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Abstract

The cooling slope can be an effective techniquettier production of a thixotropic
precursor alloy but the control of the microstruetis complex and is dependent upon
the processing parameters. This work investigahes demi-solid processing of
Al-Si-Mg alloys using the cooling slope techniqgéenewly determined contact time
parameter was used obtaining a correlation withetswbling, inclination angle and
flow velocity. For a non-refined non-modified AlIS/g alloy, the effect of pouring
temperature (680, 660 and 640 °C), contact tim@4(00.09 and 0.13 s), inclination
angle (20, 40 and 60°), mould material (sand antainesample thickness (10 mm to
34 mm in sand mould) and coating on the coolingesitgraphite and boron nitride)
were examined with respect to the final microsutetwhich, for optimal results
should be fine and globular. The microstructure &mdperature characteristics of the
alloy were compared with an as-cast and as-recawgetmercial AlSi7Mg alloy and
a commercially produced magnetohydrodynamic sti(k@dD) A356 alloy.

The results indicated that the chemical compositibthe alloys have a prominent
effect on features such as solidification reactemperatures, solidification sequence
and intermetallic phases. From findings it becafarahat methods typically used in
semi-solid processing studies to analyse globuiaing were erroneous. It was found
that the anodizing of samples helped in reduciregéherrors. The change in alloy
characteristics has also a profound effect on Hamge in fraction solid in the semi-

solid range which resulted in the variation in btte temperature and fraction solid
limit for thixoforming. The cooling slope has a duale: the extraction of heat

thereby affecting the grain size and morphologyhbmt the slope interface and the
bulk melt by creating a thermal undercooling neags$or the columnar to equiaxed

transition (CET); and, by influencing the dominawicleation mechanism. The final

observed microstructures were additionally infleshdoy the heat extraction and
thermal gradients imposed by the mould materials ®Explains the complex and

different microstructure observed.
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Chapter 1 Introduction

Chapter 1

| ntroduction

Semi-solid processing as the name suggests is ftheegsing of non-dendritic
material between its liquidus and solidus tempeestun recent years much work has
been conducted in exploring this field with respectinderstanding the mechanisms
involved. The inherent properties of semi-solid enals at the semi-solid processing
temperature such as lower heat content, relatinger viscosity comparable to
liquids and low flow stresses, enables the sem@sptocess to show distinct
advantages over fully liquid and/or fully solid t&tgrocesses. Some of the important
benefits of this technique are: low mould eroslomn; energy consumption, improved
die filling, less gas entrapment, improved soundn&sver solidification shrinkage,
reduced macro-segregation and fine microstructarename but a few. As a

consequence this process is rapidly gaining coniaiéneportancé >

Semi-solid processing covers all the shape formimogesses which take advantage of
the semi-solid range of the alloys for processiRbeocasting, the first semi-solid
process, was discovered in 1971 by Spéfiaghile he was investigating hot tearing
during solidification. In his study a liquid likéusry with non-dendritic solid particles
was obtained by stirring while cooling a Sn-15%Myain the semi-solid rande?.

In semi-solid processing two basic phenomena, namékeology and Thixotropy,
play a major role. In Rheology the apparent vidgosi a material in the liquid state
varies with change in shear rate. This enabledigo@ like slurry to be processed
even at sufficiently high solid conteltd. Thixotropy, on the other hand, is the
ability of a material to regain the liquid like sly state from a solid state. In metals
with a non-dendritic microstructure a liquid likkisy can be attained on reheating
into the semi-solid stalte’.
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A material with a globular shaped microstructuresigposedly the best suitable
material for semi-solid processing. For this maitletti is believed that, when in the
semi-solid state, the non-dendritic globular gragasily glide on each other on the
application of a ford&?.

A non-dendritic microstructure can be obtained dtirring™, either mechanically or
electromagnetically/; grain refinind?’; low superheat melt processifigsolid state
mechanical treatment and rehedfihgeheating a suitable material into semi-solid
staté”: and, by spray forming and densificaion

To describe the dendritic to non-dendritic transfation, many theories have been
proposed. To explain the morphology transformatiuring stirring: Vogéf®
proposed secondary dendrite arm bending and melting to fluid flow'?:
Hellawelf"® proposed root melting of the dendrite secondany fiom the steff?:;
and, Uhimanf*? suggested a remelting of secondary arm due tairigeas a result
of solute pile up in the interdendritic regiinChalmer8**? proposed a “Big Bang”
nucleation mechanism due to the undercooling aiva duperheat melt on the chill
mould wall?, and Ohn8* proposed a “wall mechanism” due to the undercgadind
flow of melt against the mould wall, for a low supeat proce$$**. The melting of
highly stressed grain boundaries on reheating aobdsegjuent ripening of
recrystallised grains is believed to be the reafwnnon-dendritic microstructure
development in mechanically strained materialhiengemi-solid state™®.

Semi-solid processing was divided into differentegaries by different researchers.
Fleming$! divided semi-solid processing into two subclas§seocasting — which
involves the application of a shearing force dursggidification to produce a non-
dendritic semi-solid slurry that can be then trangfd directly into a mould or die to
shape a final produét in a batch type or continuous manner; Thixoforminghich
involves near net shaping of a partially melted-dendritic alloy slug within a metal
di¢?, which has two variants Thixocasting and Thixofogg depending on how the
metal is fed into the die.

However, Fal! and Atkinsoff! divided the semi-solid processes based on: the
preparation method of the feedstock — mechanigaingt, magnetohydrodynamic
stirring (MHD), stress-induced melt activation (SAM spray forming, ultrasonic

2
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treatment, chemical grain refinement and liquidastiog; and, the shaping processes
— Rheocasting, Thixoforming, Thixomolding and Rheddmg.

From the above mentioned feedstock preparationeseas liquidus casting has
recently gained the attention of researchers iemegears due to its simplicity and
adaptability”’. The most common processes are: New RheocastiRg)¥N=®, in
which a molten melt near the liquidus temperatwrepoured into a tilted mould,
cooled in a controlled manner and at the requirelt draction, the material is
squeeze cast; New MIT semi-solid Rheocasting (SSR™)in which a cold rotating
graphite rod is immersed for a few seconds in a hgaidus melt and the melt is
cooled under controlled conditions; and the coo$ifape methd€” in which a liquid
melt is poured onto a cooled inclined slope andiaaercooled melt is obtained in a

mould.

The cooling slope technique, mentioned above, i @imple but very effective in
producing a non-dendritic microstructure. The u$sahe cooling slope in casting
processes in Japan has been repBttednd evaluated by Hag®*?, Liu et al®®,

Yano et df* and Nomura and co-work&¥5272829% |n a]| the reported data, the

cooling slope can produce a final microstructuréctvlis non-dendritic.

Although some work on AISi7Mg alloys using a coglinslope has been
reporte®?2243% the effect of the cooling slope on non-grainnefi non-modified
AISi7Mg is not clear, as grain refinement, modifioa and chemical composition can
affect the final microstructure. In addition to $kefactors, not all the processing
variables, affecting the final microstructure, heheen studied. As a result in this
study, a non-grain refined non-modified AISi7Mgogllwas processed using the
cooling slope technique. The effect of pouring temagpure, inclination angle, contact
time, mould material, sample thickness and coatiagerial was studied. The results
were also compared with a commercial grain refin®$i7Mg alloy and a
commercially produced precursor using a Magnetalggnamic stirred (MHD)
AlISi7Mg A356 alloy.

In this thesis Chapter 2 reviews the relevantdiiene thereby giving the reader an
insight into the background behind semi-solid pssggy techniques, the

solidification mechanisms involved and the methdals characterising alloys and

3
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determining their suitability. Chapter 3 deals witie experimental methods and
procedures used in this study. The results ofrésgearch are presented in Chapter 4
and are subsequently discussed in Chapter 5. Giomckifrom this work are drawn in
Chapter 6 and an outline of future work suggeste@hapter 7, which is followed by

a bibliography.
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Chapter 2

Literature Review

2.1 Introduction

In normal solidification there are three distinones, namely a fine chill, a columnar
and an equiaxed zone; the extent of each depermerthe casting procedd
(see Fig. 2.1(a)). Flemings et#1**in 1971, found that stirring a Sn-15%Pb alloy in
the semi-solid state resulted in a globular rattlean dendritic morphology
(Fig. 2.1(b) & 2.1(c)). They also found that thesuking materials have a low
viscosity, when processed in the semi-solid Sfat& Since this milestone much
research has been conducted with respect to uaddmsyg the phenomena and to
exploring the different possibilities of utilizinghese properties in commercial

products.

Processes which deal with a metallic material @& sami-solid range to form a near-
net shape product are termed “semi-solid proce$§¥&sThe material may be a slurry
of solid particles in a liquid melt obtained dirdgcirom molten metal by stirring, a

reheated slug made from stirred slurry in the seolid state or a severely deformed

material reheated to partial melting, in the seatigsstaté® 63"

Similar to die casting, the mould filling tempenauenergy extraction, flow in mould
filling, and solidification microstructure are ccil features which influence the
quality of products manufactured by semi-solid forgn method€”. A reliable

feedstock source, robust semi-solid forming teobgplto minimize the effects of
variation in the processing parameters and suitablai-solid forming alloys are

some critical semi-solid forming process requiretseh

Design for manufacturability takes into accountdlssurance of proper die filling and

the avoidance of micro and macro-shrinkage, caldssletc.
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The main advantages of semi-solid processing, mosglative to die
casting’1933:3738.39.40414% o claimed to be due to,

Energy efficiency: Metal is not being held in thguid state over long periods
of time=?.,

Higher production rates due to reduced processectiohe compared to
pressure die casting.

