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ABSTRAK

Keputusan penyiasatan eksperimen yang dilakukan dengan aloi aluminium LM
21/A308 dibentangkan. Struktur mikro bahan semasa pencairan separa dalam keadaan separa
pepejal disiasat daripada proses berbeza yang dialami oleh bahan dan sifatnya dibandingkan.

Pembolehubah yang dikaji ialah proses tuangan kacau, proses pembentukan thixo dan

termasuk ujian
idapati bahawa
n Pengimbasan
0Cl 3 menghasilkan
struktur mikro bukan ("Yé?l(Mn kelajuan kacau 500 rpm, mikrostruktur pembentukan
thixo adalah hamb}'ﬁ&rm@nlmmw‘amm /dahh gdbul sepenuhnya
) . (5.
3 X 6_dirawat haba
mempunyai n% 'H&@&%m}m”ﬁﬂkah”ﬁ lﬂg{\fﬁ IAKMM Kl (MPa) dan
Pemanjangan hingga Patah (%) yang tertinggi masing-masing sebanyak 258.77 MPa, 134.36
MPa dan 8.93%. Ujian kekerasan menunjukkan bahawa spesimen yang dirawat haba T6
meningkatkan sifat morfologi dengan 128.4 HV disebabkan oleh penghalusan dan
pengglobalisasian juzuk mikro struktur dengan struktur bukan dendritik. Kesan positif struktur
mikro struktur mengaburkan kesan keliangan negatif terhadap peningkatan harta benda.
Adalah dicadangkan bahawa bahan tetulang akan dilepaskan dalam matriks untuk
meningkatkan kekerasan, dan kemuluran dengan peratusan tetulang kepada berat yang lebih
tinggi. Selain itu, dengan meningkatkan masa kacauan dan kelajuan kacauan juga mampu

menambah baik kekuatan bahan.



ABSTRACT

The results of experimental investigations performed with LM 21/A308 aluminium
alloy are presented. The microstructure of the material during partial remelting in the semi-
solid state is investigated from different processes experienced by the material and the
properties are compa;e&_. .;E,lp':ariables examined were stirred casting process, thixo-forming

process and thixos-fe s atme ess. Along with_microstructural analysis

Scanning Electr M) 4 ¢ performed including

3, it was obtained

. L= ‘
that partial re-mélt also obscr : €troy roscope allows

e A5-C4 cd a non-dendritic
microstructure ﬁ@égdrpm stlg:l}n Wﬂnem sphermj&&_l}lﬁ:rostmctw'e and
thixoformed T6 heat treated whs flﬁ'rly globulg while teﬁsift?eﬁt alfows thixoformed T6 heat

treated specimehid Wavethd Wiphcst WallidOAL I tin d1d TehsHié Stbhiih (MR, Yield Strength
(MPa) and Elongation to Fracture (%) of 258.77 MPa, 134.36 MPa and 8.93% respectively.

The hardness testshowed that T6 heat treated specimen improved the morphological properties
with 128.4 HV due to the refinement and globularization of structural micro-constituents with
non-dendritic structures. The positive effect of structural microstructure obscures the negative
porosity effect on property enhancement. It is suggested that reinforcement materials are to be
discharged in the matrix to improve the hardness, and ductility with higher reinforcement to
weight percentage. In addition, by increasing the stirring time and stirring speed is also able to

improve the strength of the material.
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CHAPTER 1.0
INTRODUCTION

1.1 Background of Study
Semi-solid metal processing (S.S.M.P.) is the processing of alloys at temperatures between
solidus and liquidus. When thixotropic behaviour was discovered in the early years of 1970

Spencer was superviseg‘pg Flemings. They relied on the thixotropic behaviour of metallic
y Bl 14

alloys at the tim‘g, : #h, 1972). They discovered that implementing shear to alloys
s

& : - N .
as they were s Stress “ome, the tension was sighificantly lower
XX
ata temperatlls ne temperature

-

without shearig

&
related to the dist

solid phases is

homogenously

distributed Iicgt’tg.&aétions (Riek et.al., 1975)-Metallic alloy suspenstons' qualities were
¢ Attty

rﬂ el —— U I
promptly put’E&Jﬂé‘e in industsies (Mehrabianand Flem.i-ngsl;.‘_:} 972)\-’fﬁe‘q’t:el?nology consisted
oftwo main ppRAYRARSITH P RAPARZEL MIAL S Y SR WRE L R R A rminga semi-

solid slurry. The thixotropic structure was referred to as "rheo-forming" or "thixoforming"

depending on how it was produced from the liquid phase directly or from the solid state.

1.2 Problem Statement

Today’s industries, after oxygen andsilicon, aluminium is the most prevalent mineral
on Earth, making it the most widely available metal naturally found on the globe and the
second-most consumed metal in the world, just behind iron. Even if the aluminium content
is as high as 99 percent, it is primarily employed as an alloy. (Flagel, 2020). However, there
are some limitations when using aluminium alloys to perform in semi-solid manufacturing
process (S.S.M.P). This is due to the high sensitivity of temperature which impacts the

formation of the nucleation and growth of the alloy and reduces bonding between grain

il



structure during solidification, which decreases formability efficiency during the secondary
formingprocess (Zhu etal.,2004). Through partial remelting of semi-solid metal processing,
the desired condition of aluminium alloy slurry can be achieved. The partial remelting
process, however, has a state of phase that needs to be analysed. Similar to the cooling slope
casting process, there is also a morphological situation to achieve the semi-solid slurry
mechanism. In addition, less researchare allocated forLM21/A308 aluminium alloy in semi-

solid metal processing.

1.3 Objectives

1) To produce aluminium alloy for thixoforming using partial remelting.

2) To investigate the microstructural evolution of aluminium alloy after partial remelting.

)
: g e
This study shoWw SIIIEEESED cture evolution and properties o aluminiumalloy

when it undeﬂb)p@hé stir cg@ g erwywjﬁed with T6 heat

treatment after thixoforming. The outcome measurem?t of aluminium alloy will be
identified by the WWIJQIQMML“M&MMS%ME‘\&& iév@e non-dendritic

structure by scanning electron microscopy while the hardness and tensile tests are for the

mechanical properties.

1.5 Significant / Important of Study

There are some potential advantages that can be obtained after the partial re-melting process
for industry. The application of structural components for common engineering reasons,
LM21 is suited for many of the applications that LM4 can be utilised for. It's typically
employed in applications where a large proof stress and rigidity are necessary without the
use of heattreatment. Its castingqualitiesenable it to be employed forthe creation of slender
forms as well as pressure-tight castings. LM21 can be used for both sand and permanent
mould castings. It's utilised in diesel engine crankcases, clutch cases, gear boxes, tool

2



handles, domestic fittings, electrical equipment, and office equipment, among other things.

With the addition of this study, limitations of aluminium alloy use can be decreased.

1.6 Organization of the Report

The first chapter gives the overall introduction of my project. Based on the background of
the study, the problem statement, objectives, scope of the project, significance of the study,

organization of the report and summary of the project.

The second chapter gives the review of Aluminium and Aluminium Alloy, Machinability of
Aluminium, Semi Solid Metal Processing (SSMP), Stir Casting, Thixoforming Process and

T6 Heat Treatment.

The third chapter gx.pﬁsnheﬂow ofmethodology used for the whole project starting with the

experimental des

mechanical tes

The last cwj&c{mclude\&th W based on the firéqlngs gathered.
LA gl
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1.7 Summary

The aim of this study is to provide the fundamentals of semi-solid metal processing for
aluminium alloys. This research focuses on how the microstructure of aluminium alloy
varies with different processes to make the semi-solid slurry. Analysis from the process that

affects the condition of the microstructure and mechanical properties will be obtained.



CHAPTER 2.0
LITERATURE REVIEW

This chapter discusses literature of aluminium alloy and its properties along with the
different processes that will be underwentaccordingto the previous chapter that is under
semi-solid metal process. The literature review part is divided into three parts which are

Aluminium and Aluminium Alloy, Machinability Aluminium Alloys and Semi-solid Metal

Processing.

2.1.1 Alumm |'
)f\» \A——ﬂ-s\v‘ mﬂ A.A.n-ﬂ ‘/- ).d ) |
Aluminium is a cLu,cll i igh electrical

conductwnt)l-]]‘tws'm&;h!eg %Wﬁ%‘rlﬂ MM%MEMS to be alloyed

with other elements to achieve the greater strengths required for other uses. Aluminium is

one of the lightest engineering metals, with a strength-to-weight ratio that is higher than

steel.

