is a well known material with a histofyhandreds of years. The name
of magnesium comes from an ancient Greek city natidjnesia” in Greece. Although
magnesium has been known for hundreds of yearsysage of magnesium started only
two centuries ago. Three major steps as report¢8l iare as follows. The biggest step in
the usage of magnesium came in 1808 when Sir Hyripavy found magnesium oxide.
After the production of magnesium oxide, AntoinesByiproduced pure magnesium metal
in 1828. 58 years later, in 1886, the first comnatrproduction of magnesium began in

Germany.

After the first commercial production began, thage of magnesium has rapidly
increased. By the beginning of 1900s, magnesiurdymtion had rose to 10 tons per year
and increased steadily till the First World War.[#]lagnesium alloys were started to be
used in great amounts when these alloys were ntextl into B-36 strategic bomber
aircraft engines in 1930’s [5]. In World War |l, graesium production increased to its
highest value of 232,000 tons per year in 1943 émn@&ny [6]. In the same years in the
United States, first magnesium truck bodies weredpced [5]. After World War |,
Volkswagen used die cast magnesium alloys in ci@sds and manual transmission cases
in 19 million Beetles till 1980 and used about 880, tons of magnesium [7]. By using
magnesium alloys in place of cast iron, Volkswagsauced the weight of its automobiles
by 50 kg. This was one of the largest magnesiuoy alsage in automotive applications in
the history of the industry. This usage was disooied in the early 1980's due to
magnesium’s price instability and low creep resiséa[8].

By 1990’s, the growth rate of the magnesium allsgge had reached 15 per cent per
year [9]. After 1990’s, the highest amount (5 rmoitlikg) of magnesium alloy usage was by
Ford Motor Company, which used die-cast AM50 magmeslloy as the key material in
its front-end support assemblies for light-dutycksi [10]. Till 2025, it's projected to keep
this growth, and future predictions show at leadt0@ kg magnesium usage per vehicle
[11].



1.1.2. Metallurgical Production

In today’'s world, magnesium is a material which baneasily found. Magnesium is
found in large deposits in earth’s crust; it's #exenth abundant element [12]. It's found in
large deposits of magnesite, dolomite, and othererais. Also, it can be extracted from
sea water, which provides an easy way to reacllmited source of this metal. Because
of these reasons, commercial products of magnesiloys are being produced in high

volumes.

Till 1973, magnesium had been mostly produced froagnesite, which is mostly
found in Austria and Greece. After 1973, the praidumcof magnesium has been shifted
towards seawater. Although sea water has only Gefghw per cent of magnesium,

considering the amount of seawater, which is 1,04x1ons on earth, there is 7,2%10
tons of magnesium, which is an unlimited sourcq.[U3ing these sources many countries
are producing magnesium. The amount of magnesiwaiugtion in the world is given in
Table 1.1. As can be seen from the statistics, &haws doubled its production in past 5
years and become the major player in the magnesiamket. Russia, Canada, USA, and

Israel are the other suppliers in moderate amounts.

Table 1.1. Magnesium production throughout the avfit4]

2000 2001 2002 2003 2004 200p 2006

USA 74 43 35 43 43 43 43
Brasil 9 9 7 6 11 6 6
Canada| 55 6 86 50 55 54 50
China 218 195 232 354 450 470 526
France 17 7 0 0 0 0 0
Israel 2 30 34 30 33 28 28
Russia 40 50 52 45 45 45 50

Magnesium is produced within these countries gdigeday two techniques:
electrolysis and thermal reduction. The first taghme, electrolysis of magnesium, uses two

processes to produce magnesium from its ores: th& Bnd Magnola processes. The



second technique, thermal reduction of magnesiutilizas thermal reduction of
magnesium oxide (MgO) by ferrosilicon, which is yided from carbonate ores [4]. Two
processes are used for this technique: the Pidgadnthe Magnetherm processes. The
latter method, the Magnetherm process, is basicsgd because of the low cost of the
process and the availability of the materials usethin this process thus is more

widespread than the Pidgeon process.

The Dow process is the electrolysis of fused andyslmagnesium chloride (Mgg}l
derived from magnesite, brine or seawater, whidviges 80 per cent of magnesium used
in today’s industry. Most of the magnesium prodgatompanies uses the Dow process for
producing magnesium. The approach of the Magnadggss, on the other hand, is the
electrolysis of fused anhydrous Mg@krived from serpentine ores. Thus, the Dow and the
Magnola processes are similar processes. Thedliiterbetween these processes is mainly
based on the production of anhydrous Mg@Gi the Dow process, sea water is first mixed
with magnesium hydroxide and calcium oxide. Thergmegsium hydroxide is neutralized
and reduced to magnesium chloride solution. Aftes process, a fraction of water is
removed in a dryer. In the last step of this precdise remaining water is removed by
flashing off the water particles by adding smallaqtities of the partially dehydrated
chloride into the mixture of magnesium, sodium, aattium chlorides contained in the

electrolytic cell. The process steps are giveniguie 1.1.
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Figure 1.1. The Dow process [4]

In the Magnola electrolysis process, serpenting are used to produce magnesium
chloride. Magnesium silicate contained in the mg$ are leached with a strong
hydrochloric acid to produce Mgg£solution, which is then purified by pH adjustmant
ion exchange techniques to generate a concentuéitaehigh-purity brine for dehydration
and electrolysis [4]. In the end with an electrdysell, magnesium ingots are produced.
The process steps are given in Figure 1.2.
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Figure 1.2. The Magnola process [4]

The thermal reduction processes differ through rthdbduction methods. The
Pidgeon process is a thermic-reaction process, hwhées externally heated retorts of
relatively small diameter, each producing 120 kgnudgnesium per day [4]. Firstly,
magnesium carbonate and calcium carbonate are muxidkiln in order to produce
magnesium oxide and calcium oxide. Using a puleeriealcined dolomite power is
obtained. After this process, calcined dolomite gemand ferro-silicon powder is used in
order to produce calcined dolomite and ferrosilipomder mixture. Then, by a briquetting
machine, calcined dolomite and ferrosilicon pellets obtained. In the last steps of this
process, retort furnaces and melting pots are fmedbtaining magnesium ingots. The

process steps are given in Figure 1.3.
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Figure 1.3. The Pidgeon process [4]

The Magnetherm process, which is a thermal redugirocess, was developed just
after the Second World War, and differs from thdgebn process in that magnesium is
produced by a molten slag, which can be taggedviffout breaking the vacuum. The
process steps are given in Figure 1.4.
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Figure 1.4. The Magnetherm process [4]
1.1.3. Relevant Phase Diagrams
The composition of the magnesium alloys that wdl developed within this thesis
will contain the elements Mg, Al, Si, and Ca. Henitds appropriate to investigate the

binary phase diagrams of these elements.

1.1.3.1. Al-Ca phase diagraniThe addition of aluminum and calcium into magoesi

alloys increases the mechanical properties. Theease in the mechanical properties by
secondary phase formation is obtained by the dpusdat of the A|ICa and AlCa phases.
The binary phase diagram of Al-Ca is given in Feglirs.
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Figure 1.5. Al-Ca phase diagram (dashed linesutatied) [15]

1.1.3.2. Mg-Ca Phase DiagrantCalcium addition into magnesium alloys signifittgn

increases the creep resistance of the magnesioy @t the formation of MgCa phase.

The binary phase diagram of Mg-Ca is given in Fegl6.
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Figure 1.6. Mg-Ca phase diagram (dashed linesulzdaéd) [15]

1.1.3.3. A-Mg phase diagram Aluminum effectively increases the strength ot th
magnesium alloys. This increase can be obtainethéyformation of the AMg, and

Al1o,Mgi7phases. The binary phase diagram of Al-Mg is gimdrigure 1.7.
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Figure 1.7. Al-Mg Phase diagram [15]

1.1.3.4. Mg-Si phase diagranSilicon is an effective element which increases dreep

resistance and castability of the magnesium alldpxese improvements in the properties

of the alloys basically come from the by phases which are formed within the alloy. The
binary phase diagram of the Mg-Si is given in Feglur8.



12

Atomic Percent Silicon

0 10 20 ‘39 40 50 50 70 B0 %0 100
X ' ; j 1414
14040 ':' -
LKD) = o
1204 « L
i L
%]
' 5°C -
=
-t
i)
b
& 945.6°C
E o7
[ I
F
(S e
40 L 50 »0 B a0 100
Mg Weight Percent Silicon Si

Figure 1.8. Mg-Si Phase diagram [15]

1.1.3.5. AI-Si_phase diagram Although, silicon and aluminum do not form any

intermetallic phase they may form microconstituemith eutectic composition as can be

seen in the binary phase diagram of Al-Si giveRigure 1.9.
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Figure 1.9. Al-Si Phase diagram [15]

1.1.4. Microstructures

Mechanical properties of materials depend strongiyn their microstructures.
These properties can be improved by several meacis as solid-solution hardening,

reducing the grain size, and forming desired phestge material.

In solid solution hardening, atoms of one or mdements are added to another,
resulting in either substitutional or interstitiabint defects in the crystal. These defects
distort the crystal lattice, which act as barriessdislocation propagation and thereby
increasing the strength of the material.

In metals, grain size has a great effect on theham@cal properties of the alloys.

Adjacent grains in a polycrystalline material hax@amally different orientations with a
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common grain boundary. As a dislocation passes fom grain to another, since the
grains have different orientations, a dislocatismmaquired to change its orientation. This
requires energy. As the grain boundary misoriemaincreases, the resistance against
dislocation motion increases, which improves thergith of the material. Also, as small
grained materials have a greater total grain bayndeea, fine-grained materials have

higher strength resulting from more blockages shodiation motion.

The strength of materials can also be increaseirnying secondary phases. These
phases can be in a variety of sizes and are seatteriformly within the original phase
matrix. The mechanical properties are influencedhgycharacteristics of these particles.
These particles increase the hardness and thaytstrehthe material by acting as barriers

to dislocation motion.

Accordingly, improved mechanical properties fologdl can be obtained by forming
desired phases. Within this study, the phases tmipeed by mixing Mg, Al, Ca, and Si
will be discussed in this section. Assuming castingditions produce similar grain sizes
and alloying elements resulting in similar solidiusion hardening, influence of the

secondary phases will be more prevalent.

The given phase diagrams (see Figures 1.5-1.7) #hatwn a Mg-Ca-Al system, the
phases that may be present in an alloy areQdgC14, hexagonal), ATa (C15, cubic),
(Mg, Al),Ca (C36, dihexagonal), ACa (D&, tetragonal), AIMg, (hexagonal), ang-
Mgi7Al12 (Al2, cubic)[16]. Each of these intermetallic phases influertbesproperties of
the magnesium alloy differently. C15 phase is alstgphase which increases creep
resistance [17]. The C36 phase has a more stahldse than C14 phase. Thus, the C36
phase better strengthens the grain boundaries raacréases the creep resistance and
strength of the alloyp-Mgi7Ali, phase is an unstable phase which decreases the cree
resistance of the alloy, thus should be avoided. [ABo, a study has reported that both
Mg.Ca and AlCa phase form in as-cast Mg alloys when the Ca/@dsmatio is more than
0.8 and that only the ACa phase develops when Ca/Al is less than 0.8 [18].

With the addition of silicon, it can be seen frame phase diagram that Mgj phase
forms in the microstructure of the alloy. This phasfinely dispersed when the material is
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cast. This is a favorable phase because it sigmifig increases the creep resistance of the
alloy [13].

1.1.5. Selected properties of magnesium alloys

Magnesium alloys, used in automotive industry, combkthe optimal mechanical
strength and stiffness; these alloys are the Igjhséructural metals in the industry [6].
Magnesium §=1,738 g crit) is 70 per cent lighter than ste@={,85 g cnt) and 35 per
cent lighter than aluminunp€2,7 g cn?®). Therefore, a lighter vehicle can be obtained and
up to 3 to 4 liters fuel reduction in 100 km can dhieved for the fuel efficiency in
automotives using magnesium cast parts [2]. Stidgnesium alloys have advantages and

disadvantages.