Smooth filling of the die with no air entrapmentdalow shrinkage porosity
gives parts of high integrity (including thin-wadlesections). It therefore
allows application of the process to higher-stranggat-treatable alloys and
enables a wide variety of complex geometric formsbé producedf**4!
with high dimensional qualif§f!, improved mechanical properties and close
tolerance$”, all as a result of the fine, uniform microstruetsi

Lower processing temperatures reduce the thermatkston the die,
promoting die life and allowing the use of non-itaxhal die materials. It also
enables the processing of high melting point alleysh as tool steels that are
difficult to form by other meaf€*®! with a reduction in solidification
shrinkag€”, reduction in die dwell time, increased die liéad reduced die
fatigue due to reduced thermal shock.

A lower flow stres$ which requires a lower forging fof¢8 and a lower
impact on the die introduce the possibility of gsrapid prototyping dies.
Reduced solidification shrinkage gives dimensiolosear to near net shapes
and justifies the removal of machining steps; tlearnnet shape capability
(quantified, for example, fH’) reduces machining costs and material losses.
Weight reduction relative to other high volume eaptprocesses and a

reduced total component clt

The expected disadvantafés®*® “®are:

The cost of raw material as it constitutes abod6 ® the cost of the product
can be high and the number of suppliers is small.

Process knowledge and experience has to be colhyirualt-up in order to
facilitate the application of the process to newnponents, which leads to

potentially higher die development costs.
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» Initially at least, personnel require a higher lesfgtraining and skill than with
more traditional processes.

* An accurate temperature control is required otheeviquid segregation due
to non-uniform heating can result in a non-homogeseomponent.

* No advanced simulation tool exists to facilitateatted process control.

2.2 PHENOMENOLOGY

Flemings et af?3® observed on the continuous stirring of the metadlioy in the
semi-solid state that not only the microstructuréne alloy changes from dendritic to
non-dendritic , but also that the semi-solid slustyowed quite less viscosity
compared to that for normal conditions. They alsonfl that on shear, the material
behaved as a liquid-like “slurry” and the stresguieed to deform this slurry was
orders of magnitude below the maximum stress reduwn deform the usual dendritic
structur€¥. The apparent viscosity of this slurry rose withiacrease in its fraction
solid®**95% (Fig. 2.2/ So there are two very important and differentrmeena
involved in semi-solid processing, which are thealbgical behaviour and the

transformation of a dendritic to globular structure

2.2.1 Rheology and T hixotropy

In Newtonian fluids/slurries, measured viscosityngependent of time and shear rate
l.e. the shear stress, is proportional to the shear ratg, and the constant of
proportionality is the viscosityy. Thixotropic fluids are non-Newtonian, i.e. the
shear stress is not proportional to the shear fEte. viscosity is then termed as
apparent viscosity and is dependent on shear pegesure, temperature, and tithe
The semi-solid slurries of metallic alloys showxttropic behaviodt. Thixotropy
results from the formation of a suitable structwithin the slurry, with particle
welding possibly occurring in metallic slurff®s??! Hysteresis loops are used to

confirm the thixotropic nature of metallic slurf&s
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Different models have been suggested to defindgrdve of the material with shear
rate. If the fluid exhibits a yield stress and tlggwes a linear relationship between
shear stress and shear rate, it is termed ‘Binginaaxérial. Then

=1y + ky Eq. (2.1)

where Kk is the constant related to viscositys shear force ang is shear rate. The
Herschel-Bulkley model is where the behaviour is-tinear after yield i.e.:

T=1y+ ky" Eqg. (2.2)
The Ostwald-deWaele relationship:
T=ky" Eq. (2.3)

where n is a constant, is used to describe thdsfluihich do not have a yield point
and where there is a power law relation betweearssteess and shear rate

When the metallic alloy material is step-wise i solidified by continuous
cooling, the melt flows with different shear ratébe fluid within these slurries varies
with increasing solid fraction from Newtonian toepsloplastic and then to Bingham
once most of the solid has formed a chain-likecstmé®?.

It was found that metals also behave like thixoragurry in the semi-solid state as
cited if®%. In slurries, on the application of shear forcetenial deforms elastically
and beyond a particular shear stress called tHd gteess, material behaves like a
fluid. This behaviour is termed as “Rheology”.

Understanding of the time-dependent flow behaviollSSM is essential for the
success of semi-solid processing e.g. RheocastidgTaixocasting®®®. Shear-rate
dependence on the apparent viscosity was repart@8744 by P.A. Joly in his Ph.D.
thesis entitled “Rheological properties and striectof a semi-solid Sn-Pb alloy” at
MIT , as cited iff®).

The transient response of SSM slurry, particuléily abrupt shear rate change in the
gate and the cavity within a short period of tinge,one of the parameters to be
evaluated for better understanding. This is usuadlyieved by conducting shear rate
jump-up and jump-down te§ts>¥ (see Fig. 2.3).

A slurry shows the following behaviours with a charin shear raf&>*
» Steady state behaviour

* Transient behaviour
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» Thixotropic behaviour

In steady state behaviour for a particular shetarttee apparent viscosity remains the
same with constant shear stress, with time. Thaevaf the steady state apparent
viscosity only varies with changing shear rate aidsfraction. For a constant shear
rate, the apparent viscosity increases with aneas® in the solid fraction

(see Fig. 2.2). For a constant solid fraction tpgaaent viscosity decreases with

increasing shear rate (see Fig. 23§34

The apparent viscosity was found to increase witltelasing solid fraction in the
Sn-15%PK* alloy and decrease with increase in shear ratetimite>*.

In transient behaviour the shear stress changep@bmwith sudden change in shear
rate. With sudden decrease in shear rate to anciear rate, the shear stress
suddenly decreases to a minimum value and theedses to a stable value with time,
but never attains the original value at the nevashate. This phenomenon is termed
“shear thinning”. However, with a sudden increaseshear rate, the shear stress
jumps up to a peak value and then decreases withth a steady state condition at
the given shear rate with time, but this value nelecreases to the original value.
This phenomenon is termed “shear thickening”. Thasenomena are explained on
the basis of the agglomeration and deagglomeratidhe solid particles. At a steady
state the solid particles are aggolomerated torécpkar size. With change in shear
rate, the formation or break-down of these agglawesr occurs with a jump-down or

jump-up in shear rate as shown in Fig53:%#!

There is a critical shear rate, which is a funcodifraction solid, such that only those
steady state viscosity values measured above ttieacshear rate are meaningful.
Similarly the critical solid fraction and charaastic time are also important. Shear
thinning occurs at a higher shear rate, and appaield at a lower shear rate, under

steady state conditioRd.
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The size of the primary particles decreases witinarease in stirring rate, which in
turn increases the shear rate, resulting in moagnfentation and little sintering
between the primary particle®.

Thixotropy is a time-dependent rheological propedy SSM’s referring to a
reversible suspension structure, an agglomeraticol@ particles or a solid skeleton,
which develops when the flow is at rest and camldsroyed by the application of
shear. On shearing the solid like skeleton breaksndand the slurry behaves in a
similar manner to before rest. However, the inishéar force required to break the
bonding depends on the rest time. Thixotropy isaligumeasured with a hyteresis
loop developed by a continuous alternative changehear rate (see Fig. 2.3). The
wider the gap between the loop the more thixotroipécslurr?>°354 It is important
because during the idling phase after filling theots chamber (casting) and
accumulation zone (moulding) the change in strectoray alter the rheological
behaviour in the subsequent filling of the mdtild

Resistance of a semi-solid material to flow atghHraction solid (particularly spray
casting) may be caused by; high solid fractionwfath the low angle boundaries of
adjacent grains are not wetted with the liquid, awdid bonding occurs (about
10-15%). Due to the high co-ordination number ofhegrain (z~12-14) bonded
grains form agglomerates which may span the compietume of the sample, and
the shear force can only be accommodated by brgakisome bonds. Shear force
may be accommodated by a combination of translatiod rotation of adjacent
grains, resulting in shear bafds “Two phase models” for deformation behaviour at
higher fraction solid® considering the cohesive forces and cohesive krhiolid

particles was presented in Fig. 2.5.

Compression experiments on a spray cast alloy ens#mi-solid state at high solid
fractions, > 0.5, i.e. primary grains remaining ieqad, showed a non-homogeneous
deformation. The non-homogeneous deformation magluseto the localized strain
resulting from local softening due to the breakafghe bonds between solid grains

and dilatency as a result of the relative motiosaifd grain§®!.
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According t&"” the flow resistance of semi-solid alloys at higacfion solids is due
to elasto-plastic deformation at grain contactstrdetion of cohesive bonds between
solid particles, resistance to the flow of liquelative to the solid and resistance to
grain rearrangement. The first two phenomena deetefe at the initial stage, while

the third and fourth factors are effective in thstIstage of deformation.

2.2.1.1 Measurement Techniques

Thixotropic behaviour of an alloy can be meastiféd by using “Couette
Viscometery*®® to study the viscosity of an alloy with a low t@dium volume solid
fraction, “Forward and Backward Extrusion” to simd realistic processing
conditions and “Simple Compressiéfi* and “Triaxial Compression Experimerifs

to examine the effect of soaking time, temperatstrajn rate and presstire?.