Aluminium is being used in an ever-increasing variety of applications by combining its
beneficial features such as strength, lightweight, corrosion resistance, recyclability, and
machinability. This collection of items includes anything from building components to tiny

packaging foils. Below in the Table 2.1 is shown the properties of aluminium.

Table 2. 1: Properties of Aluminium (AZOM Materials)

Value / Charmacleristics

1°] Atomic Number : | 13
2 - Atomic Weight (¢/mol) 2698

4



3 Valency 3
4 - Crystal Structure FCC
5 Melting Point (°C) 660.2
6 Boiling Point (°C) 2480
B Mean Specific Heat (0-100°C) (cal/g.°C) ' 0.219
8 ‘Thermal Conductivity (0-100°C) (cal/ems. °C) 057
9 Co-Efficient of Linear Expansion (0-100°C) (x10:6/°C) 23.5
| 10 | N Electrical Resrstmty at20°C (Q. cm) 7 S 2.69
B T TS Density (g/cm?) L 2.6898
12 | Modulus of Elastwnty (GPa) 68.3
13 ~ Poissons Ratio 0.34

2.1.2 Aluminium ﬁl&q_xa.sq

cellent thermal
and electric [ sion  resistance
due to their
ustries, such as

the automot;vq, aprorputlcs iﬁntfm/g., and ele)romc mdustrles as wellas food packaging

mwwm_&tgm etal., 2021).
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and cans, cu

2.1.3 ASTM/ SAE Alloy Designation

Aluminium alloys are given a designation according to the ASTM/SAE system which is
universally accepted. According to this order, the first two letters point LM to the principles
alloying elements, then the next two numbers 21 specify nominal percentage of these
alloying elements in the equivalent order and the next capital letter indicates chronological

sequence of development. Table 2.2 below shows alloying elements.



Table 2. 2: Designations for Elements Alloying (Sameehan, 2016).

Aluminium
 RareEarth
”"Thoﬁ:ihi’ A

Zn‘comum

due to their p ; { f hinability and
nin Table 2.3.

oof stress and

hardness in the 352028t Condrtionsas W ity.

The chemlcal-f\ pos'mon ofialu m}um LM2 L,sast allpy i is shown in the fc\llowmg table.
e Gt e

Almmum, Al :

~ Titanium

Manganese,Mn 0.5
- Zine,Zn 02
| ¥ ﬂfSiilfi'conJSi e | 03
[ Coipper,Cuiifh T &4
TR [T T PRI |
. Nickel, Ni | 0
i__"_a'ﬁ?s,—eié_ﬁﬁixii o B Rt L T e :
Magnesmm, Mg 0.2 |

ﬁ Tin o



2.1.4.2 Physical Properties

The physical properties of the aluminium LM21 castalloy are shown below in Table 2.4.

Table 2. 4: Physical Properties of LM21 alloy (Institute Of Technology Tallaght, 2007).

Density . 2.81g/em? |

T Freezing Range . 615520C _“”|

2.1.4.3 Mechanical Properties

ield strengt - ], IOMPa
-hk‘ gmm;nﬂ 3_9'%""'5/‘ ,9"")

!")0/"){\0/
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2.1.4.4 Thermal Properties

Aluminium LM21 cast alloy with the given thermal properties as in Table 2.6.
Table 2. 6: Thermal Properties of LM21 alloy (Institute Of Technology Tallaght, 2007).

- Coefficients of Thermal Expansion (per°Cat20-  0.000021

100°0) '
ThermalConductmty(callcmZ/cmPCatZS"C) 029



2.1.5 Advantages of Aluminium Alloys
1) The lightest metal structure material for engineering application
2) Great specific strength and stiffness
3) Good damping properties
4) Excellent castability
5) Very good machinability and processability
6) Good damping behavior
7) Integrated recycling possible

However, there are some limitations to using aluminium alloys, despite their excellent
properties. Aluminium alloys have numbers of drawbacks for machining and processing
applications, inclu&pgp.@@;sold working behaviorand low corrosion resistance. Apart from
that,whenitcg_ ion el eastingaluminivimalloysstheyeasily solidify and
shrink by abai : s duc o its b 3 Kainer, 2003).

"fﬂl‘ln ——
22 Machinahikip in Klurrt'nlulm_ LIRS e e o)
_,Jj\.-‘? ity P jﬁ-«-‘} '

In this segment, we will be réviewing the aliminium alloySmachinability ratinggroup. The
majority of MM‘Q‘:‘EB&HACEE&& NH’%L{] Mﬁhﬁ]{ﬁlﬁogﬁﬁd&eﬁm the machining

conditions are chosen to match the features of the numerous alloys. Although machinability

is a combination of several qualities, itis feasible to classify alloys based on how effortlessly
small, regular chips may be generated on machining with minimal tool wear. An attempt at
such classification is given in Table 2.7. The inclusion of copper increases the alloys'
machinability. From the table, LM21 is in Group 3 as the second easiest to machine group.
LM21 has excellent machinability and outperforms LM4-M in this regard. Tungsten carbide
tools are suggested for the best results. It is recommended that the use a lot of cutting

lubrication and  coolant  (Institute ~ Of  Technology  Tallaght,  2007).



Table 2. 7: Machinability ratings of aluminium casting alloys

“Rating group Alloys T LR
Group4 AITAY RIS N
Group3 LM4, LM16, LM21, LM22, LM24, LM25, LM26,
LM27,LM31
' Group2 LMO0, LM2,LM9, LM13
Groupl LM6, LM20, LM28, LM29, LM30

' NOTE: Alloys_in_ Er_d.ﬁ[_):l_éi;é casiest to misichine, the machiuabiiitj' ;:lecreésing thro u?gﬁ to —g;o up 1.

2.2.3 Applications of LM21 aluminium alloys

Many of the applications for which LM4 can be utilised for basic industrial applications are

applicable for LM21. It's typically employed in applications where a high proof stress and

"f,l‘n [ —

”~ . - - L
2.3 Semi—soﬁ*&y‘aMW L?w Vo },:; } 1I

23,1 Originldf*STHEIRSITI TEKNIKAL MALAYSIA MELAKA

Semi-solid metal processing (S.S.M.P.) began with the encounter of its discovery in
the early 1970s, shear thinning and thixotropic types of behaviour of partially solidified
alloys were studied under vigorous agitation (Flemings, 1991). Spencer was a postdoctoral
fellow at M.L.T. in Cambridge, Massachusetts, under Prof. M. C. Fleming's guidance in
1970s, and was conducting hot tearing tests on a Sn-15 percent Pb alloy. The shearing began
above the liquidus temperature during an experiment involving a semisolid alloy viscosity
measurement and continued as the slurry slowly cooled through the soppy zone until the
solidification process was near completion. The viscosity of the slurry was decreased by
shear thinning to the point where it acted like a fluid, preventing dendrite formation and
solute segregation (Chang et al., & Kumar et. al). Dendritic material was discovered when it
was chilled to a semi-solid condition without stirring as in Figure 2.1(a), while the
microstructure of the continuously stirred materials was spheroidal (consisted of spheroids

8



of solid in the liquid matrix) as in Figure 2.1(b). As a result, it was discovered thata semi-
solid alloy with a solid fraction of 0.4 and no dendritic structure acts like a fluid with a
viscosity lower than olive oil. The viscosity of semisolid alloys subjected to constant
agitation during cooling was likewise found to be substantially lower than that discovered

when cooling was done without agitation (Flemings, 1991; Fan, 2005 & Atkinson, 2010).

UNIVERSITI TEKNIKAL MALAYSIA MELAKA

10



2.3.2 Classification of Semi-solid Processing routes

A lot of research and development has gone into investigating the feasibility of
S.S.M. processing over the last four decades, and there are a lot of reviews on S.S.M.P.
(Kirkwood etal., 1994). Semi-solid processing can be separated into two types: rheo-casting
and thixo-casting. Rheo-casting is the method of shearing non-dendritic semi-solid slurry
while solidification to produce non-dendritic semi-solid slurry. Rheo-casting was envisioned
as a technique incorporating the control of the semisolid alloy's rheological behaviour.
(Flemings, 1991). The semisolid alloy is agitated during rheo-casting, which causes
dendrites to break up. The method of producinganearnetshape from a partially melted non-
dendritic alloy slug inside a metal die is known as thixoforming. Thixo-casting refers to the
process of mouldingacomponentin a closed die, whereas thixo-forgingrefers to the process

of shaping a component in an open die.