Advantages of magnesium alloys are their low dgnsiptimal strength, stiffness,
and good castability. The disadvantages are limitggh-temperature strength, limited
corrosion characteristics, and high cost. The npagperties of magnesium base element

for Mg alloys are shown in Table 1.2

Table 1.2. Physical properties of magnesium [19]

Physical Properties
Density 1.74 g/cm

Crystal Structure Hexagonal Close Packed

Mechanical Properties

Hardness, Brinell 30.0
Tensile Strength, Ultimate 90.0 MPa
Tensile Strength, Yield 21.0 MPa
Elongation at Break 2.00 - 6.00 per cent
Modulus of Elasticity 44.0 GPa
Compressive Yield Strength 21.0 MPa

Thermal Properties
Specific Heat Capacity 1.025 J/g-°C
Thermal Conductivity 159 W/m-K

Melting Point 648.3 - 649.3 °C
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1.1.5.1. Effects of alloying elementsA worldwide research is conducted for new

magnesium alloys and a high number of alloys haenldeveloped for automotive usage
[4]. In order to meet the requirements of the auttve parts, various alloying elements
have been used to improve the properties of tlgsallAlloying elements are used in order
to increase the creep resistance, ductility, c@gtabstrength, stiffness, and corrosion

resistance.

As each of the alloying elements has differenta$fen magnesium alloys, when
constructing new magnesium alloys, the effect afséh elements should be predicted
beforehand in order to impart the required propsrin the alloys. In the automotive
industry, vigorous research efforts are put forwardrder to investigate the effect of these
elements. The effect of some of the alloying eleiengiven in Table 1.3.

Table 1.3. Roles of alloying elements in magnegdin20 - 22]

Alloying Element Role in the Alloy

_ Increases casting properties, strength, creepgaasis, and
Aluminum (Al)

corrosion resistance

Increases creep resistance, strength, decreasgiathesize of

Calcium (Ca) o
the alloys, and prevents oxidation of the melt
Iron (Fe) Increases grain refinement ability of alloys
Silicon (Si) Significant increase of creep resistance and ciisgab

Strontium (Sr)

Significant increase in elongation and higher ysléngth

Thorium (Th)

Increases high temperature creep resistance ardysir

zinc (Zn)

Increases the fluidity of the molten magnesiumyallo

Zirconium (Zr)

Increases the strength of the material

Rare Earth
Elements (RE)

Increases the creep resistance and strength ofatexial

Manganese (Mn)

Increases the corrosion resistance and the yieddgth
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1.1.5.2. Commercially available magnesium alloydagnesium alloy notation generally

starts with two capital letters followed by twotbree numbers (i.e; AZ91D). The first two
letters indicate the main alloying elements in d@liey. The first letter shows the alloying
element with the highest concentration in the adlog the second letter shows the alloying
element with the second highest concentration enalloy. The first number following the
letters show the concentration of the first allgyglement, and the second number shows
the concentration of the second alloying elemehe Tast letters following the numbers

show the modifications in the alloy.

Table 1.4. Magnesium alloys

Alloy Acronym Elements in Alloy
ACM Mg, Al, Ca, and RE

ACX Mg, Al, Ca, and Sr

AE Mg, Al, and RE

Al Mg, Al, and Sr

AM Mg, Al, and Mn

AS Mg, Al, and Si

AZ Mg, Al, and Zr

EQ Mg, RE, Ag, and Cu

MRI Mg, Al, Mn, Zn, Si, Cu, and Fe
QE Mg, Ag, and Re

WE Mg, Y, and Re

ZAC Mg, Al, Cn, Ca, Sr, Fe, Ni, and Cu
ZC Mg, Zi, and Cu

ZK Mg, Zi, and Zr

Various magnesium alloy compositions have been Idped already and efforts
continue to discover a new alloying element to iover Mg alloy properties further. The
alloys which are used in the automotive industry given in Table 1.4. Most of these
alloys have been innovated through conducting exygerts on already existing alloys. A

brief description of the characteristics of thelégya is as follows:
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ACM series is a group of one of the leading alloysdusemass production by
Honda [23]. The alloys have high creep, thermaliasion resistance, strength, and
recyclability. They are a competitive choice fol pians. The alloys can be
manufactured by High-Pressure-Die-Casting (HPDChok

ACX series alloys are also manufactured by HPDC. Tase creep resistance 25
per cent higher than AE42, cost and corrosion tasi® equivalent to AZ91D
alloys [24].

AE series alloys have good strength and creep resestand can be manufactured
by HPDC [4].

AJ series alloys have good creep resistance, higtiligu¢AJ62LX), and good die
castability. These alloys have been innovated imaNda Aluminum, Inc., North
America and are recommended for usage in oil paassmission cases, and
engine blocks [25]. The alloy can be manufactune8iBDC.

AM series alloys have relatively high ductility, eneasorption, good strength,
and castability. These series is recommended fageug the interior applications
for automotives [25].

AS series is innovated in Norsk Hydro ASA, Norway. ¥ieave good strength and
castability with good creep resistance up to°15(26].

AZ series alloys have reasonable cost, castabilapdgstrength, and corrosion
resistance. They are recommended for interior egiptins for automotives [27].

EQ series is mainly used for short-time elevated-temajure application [4].

MRI series is innovated by Dead Sea Magnesium Coiporafthis series has low
cost, good creep resistance, and ability to be eyepl at elevated temperature
usage under high loads. These alloys are mainlg @ize automotive parts for
service conditions up to 1%C [28].

QE series has good castability, yield strength, ardgresistance [4].

WE series is used mainly in the applications of rsggength and high temperatures
[4].

ZAC series, which is investigated for thixomolding,shgood castability and
strength [29].

ZC series is relatively cheap and possesses goody#irand ductility [4].

ZK series has medium strength and good weldability [4]
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1.1.5.3. Tensile and Compression Behavidiagnesium alloys have a wide range of

tensile and compression strength. If compared witmpatible structural metals,

magnesium alloys have similar tensile yield strerigtdensity ratios (e.g.; the ratio is 114
for aluminum alloys and 117 for magnesium alloyBhese properties depend on the
microstructure of the alloys. In order to incretise tensile and compressive yield strength
of the alloys, the resistance to dislocation motwithin the microstructure of an alloy

should be increased. Within this thesis, internfietphases will be formed in several new
experimental magnesium alloys with increased mdchhmproperties using permanent-

mold casting production technique.

The tension and compression tests provide quickrahable mechanical property
data for materials. A typical tensile test plotgisen in Figure 1.10. In tension tests, the
first linear part of the stress-strain graph presgiddata for the elastic properties of
materials. Deformation in this region is called #lastic deformation and no permanent
deformation develops in the material. It is theutesf only the stretching of interatomic
bonds and hence small changes in the interatomacirsgs. The slope of the linear
segment in the elastic region gives the Young's uwhe or Elastic modulus, so the
Young’s modulus can be defined as the resistancthefbonds of adjacent atoms to
separation. In order to prevent any permanent deftbon within parts, they must be
designed to have only elastic deformation. Yielerggth is defined as the point, up to

which only elastic deformation will occur.

After the elastic region of the material, the plasegion starts. The plot in this
region increases till the Ultimate Tensile Stren@fi'S) point on the graph. Till this point
the cross-section of the material decreases unlyoramd strain hardening occurs. This
results in increased number of dislocation witthi@ structure which increases the strength.
Just after this point, necking starts, which i®ealized deformation in the material, and
the material’s strength starts to decrease tilttinee so the plot decreases. The plastic
deformation is the permanent deformation of theemmatin which the bonds of the atoms

break and rebind with other new neighboring atoms.
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Figure 1.10. Stress-strain diagram [30]

The tensile stress and strain are determined indifferent ways. In one, initial
cross-sectional area and initial length are emploige calculate the stress and strain,
respectively. This yields the engineering stres$ strain. Nevertheless, the cross-section
and length of the material change during testse Btwess and strain calculations account
for the change in the dimensions. The shape oftiess-strain plot is similar after both
calculations whereas the true stress-strain plstamincreasing trend after necking. The
true stress-strain curve starting from the onseplaktic deformation till the point of

necking can be approximated by the following forarélating the true stress;{ and true

strain €r):

or=Ker" (1.1)

K is a constant and n is the strain hardening esponvhich is defined as the
measure of hardening and strengthening causedelpyldistic deformation [30]. The strain
hardening exponent is equal to the true straineaking. Perfectly plastic solids have a

value of n=0, while the elastic solids have a valfip=1.

It is also known thab—¢ behavior of materials is dependent on the loadstigin)
rate [30]. This can be investigated by testing spens in different pulling velocities
which allows determining the strain-rate sensgigim) of materials. Strain-rate sensitivity
shows the deformation behavior of the material hHitrain-rate sensitive materials display
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higher elongations, and low strain-rate sensitiaemals show low elongations. Metals
normally have low strain-rate sensitivity (<0,1) etom temperature; however, m
increases with temperature. Superplastic matemis;h show elongations between 100
and 1000 per cent, have high strain-rate sengitiVihis is because of their grain size or

interphase spacing ofim [31].

The tension and compression strength greatly demendhe selected material
production technique. In cast state, magnesiumtaisyhave random orientation. As a
result, room temperature tensile and compressie gtrengths are usually equal [4]. The
difference between the tension and compressiomgitrecan be based in different
activation of deformation mechanisms in compressi@an in tension direction. This is
based in the hexagonal lattice structure of the nasigm alloys [32]. Basically for
wrought alloys, the mechanical properties deperghtfyr on the orientation of the flow
patterns created during the working process. Asxample, hot working tends to produce
a desired crystal orientation of the basal plansoAthe specimens taken parallel to the
metal flow have higher tensile yield strength widkver compression strength. If a right
angle is taken to the direction of the flow, the@mens will have higher compression

strength but lower tensile yield strength.

Also, porosity greatly affects the strength of atenal, as porosity decreases the
effective area to carry the load and pores actrasssconcentration spots within the part
under loading. In order to produce materials witjhhtension and compression strength,
the materials need to be porosity free. While tlghdpressure-die-cast alloys have near

zero porosity values, the typical porosity valuasdie-cast alloys are given in Table 1.5.

Table 1.5. Porosity of typical die-cast alloys [33]

Porosity (Volumetric Per cent)
AM50 1,30
AM60 1,50
AZ91D 2,00
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1.1.5.4.Corrosion BehaviorThe corrosion of magnesium alloys is basicalhgiksir to that

of other metals and depends on the similar fadtastrigger corrosion of any metal. As
magnesium is an electrochemically active matettad, relative electro-potentials of the
materials in contact are very important. In someirenments, if there is no surface
protection on a magnesium alloy, the part can leatlyr damaged that's why magnesium
alloys must not only be designed to meet the mechbhmequirements but also the

environmental factors, finishing, and assembligs [4

1.1.5.5. Fatigue BehaviorIn automobiles, nearly all parts are under cydtiadings.

Because of these types of loadings, parts will Bgpee fatigue and will subsequently
fracture. The fatigue affects parts life greatlydaso the parts should be designed
according to the cyclic loadings occurring on thartg Also, other factors such as
corrosion and elevated temperatures, which areeptes1 service environments of

automobiles, greatly affect the fatigue behaviomaignesium alloys [34].

1.1.5.6. Creep BehaviorCreep is the permanent deformation of a solideneadt under

constant loading at an elevated temperature. Gyeegrs in long term exposure to levels
of stress that are below the yield strength of thaterial at elevated temperatures.
Magnesium is alloyed with elements which increaseg resistance of the alloy. In order
to improve the creep resistance of the magnesilmysalsilicon, calcium, and rare earth

elements are included in the alloying compositigs

1.2. Comparison of Magnesium Alloys with Competindvaterials

Many structural materials are used in today’s itigudn order to choose between
these materials, the properties of these matesiadsild be compared as each of these
materials has some advantages and disadvantagetheFlight duty commercial vehicle
oil pans, the weight, strength, resistance to siwrg and cost should be considered in the

selection process.
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As shown in Table 1.6, the ultimate tensile strergjtthe AZ91 die cast magnesium
alloy (240 MPa) is lower than that of both the galized steel (320 MPa) and die cast
aluminum 380 (324 MPa). However, the AZ91 die aastgnesium alloy has a yield
strength (160 MPa) three times that of the pld3tw Pulse 2000 (53 MPa) and possesses
almost the same yield strength as the aluminum (389 MPa). Moreover, the specific
strength of the AZ91 die cast magnesium alloy (kBBn / kg) is higher than both
galvanized steel (41 kNm / kg) and Dow Pulse 20€@® KNm / kg). Also, magnesium

alloys have high damping capabilities, which igraportant feature for oil pans.