2.2.2 Nucleation and Growth Theories

In this section the nucleation and growth mechasismvolved in semi-solid

processing, particularly in the cooling slope tegbe, are discussed.

The classical homogeneous nucleation theory desschiow a sustainable nuclei of
the solid phase with critical radiug, in the melt can only form if the volume free

energy 4G, of the cluster is higher than the opposing surfeee energyy,s, for the

given cluster. The critical energylG.,, and critical radius r* for homogeneous
nucleatiof*53163%4yould be:

AG = -V, AG, + ALV = —gm3AGv +4mr? y, o Eq. (2.4)
3

where r* = 2hs and AG, = 167rr2 Eq. (2.5)
AG, 3G

Only a sufficient reduction in the melt temperatgrees an embryo a chance to grow
above the critical size, as at higher temperattiresembryo remelts before reaching

this size. However, heterogeneous nucleation,nueleation on foreign substances,

11
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facilitates nucleation by reducing the energy leartsee Fig. 2.6731%34as given by
the following equations:

AG"™ = AG™™ Of (6), r*"t=r*""  AGD = AG!™ Of (6) Eqg. (2.6)
Where,
f (6?):%(2+cosé?)(1—cosé?)2 Eq. (2.7)

In normal casting practice the nuclei form at theurd surface and the primary solid
forms quickly in the under-cooled liquid, whichims contact with the mould surface.
If the temperature of the melt is near the soldifion point, the temperature gradient
due to heat-fluxdTy/dz is greater than the liquidus temperature grad@ht/dz so
that the interface becomes stable. If an undencgoin front of the planar front
appears, it will make the interface unstable andupeations may appear. Lower
undercooling results in a cellular growth morphgioghile higher undercooling
results in a dendritic morphology. In alloys an iiddal factor arises due to solute
segregation ahead of the growing front which redube melting point of the alloy
and is termed constitutional undercooling (see Eig). The criteria for instability of

a planar front for a constitutionaly undercooledtronan be described mathematically
a§14*15'31’65]

G <mG, Eq. (2.8)
S <- mgco Eq. (2.9)

where G is the gradient due to heat flux or temperaturadignt, G; is the
concentration gradient, D is the diffusion coe#id of solute in liquid andh is the

slope of the liquidus line (see Fig. 2.8).

If the melt becomes highly undercooled, due to l#ek of nucleation sites at the
mould wall, solidification can start with the nuicferming in the bulk liquid, away
from the interface, growing in an isotropic manremd are referred to as equiaxed
grains. As the latent heat of fusion is evolvedhatgrain surface, the temperature at
the liquid/solid interface will be higher than inet liquid thereby forming a negative

12
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gradient for equiaxed grain growth (see Fig. 2.93". Growth of the nuclei occurs in
three manners (i) globular, (ii) dendritic and)(ripened rosette and depends upon the
nuclei number and cooling intensff. Equiaxed growth occurs if the dendritic
solidification front grows with considerable comstional undercooling with a
positive temperature gradient ahead of the frontthe bulk liquid enabling
heterogeneous nucleation to occur ahead of therc@ufront favouring the equiaxed
grain growtf”),

In semi-solid processing a globular/equiaxed mictasure is of primary importance.
The globular microstructure in semi-solid procedszsed on the processing of liquid
melt, is achieved by: stirring/agitation, such aschanical or magnetic etc.; or, static
processing, such as New Rheocasting (NRC) or lonpégature pouring chemical

grain refinement, etc.

In semi-solid processing which involves stirring,is believed that the equiaxed
globular structure is obtained by the growth of temdrite arms, detached from the
main stem of the dendrite either by breaking, bemdiroot melting or by a
combination of these processes. These dendriten&ats then transform to spheroids
on subsequent growth in an agitated and sheatird,flow!* ¢

To explain the globular grain growth, Vogel et®aproposed the bending and growth
of secondary arms making a boundary-like misaligmmeith an angle > 20°,
resulting in high angle grain boundaries composkdisiocations with a sufficient
high stress to be wetted by the liquid (the sodiidsstress higher than the solid-liquid
stress). This results in the detachment of thersbany arm from the main stem and
this detached arm acts as a free floating §f#ih®® (see Fig. 2.10). Liquid can wet
the grain boundaries which have a high energy. cdmglition for wetting to occur is
thatys < 2ygn , Whereyg is the energy of solid/liquid interface ang energy of grain
boundary which, leads to the detachment of the rdedd dendrite arm into the
liquid™®.. This nuclei multiplication phenomenon was suppdivy Doherty et &%,
while Hellawell”® suggested that instead of shearing off the secgratan from the
stem, local melting of the secondary arm at thet isomore favourable due to
temperature fluctuatiof&™ (see Fig. 2.11). Flemings mentioned that dendrite
fragments fractured from the primary dendrite, gedly become dendritic, then

13
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rosette and finally spherical as a result of ripgnishearing and abrasion, with liquid

and/or other grains during solidification (see FAdL2).

Instead of dendrite fragmentation, Mao €fZl.found that a low temperature gradient
and, reduced constitutional and temperature undéncp due to a homogeneous
temperature and solute field, can reduce the groatil of primary arms to that of
secondary arms or even less, resulting in a rostieture. Furthermore Martorano et
all™ reported that a decrease in the columnar frortcityl caused dendritic arm
remelting and fragmentation and a near-zero themgnatlient in the liquid will
prevent the fragments from remelting. However, Bsekal’* have mentioned that
only a tangential flow effectively allows melt tcemetrate into the interdendritic
regions to cause remelting of the secondary arms wu temperature and/or
concentration fluctuations, enabling a mechanicabkdown to occur. These broken
dendrite fragments are moved into the bulk with ftbeving melt and can grow into
an equiaxed manner if the condition in the bulkugable for growth.

However, Wu et dlY reported that globular crystals can form througreat
nucleation from the liquid phase rather than tlagrnentation dendrites. They also
presented a model showing that the nuclei canforemsto globules on growth with
an increase in stirring or fluid velocity. But awler stirring velocities a rosette like

structure is prominent due to the higher growth.rat

Another investigation has suggested that an agitatr turbulence destabilizes the
diffusion boundary layer and prevents the solutédbup ahead of the solid-liquid

interface in addition to establishing a uniform paEmature distribution, thus

suppressing the dendritic growth by decreasing c¢bastitutional and thermal

undercooling. This develops a condition suitable dopious nucleation throughout
the melt’>"® and resulting in the stability of the planar frgmibducing a globular

morpholog¥/ "8 Stirring not only reduces the boundary layertabiise the planar

growth but also homogenizes the solute concentratitead of the growing front. In
addition it also favours continuous nucleation dgrsolidification due to the lower

and homogeneous temperature in the melt as a @sefficient latent heat removal
resulting in the absence of recalescéfice
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The above phenomena is supported by Mao ¥t%l.who showed that the melt flow
motion induced by electromagnetic stirring for arshime, transformed the rosette
primary phase grains into spherical ones in a lemperature poured melt. It was
observed that the forced multiple nucleation offrfany grains can continue to grow in
a globular shape under controlled cooling cond#dn®.

For the semi-solid processes, in which metals aed &lloys are processed statically,
a ‘Big Bang’ or copious nucleation mechanism hasnbsuggested by Chalméts
This assumes that the grains can grow from thedprekitic nuclei formed during
pouring by the initial chilling action of the moul@hese grains are then carried into
the bulk by fluid flow and if the centre of the nidus sufficiently undercooled, these
grains will grow in an equiaxed manHer Dave®’ and Ohn8¥ have
experimentally proved the existence of this medraniuring solidification using a
gauze immersion method for an Al-2%Cu alidly The phenomenon of the
“Big Bang” nucleation mechanism, suggested by Ceadil! has successfully been
utlized to produce thixocast billéts® with a globular rheocast

microstructur&®8384

Similarly, direct observations of the solidificati@f transparent organic liquids with
metal-like solidification characteristics and nuimoal modelling showed that globular
crystals form through direct nucleation in the Iduather than by the growth of
broken dendrite fragments®®® This phenomenon more suitably explains the
globular grain structure developed by controlle¢leation and growth in the early
stages of solidificatidfP®”! and the low temperature pouring processes in géner
such as the NRC process.

Biloni and Chalmef¥” have also reported that nucleation occurs onthattiime of
pouring. When a melt at a low temperature is poumeala mould, a part of the melt
is undercooled when entering the mould, and thsufficient to facilitate nucleation.
The amount of undercooled liquid depends on theusutnof superheat and the rate of
heat extraction, and in the case of chill castingleation occurs throughout the melt
and a completely equiaxed microstructure can beaiodd. As the pouring
temperature increases, the amount of undercooldd deereases and similarly the
number of nuclei also decrease. Furthermore theemtion of hot melt in the bulk
remelts most of the existing free floating nucl®n the growth of the free floating
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nuclei a diffusion layer is formed with a lower teenature than the surrounding
liquid until the growing neighbouring nuclei or a@ktic columnar dendrites impinge
on each other. However, different types of meclaraction or forced fluid motion
enhance the columnar to equiaxed transition prgbabrough a remelting
multiplication mechanism, depending on the supdrhea

Ohnd*® pointed out that normally grains grow from the leation site on the mould

wall. The grains grow from narrow stems that makgran vulnerable to plastic

deformation and detachment. Thus as melt washeastlowenould surface, thousands
of dendritic fragments are washed into the meltictvimay continue to attach to the
mould wall and most probably will act as the se&msnew grains. There is an

element of runaway catastrophe in this processiaglendrite falls, it will lean on its

neighbours and encourage their fall. The surviviltleese detached fragments
depends on the interior temperature. With very kasting temperatures the whole
casting may solidify with an equiaxed structfr&”.