In orde ieve ali excy _ c 200€ understanding
of semi-solid sfirl mporiant. - . afaeic ' lid alloy is the
liquidus and SO]IdUS rangc'uﬁl'reﬁbw behaviour. It is stated the behavrour 1s dependent on

temperature M}ﬁ&rm@mmm The-&hee L5)guaﬁnl-wdper“aes. of semi-
solid slurry are-very tmpoﬁamasﬁ—w;llrg eé&et—tea—ei—ﬂew%d&e«ewmes and for that

the processing COH[I’%B]%I%};' a‘1!;3 “l%héell gorles or %hAgsc’mstes wmAh are the liquid-
like and solid-like phases. Thus, the mechanism of deformation of both slurries is different.
The mechanisms are thixotropy and the pseudo-plasticity. Thixotropy occurs when the
transient viscosity at a particular shear rate is time dependent, but pseudo-plasticity occurs

when the shear rate is dependent on the steady state viscosity (Fan, 2002).

2.3.4 Evolution Practices for Producing Nondendritic Feedstock

As previously stated, a vital step in attaining successful S.S.M processing is
providing feedstock with thixotropic characteristics. Furthermore, based on the current state
of the beginning material, S.S.M technologies are split into two types : (1) from a liquid
alloy via controlled solidification (by activating crystal multiplication of a growing solid or

increasing the nucleation rate) under specific conditions, or (2) from a solid state via heavy
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plastic deformation and recrystallization (Hirt & Kopp, 2009). Over the last 40 years, a
variety of feedstock production pathways have been created, each of which is based on the
activation of well-known metallurgical occurrences that define the end structure's
development (Atkinson, 2007). The most effective, as well as the most widely employed in

commercial practise, approaches are briefly outlined here.

2.3.5 Partial Re-melting

Partial re-meltingis considered one ofthe mosteffectivesolid-state routesto produce
a nondendritic microstructure, especially for high melting point metals when the metal is
directly heated to a temperature between solidus and liquidus (Sugiyama etal., 2008Using a

vertical, high-temperal_tgpp carbolite furnace with an argon gas protective environment, a
whiagS

direct partial -...- The specimen
(base and inse? 0°() of the furnace
using chromety ture and It was
kept around fo";‘ Cs-beforchei C rature . This method

guarantees a quic!? ine-e ' aKes 2 : tes to achieve
the desired ten}ﬁq tur{e as sl wn%
UNIVERSITI TEKNI MALA‘I’SIA MELAKA
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Figure 2. 2: Schematic of the furnace setup for re-melting experiment
(Sugiyama et al., 2008).
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Figure 2. 3: Temperature profile of sample inside vertical tube furnace
(Sugiyamaetal., 2008).

Direct Partial Re-meltingis a method of  joining two metals in  a thixotropic
property (Mohamrq{:ﬂ;,]hﬂrbl.4 2013). This procedure is capable of producing homogenous
Ay .

qualities with of a dendritic

mlcrostructurs ch fluidity, a
microstructur'é, idip4 i 3 cen taken into

v
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If the grain boundarié8afESULLiciantly wetted, the initial shear during the forming process

may affect t_J}@,mg to 511&5 angMy}wj slurry to flow

thixotropically.
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2.3.6 Cooling Slope Casting (C. S)

The high costs related to producing the specialised ingots required for thixoforming
that have non-dendritic or globular microstructures are one of the major factors contributing
to the increased premiums of the thixoforming process. As a result, research on the growth
of feedstock methods has been pursued in recent years, permitting the production of
feedstock materials in a more cost-effective manner. The casting process is one of the

technologies created to generate feedstock material, and it reduces a significant portion of

the prices of thixoformed goods (Haga et al., 2002).
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2.3.6.1 C. SProcess

Cooling slope casting is a straightforward and concise process that entails pouring
molten metal with a suitable superheat through a cooling slope plate and then solidifying in
a mould (Haga and Suzuki, 2001). This is a relatively new process for producing raw
material for subsequent thixoforming processes. As shown in Figure 2.4, the cooling slope
casting process is made up of the following major process sections. A melting pouring
section (1), which consists of a crucible which melts the alloy and pours it down through
the cooling slope plate. A nucleation section (2), which generates crystal nuclei in the melt
as it is flowing through the cooling slope plate. A crystal generating section (3) in which

metal obtained from the nucleation section is cooled down in the metal mould.

Thermocouple

(1)

UNNEqs]TITEKNIKAL MALAYSIA MELAKA

Steel mould

Figure 2. 4: Schematic Process of Cooling Slope Casting with
Divided Process Sections; (1), (2) and (3) (Liu et al., 2003).

2.3.6.2 Mechanisms involved in C.S casting process

Few mechanisms have been suggested to describe the formation of non-dendritic
microstructures during the flow of the C.S casting process. According to past researchers
(Haga and Kapranos, 2002), during the microstructural evolution of C.S. casting, the
dendritic fragmentation mechanism played a major role. Fragmentation of weak dendritic
arms might occur on the contact surface of cooling slope samples because dendritic crystals
in the partially solidified meltmeetunder gravitational pressures on the inclined slope. These

crystals grow in the mould after being formed by the separation of weak dendrite arms along
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the cooling slope plate using a dendritic fragmentation mechanism. As per Motegi et al.
(2007), crystal separation theory isimportant for the activation of non-dendritic morphology

in as-cast C.S microstructures.

Figure 2.5(a) depicts the separation theory mechanism of crystal necking and
detachment from mould walls. Granular crystals grow and build on the cooling slope wall
before being carried away by fluid velocity, according to this theory. They suspectthatmetal
crystals formed on the cooling plate and were migrated with molten alloy into a heating
mould, where they became granular, resulting in a fine globular microstructure (Hirt and
Kopp, 2009). As shown in Figure 2.5, Temperature profiles in the liquid containing distinct
gradients of solute concentration ahead of the solidification front produce varied growth
trends in various locations of the solid surface (b). At higher gradients (roots of the crystal
in contact with the cold surface), the deterioration in change temperature is greater, resulting

in less boundary un&iggcpgg&g and as a result smaller growth rate.

UNIVERS/JITERNIKAL MALAYETAMELAKA
(b)

Figure 2. 5: (a) Schematic illustration of crystal separation mechanism of
detachment of  nuclei from the surface of the cooling .slope (b)
temperature profiles in the liquid in the solidification front, for an alloy
with partition coefficient (K) < 1 (Robert et al., 2007).

2.3.6.3 Microstructural evolution during flow along the cooling slope

The most important step in semi-solid metal forming innovation is the cost-effective
production of semisolid slurry with a non-dendritic microstructure. After remaining in the

semisolid state, the primary crystal of the semisolid slurry analysed through the cooling slope
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becomes spherical. Solid nuclei are shaped during the process as a result of contact between
the meltand the cooling slope, which causes rapid heat transfer. These nuclei separate from
the surface and are eventually distributed throughout the melt (Haga et al., 2002; Birol,
2007). Matthias et al. (2010) compared the microstructures of A356 alloy cast
conventionally and by cooling slope casting process and found that the latter looks
significantly different than the former, even when cooling rates were the same. The
morphologies of the A356 alloy produced by this group via conventional casting have a

dendritic structure, as shown in Figure 2.6 (a), however those processed via C.S typically

have globular grains, as shown in Figure 2.6 (b).
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Figure 2. 6: Morphology of A356 Alloy (a)
Conventionally cast (b) Cooling Slope Casting
(Matthias et al., 2010).
2.3.7 New MIT

The New MIT agitation method is a cross between stirring and near-liquid casting,
The procedure, knownasthe Semisolid Rheo-casting (SSR) process, was established at MIT

in 2000. This method of preparing the slurry can be divided into three steps. The first ever
step is to hold molten metal a little above its liquidus temperature in order to achieve a

uniform temperature slope. Step two is to inserta cool rod (typically made of graphite) into
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the melt to stir and rapidly chill the metal up until it reaches a temperature thatis significantly
lower than its liquidous temperature (i.e., to initiate solidification). The final step is to
remove the stirrer and either immediately insert the metal into the casting device or slowly

cool it to reach the required solid fraction.

As illustrated in Figure 2.8, itcan produce globular microstructures (Wan etal., 1994;
Figueredo et al., 2001). For such approach, the process of dendritic fragmentation is as
described in the following. The cold graphite stirrer is inserted into the liquid metal, and the
resulting low superheat temperature triggers the nucleation of numerous fine dendritic grains
on the stirrer's surface. These particles are swiftly removed and distributed as very fine grains
throughout the melt. These grains are then re-melted due to the surrounding bulk liquid that
still has small areas of superheated liquid within it. Upon cooling the melt for a

predetermined time, fine grained particles form, resulting in nondendritic microstruc tures

(Motegi et al., ]997);\[?‘%%? 2.7 depicts a schematic diagram of the microstructure of the
4

Figure 2. 7: Diagram of the steps of the SSR(Figueredo and
Apelian, 2001)
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Figure 2. 8: Microstructure of 356 alloy produced by the
SSR process (Yurko et al., 2003).