Furthermore, magnesium is a favorable metal fogelaarea panel applications
because of its higher performance in panel bendimg3able 1.7, Ashby’'s performance
indices [35] for stiffness and strength based desig bending are shown for steel,
aluminum, and magnesium. As can be seen magnesasna ligher performance index,

when compared with steel and aluminum.
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Table 1.6. Comparison of selected mechanical agdigdl properties of various materials

[36]
Cast Plastics
Material Cast Mg Wrought Mg Iron Steel Cast Al Wrought Al | (PC/ABS)
Dow
AZ80- |AZ31-|Class A356- 5182-| Pulse
Alloy/Grade | AZ91 | AM50 T5 H24 40 | Galvanized| 380| T6 | 6061-T6| H24 2000
Process/ die die sand die | P/M* injection
Product cast | cast | extrusion sheet| cast sheet | cast| cast | extrusion sheet| molding
Density
(p, g/cn?) 1,81 | 1,77 1,8 1,77/ 7,1% 7,8 2,62,76 2,7 2,7 1,13
Elastic
Modulus
(E, Gpa) 45 45 45 45 100, 210 71 72 69 69 2,3
Yield Strength
(oy, Mpa) 160 | 125 275 220 NI/A 200 159 186 275 235 53
Ultimate
Tensile
Strength
(outs, Mpa) 240 | 210 380 290 293 320 324262 310 310 55
5 at yield
Elongation and 125
(&;, per cent) 3 10 7 15 0 40 3 5 12 8| atbreak
Fatigue
Strength
(o7, Mpa) 85 85 - - 128 - 138 90 95 - -
Thermal Cond.
(A, WIm.K) 51 65 78 77 41 46 94 159 167 123 -
Thermal Exp.
Coeff.
(a, mm/m-K) 26 26 26 26 10,5 11,7 22 215 23,6 24,1 74
143
Melting Temp. (softening
(Tm, °C) 598 620 610 630 117p 1515 595615 652 638 temp)

*P/M:Permanent mold
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Table 1.7. Ashby’s performance indices for stiffnasad strength based designs in bending

[35]
Index > Evilp oY%
Material
Steel 0,75 1,03
Al 1,52 2,51
Mg 2,00 3,29

The cost of magnesium is not competitive on pet waight. However, when the
comparison is made on volume basis, magnesium keEsoomparatively better, see Table
1.8.

Table 1.8. Cost comparison of magnesium over watious materials [36]

Material Steel Al Plastics Mg

Cost ratio per unit weight 1 3,36 6,14 5,9
1 1,17 0,83 1,3

PCI for equal stiffness 1 1,67 3,74 2,2
1 1,13 1,61 1,4

Cost ratio per unit volume

© N w P

PCI for equal strength

Also, for piece cost index (PCI), magnesium is veoynpetitive. The predictions
show that in the near future magnesium alloys ale lower prices and so become more

competitive among the other contenders [36].

1.3. Magnesium usage in Automotive Components

In today’'s world, automotive industry has a consatde affection to magnesium
alloys. Strict regulations take place in many caestto decrease the environmentally
polluting emissions. Moreover, oil prices are imsi@g throughout the world, so more
pressure is put on the automotive companies inrdodiecrease the fuel efficiency of their
cars. As magnesium alloys combine light weight sinength, these alloys are a preferable
choice for automotive components. Also, the produactate of automotive components
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needs to be high. Magnesium gives a 40-50 per icentase in the production rate of

automotive components, when compared with, for @lepaluminum parts [36].

1.3.1. Interior Applications

As the corrosion is not a major concern in theriateof an automobile, magnesium
has taken the place of steel in many applicationthé interior of automobiles. These
applications range from instrument panel, seat é;aand airbag housing to steering wheel.
When an instrument panel is produced by integrapilagtics, and steel components, the
weight of these components will be as high as 30hkgvever, if the panel is produced
from a single magnesium part, the total weighthig panel will come to a high value of 10
kg. Major producers of automobiles throughout tlelevsuch as GM, Ford, and Chrysler
in USA, have utilized magnesium to decrease theativeutomobile weight. Some of the

parts that are used by the major automotive mahufas are given in Table 1.9.

Furthermore, Alfa Romeo uses magnesium steeringhhe decrease the weight of
this component [9]. Mercedes also uses magnesiuits geat structure in its SL roadster
model [36]. For interior applications, magnesiunoyd such as AZ91D, AM50A and

AMG60B can be recommended.
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Table 1.9. Usage of magnesium parts by major aubdenmanufacturers [36]

Gobal Magnesium Applications in Automobiles

System
Product GM Ford Chrysler Europe Asia
Interior
mnstmment panel yes - Vs ves —
knee belster tetainer ves - — — —
seat frame ves — ves yes ves
seat riser ves ves ves — —
seat pan — ves ves — —
console bracket — ves - — —
airbag housing — - ves — —
steering wheel yes ves ves yes yes
kevlock housing ves ves ves — —
steering column parts ves vas ves ves ves
radio housing — yes — — —
glove box door yes - — — —
window motor housing — ves - yes —
Powertrain
valve cover/cam cover Ves ves ves yes ves
4WD transfer case ves ves — — —
manual transnussion case — — — ves ves
clutch housing & piston ves — — — —
intake manifold yes — — yes —
engine oil pan — - - yes —
Alternator/AC bracket — - ves — —
transmission stator ves — — — —
o1l filter adapter yes — — — yes
electric motor housing yes — — — —
Body
door frame — — — yes —
tailgate — — - yes —
roof frame yes - — ves —
sunroof panel ves ves — yes —
mirror bracket ves ves ves yes —
fuel filler lid — — — ves —
door handle — — — yes yes
Chassis
wheel yes - - — —
ABS mounting bracket yes — ves — —
brake pedal bracket ves ves ves — ves
brake/accelerator bracket ves yes — — —
brake/clutch bracket — yes — — —
brake pedal arm — ves — — —

1.3.2. Engine and Powertrain Applications

Magnesium is a promising metal to be used in mantoraotive powertrain
components as well as in the engine. Few examildsese components can be listed as
follows: transmission cases, engine oil pans, blitousing, intake manifold, and electric
motor housing. Powertrain components require hidififness, strength, corrosion
resistance, and creep resistance in service. Soagmernium alloys such as AS21X and
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AE42 are currently in use for powertrain compone@tse of the major manufacturers of
magnesium powertrain components is GM, which usagnasium alloys in most of its
powertrain components. Volkswagen is another ukemagnesium alloys (AS21 alloy) in
its transmission case. Volkswagen has used AS@¢ @llsuch a high volume that has ever
been used for an automotive component [26]. Albe, die-cast transmission case of
Corvette is produced from magnesium alloys, whiak & weight of 7 kg compared to 50
kg when this component to be produced out of $&&| Currently, the magnesium alloys
Noranda AJ50X, Noranda AJ52X, and Dead Sea MRI-&f8 considered for use in
powertrain components for their elevated tempeeatteep resistance [26].

In recent years, Mg has also been used in the erdaotks in BMW sport cars [37].
Magnesium usage in engine blocks, which are prelyomanufactured previously from

aluminum alloys, has reduced the weight of therngly 15 per cent.

1.3.2.1. Light Duty Commercial Vehicle Oil Pandlot a high number of magnesium oil

pans have been introduced into the automotive ingluStill, Honda and a few European
companies have used magnesium in their oil pasaant years. Honda Insight oil pan has
decreased the weight by 30 per cent, when compgaralliminum oil pans [10]. With the
improved usage of all the light weight parts, Hoht®ght has reached a 5,74 liter/100 km
for a combined driving on the road for spark igmtiengines [38]. As for the Ford transit
I5 oil pan, which will be investigated in this tiesthe magnesium oil pan weighs 1,87 kg
with the selected magnesium alloy which is a redacbf 45 per cent from the sheet
drawn steel oil pan. By using magnesium in all nleeessary parts of the vehicle, a great
amount of reduction can be achieved. Still, thaghesequirements of the part should be

met.

In automobiles the oil pans are positioned undemtee engine where it retains the
engine’s lubricating oil. It is bolted to the cydier block underneath the engine. As the
engine runs, the bolts transmit heat from the endgm the oil pan and the maximum
service temperature reaches a high value ofQ4That’s one of the reasons why the oil
pans have been produced with materials such aksastege-cast aluminum alloys which

have high creep resistance. As a result, to produdarable oil pan from a magnesium
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alloy, the newly developed oil pan needs to hagead balance between the mechanical

strength and resistance to corrosion

1.3.3. Body Applications

Magnesium is a preferable choice for body partanagnesium sheet metal can
reduce the weight of the body parts by greatly cameg to steel. Magnesium body parts
are especially preferable in door frames, and safrpanels which work in bending. Other

body parts made out of magnesium are door handiesframes, and mirror bracket.

Most of the body components manufactured from msigne is used by European

automobile companies [36].

1.3.4. Chassis Applications

Magnesium has limited usage in the chassis of th@n@obiles, as corrosion
requirements for these components are relativellg,hwhen compared with other parts in
a vehicle. Magnesium alloys can be used in chassisponents of mounting brackets,
wheel, brake pedal arm, and the brackets whictused in the brakes. As the corrosion
resistance is improved and the cost of the magmeswecreased, magnesium alloys will

be used in a higher volume in the chassis compserjd6i.
1.4. Manufacturing Methods of Magnesium Alloys
Magnesium alloys can be shaped into any geometing wsrange of manufacturing
techniques. Mostly, magnesium alloys are produceddsting and forming methods. A
method is chosen according to service requirenwradinal product.
1.4.1. Casting of Magnesium Alloys
Casting is one of the basic production methodsh& ihdustry. Magnesium has a

good castability, and when alloyed, casting progerof magnesium can be enhanced.

Magnesium castings can be found in a variety of mensial products ranging from
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computers, aerospace parts, automotive comporentgera bodies, and portable devices,
all of which require low weight and high stiffnesSimilarly, low weight requirements
necessitate the use of Mg alloys in a variety dbruobile parts such as engine blocks,

engine heads, push rods, pistons, and oil pans.

Casting is the production of parts by pouring ahalten metal into a preprepared
cavity of a desired geometry and having the melidisied in that cavity. The casting
produces various geometries. Parts can have saegng from a few millimeters to
meters, and their weight can vary from a few gréom®ns. Flexibility of design, ability of
producing very small and very large parts, low cast suitability of mass production are
a few of the advantages of the casting technighes& advantages give casting a distinct

position over the other manufacturing methods.
Casting methods are widely used for producing paoisi magnesium alloys. The
choice of the casting method depends mostly orafipdication of the manufactured part,

design requirements, and the volume of the prodncti

1.4.1.1. Permanent-Mold Castingln permanent-mold (die) casting, a metal mold

consisting of two or more parts is repeatedly usedhe production of many castings of
the same form. In the process, molten metal isqubinto a cavity of a metal mold. After
the molten metal is poured into the cavity, it'$oaled to solidify. In permanent-mold
casting, the mold can be used many times beforentbld wears out, which makes this

method highly cost-effective.

The capability of producing multiple parts from agle mold is the greatest
advantage of the permanent-mold casting method Mathod is useful for high-volume
production and is more suitable for casting paiith wniform wall thickness and limited
undercuts. Also, another advantage of permanend-cadting is that when compared with
sand cast parts with tighter tolerances, a betieface finish, and higher mechanical
properties can be attained. A disadvantage of pegntamold casting is the high porosity
concentration in the parts. Typically 2 per centosdy generates in permanent-mold

castings as given in Table 1.5.
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Various parameters affect the casting process. liyaim permanent mold casting,
selection of mold materials, mold coatings, molohperature, cooling rate, and pouring

temperature have a great effect on the qualithefihal product.

Firstly, the material of the mold affects the mbld and the cooling rate of the melt.
Ferrous metal molds should be used for casting ssgm alloys, as molten magnesium
does not attack ferrous metal molds. The most canynesed mold material is gray cast
iron for permanent mold castings of magnesium alldyhese molds are durable molds
which can obtain more than 100,000 castings pednidhe basic disadvantage of these
molds is the low surface quality. For the partsalihiequire extensive machining gray cast

iron molds can be used effectively [39].

Secondly, the internal coating on the molds ses/@ &arrier between the molten
metal and the surface of the mold as the metatlifiek. These coatings are used to
prevent premature freezing of the melt, control tate and direction of the casting
solidification, minimize the thermal shock of theolsh material, prevent soldering of
molten metal to the mold, and vent air trappedhm mold cavity. In order to gain these
advantages, basically two types of coatings arel:usesulating and lubricating. These
coatings should be selected according to mateoiabe cast. Lubricating coatings are

generally used for magnesium alloys [39].