To confirm the wall nucleation mechanism, Hutt iEf%used a gauze and found that
in the case of the survival of the nuclei formedtbg wall crystal mechanism, no
grain transition occurred, while for a case whdre tonstitutional undercooling
mechanism dominates, the grain size and morphabgytermined by the nucleant
potency, the solute concentration and the tempergiadient in the liquid. A similar
study made by Wang et & showed that up to ~ 50 °C superheat the wall atyst
can survive depending on their size. To avoid #duction in the nucleation events
on the cup wall and the destruction of existing leua 10-20 °C superheat was

recommenddd 8!

Zhang et a’® proposed a mechanism of particle-drift and blegdiompressing, and
considered that the dendrites are difficult to bechanically broken, therefore
dendrite fracture was not the main reason for thenétion of a non-dendritic
structure. The transferring of heat and mass dwsaiiglification is greatly changed by
vigorous convection. Particle-drift greatly increaghe heterogeneous nucleation and
blending-compression changes the growth morphotdfgyrimary grains and makes
the grain growth relatively uniform in all directi® resulting in a near globular
shap€. Molenaar et dfY) experimentally showed that globular crystals form

16



Chapter 2 Literature reveiw

through the direct solidification from the liquidh@se instead of fragments of broken
dendrites by using transparent succinonitrile-5%uwablution, as cited .

The size of primary particles increases with amaase in holding time, decrease in
the solidifying temperature and increase in stgrirme. In these conditions, due to
the increased chance for collision among primanyigles, the Ostwald ripening and
coalescence of primary particles may o€€lrPrimary particle size decreases at the
first stage of stirring due to fragmentation andrlincreases when isothermal stirring
continued after 5 miff’. Casting temperature and holding time has litflect on the
form and size of secondary particles, however thmumt decreases with lower
casting temperatufé. However, Gauge experiments showed that “walltetys are
the dominant source of nuclei at low pouring terapees (675 °C in Al-Si alloy45’,
while the detachment of eutectic Si crystals arel fiee growth of the detached
crystal in the liquid has been repoftdd Its change from a faceted to near spherical
morphology was suggested to be due to the coalescand fracture of brittle
Si particle§*.

In addition to the wall mechanism, lowering the pog temperature also promotes
the formation of equiaxed solidificatibh™ and it was found that the lower the
pouring temperature, the higher the undercooling &me longer the time for
recalescence to start to occur which favours highenber densities of nuci&i.
Lashkari et a®® explained that a highly undercooled melt near 4 w& lower
pouring temperature results in copious or “big Bamgcleation. This results in a rise
in the melt temperature at the mould wall due ® rtlease of the excessive latent
heat of fusion. However, this rise in temperatwaat enough to increase the melt
temperature sufficiently to remelt the nucleatediples. Fluid flow during pouring
and natural convection from the wall region essbla uniform cooling rate, and
results in uniform and multi-directional coolingssaciated with the geometry of the
mould. This facilitates the formation of a fine &ped as-cast structure, which leads
to the complete elimination of the columnar zonegha casting and promotes the
formation of fine equiaxed grains throughout thé¢irenzon&1012758797.98 Ag the
superheat is decreased, the amount of thermal cowlerg increases which facilitates
the nucleation and increases the survival rateucfe’®. Spaepen and Fransa&r
used the droplet technique and confirmed that muidemation ceases due to
recalescencd&.
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As the pouring temperature increases, the mechaoistopious nucleation reduces
and requires a longer time to establish a unifoowiing rate which results in a higher
tendency for the nuclei to remelt, which resultshe development of the primary

phase into a dendritic morpholdtf{}0102103l

In the liquidus casting process, the melt beforaripg has no superheat and it is
undercooled on pouring. Therefore, nucleation nakg tplace in the entire melt due
to undercooling and even during pouring. The growaftthe nuclei will be equiaxed

in nature. A non dendritic growth will occur if themperature gradient in the melt is
positive and greater than a critical value deteedhinby the constitutional

undercooling. An equiaxed dendritic growth will acdf the temperature gradient is
negative in the melt ahead of the growing front andstitutional undercooling has

occurre®.

It is also found that an increase in the pouringgliteresults in a homogeneous
temperature field in the flow of melt, which rests the rosette type growth and the
melt flow in the mould promotes a ripening effectthwthe primary grains

transforming from a rosette to spherft’3r°

The Mullins-Sekerka stability critefia*®? for a planar front with a small
undercooling accompanied by a high saturation afeation sites can be used to
explain the formation of non-dendritic structdfeg¥’ °1°*as mentioned above. The
Mullins-Sekerka stability criterid” for a planar surface, simplified by Kurz and
FishePY., is given as:
J VAT, _Tkv®
D D?
whereG is the temperature gradieit;is the interface growth velocityfTo, is the

G Eq. (2.10)

temperature difference between the solidus anddlicgutemperature at its initial
concentrationD is the diffusion coefficient; k is the partitiowefficient and/" is the

Gibbs-Thompson coefficient1S), whereo is the solid-liquid interface energy and
A4S is the fusion entropy. In equation (Eq. 2.10) fin&t term on the right hand side
indicates the constitutional undercooling favourihg formation of a perturbation on
the planar interface, whilst the second term onrigat hand side is the energy

associated to the new perturbation, which it isessary to overcome for the
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perturbation to become stable. From this equatieg. 2.10) it can be seen that
constitutional undercooling, growth velocity andmfgerature gradient are the
controlling parameters. Decreasing the interfacewgn velocity by increasing the
number of nuclei and lowering the constitutionadercooling by fluid flow, will
result in a reduction in temperature gradient nemrgsfor an interface to become
stable, which will result in a uniform temperattineoughout the melt suitable for fine
and equiaxed grain growitfi.

Uggowitzer and Kaufmafii® considered the Gibbs-Thomson contribution in terms
of curvature undercooling as a key parameter initiatid to the thermal and
constitutional undercooling which counter the effe¢ these undercoolings. The
formation of a perturbation or the transformatiaonf a planar morphology to
dendritic morphology depends on the relative degfedifferent undercoolings. They
suggested, to obtain a spherical growth and averidtic growth in the semi-solid
range, one has to (i) provide a high number of @iuicl the melt, (i) restrict the
spacing between the nuclei by homogeneous disimibin the melt and (iii) cool the
melt slowly. It has been reported that due to rplidiation or copious nucleation the
mean free path between the nuclei decreases amlgyoavth becomes restricted and
the heat flow becomes multidirectional, which resuin spherical primary

particle$™.

The above mentioned criteria has been simufdfdd®'°” and in practice it was
observed that at a constant cooling rate, the gnarphology changed from globular
to dendritic with an increase in pouring temperatwhile at a constant temperature,
the morphology transformed from globular to dencintith an increase in cooling
rate. However, the effect of pouring temperatune ba depressed if the number of
nucleation events can be increased, e.g. by tHenwaleation mechanisfi®.

However, Dong et af’® reported that in liquidus semi-continuous castimggleation

may occur: (i) due to isothermal holding near theitus, the temperature field may
become uniform through convection and diffusion amahy clusters of atoms form
(an undercooling of 1-5 °C is sufficient to develdpsters into free nuclei throughout
the melt); (ii) some of the grains formed on thdlaee broken off and are transported
in the bulk melt where they become free nuclei;, dnjJ heterogeneous nucleation
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takes place on foreign particles. However, it wessfirst criterion which was found to
be the major contributor in the nucleation phencamen

Similarly Fait®® has also suggested that for a 100% survival riteeonuclei the
following condition should be met: (1) uniform teempture and chemical
composition throughout the melt; (2) well disperdeterogeneous nucleation agents;
and, (3) effective removal of latent heat to aveidalescence.

While Dong et all®® found that only the initial reduction of melt teempture into the
semi-solid range is responsible for the grain shlpecontrolling the nucleation
density, while subsequent cooling rate change tteeaf the grains, by ripening and
coarsening. It should be noted that equiaxed gyesmwth occurs dendritically if the
melt is constitutionally undercooled as the solidvgs at a higher temperature than
the surrounding liquid due to an imposed negatieelignt*>>'. However, coarsening
and spheroidisation will occur if the melt is hildhe semi-solid randfe? 83195109119

Depending upon the above mentioned theories btitpkarly those for static copious
nucleation with wall mechanism, different semi-dgirocesses have been developed

with a combination of these aforementioned nuad@athechanisms.

According to Eastdf’ in the New Rheocasting (NRC) process, the mettoisred
onto the chilled wall of the cup, which rapidly é@ohe melt, providing the thermal
undercooling required for the formation of nuclei beterogeneous nucleation sites
that are available in the melt whilst the final igraize depends on growth kinetics,
ripening and spheroidisation mechanisms and the beumof nucleation

eVer.“:é17,83,105,111.]

In the MIT Rheocasting process, a cold graphiteisachmersed into the melt with a
low superheat and stirred for 5 — 20 s. This induae undercooling due to high
thermal conductivity and produces wall crystalh@énmelt which are easily detached
from the rod due to its non wetting nattife

While, in the Swirled Enthalpy Equilibrium DevicBEED) the low temperature melt
is poured into a tilted metallic mould and switéd®**?!
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Wang et al*® has also reported that a suitable structure foofbrming, can be
obtained by pouring the melt at 625 to 650 °C ist@el mould with a cylindrical

cavity.