>at conduction

S eat is rapidly

absorbed by thﬁ%a& the initial cp%ct gf thglguid metal with the mo‘uldllwall, resulting
[P

in different nucleation. As anrouté@'me of these scenar'tos}-i?e-mol n dltoy cools extremely

slowly and a3 Ry HORY St SR OHOS h gl 0L e A igsplykEe inpepcler to achieve an

equilibrium temperature below the alloy's liquidus (solidification range). The heat match

between the mould and the alloy causes a pseudo isothermal holding state, resulting in low
heat convection transition and a low heat gradient (D. J. Browne et al., 2003). The mould
and its contents are quickly quenched in water according to the preferred microstructure and
the predetermined temperature. Essentially, the mechanismof dendrite disintegration for this
procedure is one that generates several locations of nucleation at the start of the process,
resulting in a slower cooling to slow the possibility of dendritic arms without the use of any
special heating equipment or specific insulation (M. J. Hussey, 2002), as shown in
Figure 2.9. The microstructure of A356 aluminium achieved by the DTM is shown in
Figure 2.10. This method is regarded as the most cost-effective, and it is suitable for
laboratory activities that need only a limited number of billet sizes (M. J. Hussey, 2002).
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Figure 2. 9: Illustration of experimental procedure of the
DTM (Browne et al., 2003).

Figure 2. 10: Microstructure of alloy A356 obtained by the
DTM (Browne et al., 2003)
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2.3.9 Gas-Induced Semisolid Process

A novel approach to microstructure refinement that uses small gas bubbles inserted
during solidification to stir up the melt as it cools to a semi-solid range to achieve a non-
dendritic appearance. In the gas-induced semi-solid (GISS) process, fine gas bubbles can be
incorporated into molten metal in various configurations (J. Wannasin et al., 2006; J.
Wannasin and S. Thanabumrungkul, 2008). After the diffuser is removed, the semi-solid
metal slurry is either injected directly into the casting device or slowly cooled until the
desired microstructure and solid fraction are accomplished, as shown in Figure 2.11 and
Figure 2.12. This technique's mechanism of dendrite fragmentation can be expressed as
follows: The low superheat temperature allows a large number of small dendritic grains to
precipitate and form on the top surface of the cold graphite diffuser when it is immersed in
the melt. The movement of gas bubbles allows these particles to be quickly extracted into
the melt. The fine grains were re-melted as a result of the surrounding bulk liquid, which

still contained smalbdres
N

D :sugerheated liquid. Only a small number of particles remain in
the molten meta F-.gre also deyelopedh em o om the melt fora
X
predeterminedan s (J. Wannasin
r—
et al., 2010). '13
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Figure 2. 11: Schematic diagram of the steps of the GISS method
(Wannasin et al., 2010)
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Figure 2. 12: Morphology structure of 356 aluminium alloy

gained by the GISS Method (Wannasin et al., 2010).

UNIVERSITI TEKNIKAL MALAYSIA MELAKA
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2.3.10 Ultrasonic Vibrations

Ultrasonic vibrations, which were patented in the mid-1970s, are another option
method for preparing feedstock for semi-solid formingprocesses. It works by injecting high-
power ultrasonic vibrations (high frequency mechanical waves) into a cooling melt in order
to maximize the amount of solidification nuclei. The practice of pulsed ultrasonic vibrations
in the melt throughout solidification promotes cavitation, which causes huge immediate
fluctuations in the pressure and temperature of the melt, resulting in homogenous, globular
microstructures (V. Abramov et al., 1998) (Figure 2.13). Figure 2.14 depicts the
microstructure of A390aluminium generated by implementingthis method. This technique's
mechanism of dendrite fragmentation is characterized by two basic physical phenomena:
cavitation and acoustic streaming. Cavitation is the formation, growth, pulsation, and
collapse of tiny bubbles in molten metal. The compression rate of these unstable states can
be so high that their ;ifit‘{gction generates hydraulic shock waves, which disintegrate the
primary particlei_-a ad i

&

ultrasonic wawves by ¢ ; state acoustic
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Figure 2. 13: Schematic diagrams of the ultrasonic
vibration device: (1) ultrasonic transducer; (2)
thermocouple; (3) ultrasonic radiator; (4) resistance
heater; (5) iron crucible; (6) Mg-9.0A1%; (7) ceramic
tube; (8)water; (9) tank (Zhang et al., 2008).
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Figure 2. 14: Morphology structure of 390 aluminium alloy
obtained by Ultrasonic Vibration (Luo et al., 2010).

The Shgaring-Cooling Ro[hfSCR; EmceSs is a-liquid-state procesg that has been

e S
developed as an alternativetechiique for ¢he produetidaof thﬁénﬁpit,feedstock with

commercial pgjgint FEITF 2718 HeRiis e WoAnA VTGPl iof gSCR process for

preparingsemi-solid alloy. In summary, this methodinvolves applying superheatto the alloy

melt at a constant temperature near or justabove liquidus. The molten metal is poured into
the inlet of a rotating roll and a stationary coolingshoe cavity, which creates frictional forces
due to the rotating roll. The molten alloy is steadily cooled by the shoe and the roll in the
roll-shoe cavity, resulting in globular, semi-solid slurries due to the shear forces produced
(M. Kiuchiand S. Sugiyama, 1995). In the SCR process, the formation andevolution of non-
dendritic microstructures can be explained as follows. The nucleation of granular dendritic
crystals occurs when the molten alloy cools at the contact surface of the roll-shoe. These are
crushed and dispersed into the melt by the shearing force and stirring of the roll during
solidification of the liquid alloy with high solid fraction to form equiaxed or spheroidal
grains. The use of high solidification rates combined with high shearing rates in the SCR

process can result in fine and well-spheroid particles in the liquid matrix (S. Wang et al.,
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2006). The microstructure of A2017 aluminium produced by the SCR method is shown in
Figure 2.16.

Roll
Molten alloy ON28
+ < Cooling
29\ water
" 1 ¥,
Cooling water | w >
Low fraction > v
solid slurry o T
Shoe _| -+ + w
High fraction
—— solid slurry
Abutment __| 4—— Stripper

F'igwpg, 15: Schematic diagram of SCR process (Wang et

Figure 2. 16: Microstructure of A2017 aluminium alloy
obtained by SCR Process (Wang et al., 2006).
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2.3.12 Stress-Induced and Melt-Activated Process

One of the most successful and commercially accessible solid-state processes is the
Stress-Induced and Melt-Activated (SIMA) process. In a nutshell, this technique involves
reheating distorted material into a semi-solid state. The initial deformation appears above
the temperature of recrystallization (hot working). Afterward there's cold working at room
temperature, which is a crucial phase in loading energy flow as a result of partial re-melting,
in which the material reaches a semi-solid state and uniform, non-dendritic, globular solid
particles are obtained within a liquid alloy, as shown in Figure 2.18. During partial re-
melting of the distorted material to recrystallize as well as create fine, non-dendritic
microstructures by a mechanism of liquid absorption of high-angle grain boundaries, the
morphology structure evolves into a spheroidal morphology structure. When
recrystallization occurs, liquid metal with high-energy infiltration flows through high-angle

ng §iobular solid particles in a liquid matrix. The rate of heating and
q

grain boundaries, evolvin
the degree of C(i_],g, S (ly proportional to the size of the globular solid particles.
The resulting pa : iran 2009). The
microstructure-

Figure 2.18. "
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Figure 2. 17: Schematic illustration of the stages of the SIMA process
(Youngetal., 1982).
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Figure 2. 18: SIMA deformed microstructure of Al 7075
alloy achieved in the case of isothermal holding at 620C for
Smin (Mohammed et al., 2012).

Figure 2. 19: Schematic Diagram of Stir Casting
(Prabu et al., 2006)
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At a constant stirring temperature, the interaction between stirring time and speed
stir cast relied on. The strength of the mixture developed as the stirring time and speed were
elevated at the same time Figure 2.19 above shows the schematic diagram of stir casting

process.