Moreover, the mold temperature affects the meclahmmperties and quality of a
cast part. In order to meet the specifications iregurom the cast part, mold temperature
should be determined according to variables sugioagng temperature, cycle frequency,
casting weight, casting shape, casting wall thisknemold wall thickness, and the
thickness of mold coating. Other than these factamsheating of the mold should also be

done in order to reduce the casting defects withérparts.

One other parameter affecting the casting is thairog rate of the melt. High
cooling rates in permanent mold castings refinedgitaen size of the alloys in contrast to

the coarsening of the grain size with the low aupliates [40].
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Lastly, the melt to be cast should have an optinmanring temperature to obtain a
high quality casting. If pouring temperatures df thelt is low, the melt will solidify too
rapidly and that will cause porosity, poor castidetails, and interrupted directional
solidification. These will lower the mechanical pesties of the parts. If the pouring
temperature of the melt is high, the mold will havarpage which will result in loss of
dimensional accuracy. Basically, the optimum payitemperatures for magnesium alloys

are suggested to be between 705 and®€9{d,,=650C for magnesium) [39].

All these variables influence the microstructuretiod permanent cast parts. Most
metallurgical alloys have a dendritic structureairmold. Also, columnar and equiaxed
dendrites are usually present in the casting. égériphery of the mold, the equiaxed
chilled zone develops as the liquid metal is pourstdthe center of the mold equiaxed
dendritic crystals are mostly present [39]. Thadsiitation of a material in permanent
mold is shown in Figure 1.11 [39]. Furthermore, ffermanent mold cast magnesium
alloys have large amounts of divorced, partiallpmed, and coupled eutectic phases
[4, 41].
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Figure 1.11. Solidification of melt in permanentith{B9]

The alloys used are same for permanent-mold cpsthd sand casting, with the
exception of ZK series. In the automotive indusppgrmanent-mold casting is used to

produce engine blocks, front engine covers, etg [42
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For comparison, the mechanical properties of allmysluced via permanent-mold

casting and other methods are given in Table TLh@.results of the mechanical properties

show that permanent-mold casting has similar pt@gsewhen compared to other casting

methods.

Table 1.10. Mechanical properties of productionhrods [4]

Process outs, MPa | oy, MPa | o, per cent
Permanent-mold casting 212-230 140-159 3.0-5.6
Sand casting 200-215 138-146 3.0-6.0
Investment Casting 256-2712 195-212 5.0-9.0
HPDC 200-250 140-160 3.0-5.0
Thixomolding 190-241 140-160 3.0-5.0
Squeeze casting 270-290 207-225 5.0-13

1.4.1.2. Sand Castingln sand casting, molten metal is poured into &tgan a mold

produced of a sand mixture. After the metal is pdunto the cavity, it's left for cooling to
solidify the molten material. For magnesium allogseen sand is mostly used as sand
mixture for preventing the bonding between the erolhaterial and the mold. The greatest
advantage of using sand casting technique is #@rds$ pvith various sizes can be cast with
low cost [4].

1.4.1.3. Investment Castinglnvestment casting has been used for years fodyoing

automotive components. In investment casting, cierasturry is applied around a
disposable pattern which is then allowed to formlisposable casting mold. Afterwards,
the liquid material is poured into this mold anfl te solidify. After the part has solidified,
the casting is removed from the mold. The moldastabyed during the removal of the

casting. Lastly, finishing and inspection is dometloe casting.

1.4.1.4. High-Pressure Die Casting (HPD®)igh-pressure-die-casting (HPDC) is used in

high volume production for producing a variety afogetries from magnesium alloys.
Most of the parts produced from magnesium alloys @oduced by this manufacturing
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method because of its fast production rates andetds® of automation. Furthermore,
magnesium alloys are very suitable for this martufaimg method. The alloys have high
fluidity; thus thin walled parts (2 mm) can be &asiast with this method. The parts
produced by the high-pressure-die-casting procasg kexcellent dimensional properties
and smooth surfaces, that's why the final produetpiire almost no machining. These
advantages make high pressure die cast magnesiays al good choice for automotive

manufacturers [28].

1.4.2. Semi-solid production methods

1.4.2.1. Thixomolding Thixomolding is one of the most researched sibjamong the

magnesium alloy production methods. In thixomoldiagnagnesium alloy is heated into a
semi-solid state, which then is injected into a ancavity to solidfy. Thixomolding is a

cost effective manufacturing method as the prooegsires lower operating temperatures.
Thixomolding cast parts are used in cameras, telhps, and as well as in shift cams in
Ford transmission and seat components [38]. Theitiblded parts can have thinner wall
sections, and a 50 per cent reduction in porositpassible. The semi-liquid material
during production is protected from oxidation agthtemperatures by using argon shield

gas.

1.4.2.2. Squeeze CastingSqueeze casting is a process in which casting farging

processes are combined into one single procesthidmmethod, the molten magnesium
alloy is poured into bottom half of the die. As tnelten alloy starts to solidify, the upper
part of the mold closes to apply pressure on thééemaalloy. Using squeeze casting,
complex geometries can be produced with low porosihd improved mechanical

properties.

1.5. Production Cost of Magnesium

The market for magnesium alloyed automotive paas increased about 15 per cent
each year since 1990’s [43]. As the oil prices andironmental concerns have increased,
a similar market growth for magnesium alloys iseotpd in the future. As can be seen in

Figure 1.12, the growth of magnesium usage inccestsadily till 2004.
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Figure 1.12. Projected growth of magnesium usage

By 2004 the magnesium usage in USA had increas&®,@00 tons [43]. It is still
expected to grow steadily. Estimations show thagmeaium usage will increase with the

increase of the use of cheap raw magnesium fromaJHi3].

The price of unalloyed magnesium ingots in 2002 $hB2/Ib compared to $0,65/Ib
for unalloyed aluminum. As already given in Tabl®,lon per-pound bases, magnesium
costs 1.8 times higher than aluminum; however, @nlame basis, it costs only 1.2 times
higher. That's why the performance of the mater@hsl the density of materials are
required to be included for a cost comparison.

The metallurgical production of magnesium dependsniy on two techniques,
electrolysis and thermal reduction as already dtat@viously. Electrolysis is the older
technique and accounts for 80 per cent of the nsagme production. The thermal
reduction is a cost efficient technique as it Uusss energy, when compared with the other
techniques. However, the high cost of cell feecbaration and the low production rates
are major disadvantages of this technique. Theabipeal costs of electrolysis technique
are relatively lower than thermal reduction. Thestcwaries for electrolysis between
$0,60/Ib and $0,99/Ib. In contrast, it's betweer@8db and $1,19/Ib for thermal reduction.

The analysis of the operational costs of magnegitoducts is given in Figure 1.13 [43].
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Figure 1.13. Operational costs of electrolysis #n@imal reduction techniques based on

several companies [43]

The full cost of magnesium production includes thabor, energy, capital, and
material costs. Also, the full cost varies with f@duction volume capabilities of the
plants. The fixed costs decrease as the volumeegbtoduction of the plant increases. The
full cost comparison between electrolysis and tlarmaduction is given in Figure 1.14
[43].
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Figure 1.14. Analysis of full costs [43]

According to the full cost comparison, electrolymsmore expensive than thermal
reduction, mainly due to the high capital and migeter materials cost [43].
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2. OBJECTIVES

The primary objectives of the current research are:
- To develop magnesium alloy compositions baselgnAl, Si, and Ca suitable for
automotive oil pans in light duty trucks.
- To determine the tensile and compressive stremjttihe magnesium alloys
developed.
- To compare and contrast the findings of this aede to those available in the
literature and hence to assess the possibilityegélbped experimental alloys to be

used for oil pans.



3. EXPERIMENTAL PROCEDURES

3.1. Alloy production: Permanent — mold casting

38

In this study, four magnesium alloy compositions$bly suitable for light duty

truck oil pans have been investigated. After, arditure survey to cover the present
knowledge on magnesium alloys and the automotivés ghat have been produced by
magnesium alloys, the four magnesium alloy commosthave been selected based on the
AS21 and ACM522. The experimental alloys in thereatr thesis work are composed of
Mg, Al, Si, and Ca. These elements are a combinabdibthose present in AS21 and
ACMb522. Specifically, the ACM522 alloy is the ontgagnesium alloy used for serial
production of oil pans. The alloying compositiontbeé AS21 and ACM522 is given in

Table 3.1.
Table 3.1. Experimental magnesium alloy compos#tion
Mg Al Si Ca Mn Zn Ce
Al weight | weight | weight | weight | weight | weight | weight
oy
per per per per per per per
cent cent cent cent cent cent cent
AS21 96,36 2,30 1,13 0,00 0,19 0,02 0,0
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|ACM522| 90,7o| 5,oo| o,oo| 2,oo| o,30| o,oq) 2,0P

Due to limited experimental resources (material aqdipment) and for ease of
comparison, Al and Si amounts are kept constanteasethe amount of Ca is varied. As
explained in section 1.1.4, it is aimed to haveyalwith different Ca/Al ratios to assess
the formation potential of ACa phase along with other intermetallic phasesthad to
investigate the influence of those phases in thehangical properties studied in this thesis.

The selected compositions are given in Table 3.2.

Table 3.2. Experimental magnesium alloy composstion

Mg Al Si Ca Ca/Al
. ) . ) . ) . | wtper
Alloy | weight | atomic | weight | atomic | weight | atomic | weight | atomic iy
cen
# per per per per per per per per
wt per
cent cent cent cent cent cent cent cent
cent
1 96,1 96,7 2,0 1,8 1,2 1,1 0,7 0,4 0,3%
2 95,8 96,5 2,0 1,8 1,2 1,1 1,0 0,6 0,5
3 95,2 96,2 2,0 1,8 1,2 1,1 1,6 1,0 0,8
4 94,8 95,9 2,0 1,8 1,2 1,1 2.0 1,2 1,0

Alloys have been produced via permanent-mold cogstiirstly, magnesium and
aluminum have been put into a crucible made ofl stéh a capacity of 100 kg. Then the
crucible has been heated up to ®@ melt the materials within it. After magnesiuamd
aluminum have been melted, calcium and silicon hagen added to the crucible in
predetermined amounts based on the alloy compositibrough the melting processes a
protective blanket, which is composed of potassihinride, magnesium chloride, calcium
chloride, and sodium floride, has been used toeptomolten magnesium alloy from
oxidizing. When all the elements have been meltedl mixed, the molten material has
been poured into a cylindrical steel mold to pradumds with 23 mm in diameter and 300

mm in length. The mold has a wall thickness of 5th rand has been preheated to
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250-280C. The casting has been repeated for each congosiir 6 times, which has
produced 6 rods for each alloy. Then, the solidyalbds have been cut into 100 specimens

with a diameter of 23 mm and a length varying betw@0-73 mm.

3.2. Microscopical Analysis

After the alloys have been cast, two specimens baes selected from each of the
alloys to check the compositional homogeneity withi particular specimen and also the
compositional match between the specimens of acpkat alloy group. From one of the
selected specimens, two semi-cylindrical sample® lheen taken from each end (top and
bottom). These samples have been used to conferhdmogeneity within the specimen.
From the other selected specimen, one semi-cyiadgample has been taken from one
end. This sample has helped to confirm the comipasit match between the two selected
specimens for the particular alloy.

For the preparation of the sample surface for cbhahanalysis, firstly, each sample
has been hot mounted in bakelite. Then wet grindimgilicon carbide paper discs of 120,
240, 320, 400, and 600 grits has been done segligniihe remaining residues left over
the samples have been flushed off using streammigrafter each grit of the abrasive
paper. No etching has been done on these samftes.tihe grinding operation has been
completed, EDS (Energy Dispersive Spectroscopyjnigcie has been used to confirm the
composition of the samples. The EDS results haggested that alloy preparation has

produced the specified alloy compositions giveiable 3.2.