Similarly with the other low temperature pouringppesses such as cooling slope, the
melt, when poured onto the ramp surface, is imnteljiacooled down and nuclei
form on the slope surface. The nucleated part@iessheared due to the force of the
flowing melt and are thus transported into the bartkl consequently the mofd.
Simulations have shown that the number of nucleiragher for melts with a lower
superheat with the size and solid fraction incregswvith increase in the contact
length of the cooling slofé®. Ideal conditions would be where nucleation casilga
take place on the melt/plate contact surface arileasame time the melt can easily
flow and can separate off the solidified phase ftbmslope walfi’?®. A coating on
the cooling slope facilitates the precipitatingstafs to be easily separated from the

cooling plate walf®.

2.3 SEMI-SOLID PROCESSING

Semi-solid processes have been categorized into diasses according to their
objectives: semi-solid forming processes- which @sed to produce a final product;
and slurry/feedstock producing processes- whichusexl to prepare a slurry or a

precursor for subsequent proces¥ifig

2.3.1 Semi-solid Forming Processes

Semi-solid processes can be divided into the fdiigw categorigs”
(see Fig. 2.1y

° RheOCaStin6’3'33‘34’49'115'11?]

. ThiXOpI’OCESSéJSZ'3,33,34,35,49,50,107,117,118]

« Compocastin{y?3449119-125]

« Rheorefining-3*4°!
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. Thixomolding®[2,3,126,127,128,129]

° Rheoformin56,77,130,131,132]

Young and Eiséf®!, however, categorised these processes into seuid)i semi-
solid and slurry on demand processes. In the “Sigond” (SL) processing solid
slugs are heated in convection ovens and the rahisrprocessed at a lower solid
fraction. Whereas in “Semi-solid” (SS) processingjics slugs are heated with
inductive heating and the material is processed abaximum solid fraction. In
“Slurry on demand” process the liquid is cooledoni-solid processing temperatures
by stirring mechanically or electromagnetically ahd resulting slurry is poured into

the shot sleeve of the die.

2.3.2 Slurry/Feedstock Production

Many processes have been developed over the yeapsotluce a slurry or feed
material for further processing. All processes lav liquid metal can both provide
slurry for the immediate production of the finishewduct or may produce a material
for subsequent semi-solid processing (see Fig. )[23,{1!_4 These processes are
categorizeld® as:

. Stirring Process€§'33'134vl35]

« Near Liquidus ProcessBg?:35:136,137]

« Solid State Deformatid}p”-117:118.138]

« Liquid Treatment Procesd&¥ 8913

« Other ProcessBg #2140

Stirring and near liquidus process are of more irigywe with respect to this study.
In the stirring processethe apparatus consists of a ladle, surroundedfbgnace for

controlled cooling, a stirring device, dischargesturry transfer equipment and other
controlling equipment (see Fig. 2.15).

In Electromagnetic Stirring®***4?) the melt is stirred vigorously by a magnetic
field***** instead of a mechanical stirrer (see Fig. 2.16Magnetohydrodynamic

(MHD) stirring process is the most common processdun industry and is described
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in detail in the patent by Winter et al., as citei”). The process involves cooling a
molten melt while it is mixed by moving the appliethgnetic field across the full
cross-section of the mould, over the entire sdtietfon rang>=>7-39.57.70.109.145]
Alloys ranging from Al alloys to steels have beenucessfully

processel 141142146147 5ing this technique.

In Liquidus Casting, the molten metal is cooledigraphite crucible to a temperature
just above that of the liquidus. Then just befoasting the melt is allowed to flow
through a bottom pouring mechanism into a mouldeiwe directly resulting in an
equiaxed, non-dendritic microstructure, consistiridgine globular primary particles

surrounded by a eutecfié®35136.137]

Commercial processes which lie within this categoofude the “New Rheocasting
(NRC®) Process” developed by UBE''8%! (see Fig. 2.17(a)), the “New Direct
Thermal Method” (DTM$ (see Fig. 2.1(b)), the “Rapid Slug Cooling Teclgy!
(RSCTJ="148 (see Fig. 2.17(c)), the “Cooling Plate Proces®28149.150.156]
(see Fig. 2.18(a)), which includes either a comtimmaof cooling plate and roll
caster$® or a combination of cooling plate with twin rokgter§3:%2153 and the
“Semi-solid Rheocasting” SSR#9106.15415%(sea Fig. 2.18(b)) developed at MIT

using a combination of low temperature and stirforgshort period of time.

2.4 COOLING SLOPE/PLATE

The cooling plate is a liquidus casting processcwhexploits the “Big bang”
mechanism for dendrite transformation. In the caplplate process, a low superheat
melt is poured onto an inclined plate which is camtusly cooled. This plate is
coated with a suitable material to avoid adhesibthe melt and enables the easy
detachment of crystals nucleated upon it. The eblidgiid slurry is then collected in

a mould at its lower effgf148150:156.157]

Cooling slopes can be manufactured using differamdterials such as mild
steelp?:22:24:150151.152. 153,158 - gluminium alloys, and coppg&r?®222% cerami€®¥! and
tool stedl*8*%" for the processing of aluminium alloys, magnesailoys, cast irons

and steel. Cooling plates can be cooled or heaitil water and oft*®*°") Many
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studie&>?62"18lsed a boron nitride (BN) coating to facilitate thetachment of the
nucleating primary crystals at the slope interfadee contact length may vary from
100 to 500 mm and the inclination angle from 5%@5 depending upon the alloy,
contact length and superheat. The cooling plategeasrally used independently but
Hagd™ 152153158 5% ncorporated it with different types of twin rotlasters. The
cooling slope materials, processing conditions afldys processed by different
researchers are tabulated in Table 2.1.

It has been report&@ that the temperature of the cooling plate has mmnjment
effect on microstructure, nevertheless a slurryhvapproximately 10% fraction solid
can easily be obtained at the end of the plate.

The mechanism involved in the cooling slope/plaie been explained by Muumbo et
all??¢ |n their theory, under the condition of a BN dogt which facilitates nuclei
wash out with flow and a cooling rate of up to 6/8 Knucleation will initiate along
the melt/plate contact surface and the melt flowoacwill draw nucleated crystals
into the melt stream before they come into conteth adjacent crystals to form a
solid shell. Nucleation and growth of the primahape taking place in the semi-solid
state is influenced by the degree of undercoolmgount of nucleating agents, flow
field and the rate of fragmentation of primary paetdendritic arms. The temperature
of the molten metal is normally lower near the @latall and along the free surface
due to conduction and radiation effects respegtiv@bnvection arising from the flow
provides a mechanism for the dissipation of suprlaad thus the detachment of

nuclei from the plate wall.

Nomura et all®®?® also observed that low flow velocities encountesgdlow
inclination angles cause early solidification oé tmelt along the cooling plate, while
excessive turbulence at high inclination anglesreases the likelihood of gas

entrapment within the mould cavity.
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Table 2.1: Cooling plate specifications data

. . Contact Inclination . Pouring Temp. _—
Material coating length 5 Plate cooling  Mould () Alloy Combination
. [20] _ Metal , .
Mild Steel BN (100), 300 60 (Insulator) (640), 680, 720 AlBSi No
. [22] 250 Water
Mild Steel BN (300 x 50) 60 Cooling Copper 620, 650 A356 No
. [150] _ ) ) Water Steel oo i
Mild Steel Cooling mould 10-20°superheat  Al-alloys No
. [30] 150, 250 Water Copper, 630, 650 A356
Mild Steel BN 300x50) °° Cooling Insulator 670 A390 No
[24] ) (200)50, ) Preheated (9), 19, 29, 39C
100, 150 (60), 40, 80 mould superheat, A91D No
[28] Water .
Copper BN 500 10 Cooling Metal 1300 High Cr Cast Iron  No
[29] Water .
Copper BN 500 10 Cooling Metal 1300 High Cr Cast Iron  No
Water Sand,
Copper[25] BN - (10), 5- 15 . Graphite, - Gray Cast Iron No.
cooling
Steel
[27] ) Water Metallic )
Copper BN 10 cooling Mould Gray Cast Iron No
Copper[ZG] BN - (10) 5-15 - - - Gray Cast iron
[156] ) Steel with X210Crw12
Mg.O BN 200 24 BN 1550 100Cr6 No
Tool . .
Sf:el[ug,m] BN 470 (5),10,30 17 —230 Ceramic AISi7TMgO.3 No
CS + melt
Mild Steell®8 BN 100,300 45 6 - - 640-720 A1050 drag twin roll
400 x 40
caster
. [152] Water CS + m_elt
Mild Steel BN 300 x 100 60 cooling - 630, 650 A356 drag twin roll
caster
CS + melt
; [151] ) _ ) AZ31B, AZ91D, :
Mild Steel BN 200 x 100 30 595-640 AMS50A, AMG0B g;z:?etrwm roll
Mild Water A1050, A3004, CS + melt
Stee|[153:159] BN 300 x 100 60 cooling - 15K superheat A5083, A5182, vertical type

A6063, A356

twin roll caster
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2.5 CHARACTERISTIC PARAMETERS

The characteristic parameters to qualify the maleeand quantify the microstructures
for their suitability for semi-solid processing cdpe grouped into material

characteristics and microstructure characteristics.