Based on Jameel et al., (2013) the electric mixer is placed in the crucible furnace,
which is spun at a high speed of 900 rpm for 3- 5 minutes to promote homogenization of the
molten material, and then the molten material is poured into a pre-heated metallic mould.
The authors concluded that increasing the amount of reinforcement in composites up to 20%
increased the hardness, ultimate tensile strength, and yield strength of the material. With the
addition of reinforcement, the impact energy was reduced. The microstructural analysis
revealed a consistent distribution of particles. The insertion of reinforcement wrapped in

aluminium foils, as well as the injection of magnesium to the molten metal, were the specific

causes of this (Jameel etal., 2013).
L AYSJ‘q

To stir meolten metal ‘ar dueesthepvoniexsSoBalasivanandha Prabu et al

employed a mild steel impeller spitning 0700 rpm (Becau enirifugal forces
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generated by the Vortex=—the=seeondary phasé is gaifst rucible walls,
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to avoid molten metal réacting with the stirrer). A mechanlea] stlrrer was used to agitate the
molten metalddl v duem ibulemcedutingthe opération! nimerded lnfp€ller wasat a depth

of approximately 2/3 of the height of the molten metal from the bottom of the crucible and

ade dissolving in molten metal,

the speed of the stirrer was set at 500/600/700 rpm. By adjusting the stirring speed and
stirring time, the molten metal-Silicon carbideslurry was stirred continuously for the various
combinations of processing parameters. After adding Silicon carbide to the solution, the
stirring time was recorded at 5, 10, and 15 minutes. The molten aluminium was put into a
mild steel die that had been preheated to around 300 degrees Celsius. They discovered that
when stirring speed and time were reduced, clustering occurred, and some areas were
identified without particle entrapment, but that when stirring time and speed were increased,
the dispersion becamemore homogenous. The composite's hardness increased as the stirring

speed and time increased (Prabu etal., 2006).
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2.5 Thixoforming Process

The globular morphology, rather than the dendritic microstructure, is the important
ingredient in the SSMP, and it is the thixotropic nature of the semi-solid slurry that lowers
segregation and porosity inside the castings. SSMP has various benefits over previous
procedures, including improved product quality, reduced forming temperature, greater
production rate, and improved mechanical qualities through microstructural refinement.
Other than the rheocasting technique SSMP techniques based on the thixotropic
characteristic of alloys with non-dendritic composition in the semi-solid state include
thixoforming. Thixoforming and associated SSMP processes, require thixotropic feedstock
materials as a compound. The figure 2.20 below shows Schematic illustration of (a)

Rheocasting process (b) Thixoforming process (Songetal., 2020).

cooling adjustment inversion casting product
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Figure 2. 20: The figure shows Schematic illustration of
(a) Rheocasting process (b) Thixoforming processes
(Songetal., 2020)

2.5.1 Shear Mechanism in Alloy

An alloy where, in this case, when the material state is 50% solid and is sheared, the
coalescence of the material will break up, its viscosity will fall, and it will flow like a liquid,
butif it is allowed to stand for a certain time, globular coalescence will increase the viscosity
of the material, which leads to it being able to support its own weight and be handled in the
same way as if it was solid. As described above, a globular microstructure with an
appropriate amount of liquid fraction is required in order for the SSM forming to be
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successful. When shear forces are applied, the near-globular particles move easily past one
another, causing a decrease in viscosity and making the material behave like a liquid. In
contrast, when shear forces are applied on dendrite microstructures, typical of conventional
castings, the liquid is trapped between dendrite arms and prevents them from moving freely,

thus increasing the viscosity of the material (Mohammed etal., 2013).

2.5.2 Thixoforming towards Mechanical Strength Al-Matrix

In comparison to the non-thixoformed composite samples, the Yield Strength (YS),
Ultimate Tensile Strength (UTS), and elongation to fracture of the samples after
thixoforming increased by 33.3 % (180.0 MPa), 43.3 % (255.8 MPa), and 83.9 % (5.7%)
respectively. Thixoforming is a well-established method for reducing or eliminating

porosity. Hence, the strength and ductility of thixoformed samples shouldbe improvedif the

porosity is kept to a' (étkmson& Liu, 2010; Peng etal.,, 2011). Furthermore, it is
widely assumed 2 pution of MWCNT
in the matrixi; ' proving the
mlcrostructme‘p_‘m oflorming, and a brief
T6 of A356-MWE 1 STltediamin dredsesinimechanicakchdractetistics.of up to 87.0 %,

108.4%, and 322 2%, pespecf:ve y, ]or Yy, UTS and elongation to fracture These results

showed a gooéﬁgﬁéemMﬁW LMWM_(}AISO found that
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fabricated using rheocasting or squeeze casting were improved by 60%, 50% and 320%,

the maximu

respectively. The composite strength produced in these investigations was within the
required range of 250-300 MPa for automotive parts according to Tavitas- Medrano et al.

(Tavitas-Medrano et al., 2008).

2.6 T6 Heat Treatment

2.6.1 T6 Heat Treatment Towards Microstructure Al-Matrix and Mechanical Strength
Analysis

Heattreatmentinvolvesanumber ofsimple steps in producing desired mechanical properties
in a controlled way to exploit the outstanding behaviours of metal, such as making them

stronger, increasing malleability, increasing ductility and increasing resistance to abrasion.
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Heat treatment helps modify alloys” microstructures without compromising their ability and
their structure of the entity that involves solution treatment, quenching and artificial aging,
as many past studies have proved that right after five minutes of the solution of heat
treatment, silicon particles in aluminium Al 319 start to develop and change into more
globular microstructures (Rahman et al., 2020). However, in 2001 and 2016, researchers
such as Jerry et al., and Costa et al., proposed a methodology that involved four steps to
perform T6 heat treatment with expected time and controlled temperature (Table 2.8). This
research is then continued by Magno etal., 2017 stated that the aimed of solution treatment
is to dissolve A 2C uwhich is in intermetallic states in Al- rich matrix (a-Al)and get the
equilibrium state, while in quenching step the formation of A[2C untermetallic metastable
phase can eventually spread in a-Al solution by the help of warm water to produce
superheated solid solution that will precipitated lastly in aging step (Figure2.9) (Magno et
al., 2017). Conventional T6 heat treatment will take a longer time to complete the whole

processes (three mahlPEOeess
o,

eQ accordingto Hashimetal., 2021, as the minimum duration
of 9 hours neetg €quired 6 — 12

hours and fonz er 3 [to T hou s , ymplete the process at

wmi

Solution Heat Treatment ke

Quenchingin warm water *"“°F+’°f‘ ]
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Air Cooling

Table 2. 8: Methodology Proposed by Jerry et al.,2001 and Costa et al., 2016
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Figure 2. 21: Stages of T6 heat treatment applied represented
schematically (Magno et al., 2017)
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with 540°C 1|T'Jo‘f”‘foonl"t“r"€é’f"'ent¢s suTlicignfenough opﬁﬁﬁé‘q@f‘ﬁuﬂmlum dendritic
microstructuf {5 Ber0geeous AT ey 4P ME AT g3 30 minutes i

needed forsolutiontreatment whencasting A356 alloy at 540°C for low pressure die casting,

Thixoformed samples will be treated with shorter solution treatment at 540°C for 1 hour,
followed by quenching in water at 26°C and 27°C, room temperature before being aging
artificially for 2 hours at 180°C using Nabertherm 30°C to 30000 °C furnace (as shown in
Figure 2.10) in short T6 heat treatments (Hanizam et al., 2019). Significantly, reducing
solution treatment time when applied in SSM has big impacts on productivity because the
cooling rate is faster compared to HPDC, High Pressure Die Casting generating inter-
metallic compounds with more small in size and more homogeneous structured components
that are nearto eutectic microconstituentin o — phase globules as well as the economic issues

(Menarguesretal., 2015).

Whereas, Chinese researchers showed in graphical approaches that UTS and

elongation percentage of Al - composite alloy were improved 31% and 23 % respectively
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compared to as-cast alloy and nearly same mechanical properties to conventional T6 heat
treatments (Lu et al.,, 2018). Chen et al., 2018 said that their results revealed a new heat
treatment method, or that this short heat treatment process is able to minimize the growth

rate of eutectic silicon and allow the formation of fully spheroidization of eutectic silicon.
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Figure 2. 23:Hardness values of each stage (Choi et al., 2011)

thixoforming and brlt?f T6 heat treatment opgrationg, the hardness of t,he composites

increased to 9‘1"{3{1nd 1 wﬁMWﬁWWCNT in the
s i A FERRHICAT R AV BT cion o

microstructure grain size. in the previous section, the impacts of dispersion and porosity

filling were discussed. Thus, grain refinement could be predicted based on Hall-Petch
strengthening mechanism (Choi et al., 2011). The grain size, on the other hand, only
accounted for roughly 70% to 80% of the reinforcing strengthening process (Bradbury et al,,
2014). The hardness of crystallites decreases as the crystallite size decreases, according to
the Hall-Petch strengthening principle (Bradburyetal., 2014). As aresult, it is proposed in
this study that the composite's high hardness was caused by two actions: first, mechanical
stirring, which contributed in smaller and more uniform dendritic structure fragmentation;
and second, the addition of MWCNT, which acts as heterogeneous nucleation, encouraging

even more grain refinement to the grain sizes (Bakretal., 2014).
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CHAPTER 3.0
METHODOLOGY

This project is to determine and describe the analysis of different processes of semi-
solid metal processing that will be affecting the aluminium alloy LM21/A308 feedstock.
This project established quantitative data of analytical mechanical properties and qualitative

data of microstructural aluminium alloy when experienced mechanical stirring casting for

the preparation of thixofdining process. The data that is to be collected is solely from my
" 2
experiment. Frf T gathered are
- L
observations w b . evary, manipulating

i = =
variables were_fhe sTeSthatw ' ' 1 and T6 heat

Y.
treatment proce8s.

e Lecs == 7}

The relationship betweeh the® obje%fwe and ethodology fs?g sho{"v/‘ B’e-fow in Table 3.1.