Next, to determine the phases present in an alidyimvestigate the composition of
the phases, the samples used for EDS analysisbesre metallographically prepared for
microscopy. A suspension of 15, 10, 5, 1, 0,5, @@8 um sized alumina powder and
water has been applied sequentially on a polistioilp to polish the sample surface. Each
of the samples has been polished on the polishaty il no visible scratch has been left
over the sample surface. The remaining residu¢\er the samples have been flushed

off using streaming water after each polishing apen.
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After grinding and polishing operations have beershed, Toluol has been used to
clean the surface of the specimens. Lastly, theasiictural images have been taken by
using Nikon Eclipse LV150 microscope with maximuragnification of 2000x connected
to a computer that ran Clemex Captiva 4.0 imagofgvare [44]. ESEM (Environmental
Scanning Electron Microscope) photos have been tdken as needed. Then, the
compositions of the phases present in the microstres have been investigated by the
EDS with a beam diameter of jim. No etchant has been used on the surface of the
samples for imaging the particles as they have béeady visible under the microscope

without etching.

After the EDS analysis, the amount of phases amdsfiyg present in the samples has
been determined with the image processing and sinagftware IMAGEJ [45].
Lastly, the grain structure has been imaged hyguie light microscope. An etchant
with the composition of 2 mL HF (48%), 2 mL HNQ@conc), and 96 mL D has been
used to reveal grain boundaries [41]. After etchhag been finished, Toluol has been used

to clean the surface of the specimens.

3.3. Tensile Testing

Tensile testing has been performed according to MSE8M — 00b (METRIC)
Standard Test Methods for Tension Testing of Mietdlaterials [46]. For tensile testing,
small size specimens have been selected basedisospicification. The shape of the

tensile testing specimen is given in Figure 3.1.
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Figure 3.1. Tensile testing specimen

The selected specimen has a gage length (G) @ 30m, diameter (D) of 6,00 mm,
fillet radius (R) of 6,00 mm, reduced section lgngf 36,00 mm, and a total length of
70,00 mm. A photograph of a specimen is given gufé 3.2.
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Figure 3.2. Specimen used in tensile testing

The gap between the jaws of the testing machingraater than the diameter of the
specimens; that's why two screw grips have beenlymed with 20 mm diameter and
150 mm length. These grips have 15 mm deep, 13 xgfric threaded holes in one side

to attach the specimens.

In order to conduct the tests, firstly, the gageth of 30 mm has been marked along
the gage length of the specimens. After markinghef specimens and screwing of the
specimens into the holders, the holders have beppegl into the jaws of the machine.
Then an extensometer has been clamped onto thertespsecimen.

The tests have been done using a computer comtrdl@,000 N Mares tension /
compression testing unit. After the necessary patars have been typed into the program,

the tests have been started.

A total of 16 specimens from 4 different alloy camsfiions have been used for
tensile testing. Four specimens have been useddemh alloy. Two specimens have been
tested at a given test speed. The tests have lmeenusing two speeds 1 mm/min and 10
mm/min, with a preload of 5 kg. The tests have iomed till the fracture.

3.4. Compression Testing

Compression testing has been performed accordidgiiv E9 — 89a (Reapproved
2000) Standard Test Methods of Compression Tesiinlyletallic Materials at Room
Temperature [47]. Medium size specimens suggestedhis specification have been
selected. The selected specimen has a diamet@@d &hm, length of 60,00, and a length-

to-diameter ratio of 3,00. A photograph of a spexrirs given in Figure 3.3.
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Figure 3.3. Specimen used in compression testing

In order to conduct the tests, firstly, a gage teragd 30 mm has been marked on the
specimens. Then the specimen has been placed aortigession stand. Both ends of the

cylindrical specimen have been greased to minitiedriction and to avoid barreling.

Then an extensometer has been clamped onto theressign specimens. A
protective shield has been installed to containsipecimen. The tests have been done in
the same machine used for tensile testing.

A total of eight specimens from four different glloompositions have been used for
compression testing. Two specimens have been téstedeach alloy. The compression
testing has been carried out with 5 mm/min veloditye tests were done with a preload of

5 kg. The tests were continued till the specimengleither fractured or buckled.

After the mechanical property determination, thenposition that yielded the best
properties and hence thought to be the most saitaie for oil pans, has been selected to
assess the eligibility of the alloy by CAE (Computéded Engineering) for the light duty
truck oil pans.

3.5. CAE Analysis

CAE analysis for comparing the modes of a lightydutick (Ford Transit I5) oil pan
produced from magnesium has been investigated usypgrmesh [48]. Modal analysis
has been performed to compare the natural fregegacid the corresponding mode shapes
of these two structures as the most important cherniatic of the oil pan is its damping

capacity.

The oil pan has been structured usifigotder quadrilateral elements with size of

3 mm in order to have a better resolution for thesim The analysis has been carried out
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for two materials, steel and the alloy 4 developethis study. The thickness of the steel
oil pan is 1,3 mm overall. The thickness of the nesjum oil pan is 8 mm and the flange
of it is 3 mm. The steel oil pan has the propemieg of 210 GPAp of 7,9 g/m, and mass
of 3,36 kg and magnesium oil pan has the propeofi&of 45 GPA,p of 1,78 g/ni, and
mass of 1,87 kg.

In order to simulate the service conditions of dflgpan, fixing points on the oil pan
to the engine block are constrained in all degfdeeedom and a point mass weighed 50 g

is hung by rigid elements for simulating the bolts.

4. RESULTS AND DISCUSSIONS

4.1. Microscopic Analysis

The permanent-mold cast alloys produced in thisisheork exhibit a grain size in the
range of 5-1Qum. A representative grain microstructure for tHeya, as revealed by light
microscope, is shown in Figure 4.1. The usual ds microstructure shown in Figure 1.11
is not observed because of the die-preheatingziokl die walls. The grain size does not
vary with increasing calcium content. Neverthel€3s,seems to refine the grain size as a
larger size (27,%m) has been reported [49] for a similar alloy watver (0,25 weight per

cent) Ca content than that used in the alloys ettirrent study.
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Figure 4.1. Grain structure of the alloy 3

Metallographic analysis of the developed alloydigit microscope shows that each
alloy composition displays distinct phase morph@egThe only phase observed by the
light microscope in all the alloys is identified lbe an intermetallic phase M), routinely
formed in silicon containing magnesium alloys. T¥g,Si intermetallic compounds can
be easily distinguished by their light blue colader light microscope.

The intermetallic compound M8§i that has a face centered cubic crystal structure
[32] appears in two morphologies, polyhedral arel @hinese script. The Chinese script
morphology forms during the solidification of thgpwoeutectic alloy melt. As the melt
cools below the liquidus temperature, first Mg-Al-Solid solution grains form.
Continuation of the solidification creates coredigs; a concentration gradient of Al and
Si develops from the core (low content) to the geery (high content) of the grains. When
the eutectic temperature is reached, a binary gcitbtg,Si+(Mg-Al-Si) forms with the
transformation &a+Mg,Si, where L is the liquid and is the Mg-Al-Si solid solution
matrix. This transformation path leading to the egmance of the Chinese script }8gis
also reported by Kim et. al. [49]. Interestingly,0Bfin et. al. [50]claim that cooling the
hypoeutectic melt results in the polyhedral Mgmorphology, which the author of this
thesis does not agree with because polyhedraSMgarticles should be the proeutectic
phase as will be explained later. The reason fareldpment of the Chinese script
morphology is in fact the difference in the growttodes of the matrix and the Mg
phase. It is apparent from the polyhedral morphplafigMg,Si particles that this phase is a
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faceted one, while the matrix is non-faceted. Bidegrowth of such non-faceted/faceted
systems is irregular in shape, similar to the Cégnecript morphology and unlike the

regular lamellar eutectic morpholofii].

The polyhedral MgSi forms as a proeutectic phase. This can occw when the
melt concentration is greater than the eutectic pmsition. Knowing that the eutectic
composition is 1,34 weight per cent for Mg-Si systand that the Si content of studied
alloys in this current work is 1,2 weight per cahi proeutectic Mgpi formation is only
possible if the melt is enriched beyond the eutemimposition. Conversely, depression of
the eutectic point can also lead to proeutecticptiarmation. Indeed, it has been reported
that Al additions depress the eutectic temperatncereduce the eutectic composition [49].
Also, the solidification enriches the melt with pest to Al and Si. In addition, calcium
which is present in the currently studied alloys feaind to decrease the eutectic
transformation temperature [52]. These effects edphe liquid plus MgSi phase field
which promotes the polyhedral, proeutectic Bigparticles. The formation of this phase
may also be a result of divorced eutectic growthere nucleated M&i particles get
engulfed by the matrix [51]. The hypereutectic idjin equilibrium with the proeutectic
Mg,Si particles can solidify into the Chinese script,Bi morphology below eutectic

transformation temperature.

The concentration of 1,1 weight per cent Si is ol to give fine Chinese script
like phases [13]. It is also reported in the saeference that the Si amount greater than
1,4 weight per cent increases the amount of cdarseese scripts. This is the reason for
the formation of fine Chinese script M8 phase as the composition of the alloys in this
current work is 1,2 weight per cent. The increasthe Ca content in the composition of
the alloy, however, increases the thickness optieses.

The alloy 1, which contains the lowest Ca conceigina consists of connected short
rods forming the Chinese script phase morphologgeen in the central region of the
microphotograph shown in Figure 4.2. It is alsotw@eeing that free ends of the rods (not
connected to other rods) are attached to a bloakiycfe. Also, a few unattached blocky
ones are scattered around the before mentionedrésatThese blocky particles have

formed via the mechanisms explained above.
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The amount of the M¢i phase determined using the microphotos is 2ré& per

cent which is the lowest among the four alloyingpositions as seen in Table 4.1.

Table 4.1. The amount of M8i and Mg-Al-Ca phases and porosity in the alloys

Alloy Mg.Si Mg-Al-Ca Phases Porosity
(area per cent) | (area per cent) | (area per cent)
1 2,65 1,8 3,5
2 3,85 2 5
3 4,15 2,1 6,6
4 6,25 2,3 4
;/;/ (f J

fa0 ]

Figure 4.2. Microstructures of the alloy 1

Analysis of the alloy 2 shows that the p&g particles are mostly in blocky
morphology; few short fiber-like ones and ones v@ithinese script morphology have also
been seen. A representative microphotograph forallog 2 is given in Figure 4.3. The
addition of Ca seems to promote the formation ofSMghase; amount of the g phase

has increased to 3,85 area per cent.
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Figure 4.3. Microstructures of the alloy 2

Metallographic analysis of the alloy 3 shows thne &lloy has more M&i Chinese
script phase. A representative microphotographhef dlloy 3 is seen in Figure 4.4. In
addition, a small number of blocky phases can lea,sas well. The Chinese script phase
has a faceted while the matrix has a non-faceteidtste. As the specific energy between
the faceted/non-faceted phases is anisotropice tlie=gular structures form [53]. These
crystallographic orientations occur between thebasps in order to minimize the
interfacial energy. Amount of the M8i phase has increased to 4,15 area per cent in the

alloy 3.

}0 Hm

Figure 4.4. Microstructures of the alloy 3

The alloy 4 shows similar phase features to theyall. However, one major
difference is that short rods are emerging frommdiad and trapezoid shaped particles as
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seen at the central region of Figure 4.5. Thesmalma shaped polyhedral particles cover a
larger area in the microstructure of the alloy whempared with the other three alloys. In
addition, features as seen in the alloy 1 are pissent in the alloy 4. One such feature is
seen towards upper-left corner of Figure 4.5. Alsoaller blocky particles are present
around these rod-attached large diamond featuresouAt of the MgSi phase has
increased to 6,25 area per cent, which is the Bigdmong the four alloying compositions.
This increase may be reasoned to the presence ofwliah not only promotes the

formation of more MgSi phase, but also polyhedral (blocky) morphology.

Figure 4.5. Microstructures of the alloy 4

The length of the Chinese script like phases armd dfort rods emerging from
diamond shaped particles varies from 5 touB@ As the grain size varies between 5 and
10 um, the phases extend through the grain boundariesigthboring grains, pinning them
in place and increasing the mechanical propertieghe alloys. This results in an
interconnected network of grains held togetherigy@hinese script M&i phases. That's
why the morphology of the M&i phase has been found to be critical to the nmecak

properties of the alloys.

Not all of the phases that are present in the rsiamoture of the alloys could be
observed using the light microscope. Especiallg,ghases that contain higher Al and Ca
percentages cannot be observed. These phases émvenbestigated using an ESEM to

analyze the composition of the phases and to takenicrostructural images of the alloys.
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Microstructures have been taken at 1500x, 30004, G00D0x magnification with 20 kV

beam.