2.5.1 Material Characteristics
Characteristic parameters to be evaluated befolects®y an alloy and during
processing, as proposed by some researchers ateaerein.

Tzimas et aft®%

proposed the following criteria:

» Fraction solid The behaviour of a semi-solid material is vergssigve to the
value of fraction solid*® An increase in fraction solid results in an
increased apparent viscosity and significant irstexdamage as a result of
localized straift!, which in turn causes difficulties in die-fillinand defects in
the final product. Generally the accepted fractewolid volume during
processing should be no more than 0.6.

* Morphology of solid grainsAn equiaxed rosette-like solid grain exhibits mor
resistance to deformation and results in an inecapparent viscosity than a
spheroidal graif®®.

e Spatial distribution of liquid phasedccasionally some liquid resides inside
the solid grains, due to the grain growth protesghis type of liquid
adversely affects the ability of a material to defoas it decreases the
effective liquid available for deformation, resaotji in the requirement of a
higher temperature for processing. This entrapmehtliquid is quite
prominent on reheating of the MHD stirred samples

» Viscosity of the liquid phase and connectivityalidsphase These parameters
also affect the processing.

* Grain boundary cohesionThe resistance to deformation depends upon the
degree of grain boundary cohesion, which reduceth wlie degree of

segregation along the grain boundary, resultingame liquid.
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Liu et al®® suggested thixoformability criteria depending omermodynamic

predictions as follows:

The highest “knee” on the fraction liquid vs. temgiare curve should occur
between 30% and 50% liquid (see Fig. 2.19). Thistpe the temperature at
which the eutectic phase has been melted and priptaase starts melting.
Above the knee, liquid formation is controllable thvitime because,
kinetically, the rate of melting of primary phaseose the knee tends to be
slower than below.
Fraction liquid sensitivity at 0.4 fraction quuic{ﬂ) should be as
f, =04
small as possible. Experience in thixoforming ssggehat the minimum
“working window” between the temperature at fraotiiquid 0.3, To3, and
temperature at fraction solid 0.%gs, is about 6 K, with the fraction liquid
sensitivity at 0.4 fraction solid being 0.03'KThis “working window” is
necessary as the outer skin of the slug alwaysshgatfirst with the inner
material requiring some additional time during whithe skin temperature
increases further. A value higher than 0.5 fracgohd in the outer skin may
result in the start of liquid dripping from the skarea. This figure is
representative of a slug size which is necessarypfocessing automotive
components approximately 0.5 Kg in weight. For yalkystems other than
aluminium alloys, this figure would be differentpading upon the thermal
conductivity. Other workel$%? have proposed a general figure of 0.015 K
based on temperature control to within *8 during processing
(see Fig. 2.26%°3,

Kaufmann et aft’*81641%lsyggested criteria depending on solid fraction and

microstructure for thixoformability.

Thermodynamic criteria i.e. the solidification rangTs, width of processing
temperature range (particularly between 40 to 60%uoeg, fraction solid
sensitivity with respect to temperature fluctuasioB so (k™*), at 50% in this
case, and the sensitivity of enthalpy with tempeeai 5o (kJ molé'K™), also
at 50% in this case.

Contiguity, C,, of a solid phase is a measure of solid-solid acinin a semi-

solid structure and is defined as given in equa®idrl as the average fraction
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of the surface area shared by one grain with aijhi®uring grains of the
same phase.

Co = 25./(2Su + Si) Eq. (2.11)
where S0 is theao grain boundaries ang, is the boundary between the
phase and the liquid phase. Contiguity helps tarites the distribution of
phases in coarse two phase alloys quantitativedyst@ndardize the parameter,
contiguity is multiplied with volume fraction resung in volume contiguity.

In fully solid state volume contiguity, the volumentiguity is equal to 1 when
the material undergoes normal deformation on th@icggion of force. In the
semi-solid state the solid skeleton consists aflgohase connected by solid-
solid bridges. At a volume contiguity value of mahan 0.3, on deformation,
the liquid phase is expelled and a densificatiorsaid phase occurs. The
bonds between the solidly bounded particles arebnoken resulting in no
thixotropic behaviour. However, at a contiguity wale lower than 0.1 the
solid skeleton is so weakly bound that the billetdmes unstable and loses its
shape stability.

Kopp et al., as cited i, suggested an additional parameter, latent heat pe
phase fraction variation, /S, or sensitivity of fraction solid per energy input

or output. Larger ratios show less sensitivity arelthus more favourable.

Quality of slug i.e. grain size of the primary p&das,, shape factoffs, and contiguity

volume,fC,, for which the upper limits are 150n, 2.0 and 0.3 respectively .

Farf't6167:168.169 g gqested a selection criteria based on thermadignalata

particularly for Al and Mg alloys. The criteria aas given below:

Temperature sensitivity of solid fraction. For gqmdcessability, temperature
sensitivity of fraction solid,df/dT, should be< 0.015 at the processing
temperature.

The solidification temperature rangedTs ss between solidification
temperature, T;, and semi-solid processing temperatufies should be
10°C< ATs.ss< 150°C.

The alloy should have the potential to age harden,to precipitateMg,Si
with a ratio of Mg to Si content of Mg:Si = 0.634366 in weight percent.

The proportion of primary phasks, should be> 0.6.
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* The limitation of secondary phases is also impaytaug.fugsip< 0.05.
* Influence of composition tolerance on SSM procedisabAn alloy with a
minor change in composition having a large effatipoocessing temperature

and fraction solid is not suitable.

Farf? and Liu et al*®*® have also suggested some other factors, which are:

» Solidification range Ts., pure metals and eutectic alloys are not suitdbke
to a narrow solidification range and too wide agerespectively, which may
lead to hot tearing.

* Rheological properties in the semi-solid state, olwhinclude processing
conditions and the proportion, morphology, size distribution of solid phase
in the liquid matrix.

» The castability of the alloy is also critical ag thlloy has to be cast in a die

cavity, similar to conventional casting.

« An additional criterion was suggested by Tzimass Zavalianglo%’? as:

Afg = o.om%smrss < 006 Eq. (2.12)

to find a suitable processing temperature rdfewhereTssis the semi-solid

processing temperature.

2.5.2 Microstructure Characteristics

The most common microstructure characteristics #&rsemi-solid processed

microstructure are as given below.
Equivalent Diameter
Equivalent diamet&?146172173.174g the diameter of a circle having the same asea a

that of the particle (see Fig. 2.21(a)). It carcakulated as:

05
i) Eq. (2.13)

EquivalenlDiameterz(
s
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Circularity / Roundness

Circularity®®4¢17>18r roundned¥! can be calculated as:

(Perimetey’

Sphericity Roundness
47rx Area

Eq. (2.14)

Another variant of circularity is called Shape Fact’>*"*1"") which is basically the
reciprocal of circularity or roundness as:

4n1x Area

ShapeFactp=
P (Perimeterf’

Eq. (2.15)

Elongation Aspect Ratio
Another shape related characteristic is the elémgatr aspect ratio (ARY* defined
as:

Minimum Feret diameter

AR = : : Eq. (2.16)
MaximumFeret diameter

where, maximum and minimum Feret diameters arenth@mum and minimum
length of the feature (see Fig. 2.21(b)). Howewaer nverse is also used e.g. by the
image analysis software “NIS Elements Br 2.30 SB4dE387 Basic Research” from
Nikon and given by:

MaximumFeret diameter

AR = i : Eq. (2.17)
Minimum Feret diameter

It is claimed that the AR defined by Eqg. (2.16pieferable as the values are bound in
the range of 0 to 1, and can easily be comparecbrirast to circularity, AR is more
sensitive to the elongation of the gf&ifl. However, Basnét® used circular shape
factor with respect to a maximum Feret diame@8KG..y) as a circularity indicator
as given by:

4 x Area

CSE.. = Eq. (2.18)
¢ rrl{MaximumFeret diamete’

which is more sensitive to elongation than contoughness, and he observed similar
values for the processed conditions.

Loué and Suéfy/® have suggested another shape fa€@8inogas :
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2
CSF, 4 = ! Di Eq. (2.19)
6rrf, N,

where, f, is the fraction solid ot-particles,S, is the surface area of solid-liquid
interface per unit volume and, is the number of grains per unit area of secticihe

specimen under observation.

2.6 MATERIALS CHARACTERISATION

The characteristics of material/alloy are import@snthey help to determine attributes
necessary for semi-solid processing. An alloy can characterised for phases,
microstructure, morphologies, and temperatures gusiarious techniques which
include cooling curves, Thermal analysis i.e. D$@ modelling i.e. thermodynamic

simulations etc.

2.6.1 Cooling Curves

Cooling curves are used to determine the criticdidgication characteristics of
alloys like the liquidus, solidus and formation feeratures of various phases during
solidification. Computer-aided cooling curve an&@y&A-CCA) readily incorporates
procedures to calculate parameters such as taeadt lheat, fractions solid etc. for
multi-component alloys from a cooling cuf/&. These temperatures are readily
obtained from the first derivative of the coolingree, i.e.dT/st""?. A sudden change
in the derivative indicates a phase change asltipe f the cooling curve changes
with a change in heat evolution as a result ofasphransformation.