Table y q-J llyﬁt%nsbl Iwee E(%Jeclﬁé% wlﬁtm&i%‘glosgly% I0j ecfA KA

OBJECTIVE

1 To produce aluminium alloy for Prepanng LM2 1/A308 for billet feedstocks
' thixof orming using partial remelting, e  Stir casting
‘ Partial Remelting Process/ Secondary process
e Thixoforming process
Heat treatment
e To6Heat treatment

' 2) Toinvestigate the microstructural ~ Characterization of Morphology and Microstructure Material

; evolution of aluminium alloy after e SEM
| partial remelting.
3) To determine the mechanical Mechanical test
- properties of thixoformed e Tensile test
| aluminivmalley -~ =~ | e VickersHardnessTest
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Below is the Flowchart presented to follow the methodology in Figure 3.1.

ré H.. el e e i

UieM

NICTOSTI T S — Mechanica]

Investigation _ Testing

UNIVERS]TI TEKNIKAL MALAYSIA NIELAKA

| SEM TENSILE HARDNESS
Objectiv TESTING VICKERS

Objective 3

Figure 3. 1 :Flowchart of Methodology Process
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3.1 Experimental Design

My experimental design included the hypothesis, experimental material,
experimental methods that will be explaining details of the tools, techniques and procedures
used to conduct the experiment, and the preparations for the analytical testing for mechanical

properties and microstructural of aluminium alloy LM21/A308.

3.1.1 Hypothesis

Depending on my discipline and approach, this methodology begins with the

discussion of the rationale of my methodology underpinning to semi-solid metal processing

join zone and

e e o re : : : al, it is treated

) Nn
with T6 heat trqatmentI
|

#18) V& . " & ey
e S B e BV I
i e - - ol - e }'.:JJ
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3.1.2 Experimental Material Used

at a

The alloy that was applied during the process was commercial LM21 aluminium

alloy (A1-Si6Cu4Mn0.4Mg0.2) or A308.

3.2 Preparation of Material Used

3.2.1 Stir Casting Process
All metal used in this experiment was weighed accurately for 400g. No recycled aluminium

was used for any of the tests. Materials were charged into a steel crucible, and the crucible
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was loaded into a resistance pit furnace in a lift coil type induction melting furnace. A
proprietary gas cover of SF6 +CO2 was provided on the melted surface continuously to
prevent oxidation and burning of the material. The temperature of the melt was monitored
from time to time with the digital temperature detector. In the case of this aluminium alloy,
the furnace temperature was set at 700°C and the furnace was loaded with a crucible
containing the required amount of Al. The required amount of Al (400g) was added to it
after melting of Al and charge was held for about 45 minutes to an hour. After it reached the
desired temperature, the mechanical stirrer was used by using the impeller for 5 minutes at
500rpm. The metal is awaited to a temperature of 700°C then directly poured into the mould.
The entire procedure was carried out in a moisture-free environment with safety guarded

with masks, gloves, safety shoes and protective goggles.

UNIVERSITI

Figure 3. 2 :Stir Casting Process (Kumar
etal., 2014).

3.3 Processing

3.3.1 Thixoforming Process

After the stir casting process, 8 billets were taken to be used for the thixoforming process.

The T30-80 KHz thixoforming machine was used for the thixoforming process (Fig. 3.3).
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For the thixoforming process, the measurement needed for the billet was 11cm to fit the
place in the coil induction and the temperature of compress was 502 °C. The thixotropic billet
was reheated to a semi-solid temperature of 510 °C using a pneumatically operated ram
inside an induction coil, yieldinga liquid fraction of 50 percent. The reheating operation was
managed by gradually increasing the heating frequency at a rate of 10 A per minute until the
temperature was reached. The billet was then rammed into a preheated (100°C) hot work
tool steel mould on top of the coil with a forging weight of 5 tonnes at a speed of 1 m/s.
Afterthat, the billet was removed from the mouldand allowed to cool to ambient temperature
(Hanizam etal., 2019). The specimen was removed from the compressed mould and cooled
at room temperature after holding. During this process, the situation of elephant foot
happening to the specimen must be avoided. When finished, by reaching 8 billets of
thixoformed process, the samples are divided into two so there will be 4 samples for

thixoformed and 4 more samples for the upcoming T6 HT process.

|

UNIVERSITEIE
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Qia) o

Figure 3. 3: Thixoforming T30 Machine
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3.3.4 Heat treatment

The heat treatment was only for the thixoformed parts of sample. For the aluminium
alloys, the T6 heat treatment cycle was designed by first plotting the ageing curve to
determine the peak ageing time. For this, the samples were solutionized for 8 hours at 540°C

and quenched in ambient water at room temperature then aged for 4 hours at 180°C.

Temperature (°C)

SOLUTION TREATMENT
8 HOURS

540°c

WATER QUENCHING

AGEING

~ ., Time (min)

 Brles Lsota m e o } I
Figure 3. 5: Schematic Dtagram of Solution Treatme'?ﬁfand Agemg Graph

UNIVERSITI TEKNIKAL MALAYSIA MELAKA

Figure 3. 6: Samples for Microstructural and Mechanical Testil.lg; in |
Furnace
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Figure 3. 7: Furnace for T6 Heat Treatment
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3.4 Microstrig
e
m%
The as- cast, tﬁ&m thlxoformed T6 samples were verified using CARL

ZEISS EVO 4004 nm&&lhﬁrou:nmmmﬁﬁl&d) m«nww ‘9'»4111 aid in the

investigation QMMWW@MMA&Q& which was used for
microstructutd NMERSK | TEKNIKAL MALAYSIA MELAKA

Before undergoingthe Scanning Electron Microscope (SEM), samples of the as-cast,
thixoformed and thixoformed T6 were first being grinded with NANO2000T Grinder. The
rough grinding with PACE SIC grinding paper that were used are 240, 320, 400, 600 grit at
150-200 rpm. The fine grinding with PACE SIC grinding paper that was used was 800 and
1200 grits at 150-200 rpm. The samples were then polished using the NANO200T polisher.
The rough polishing that was used was 1 micron at 150 rpm with PACE TEXPAN polishing
cloth and PACE DIAMAT polycrystalline diamond suspension. Lastly, use the fine
polishing with the PACE NANOPOLISH alumina suspension 0.05 micron. Once done with

the polishing, the samples were then etched in Keller’s Reagent for 5 seconds.

41



Figure 3. 8: As-cast sample after grinded and polished before etching.

All tensile’t
comparable toﬁ%ax{d in the small-size ens, The small-size specirﬁlens were used
because in many casesthe area ¥ be tested was just tde'?smailf full-size tensile

specimen. The|gNCETaming mching Nesusediia prepars|the §amplgandensure that the

tensile test samples were perfectly measured.

| o A ]

! :
t= = — -

G R

Figure 3. 9: ATSM ES8 Tensile bar schematic (Zhu et al., 2013).
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Table 3. 2: ASTM E8 Tensile bar dimensions (Zhu et al., 2013).