BSE (Back Scattered Electron) analysis has beed wuserder to differentiate the
phases by their color contrast which is sensitvgltase compositions. BSE uses raster
scanning pattern with a high-energy beam of elestr@he electrons interact with the
atoms in the sample. Back-scattered electronshae reflected by elastic scattering thus
producing signals that contain information abowg phases. As the intensity of BSE is
dependent on atomic weight and ionization energh®fsubstance investigated, these two
parameters play an important role in the colorh& phase observed in the BSE image.
Aluminum has an ionization energy of 577,5 kJmahd atomic weight of 26 gmibl
calcium has an ionization energy of 589,8 kJmahd atomic weight of 40 gmibl and
silicon has an ionization energy 786 kJthaind atomic weight of 28 gmil Silicon has
the highest ionization energy, that's why it has tlarkest color in the BSE photos when
compared with aluminum and calcium. Calcium haslitfigest color in the BSE photos.
Indeed, calcium has a lighter color than aluminwsritéhas a higher atomic weight than

aluminum [54].

Mg-Al-Ca ternary systems have been expected toldeueaves phases of MGa,
Al,Ca, andp-Mgi7Al1» [18]. Also, (Mg,Al,Ca have been expected to form within the
Mg-Al-Ca matrix [55]. These intermetallic phasesrnfio after the primarya-Mg
solidification occurs. The morphology of tl,eMg;7Al 1> phase is round and M@Qa and
Al,Ca are dendritic and blocky [50]. These phases fater than the Mgpi phase due to
the slow diffusion rates of Al and Ca in solid M§0]. The EDS analysis has been
conducted on the samples to verify if any phasemes by the BSE has the composition

of Laves phases. Ti$2Mg;7Al 1,Laves phase has been observed within this thesis wo

The BSE analysis has shown that the phases thitntbbe observed with the light
microscope have light color. These phases seem tiskributed around the M8i phases.
In previous analyses, aluminum enrichment for simalloys is found near the NS
phases [56]. This is the result of the creation coimpositional gradients during
solidification and the production of a cored stwetas explained previously. The grain

interior contains less solute aluminum.
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Chemical compositions gathered by the EDS analgsidifferent phases for the

other than MgSi are present within the Mg-Al-Si-Ca matrix.

Table 4.2. Chemical compositions of phases

four compositions can be seen in Table 4.2. Tre fiumber on the label indicates the
alloy number, and the second number indicates Hase number present in the image.
These chemical compositions are only qualitative ttuthe beam diameter of the ESEM
machine. The EDS analysis can be conducted ontao$pdout 5Sum diameter, which is

larger then some phases analyzed. Nonetheles€DIse analysis indicates that phases

Mg Al Si Ca
weight| atomic| weight| atomic| weight| atomic| weight| atomic
Label per per per per per per per per
cent | cent | cent | cent | cent | cent | cent | cent
Alloy1-1 91,36| 9247 12 11% 7,06 6,18 0,33 200
Alloy 1 -2 88,44 8995 0,87 080 10,52 9,25 0,017,100
Alloy 1 -3 84,86 88,08 144 13% 7,22 6,49 6,47 084
Alloy 2 -1 73,50 78,63 0,9 0,9 13,87 12,85 11,64,56
Alloy 2 - 2 74,50| 76,59 24,80 22,97 - - 0,70 0,44
Alloy 2 - 3 75,43| 78,02 1,28 1,19 23,08 20,66 0O, 2D,13
Alloy 2 - 4 74,39| 76,32 25,61 23,68 - - - -
Alloy3-1 82,45| 84,44 205 1,89 15,22 13,49 020,17
Alloy3-2 | 68,62| 70,91 27,56 2568 356 3,19 0p2®,17
Alloy 4 -1 79,92| 82,11 0,9 0,88 19,13 17,01
Alloy 4 - 2 83,99| 8585 1,82 1,67 13,92 1231 028,17
Alloy 4 - 3 80,91| 83,06 2,11 19% 16,58 14,714 0,39,25
Alloy 4 - 4 77,10| 78,89 22,90 21,11 - - - -
Alloy 4 -5 81,34 8499 2,38 224 9,0/ 8,20 7,21 574

In the alloy 1, the Chinese script like phases witbcky particles at the end of the

fibers can be seen in the BSE photos. In ordentestigate the composition of these
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phases an EDS analysis has been conducted orbéne {mark 1: Alloy 1-1 in Table 4.2)
and the blocky particles (mark 2: Alloy 1-2 in Takl.2) of this Chinese script like phase
in Figure 4.6. According to the EDS analysis, theeif of the Chinese script like phase
(mark 1: Alloy 1-1in Table 4.2) is composed o M\l, Si, and Ca. This phase has a dark
color indicating a high Si concentration. Howewbe measured Si is only 7,06 weight per
cent. Note that the fiber of the Chinese script &disickness of about Im. As the beam
diameter is um, Al and Ca (in the matrix) around the Chinesgps@hase have been also

read in the EDS analysis showing a reduced Si oonte

‘“\
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Figure 4.6. A BSE image of the alloy 1

This phase should therefore be of J8gcomposition due to its dark color. The blocky
particle (mark 2: Alloy 1-2 in Table 4.2) at thedeof the fiber has a higher Si (10,52
weight per cent) concentration with very low Al a@@ concentrations. This particle is

larger than the fiber (mark 1). That's why less &id Ca have been read from the
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periphery of the phase. Both the arms and blockyighes hence should be MSj. In
Figure 4.6, the white colored phases that are rasked have been analyzed, as well. The

white phases are composed of Mg, Al, and Ca. Thikases are possitByMgi7Al 2.

AccV  Spot Maq.n Det WD —— 10pm
20.0kv 4.0 6000x BSE 10.1

Figure 4.7. A BSE image of the alloy 1

The round phase in Figure 4.7 (mark 3: Alloy 1-Fable 4.2) has been investigated
with EDS analysis. This phase has a moderate diglar with a white spot in the center of
the particle and is composed of Mg, Al, Si, and Tae light contrast of this phase comes
from the Al and Ca concentration. Moreover, thete/ispot at the center of this phase can
be the result of a high Ca concentration. The plhaseenveloped the Ca particle within
the phase perhaps via a divorced eutectic growtte @mount of Mg, Al, and Ca
containing phases are determined using the BSEamiyl1,8 area per cent which is the

lowest among the four alloying compositions.
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Figure 4.8. A BSE image of the alloy 2

In the alloy 2, blocky particles can be observedhiea BSE analyses with different
contrasts. In order to investigate the compositibthese phases, an EDS analysis has been
conducted on them that are marked 1, 2, 3, andHgure 4.8. The blocky phase (mark 1:
Alloy 2-1 in Table 4.2) is composed of Mg, Al, &hd Ca. The light contrast of this phase
comes from high Ca concentration (11,64 weightqeart). The diameter of the beam is
larger than the phase’s diameter. That's why theosading Si atoms in the matrix are
added to the results obtained from the EDS analysis second phase (mark 2: Alloy 2-2
in Table 4.2) is darker with a bright rim aroune tphase. This phase is composed of Mg,
Al, and Ca. The rim around this phase should bepos®d of Ca. The lighter contrast of
this phase comes from high Al concentration (24e8gim per cent). This phase is possibly
B-Mgi-7Al1,. The third phase (mark 3: Alloy 2-3 in Table 4i2nlso composed of Mg, Al,
Si, and Ca. It has a Si concentration of 23,08 ktgigr cent which gives its dark contrast.
This is Mg@Si phase with a coarse blocky morphology. Ca andofitent found within this
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phase come from the surrounding matrix. The fobtttky phase (mark 4: Alloy 2-4 in

Table 4.2) for this alloy has a lighter shade amal lse seen in Figure 4.8. The whiteness of
this phase comes from the high Al concentrationg2%veight per cent). Since this phase
contains only Mg and Al, it should be tffieMgi7Al12. This phase is also located near a
Chinese script like feature. The amount of Mg, &id Ca containing phases in the alloy 2

Is 2 area per cent.

In the alloy 3, the Chinese script like phases taedshort rod like features dispersed
around these phases can be seen in Figure 4.9chdracteristics of these phases are

basically the higher concentrations of Si whichegithem their dark color.

An EDS analysis has been conducted on the phaatarthmarked 1 and 2 in Figure
4.9. The first phase (mark 1: Alloy 3-1 in Tabl@}contains Mg, Al, Si, and Ca and has a
dark color which is a result of high Si concentrat(15,22 weight per cent) with low Al
and Ca concentrations. The reason for the Al ando@ad in the composition in this
analysis is the beam diameter. As the beam diansefgum and the thickness of the arm
of the Chinese script is|dm, these elements are read from the peripheryeopltiase. The

phase, again due to its dark color, is thoughbtoespond to MgSi phase.
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Figure 4.9. A BSE image of the alloy 3

The second phase (mark 2: Alloy 3-2 in Table 4.B)cW is a blocky particle has a
lighter contrast. Also, it has moderate Si (3,56glveper cent) and high Al (27,56 weight
per cent) concentrations with low Ca concentra(86 weight per cent). The dark spot in
the center of this phase can be the result of tl®r@ent. The amount of Mg, Al, and Ca
containing phases in the alloy 3 is 2,1 area pet. ce



57

=

AccV SpotMagn Det WD e | 20um
L 200KV 40 3000x BSE 994 '

Figure 4.10. A BSE image of the alloy 4

In the alloy 4, short rods emerging from diamondpsd particles can be seen in the
BSE analysis. Figure 4.10 shows a detailed imaggefmorphology of this phase. The
increase of Ca within the microstructure of theoydl has led to the formation of the
diamond like morphologies. Flat surfaces are aicaimn of faceted morphology as they
are not a result of crystal structure match singglis in the FCC where as Mg matrix is
in the HCP structure. In order to investigate tloenposition of these phases an EDS
analyses has been conducted on the short rodsherdigdmond shaped particles that are
marked 1, 2, 3, 4, and 5 in Figure 4.11.
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Figure 4.11. A BSE image of the alloy 4

The diamond shaped phase (mark 1: Alloy 4-1 in &db2) is composed of Mg, Al,
and Si. The Al content is very low, and Si contsnhigh (19,13 weight per cent) which
gives the particle its dark color. The beam diamé&ecomparable to the size of this
diamond shaped particle. The location of the seenark (mark 2: Alloy 4-2 in Table 4.2)
Is composed of Mg, Al, Si, and Ca with a lower 53,02 weight per cent) content. Al and
Ca are read because of the wider beam diametetltbasize of the short rod. The blocky
particle (mark 3: Alloy 4-3 in Table 4.2) at thedeof the short rod has a higher Si content
(16,58 weight per cent). These spots all conforrMpSi phase composition. The fourth
phase (mark 4: Alloy 4-4 in Table 4.2) is composétg and Al. This straight rod shaped
phase has a white color. The whiteness of thisgphames from its high Al content (22,9
weight per cent). This phase should befiidg,7Al 1> phase. A similar straight rod phase
(mark 5: Alloy 4-5 in Table 4.2) is composed of Mgl, Si, and Ca. The high Ca
concentration (7,21 weight per cent) of this phgises its lighter contrast compared to
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Mg,Si. It should be noticed in Figure 4.11 that thersihods mostly ends with an arrow
like feature. Amount of the Mg, Al, and Ca contamiphases has increased to 2,3 area per

cent, which is the highest among the four alloyéingpositions.

The microphotographs of the specimens analyzedmithis thesis work show that
blocky particles are formed within the microstruetwof the alloys but no lamellar or
dendritic morphologies have been observed. Thekplparticles have been found to be
Mg,Si particles. In the Introduction, it has been nwermd that AJCa would form for
Ca/Al ratios greater than 0,8; however, particle®leCa have not been observed. Also,
Mg.Ca has been expected to form for Ca/Al ratios lotlien 0,8; however, particles of
Mg,Ca have not been observed either. Although Mg aamadtaining phases have been
determined, precise identification of such phaseguires utilization of quantitative
techniques like WDS (Wavelength Dispersive Spectipg). In contrast, the analysis
carried out in this work by EDS attached to an SENnly qualitative.

The compositions were based on the AS21 (2,3 parAk-1,13 per cent Si- 0,19
per cent Mn- 0,02 per cent Zn) alloy except for plnesence of calcium. That's why the
microstructure of the alloys developed within tthesis and AS21 resembles each other
with similarity in intermetallic compounds. Natugglthe calcium containing phases are
not present in AS21. The microstructure of an expental AS21 alloy is shown in Figure
4.12.