In addition to the first derivative, the determioatof a zero line or base line, which
is calculated on the basis of first derivative lbé tcooling curve in a single phase
region i.e. above the liquidus or below the soli(assuming no transformation occurs
in this range), is important for calculations suaé latent heat, etc. Traditional
Cooling Curve Analysis (CCA) uses a croning sang awith single central
thermocouple. The curve is analyzed by a Newtodiaermal Analysis method
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(NTA) to generate the zero cuRf, which is based on the assumption of the
absence of thermal gradients inside the samplagltihie cooling proce$&#? The
Fourier Thermal Analysis (FTA) method assumes that macroscopic heat flow
present in the melt during its cooling and soldfion is governed by conductive
heat transfer and latent heat generation due fdifszdtion*®%. It is based on the
numerical processing of the temperature data addaimom two thermocouples
situated at different radial positions, within diegrical mould, which contains the
melt to be studied during its solidificatib#i*®* and produces a zero curve on these
basel’*!%IThe difference between the NTA and FTA is showrFig 2.22. The
relative accuracy of both the methods can be ettitnasing DSE™,

Solidification characteristic temperatures can bé&aimed with the help of the first
derivative of temperature with time, as shown ig.R2.23. The initial downward
concave regionl’” shows the cooling of the liquid. The end poamt corresponds to
the start of solidification when the release oétdtheat starts which causes a sharp
increase in the derivative value, in regi@huntil point‘b’. The intersection of region
‘3" and 4’ corresponds to the dendritic coherency point, D&EHiquidus arrest
temperaturé®®. However, Backerud et &f used the two thermocouple technique to
estimate the DCP as a point where the different@dsn the two thermocouplesT,

IS minimum as shown in Fig. 2.24. It can also beaamied from the first derivative of
the cooling curve as a temperature correspondingheo intersection point of
extrapolated lines of the back end of the firstkpead the straight part of the
derivative curve, just after the start of soliddfion of primary phase, (point D), as
can be seen in Fig. 22%. pPoint ¢ gives the start of eutectic solidification, which
ends at point ‘d’ through regio®™. The point'a’ can be calculated as the deviation
point of the curve from regionl* to region 2° and points ¢’ and d' can be
calculated as the lowest points on the first deitreacurveé's.

2.6.2 Thermal Analysis

According to Woodruft®” thermal analysis provides useful information abthet
characteristic temperatures (liquidus, solidus antkectic temperatures etc.), helps
identify non-equilibrium species in an alloy anah@so be used to study the kinetics
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of melting during heating and kinetics of solid#t@n on cooling. For studying the
thixoforming characteristics heating up a samplesely simulates the practical

conditions.

The two most common techniques used in thermalyaisaare Differential Thermal
Analysis, DTA (Fig. 2.25), and Differential ScanginCalorimetry, DSC,
(Fig. 2.2648!

Differential Scanning Calorimetry, DSC, is a wedtablished technique and is used to
solve a wide range of materials problems such agystg precipitation or phase
changes in alloy systems, and the kinetics of tpésse transformations. The energy
change that is detected is often the latent heahédting or a phase change. Methods
of quantifying the measurement lead to the improkedwledge of chemical and
microstructural changes occurring in the mateiliak DSC results must be calibrated
against a calibrant material for the scale undesit®ration and the calibrant must be
stable in that temperature range. The material ralsst be available in high purity
form, be easy to handle, of low toxicity, and belwlefined thermodynamically. A

single crystal or particle of calibrant is betterget a single characteristic p&ak.

Determining the melting point and latent heats tymical applications of DSC
technique, which is more accurate than cooling €wmalysis and is applicable for
many materials including metals and alloys. DSCsuszs the energy (heat) evolved
or absorbed by a sample as it is cooled or heatéeld at a temperature. However,
DSC is limited to very small samples, in the miéigh range, and by cooling and
heating ratés’®.

2.6.2.1 Power Compensated Calorimetry DSC

In this type of DSC, the heat to be measured idal totally) compensated with
electric energy, i.e. by increasing or decreasimg lteat in Joules. The measuring
system, (Figs. 2.27) consists of two identical miftrnaces, made of a Platinum-
Iridium alloy, each of which contains a temperatgensor (Platinum resistance
thermometer) and a heating resistor (Platinum wifd)e micro-furnace is about

9 mm in diameter, approximately 6 mm in height diad a mass of approximately
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2 g. The time constant is smaller than 2 secondgslathermal noise is aboufi2v.
The maximum heating power is approximately 14 W amakimum heating rate
~ 500 K/min. Both furnaces are separated from edlcer (thermally decoupled) and

are positioned in an aluminium block of constangeratur&®,
DSC Data Analysis

During heating up, the same heating power is sa@t both furnaces via a control
circuit, (Fig. 2.28) in order to change their meéamperature in accordance with the
preset heating rate. When an asymmetry occurs énsdmples, a temperature
difference occurs between the micro-furnace comginthe sample and the
micro-furnace containing the reference sample. ddwerol circuit tries to compensate
the reaction heat flow rate by proportional contiogl increasing or decreasing an
additional heating power. Short heat conductioatirely small mass of micro-
furnaces, compensation of the reaction heat floww by electric heating power and
electric control of heating are the distinguishifeatures of the power compensation
DSC methot®!,

The characteristic terms of the DSC curve to dbscithe measured curve are
(see Fig. 2.298:

» Zero ling the curve measured when the DSC is empty, shotiaghermal
behaviour of the system.

* Base line the line constructed in the peak range to meashegacteristic
temperatures.

* Peak the maximum or minimum point in the disturbedioegof the otherwise

linear DSC curve.
and the characteristic temperatures in the peakafrthe DSC curve dré®:

* T, initial peak temperatureat this point the measured values deviate fraen th
base line and the peak begins,
* T, extrapolated peak onset temperatuhere the tangent on the ascending

peak intersects the base line or extrapolated line,
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* T, peak maximum temperatyrthe maximum value between the measured
values and the base line,

* T, extrapolated peak completion temperature/off-saetperature here the
tangent on the descending peak intersects thelihaser extrapolated line,

* Ty final peak temperaturghe point where the peak again reaches the haseli

and peak is complete.

Specific Heat M easurement

Specific heat of a material is the amount of hesjuired to heat up one gram of

sample to one degree Celsius. Specific heat ih#séc parameter to measure the
amount of heat a material contains in general angséd to measured the amount of
heat evolve during solidification of an alloy ifelchange in fraction solid over the

solidification temperature is known.

DSC data can also be used to measure the changeetific heat value with

temperature for a phase. The specific heat foreifit phases and at different
temperatures can be measured by a ratio métflagsing the data from the DSC run
as:

S.-S
c =|2"2% |d% ¢ Eq. (2.20
ps (S _Sj ms pc q ( )

Cc e

where, C . and C . are specific heats for sample and empty cruciBlg, S, and

S, are DSC data values for sample, calibrant and yorptible, whilem,and m are

mass of the sample and the calibrant. The ratichotetelies on specific heat and
mass of calibrant to compare with an unknown sampte the calibrant material
should be well calibrated and its specific heat tninesknown to within + 0.5%, and

measured by two different adiabatic calorimetess;ited &%,
Enthalpy measurement

Enthalpy can be useful in determining the solictticn and is thus an important

parameter in understanding semi-solid processing.

From specific heat data, the enthalpy change ovange of temperature or a phase

change can be easily measured. The ideal way tsureghe enthalpy is to hold the
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sample at a tiny temperature step and determin@ wigelargest intake of heat occurs
to maintain the temperature. As this is not a prattmethod, DSC can be used
despite its shortcomings. Enthalpil can be measured from specific héa,taélsgl:

T2
MH=[C,dT Eq. (2.21)
T1

Procedure

The 'Absolute’ Dual Step Methd#! can be used to measure DSC curves for all the
samples. The description of this method is as dlo

1. The heat flow rate of the zero line must first betedmined using empty
crucibles (of equal weight) in both the sample #relreference positions. The
scanning region and the heating rate should beitno that planned for the
samples.

2. The sample should then be placed in the samplebteuevhile the reference
crucible is left empty, and heated or cooled in tétwege and at the rate for
which zero line has been calculated.

3. The zero line is subtracted from the sample DS@etio obtain the actual
DSC curve for further calculations.

The sample is heated or cooled at a prescribedngeat cooling rate. It should be
noted that any calibration is only valid for thairficular heating rate at which it was
carried out, largely because the sensors in any BX®@Crelatively remote from the
sample and thus a thermal gradient may exist betiree sample and the serf&6t
When different ramps are used, different transitiemperatures may be observed,
which can be corrected by testing several heatitgsrand then extrapolating back to
a zero heating raté®!

It is possible that different cooling rates may g the microstructure of the sample.
Normally 10 °C/min is the optimum heating rate whigives minimum noise in the
data and any difference with lower rates is notsaterablé*®®%! During slow
heating rates equilibrium may be establish and peagky not be observable. For large
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samples a slow heating rate is best to avoid tternal gradient, which must be
minimized to ensure a simultaneous transition thhowt the sample, as cited .

However, true values may be influenced by instruadelag. Normally the heating
runs are used to obtain the solidus and the cooling to obtain the liquidus, but the
liquidus value may be affected by undercooling scotiset from the heating curve

must be considered as the liquid

The atmosphere in which the DSC furnace is conlaisegenerally controlled to
avoid oxidation or other reactions between the nmatand its environment, which

may impair resulf&,

It should be noted that smaller transitions sucheai®ctic reactions may not be
detected by DSC if the cumulative effect does nakeed the detection limit of the
instrument. These transitions are separated fremthin transition on cooling, but

will be subjected to undercoolifig?’.