Dimensions, mm [in]
For Test Specimens with Gauge Length Five times the Diameter [ESM]

Standard Specimen Smal-ize Specimens Proportional to Standard
Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5

G—Gauge length 625+ 0.1 450£01 300+0.1 20.0£01 125401

[2.500 £ 0.005] [1.750 + 0.005) [1.250 £ 0.005) (0800  0.005] [0.565 + 0005]
D—Diameter (Note 1) 125402 9.0£01 60101 4001 2501

0500 £ 0.010] [0.350 £ 0.007) (0250 £ 0.005) (0.160 £ 0.003] (0413 £ 0.002]
R—Radius of fllet, min 10{0.375] 8(0.25) 6 [0.168] 410.156] 2[0.094)
A-Length of reduced section, min (Note 2) 7513.0) 54120 3614 24010] 20(0.75]

3.5.2 Hardness Test

In heat-related cases, hardness tests were carried out using Vickers hardness testers

and they will be measured in terms of HV. Average 9 measurementof HV value will be

Figure 3. 10 :Vickers Hardness Tester (FKP Lab)
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CHAPTER 4.0
RESULTS AND DISCUSSION

4.1 Microstructural Analysis

Before undergoing the Scanning Electron Microscope (SEM), the samples were first
Al OOQT Grinder. The rough grinding with PACE SIC grinding
grinding with
PACE SIC gring a 3 : ; 1. The samples
were then poli the NANO yolis 2 . g was used was
1 micron at 158; it—PAC 4 - : ACE DIAMAT

polycrystalline dlamolndﬁ_" jensmn Lastly, use the fine polishing with the PACE

NANOPOLI ; irterstrspt imW}%ﬁﬁg, the samples
were then etCMﬁW
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Figure 4. 1: SEM Images on 80X and 150X magnification
on as-cast A308 aluminium alloy.

The figure above showed that the microstructure of A308 consists of majorly a-Al
dendritic arms (as marked above) as well as other intermetallic compounds. This primarily
dendritic morphology, a characteristic tree-like structure in A308 containing different
intermetallic phases in the inter-dendritic regions, showed homogeneous structure. As can
be seen the dendritic size in A308 is fine. Stirring also helped to refine the grain structure of
the microstructures (Hanizam et al., 2019). The speed of 500 rpm used contributed the
formation in homogenous matrix as Prabu etal., (2006) stated that higher stirring speed gave
a higher hardness of the composite. In figure 4.1, the as-cast sample produced superior non-

dendritic feedstock for thixoforming, so it must be able to produce homogeneity in the
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microstructure. Dendritics are the effect of stirring time during casting as it takes a longer
time than five minutes to produce more globular, as from previous research (Adediran et al,,
123 C.E.). After 5 minutes of stirring, particles are combined in higher numbers as time
progresses. As previously observed, churning helped spread the particles in the molten
matrix and avoided density segregation, which could explain this outcome (Hanizam et al,,

2019).

ag= X

ENT = 10.00 kV Signal A = QHSD

Figure 4. 2 :SEM Images on 80X and 150X magnification
on thixoformed A308 aluminium alloy

Negative impacts of stirring included voids and porosities, which resulted in a drop
in the composite's hardness and UTS. As a result, thixoforming and heat treatment as
subsequent operations were required to mitigate such effects with an agreement of Songet

al., that microstructural refining of the material is used to improve mechanical qualities.
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Figure 4.2 above shows the microstructures and describes the influence of the secondary
process where near spheroidal o -aluminium phase appeared thatleads thixoforming process
is better than conventional formingprocess. Figure 4.2 depictsrosette-likeand semi-globular
microstructures encircled by eutectic microconstituent generated following mechanical
stirring, which is appropriate for thixoforming. The grain boundaries grew larger as the
temperature rose, forming continuous -phase microstructures. Eutectic silicon (Si) regions
were detected after thixoforming in Figure 4.2 in agreement with previous research

(Hanizam etal., 2019).

The difference in grain size between the as-cast and thixoforming in favour of the
increased heating rates used in thixoforming tests are thought to be the cause for the
thixoformed part. In addition, according to Mohammed et al., (2013) in thixoforming, when
shear is applied the globular coalescence will increase the viscosity of the material, which
leads to it being able to s%pgort its own weight and be handled in the same way as if it was
The rounding

solid. That affec@s ( -u 0 be bigger since the coalescence break-up.

nder forming

SEM im#ge! SO0 € : ¥ material below were
e :
solutionized for 8 holifs ats40C and quenched in water for 5 minutes at room temperature

then aged forﬁw m Wyw ‘)he“ggjjihcatlon of the

“liquid” in the semi- -solid slug. The eutectic silicon narnci./spheroxdlzed acquiring a more
rounded sha [le[ Eﬂ'{“gﬁﬁ'r_@ SEEIKCMIIIWGIMMX& Qﬂh&gh&“ﬁthe agreement

of Chen etal., 2018 that short heat treatment process are able to minimize the growth rate of

eutectic silicon and allow formation of fully spheroidization of eutectic silicon . The short

T6 heat treatment affected eutectic morphology in the Figure 4.3 below.
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EHT = 10.00 k¥ Signal A = QBSD

Figure 4. 3: SEM Images on 80X and 150X magmﬁcatlon on
thixoformed T6 Heat Treated A308 aluminium alloy
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4.2 Mechanical Properties Analysis

The mechanical properties that were investigated were the hardness test by using
Vickers machine with ASTM-E384 Standard and tensile test by using the Universal Tensile
Machine with ASTM-E8M Standard.

4.2.1 Hardness Test

To calculate the hardness test results, a sample from each process were tested using
the Vickers Hardness Test machine. The data was repeated to 9 times measurement for each
sample before the standard deviation value was converted into an HV unit. Table below

showed hardness values foras —cast, thixoformingand thixoformed short T6 heattreatment.

then presented a

-
- 3
w
=
e

Table 4. 1: Hardne@g.

UNIVERSIT! TEKNIKAL MALAYSIA MELAKA

Thixoforming 1234
Thixoformed Short T6 128.4

Heat Treatment

Different SSM processing types will give different hardness values, the highest hardness
value of these types of A308 aluminium alloy is 128.4 HV given by thixoformed Short T6
HT accordingto the given values. Short T6 HT attained the highest value of HV when a
sample from stir-cast with thixoformed process was treated with heat treatment for 8 hours
holding time at 540°C, quenched for 5 minutes in a room temperature water and aged for 4

hours holding time at 180°C plays important role to produce homogeneous sample with
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globular microstructure. While the lowest hardness value is from as-cast which is only 97.5
HV compared to 123.4 HV and 128.4 HV for thixoforming and thixoformed Short T6 HT
respectively. From the graph below (Figure 4.4), we could see the increasement of 26.56%
for thixoforming sample compared with as — cast sample and about 31.69% increasement in
HV for Short T6 HT compared to the as — cast, while the hardness comparison between Short
T6 HT and Thixoforming samples shows only 4.05% increasement. In thixoforming sample,
we could see the microstructure shows evolution from dendritic to spheroidal structure, the
dendritic of the as-cast sample evolved into globular shape when thixoforming take places.
The evolution showed the decreasing porosity that increase the hardness. This explained by
the microstructure of each sample, Short T6 HT consists of coarser microstructure as the
presentof A 2Cu particles atthe end of T6 HT candissolve eventually and diffused perfectly
into the matrix region. With an agreementto Choi et al., (2011) that after being treated to
thixoforming and brief T6 heat treatment operations, the composites' hardness increased to
91.8 HV and 106.44A:d

CSpe cgvely. This proves that Hall-Petch theory on strengthening

mechanism of thg alue (Choi et

vas dependent

on two actions"; more uniform

-
fragmentation of' ﬂ' dritic hichinvolves
: ‘Nn . . A
solution treatment, que Wﬂma] ageing and helps alter alloys' microstructures

1 . - = |

. | & : i .
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4.,2.2 Tensile Test

Tensile tests covered some tests to determine mechanical behavioursuchas Ultimate Tensile

Strength (MPa), the Yield Strength (MPa) and elongation of fracture in percentage.

Table 4. 2: Tensile Test Results

- SSM Processing

Type: . 1 LSRG O e h

As- Cast 1) 147.34MPa . | 82,07MPa . |. - -4.24%
~ Thixoforming 211.88 MPa . 10494MPa @ 6.56%
Short T6 Heat 258.77 MPa 13436 MPa_ | - B93% - |

Treatment

Positive improvement 'ihnhl%timate Tensile Strength showed UTS graph (Figure 4.5) below

from as — cast t%_q;
i

Same as abov;l;g‘ e from stirred

casting A308 &l

thixoforming pte

pte undergone
atment sample

&
shows outstanding tensile-testTestlts /s Comp y As-cas oforming. The

composite aIloyfls\ ows{ the hi%st,U,T‘S which.is 258.77 MPa due to the interchange of
molecules and packed intermetallic status.The fave-uml?e-condﬁdm Short T6 HT

improved thelyhjmpfe denyly FENERINGA [ WA Mo AES2 Kabe percentage

increment as compared to thixoforming (211.88 MPa) and as — cast (147.34 MPa) with

respectively as shown in Table 4.2.