Figure 4.12. Microstructure of AS21 alloy [50]
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Observations have shown that AS21 and the alloysldeed within this thesis have
Mg.Si phase within the structure, predominantly inr@se script morphology or in the
form of blocky particles with angular outlines. Thrrphology of these phases is shown
in Figure 4.12. Also, AS21 and the alloys developethin this thesis hav@-Mg;7Al 1,
phase. The main difference in the microstructwes iih the lack of Ca element between the

alloys developed and AS21.

Also, the composition of ACM522 (Mg-5 per cent Ap2r cent Ca-2 per cent M.M-
0.3 per cent Mn) alloy is similar to the alloys did within this thesis except for the
presence of silicon in the developed alloys. Theeefthe silicon containing phases are not
present in ACM522. The microstructure of an ACM%#y is given in Figure 4.13.
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Figure 4.13. Microstructure of ACM522 alloy [23]

Observations have shown that Mg, ALCa, andp-Mg;7Al.> phases are present
near the grain boundaries within the ACM522 all®$][ In Figure 4.13, MgCa and AlCa
are dispersed around the grain boundaries andliggntecolor. However, onl3-Mgi7Al 12

phase have been observed in the alloys develoghahis thesis.

One other concept affecting the mechanical progexi the alloy is the porosity of
the material. Various levels of porosity have bebserved within the microstructure of
the developed alloys. The porosity values on tmepsas have a diminishing effect on the
load bearing and impact performance of the alldystrapped gases, solidification

shrinkage, or non uniform feeding of liquid durieglidification should have resulted in
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porosity [57]. The high levels of porosity valudmald be responsible for the low strength,

elongation, and toughness. The porosities of tlogsabre given in Table 4.1.

The typical porosity values for other magnesiunoyalwere given in section 1.1.8.
When compared, even the alloy containing the laastunt of porosity (alloy 1), has 50
per cent more porosity than the alloys given intisacl.1.8. This should bring a high

amount of reduction in the mechanical propertiethefalloys.

4.2. Tensile Testing

Mechanical property test results are shown in TdbBe Each datum for a particular
alloy and test condition is the mean value basedlglicate tests. The microstructural
analysis as discussed in the previous section ivas giseful information on the role of
microstructural features on strength, ductilitygd amher mechanical properties.

The grain size of the alloys, as stated beforeegdvetween 5 and 10n. Though the
Ca content differs between the alloys, the graie sif the alloys is similar. That's why the

grain size effect on the mechanical propertiesioa$een discussed here.

i
N
o

//_\\
/

=
o
=]

®
o

Stress [MPa]
B D
o o

N
o
!

o

T T T T
0,005 0,01 0,015 0,02 0,026

o

Strain

Figure 4.14. Tension curve for the alloy 4, specirBavith velocity 10 mm/min. The 0,2
per cent offset line is also shown

Figure 4.14 shows a representative stress ana sti@gram for the tested alloys. For
all the alloying compositions, the stress-strainateon follows a similar pattern. With the
application of tensile loading on the specimen,ahey first deforms elastically. Once the
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yield point has been reached, the plastic defoonastarts. The stress increases till the

stress-strain diagram reaches the UTS, after whielstress decreases till the fracture.

Table 4.3. Mechanical properties of the tensileespens

) Elongation
Pulling Fracture
Alloy ) E oy UTS @ Toughness|
Velocity Strength n m
# _ (GPa)| (MPa) | (MPa) Fracture [J]
[mm / min] (MPa)
(per cent)
L 21,00| 61,75(112,99( 107,80 3,65 0,58 2,66
L +33 +8 14 *16 25 +12 ] -0,1 +24
10 26,00| 49,50(101,90[ 100,00 2,80 0,55 +20 1,98
4 +1 +8 +8 9 4 +35
L 32,60| 44,00 65,51 41,59 1,54 0,50 0,75
5 *4 7 +10 +32 47 +13] 0,08 +50
10 27,50| 52,881108,83 103,64 2,74 0,55 +37 2,12
+34 4 +20 +23 +18 *15 +23
L 19,00 62,66 108,31 96,12 3,06 0,54 2,19
3 47 | £10 | #11 4 *6 +8 | 0,02 42
10 24,50| 66,20 (105,71 103,47 1,79 0,45 +33 1,46
+18 15 12 4 44 4 +30
L 43,50| 70,50 (103,81 101,00 1,38 0,34 1,85
4 1 14 +1 12 17 +3 |-0,02 +36
10 45,00/ 68 [ 95,84 95,00 2,00 0,41 100 1,91
20 13 110 110 16 25 +10

*The values given in paranthesis are the per centation from the average values

shown

The M@Si phases that are present within the alloys eajpeancrease the strength
by interconnecting the grains to each other. Thength of these connections increases as
the eutectic phases become thicker with increammngunt of calcium, since the increase in
the thickness increases the load carrying capa€ithe phases. As a matter of fact, the
dimensions of MgSi are different in each of the alloying compositoThe arms of the
Mg.Si Chinese script phases have a thicknesspoh Tor the alloys 1 and 2, @m for the
alloy 3, and 2-3um for the alloy 4. Also, the M&i blocky particles have a size of 4
in the alloys 1 and 2, gm in the alloy 3, and 5-8m in the alloy 4.
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Other phases can also contribute to the mechapioglerties. As a matter of fact,
B-Mgi7Al12is also present in the alloy. Because there isge lapacing between the atoms
of B-Mgi7Al1, phase to have a dispersoid-strengthening effeist,pthasénas no effect on
the elastic deformation of the alloy. However, af&astic deformation, strong interfacial
stresses form because of the difference in strebgtiveen the ductile phase and the
brittle 3-Mgi7Al12 phase which gives rise to work hardening. Howedee to inherent
brittleness of this phase, alloys containing thisige also become brittle [57.]. A more
detailed investigation on the mechanical propertesulting from the microstructure is

given below.

Tensile testing results plotted in Figure 4.15 shbat the yield strength has an
increasing trend in both of the pulling velociti®ar the 1 mm/min pulling velocity, the
increase in the yield strength from the alloy 17 (@eight per cent Ca) to the alloy 4 (2
weight per cent Ca) is 12 per cent. For the 10 mmjoulling velocity, increase in the
yield strength from the alloy 1 to the alloy 4 i€ RBer cent. The increase of the yield
strength is related to the size and morphologyhef fiarticles present within the alloys.
Small sized particles with enough number and seaitevithin the matrix, effectively
impede the dislocation motion. As a result, theamals having small sized particles have
higher yield strength. As a brief note, the distama can be introduced during
solidification or as a consequence of thermal sagghat result from rapid cooling. Also,
specifically the rod like or Chinese script M particles increase the yield strength by
interconnecting neighboring grains. As the amouinthe MgSi phases increases, the
resistance to dislocation motion within the stroetincreases so that the yield strength of
the alloys increases. For instance, the alloy 4ta$ighest amount (6,25 area per cent) of
the M@Si phase present in the microstructure hence ith@asighest yield strength. The
abnormal decrease in the yield strength of they&lgulled with 1 mm/min is related to
the blocky particles present within the alloy. Ténddocky particles are observed to be
ineffective in resisting the dislocation motion, rip&ps due to their very small sizes and

inadequate number.

Furthermore, it is known that materials having pwesistrain-rate sensitivity have
higher yield strength in high pulling velocities &hcompared to low pulling velocities.

The opposite is true for materials exhibiting negatstrain-rate sensitivity. In positive
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strain-rate sensitive materials, dislocations gasip in low pulling velocities. In contrast,
in high pulling velocities, dislocations lock, pexting further dislocation motion. That's

why the yield strength increases with increasingmuvelocities.
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Figure 4.15. Mechanical properties of the alloytognpositions

Moreover, Figure 4.15 shows that the UTS has aedsang trend in both of the
pulling velocities. For the 1 mm/min pulling velogi the decrease in the UTS from the
alloy 1 to the alloy 4 is 8 per cent. For the 10/mm pulling velocity, the decrease in the
UTS from the alloy 1 to the alloy 4 is 6 per cehtis decrease is not significant. Thus it
can be stated that the increase in Ca contenefieative to change the UTS. The UTS is
related to the size and morphology of the phasesept within the alloys because these
features can reduce the mobility of dislocationise Particles that are on the slip planes
and in the directions of the dislocations can ¢ifety resist the dislocation motion. Also,
as dislocations move, they can pile-up before @réigles. Large sized particles can resist
a greater pile-up of dislocations than the smalediparticles. That's why large sized
particles can increase the UTS efficiently. EsdBgcidlg,Si particles form connections
between the neighboring grains which effectivelysise the dislocation motion.
Furthermore, the strain hardening exponent inceeasegh increasing resistance to
dislocation motion. Thus, the alloys having highain hardening exponent have a higher
UTS as shown in Table 4.3. The abnormal decreatieeity TS of the alloy 2 is related to
the presence of fine blocky particles within thetenal. These blocky particles cannot
effectively resist the dislocation motion after thield as compared to particles with
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Chinese script or large diamond shaped morphologgent in the alloy 1, 3, and 4. As a
last comment, the slight decrease in the UTS shbeldelated to the increasing porosity
values within the alloys. That's why the alloys taning high porosity values have lower
UTS.

Also, Figure 4.15 shows that fracture strengthdaa®nd similar to UTS in both of
the pulling velocities. For the 1 mm/min pullingleeity, the decrease in the fracture
strength from the alloy 1 to the alloy 4 is 6 pentc For the 10 mm/min pulling velocity,
the decrease in the fracture strength from theydllto the alloy 4 is 5 per cent. Fracture
strength is related to the amount of porosity ai a® the size and morphology of the
phases present within the alloys. The specimenmadngher porosity have lower cross-
sections which decreases fracture strength. Als®,pbrosity is a detriment to fracture
strength because an applied stress may be ammdifidebse defects. Thus cracks can form
and propagate more easily. That's why the specirhansg higher porosity values have
lower fracture strength. In contrast, Mgy phases that are present within the alloys
increase fracture strength by increasing the wsist to crack formation. Hence, an
increase in the amount of M§ phases is expected to increase the fracturagsire
However, once the cracks form due to porosity,.Mgphases cannot resist crack
propagation especially because of the slenderrfabe @hinese script morphology. Thus,
the slight decrease in fracture strength shoulcklzged to the increasing porosity values as
well as to the thin fibers of the M8i Chinese script phase within the alloys. The aab
decrease in the alloy 2 is related to the high giobrovalues present within the alloy and
ineffective resistance of the small blocky particte crack formation as these phases have

a lower stiffness than M§i phases.

In the next figure, Figure 4.16, it is shown thaiurig’'s modulus has an increasing
trend in both of the pulling velocities. The magudi of the Young’s modulus is a measure
of the resistance to separation of adjacent atdmsincrease in the Ca content is observed
to increase the resistance of the atoms to separfar both pulling velocities. That's why
it is claimed that increasing the Ca content ineesathe Young’s modulus (E). The slight
decrease of the Young’s modulus in the alloy 2 khde related to the weaker bonds

formed for this composition.
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Figure 4.16. Young’s modulus of the alloying conmposs

The strain hardening exponent is plotted in Figdté7. It's seen that strain
hardening exponent has a decreasing trend witkased Ca content in both of the pulling
velocities. The decrease in the strain hardenimmpeant is related to the increase in the
mobility of dislocations within the structure, agptained before. Also, the decrease in the
strain hardening exponent decreaggsrue strain) as the magnitude of these propemies
equal at the UTS. This results in a decrease imtheerial’s uniform deformability before
the onset of necking. That's why the specimen’singlower strain hardening exponent

values will be fractured at lower strains.
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Figure 4.17. Strain-hardening exponent values @ftloying compositions
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Next, Figure 4.18 shows that strain-rate sensytigit) has a decreasing trend from
the alloy 2 to the alloy 4. The decrease of thairstrate sensitivity can be related to the
morphology and amount of phases present withinalleys. The MgSi particles with
Chinese script morphology are observed to ineffettiimpede dislocation motion in high
pulling velocities in contrast to blocky particléss a result, the strain hardening exponent
decreases with increasing Ca content. The anoroalhé alloy 1 should be related to the
low amount of Chinese script phases present witignalloy. The low amount of Chinese
script particles cannot impede dislocation motidieatively at a high pulling velocity.

Also, brittle phases break easier with impact (higlocity) loading.

1 2 Alloy # 3 4
CalAl=(0,35) CalA=(0,5) CalA(0.8) CalAl=(1)
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Figure 4.18. Strain-rate sensitivity values of édfleying compositions

It's shown in Figure 4.19 that toughness has aedesing trend with an anomaly for
the alloy 2 for 1 mm/min pulling velocity. For tAiemm/min pulling velocity, the decrease
in the toughness from the alloy 1 to the alloy 8@sper cent. For the 10 mm/min pulling
velocity, the decrease in the toughness from tlugy dl to the alloy 4 is 4 per cent. The
increase in the Ca content increases the brittseokthe alloys. This results in the decrease
of the toughness of the material. The anomalyHeralloy 2 for the pulling velocity of 1
mm/min is related to the presence of the blockyigas. These particles decrease the
toughness of the alloy by decreasing the yieldngtie and the UTS by ineffectively

resisting the dislocation motion.
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Figure 4.19. Toughness values of the alloying caiipms

Lastly, the elongation values are shown in Figur204 Elongation follows a
decreasing trend as the Ca content increases.héof tmm/min pulling velocity, the
decrease in the elongation from the alloy 1 toalley 4 is 60 per cent. For the 10 mm/min
pulling velocity, the decrease in the elongatioonfrthe alloy 1 to the alloy 4 is 28 per
cent. It's therefore proposed once more that tloeease in the Ca content of the alloy
increases the brittleness.

35
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Figure 4.20. Elongation values of the alloying casipons



69

The mechanical properties should be compared withilas alloys in order to
interpret the observations of the current reseak€M522, AS21, and an alloy (hereafter
called BU alloy) developed in Bazici University with the chemical composition Md¢-A
Si-Mn-Ca (95,95 per cent Mg-1,9 per cent Al -1,T pent Si- 0,4 per cent Mn- 0,65 per
cent Ca) have similar alloying compositions. Thechamical properties of these alloying

compositions are given in Table 4.4.

Table 4.4. Properties of ACM522 [23], AS21 [50], Blloy [59], and Alloy #4

Mechanical property ACM522 AS21 BU Alloy| Alloy #4
Compressive Yield Strength [MPa] 140 120 111 70,50
Tensile Yield Strength [MPa] 140 120 - 70,50
UTS [MP4q] 200 220 - 103,8
Young’'s Modulus [GPa] 45 45 45 43,5
Elongation at Fracture [per cent] 3 9 13 1,38

According to the mechanical testing results ofaheys developed within this thesis,
the highest mechanical properties belong to theyalumber four. The other alloys have
significantly (25-50 per cent) lower values. Thecimanical properties of the alloy 4 will
be compared with the other three alloying compmsgigiven in Table 4.4.

ACM522 is a high-pressure-die-cast alloy havingriyeaero porosity. It has the
highest compressive and tensile yield strength gniba alloys given in Table 4.4. This
does imply that the alloy 4 may have higher striengith zero porosity. Moreover, the
Mg.Ca and AlCa phases may have contributed to the high strerajties in ACM522.
Also, ACM522 shows a low elongation value whichsisiilar to the alloy 4 which
confirms the incremental affect of Ca on brittlenegoung’s modulus is similar for each
of the alloying compositions because the matrix ateratomic forces of these alloys are

similar.

AS21 is also a high-pressure-die-cast alloy haviegrly zero porosity. The tensile
and compressive strength values of the AS21 arendeamong the given 4 alloys.
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However, it has higher elongation values. Thus teémoval of Ca from the alloy

composition lowers the strength but increases livegation values.

BU alloy is a permanent-mold cast alloy, which hasvery similar alloying
composition with the alloy 4. This alloy exhibiteet third highest compressive yield
strength. However, this composition still showshieigcompressive yield strength values
than the alloy 4, even though the microstructugatidres of both of the alloys are similar.
Both of the alloys have exhibited WM& with Chinese script morphology and polyhedral,
blocky particles. Also, the BU alloy has distintigses with lamellar, feathery and whisker
like morphologies [59]. As the porosity values dne phase amount for BU alloy have not
been investigated, the reasons for the differeeteden BU alloy and the alloy 4 can not
be ensured. However, about 40 per cent decreasenipressive strength in the alloy 4

should be due to the presence of Ca.

It is worth mentioning that ACM522 and AS21 allayan provide higher mechanical
properties then alloy 4, but these high valueshatenecessary for oil pans. As a brief note,
the maximum stresses occurring on the oil pan tevden 60 and 70 MPa and the strain is
0,7 per cent. That's why it can be suggested tiattloy 4 has the necessary mechanical

properties for oil pans.

Lastly, the alloy 4 has significantly increased thechanical properties of pure
magnesium which is shown in Table 1.2.

4.3. Compression Testing
Mechanical properties of the four alloys have bewemestigated using 8 specimens

with two compression velocities. The results seeiable 4.5 are the mean values based

on duplicate tests.
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Table 4.5. Mechanical properties of the compresspmatimens

Alloy # 1 2 3 4
o,(MPa) | 61 65 68 76
E(GPa) | 21 29 24 38

Figure 4.21 shows a representative stress andh sti@jram for compression testing
for the developed alloy. For all the alloying corapions, the stress variation follows a
similar pattern. With the application of compressivading on the specimen, the alloy
first deforms elastically. Once the yield point Ha=en reached, the plastic deformation

starts.
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Figure 4.21. Compression curve for alloy 3 with diftset line

From the results of compression testing, it carobgerved that the compressive
yield strength of the material increases with tiereased Ca content in the composition of
the specimen. There is an increase of 20 per neheiyield strength of the material from
the alloy 1 to the alloy 4. Moreover, the formatiminthe MgSi phases increases the yield
strength of the material. The increase of the ysttdngth is similar to that in tensile case
as the particles present within the alloy impedes dislocation motion in tension and
compression in a similar way. Nevertheless, theaedor low E values in compression

requires a further investigation.
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Comparison of tensile data in Table 4.3 and congpresiata in Table 4.5 shows that
strength values are not far apart. In fact, slightiations may be attributed to the
hexagonal crystal structure. It's well known thduge to the limited number of slip systems
in HCP’s, twinning is a common deformation mode.ifiiving deformation mode in a
crystallite is activated only if it is oriented a specific way with respect to the loading.

This may lead to tension compression anisotropyaterials.

4.4. CAE Analysis

Figure 4.22. Magnesium 15-Oil Pan

The models of the currently used steel oil pan tlwednewly developed magnesium
alloy oil pan have been developed, and the nornoalas analysis has been conducted. The
meshed model of the oil pan is shown in Figure 4% resentative results can be seen in

Figure 4.23. The mode shape on the top is for stdepan and the bottom is for
magnesium oil pan
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bl

Figure 4.23. Mode shapes: (a) Steel oil pan moaledd(b) Magnesium oil pan mode 6



Table 4.6. Natural frequencies of steel and magnesil pan

74

Modes Steel Oilpan | Magnesium Oil Pan Modes Steel Oilpan | Magnesium Oil Pan

[HZ] [HZ] [Hz] [Hz]
1 2,94E+02 3,09E+02 24 1,30E+03 1,85E+03
2 3,62E+02 5,45E+02 25 1,31E+03 1,95E+03
3 4,84E+02 5,78E+02 26 1,35E+03 2,01E+03
4 5,28E+02 8,98E+02 27 1,38E+03 2,04E+03
5 6,38E+02 9,29E+02 28 1,40E+03 2,06E+03
6 7,03E+02 9,64E+02 29 1,42E+03 2,09E+03
7 7,55E+02 1,06E+03 30 1,44E+03 2,11E+03
8 7,90E+02 1,16E+03 31 1,49E+03 2,15E+03
9 8,15E+02 1,23E+03 32 1,50E+03 2,19E+03
10 8,46E+02 1,29E+03 33 1,51E+03 2,23E+03
11 9,18E+02 1,36E+03 34 1,52E+03 2,28E+03
12 9,87E+02 1,39E+03 35 1,59E+03 2,30E+03
13 1,00E+03 1,46E+03 36 1,59E+03 2,35E+03
14 1,01E+03 1,51E+03 37 1,61E+03 2,41E+03
15 1,04E+03 1,62E+03 38 1,63E+03 2,43E+03
16 1,06E+03 1,63E+03 39 1,70E+03 2,49E+03
17 1,06E+03 1,64E+03 40 1,71E+03 2,53E+03
18 1,07E+03 1,69E+03 41 1,73E+03 2,59E+03
19 1,12E+03 1,71E+03 42 1,76E+03 2,61E+03
20 1,15E+03 1,74E+03 43 1,78E+03 2,68E+03
21 1,21E+03 1,80E+03 44 1,80E+03 2,68E+03
22 1,23E+03 1,84E+03 45 1,81E+03 2,69E+03
23 1,28E+03 1,86E+03

Magnesium oil pan tolerates higher natural freqiesn each mode. This gives an

advantage to the magnesium oil pan as lower frefjegmmre more dominant in the engines

and magnesium oil pan will have less resonance ronoguin the engine running

conditions. Also, the weight of the oil pans hagrbealculated. The magnesium oil pan

provides a 45 per cent weight reduction from theent oil pan.
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5. CONCLUSIONS

In today’s world, decreasing the weight of vehidhes utmost importance. One of
the ways of decreasing the weight of vehicle isdducing the weight of its parts by using
lighter materials. The engine of a car is one d@oegain high weight decrease with the
usage of lighter materials. Within this study a neagnesium alloy has been developed
which can be used for light duty truck oil panseltied to the engine.

Four magnesium alloys with different compositiorsvén been developed. These
alloys have different calcium concentrations. Thestle and compressive properties of
these alloys have been investigated by means abstractural analysis and mechanical

testing.

The microstructural analysis has shown that thecispns which have higher
calcium concentration have high strength but lowtidity. This results from the variation
of the amount and morphology of the intermetalli@ges. In the alloy 1, connected short
rods forming the Chinese script phase morphologye hlarmed. Also, a few blocky
particles scattered around these phases have lsemved. These short-rod connected
Chinese script morphology improves the elongatioth taughness of the specimens. In the
alloy 2, blocky particles have been formed. Theadiges have low resistance against
dislocation motion. That's why the strength of théoy 2 is lower. In the alloy 3, the
Chinese script phases forms. These phases incthasessistance against dislocation
motion. In the alloy 4, the short rods emergingrfrdiamond shaped particles are formed.
This phase resists the dislocation motion effebtitg pinning the connected phases thus
increasing the strength of the material. Howevike toughness and elongation of this
composition decreases. Also, the blocky particies abserved to be inefficient to resist

dislocation motion.

One of the reasons for the low strength of theyalle the presence of high porosity.
With lower porosity levels, the alloys may have Hag mechanical properties. Also,
another reason is lack of the formation of Xlg and AlCa phases. These phases can
effectively increase the strength of the alloys.
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The experiments have shown that the alloy 4 has¢lessary mechanical properties
to endure the stresses and strains occurring iroithgan in engine running conditions.
Also, ACM522 and AS21 alloys can provide higher haaucal properties but these high
values are not necessary for oil pans. That's Wwkyalloy 4 can be used for the material of
the 15 oil pan. As a brief note, the maximum steessccurring in the oil pan is between 60
and 70 MPa and the strain is 0,7 per cent.

Moreover, lower frequencies are more dominant & e¢hgines and less resonance
occurs in lower frequencies in the engine runningditions. Magnesium oil pan has
obtained higher natural frequencies than 15 stdgbam in each mode in CAE analysis.

Thus it's shown that less resonance occurs in nsgmeoil pans.

Also, the models have shown that magnesium oilgrarides a 45 per cent weight
reduction from the current oil pan which can impgradke fuel efficiency of the vehicle.

Lastly, these alloys will provide a cost effects@ution for a magnesium alloy that
will be used for mass produced light weight oil pas calcium and silicon are inexpensive
elements. That's why the alloy 4 can be used @tlduty truck oil pans as it provides the

necessary properties for the part with low weigid eost.
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6. SUGGESTED FUTURE WORK

The effect of higher calcium concentration showddshudied due to its impact on the

toughness and ductility of the alloy.

Mg.Ca and AdCa phases should be formed to observe the effethese phases on
the mechanical properties of the all

Additionally, the alloy should be cast using a HPDtchine for having lower
porosity levels and the mechanical properties af @dloy should be investigated for
optimizing the mass production of the alloy foraartomotive part.

More precise chemical analysis of phases by WD%aAdEM should be conducted.

The creep and corrosion testing should be conducteéavestigate these properties

of the alloys.
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