Graph YS (Figure 4.6) below showed lowest yield strength for as — cast with 82.07 MPa but
improved significantly to thixoformed composite alloy to Short T6 heat treatment, 104.94
MPa to 134.36 MPa respectively. The steady increasing trend MPa in as — cast to
thixoformed, 27.87%, and thixoformed to short T6 heat treatment with 28.04% proved that
the evolution of microstructure as well as thermal stress between the al- matrix affect the
formation of globular microstructure of silicon particles in short T6 HT that only need
approximately of 5 minutes of quenching time, as the sample must undergo thixoforming
process prior to T6 HT. Based on Lu et al., 2018 the results also showed that UTS and
elongation percentage of Al - composite alloy were improved. The sample uses shorter

overall solution treatment and reaches maximum hardness for the formation of 6 — phase.
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The tensile characteristics and ductility of an A1-A308 alloy as a function of temperatureand
heattreatmentwere studied in this study. Tensile testing was performed on the alloy as-cast,
after thixoformed, and after solid solution at 540°C, accompanied by quenching and ageing
at 180°C (T6). Heat treatment increased the alloy tensile strength from 147.34 MPa in the
as-cast condition to 258.77 MPa in the thixoformed T6 condition, according to the study.
Moreover, the alloy elongation was relatively increasing from 4.24% to 8.93% as shown in
Figure 4.7 above. Accordingto Salleh et al., in 2017, fractures in as-cast samples can be
classified as brittle fractures and as — thixoformed sample showed ductile fracture. The
difference between the thixoformed samples is that they are fine and well distributed dimple

fractures as compared to as — cast sample with fractures on long Si particles.

As-cast As-thixaformed T6 heat treated
Types of Materials

Figure 4. 5: Bar graph of Ultimate Tensile Strength (UTS) for as-cast, thixoformed
and thixoformed T6 heat treated
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Figure 4. 6: Bar graph of Yield Strength (YS) for as-cast, thixoformed and
thixoformed T6 heat treated

As-cast As-thixoformed T6 heat treated
Types of Materials

Figure 4. 7: Bar graph of Fracture to Elongation, % for as-cast, thixoformed and
thixoformed T6 heat treated

The mechanical testing results for elongation of fracture, yield strength and ultimate tensile
strength showed that outstanding mechanical properties were fulfilled with the short T6 heat
treatment in SSM processing. This study shows that thixoformed LM21/A308 Al alloy with
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T6 heat treatment parameters of short treatment at 540 °C for 8 hours of holding time, 4
hours of ageing at 180 °C attain better tensile strength, surface hardness than the as-
thixoformed and as-cast alloys. Stir casting at 500rpm (700°C) for 5 minutes produce the
best billet feedstock for thixoforming as primarily the irregular dendritics are broken and
homogenously nucleated. A well-defined and near globular a-Al microstructure as
secondary dendritic are broken is exhibited after thixoforming. T6 heat treatment adds

enhancement to the already improved properties of LM2 1 alloy due to thixoforming process.

5
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CHAPTER 5.0
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The microstructure of A308 as-cast consists of majorly dendritic arms as well as

intermetallic compoun\t“i%v[;endritics were the effect of stirring time during casting with the
B

factor of stirrings e particles were combined in higher
numbers as time hich impacted
to decreases in dary, ptocedtites which were
the thixoformi such effects
Thixoformed mﬁ; OS{TNCIUIES SO e d rosette-like “and “se obuls icrostructures

surrounded by glitactic mlCI’OC?;tII}.IGﬂtS attaipedafter mechamcal stlmng The thixoformed
j e 8l
finger presents a uniform distribution of nearly globular M} graihs 4T~he“fdevelopment of

the phase haq3ppRER I SPFYTFER A0 il Ay g ridgnpae deformation in
the grains. The flow of the liquid phase under thixoforming pressure ought to help with the

shaping of the structure to be more globule or round. Globular coalescence will increase the
viscosity of the material, which leads to it being able to support its own weight and be
handled in the same way as if it was solid giving the increase of the grain size due to shear.
The aim of the solution treatment is to dissolve (in intermetallic states in Al- rich matrix (o-
Al) and get the equilibrium state) while in quenching step, the formation of Al2C u
intermetallic metastable phase is reached with the spread in a-Al solution by the help of
warm water to produce superheated solid solution that will precipitated lastly in the aging
step. The microstructure was globular after T6 heat treated and both the thixoforming
process and T6 heat treatment had eliminated the dendritic microstructure and T6 heat
treatment form a globular microstructure. In overall, the morphology properties of

Thixoformed significantly improvesafter T6 heat treatment.
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For mechanical testing, the highest hardness obtained was from the T6 heat treated
sample which was 128.4 HV. While the lowest hardness value is from as-cast which is only
97.5 HV comparedto 123.4 HV to thixoformed. The increased hardness of the thixoformed
after T6 heat treatment sample was due to the extremely low porosity and size of alpha
aluminium grains throughout the sample has increased. It is concluded that the rise in the
measurement can be attributed through the precipitation of an intermetallic phase among the
alpha aluminium globules in the alloys. Since the measurement shows increasing off 4.05%
in hardness after the T6 heat treatment process. On top of that, the highest UTS, YS and
EL% obtained are also from the thixoformed T6 heat treated sample with 258.77 MPa in
Ultimate Tensile Strength, 134.36 MPa in Yield Strength and 8.93% in Elongation to
Fracture. The percentage of 43.8 %, 28.04%, 36.13% were the increase percentage of T6
heat treated process from the thixoformed process respectively. T6 heat treatment leads to

the best results in morphological properties as well as the mechanical analysis in general.

@
To incréhs

recommended to ixdd Tremfors:ement}glements /Remforcement elements Sl.*Ch as Carbon

Nanotube (CW@WM&L}WMWWM@ for CNTs but
also for otheU‘ﬂq{’?ETﬁngiWR 5 ,&WWWFEEUSM by thermal

mismatch, and the Orowan looping system are the main strengthening mechanisms of

stfucture, it is

CNT/Al composites. In order to achieve efficient interfacial bonding and effective load
transfer in the areas, a good wettability between the reinforcement and matrix is required, in
addition to the homogeneous distribution of the CNT. Wettability refers to the CNT's
potential to wet and break down the matrix's surface tension. Furthermore, the amount of
reinforcement in the matrix has a significant impact on the composites' mechanical
properties. Bakr et al., for example, found a rising pattern in the hardness of CNT/A356
composite liquid state fabrication from 0.5, 1.0, and 2.5 wt percent CNT. Similarly, with 6.0
wt percent CNT, Bradbury et al. achieved the best hardness of 140 HV, and hardness began
to decline beyond this proportion. The contact between the MWCNT and the matrix is
widely acknowledged to play a significant impact in the composite's strength. According to
Rikhtegar et al. and Chen et al., a strong interfacial connection allows for effective load
distribution from the matrix to the reinforced particle.
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A possible future work that is recommended is to apply Design of Experiment
Taguchi for the experiment as to make it systematic by having an efficient method that
engineers to study the relationship between multiple input variables or factors and key output

variables or response. It is a structured approach for collecting data and making discoveries.

5.3 Sustainable Design and Development

Stir casting is among the most cost-effective methods for making metal matrix
composites because of its simple structure, flexibility, and low processing costs. Reduced
stirring time is necessary for a more ecologically friendly manufacturing process in stir
casting, which can be accomplished by optimising various stirring elements, particularly the
stirrer design and position. Increased stirring time in the AAMC stir casting manufacturing

process may resgﬁl} nk dis he aluminium alloy
-

matrix, but it
gone into impto

during stirring ewed-sincatlt akes | ] s ] irnaces; direct

& —_
measurements areiqd) addition to

S ——
experimentatiojni{,;atispca] ana]ysisla_p,d numerical simujation are utiliseddo gvercome these

problems. It is‘ﬁ%@am&l@%ﬁmﬂfﬁwﬁ;ﬁg&ihmg time, the
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5.4 Complexity

While making this project a success, there were complexity that must be faced.
Mainly, when undergoing the thixoforming process, the T308 Machine shut down many
times during working. It is said that the machine had notreceived enough power from the
source as it requires a high currentto supply to the machine. With that being said, the
situation made it delayed the progress of my project. Furthermore, it happened frequently
when the process is almost finished. The consequence was which [ sometimes had to remove
the material in used to a new one because it was broken or became irregular shape. So, I had

to remake the billet again by using stir casting.
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For the complexity above, my solution was to start the thixoforming process when the

temperature of water chiller is as low as possible.

5.5 Life-Long Learning

The knowledge gained through this study is to develop an understanding of
thixoforming machine, CNC turning machine in casting formability for future technology in

machining.

- ﬁ:‘v}f)‘
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