2.7 FRACTION SOLID AND ITSMEASUREMENT

For making a semi-solid process favourable for sty fluctuations in processing
temperature, heat dissipation from the surfac@eaentre, the temperature difference
between the surface and centre and precision iwepso control are necessary
parameters to be controlféd.The processing force required to form a product in
semi-solid processing depends on the fraction satlithe working temperature. At
very low fraction solids, this force coincides witigh pressure die casting and at
very high fraction solids it resembles that requirefor hot forging
(see Fig 2.3d}0191.192

For best forming conditions it is supposed thatifficsent inter-granular liquid should
be available to wet the grain surface so that gnggwular bonds if not broken, become
sufficiently weak that a very small shear force bamak them and material can start
flowing like a viscous fluid showing non-Newtoniafiuid flow behavioulP?.

Therfore, a wide temperature range with minimumngeain fraction solid is usually
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chosen for processing and is referred to as theepsing window. The fraction solid
sensitivity is the parameter which helps to deteenthe relative change in fraction
solid during this given temperature range. Maten@ith a eutectic or materials which
can exhibit a eutectic due to segregation are lysti preferred candidates for semi-
solid processing, provided they have a sufficiehihge solidification rand€®. The
solid fraction just above the eutectic point ismoged to be ideal as sufficient liquid
due to the melting of the eutectic phase is aviElaind temperature changes do not
affect the fraction solid too much. This is becatiserate of melting of the primary
solid is low and the molten eutectic is availaldentet the grain boundaries. A small
fluctuation in temperature does not affect the amiaaf eutectic too much as the
eutectic solidifies at a constant temperature agdires sufficient time to completely
solidify. The primary solid provides necessary rggté to prevent the solid skeleton
from deforming during reheating and handling witte teutectic melt acting as a
lubricant which when sufficient facilitates the dehation.

The fraction solid in the material plays a key riolall types of semi-solid processing.
In rheocasting the material should not be cooled taction solid that can prevent it
from flowing during pouring/processing. While, imitoforming processes, the
material should not have too low a solid fractibattit becomes difficult to retain its

shape or too high a fraction solid that it canfmw/fon processirg?.

The deformation behaviour of any partially meltdidyadepends on the fraction of
solid**%2 |f the fraction solid of a material is too lowill behave sluggish during
die filling, whilst at too high a fraction solid éhmaterial requires approximately the
same force to deform as for the fully solid materiderefore, the rate of change of
fraction solid with temperature is important. A fgemature range where the rate is
small is an ideal range for processing. However, vasiation in processing
temperature is common in industrial processing stesitivity of the solid fraction to
temperature should be a minimum for the practipalieation of the proce8&*.

According to Liu et aF® for the optimum conditions during thixoforming pesses a
solid fraction between 50-70% for the feedstockriscal (Fig. 2.19). Heating must
be conducted without too much melting of the prynarphase. A higher solid
fraction above 70% may resist the flow in the fargprocess, while a solid fraction
below 50% results in difficulties in controlling éhheating temperature and the
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material is subject to slumping or tilting known &ephant Footing' due to the
tendency of the liquid to migrate to lower billettemes, as cited f{. A solid
fraction which is too high, ~ 90%, has a significaffect on hot tearing and porosity

during solidificatiof®?, So, for better control of the process the fractiolid

sensitivity, at 0.6 fraction solid, should be asaims possible, i.e{dfsj =0.
fs = 06

Cremer et al**® have considered a maximum change in fraction solifuid at the
process temperature which they determined should&aonore than 6% for process
control. Therefore, the prediction of solid fractiovith respect to temperature is
extremely important in assessing the stability mfadloy for thixoforming/semi-solid

processing.

The thermal and mechanical behaviour of an allopéxmushy zone also depends on
the solid fraction besides the morphology of thdidsgphas&®* 5% The
deformation of the semi-solid alloy is a resultliguid flow and deformation and
re-arrangement of solid grains. As solid fractioglps to estimate the materials'
strength during solidification, so it helps in urgtanding the rheological behaviour
of solidifying alloys'®"*°819% The effective rheology of the solid-liquid mixeuis a
function of the rheology of each component. Thetdoumtion from each component
of the semi-solid system is a function of solidcfia™**. The fraction of solid not
only controls the rheological behaviour but alse &volution of the structure in the

semi-solid state, as has been citétfih

In literature different criteria and fraction solidnges have been reported for various
materials such as: a fraction solid range fromat55% for an Al-7%Si (UNI 3599)
alloy®®: from 54 to 60% fraction solid for Al allo{})§®: less than 60% fraction
solid®®!: 30 to 70% fraction solid with a temperature ramgel0 - 45 °C for
Al alloys™*®: 40 to 60% fraction solid for thixocastng and 8%0% fraction solid for
thixoforging of steels, with a temperature differer» 10 °&°?: fraction solid from
60 to 80% for thixoforging and 40 to 60% for thigsting for steels and aluminium
alloys?®®: 40 to 80% fraction solid for ste&f<’; 40 to 60% fraction solid but with a

temperature variation < +2.5 B¢164 etc.
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In terms of solid fraction and respective strengddues, three stages can be
identified®” as:

)} below the coherency poifif”, the material behaves like a suspension and
no significant strength is developed, so no sigaiit stress can be
measured,

i) between the coherency pofdt, and maximum packing solid fractioig’®
the shear stress stays at a relatively low levedddisl grains are able to
rearrange themselves even if some packing occoals, a

1)) above the maximum packing solid fractiéft, a solid network forms and
required shear stress increases more significaithysolid fraction.

For controlling a casting process, we need a celatiip between the latent heat
evolved in terms of solid fractiofis, and temperaturd?®>. The fraction solid and
temperature relationshif - T, can be evaluated directly or through its effestghe

physical properties of a material. The more comyosked methodS*! are:

* Thermodynamic data (equilibrium phase diagrams)

* Thermal analysis techniques (DTA, DSC, ....)

* Quantitative metallography (samples quenched semi-solid state)

» Ultrasonic monitoring (propagation speed of ultrdasavaves)

* Measurement of electric resistance / magnetic paiitiey

* Mechanical response (compression test, indentaéist) back extrusion test,

etc.)

2.7.1 Thermodynamic Methods

Measurement of a relation between solid fractib)) &nd temperatureT] sing
thermodynamic data is the easiest and most commoséd method. Different
variations in the methods using the thermodynanaita chave been introduced, to
describe thds - T relationship, by Kurz and Fisct&t, Chen and Ts&® and also
reported by other authdt¥194205207.208l Thage relationships depend on the solute

distribution in the material which in turn is reddtto dendritic micro-segregation. The
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theoretical analysis of solidification is based equilibrium solidification, as cited
in?%], In equilibrium solidification, it is assumed thaimplete diffusion of the solute
occurs between the solid and liquid phase duringlifoation, so that the solid
fraction,fs- at a given temperatufeis given by:

ea = =T

fS
=T

where T,<T<T, Eqg. (2.22)

and T, Ts are the liquidus and solidus temperatures respdgti The quadratic
relationship betweefy andT is given by [194]:
2

f o ﬂ—(ﬂj where  T.<T <T, Eqg. (2.23)

T T
In non-equilibrium solidification, complete diffumi is assumed in the liquid, while in
the solid phase, the diffusion of solute is limitdnegligible. The well known Lever
Rule assumes that the solidification process permiifficient diffusion and a
complete equilibrium between the liquidus and sdid is
establisheld"193194:205.207.208lTha |aver rule allows the determination of sditittion
of solid, f9, for a binary phase diagram at a given temperafyrm the semi-solid
state. It uses a tie line intersection from theuitigs and solidus lines at solute
compositionsCs, andC,, respectively, assuming that these lines are jinesing the
following relationship:

=[S 7% |2 GG Eq. (2.24)

° Cc-C.) ([-k)c

grov 2 T T)=m G, Eq. (2.25)

) (Tf _T) (1_k) o

frev= ﬁ (‘-I'r _‘I-I'-I J where T, <T<T, Eq. (2.26)
- BERE

where,T; is the fusion temperature of pure mefal,is the melting point of the pure
solvent,m is the slope of the liquidus lin€, is the alloy compositiorCs andC; are
the solute composition in the solid and liquid,pexgively. The constari is the
equilibrium partition coefficient which is expresisas:

K = [g_.j . Iff :I' Eq. (2.27)

A complementary, limiting case, approach to anabgeilibrium solidification is to

assume, that solute diffusion in the solid phasenmll enough to be considered
negligible and, that diffusion in the liquid is extnely fast, fast enough that when
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diffusion is complete it results in the segregatdsolute in the solid phase. Gulliver
in 1922, Scheil in 1942 and Pfann in 1952 as citéd, tried to incorporate these
segregation phenomena during solidification inte tiormal lever rule using the
equilibrium partition coefficientk, (Gulliver-Scheil equation). In this case the doli

fraCtion, fSSCh wou |d bé3l,193,194,205,206,20.8]

1
k-1
fh=1- [&j Eq. (2.28)
0
Sch _ 1 _ T-T, k-1
fo=1 where T, <T<T, Eq. (2.29)
T -T

and Te is the eutectic temperature. Although the Schejliagion is the most
commonly used, an inconsistency was obséf&d” when applied under different
solidification conditions showing a weakness indssumption of negligible diffusion
in the solid phase.

The above derivation of the Scheil equation (Eq2822.29) has quite severe
limitations when applied to multi-component alloyisis not possible to derive this
equation using the same mathematical method asaliakie partition coefficierk is
dependent on temperature and/or composition. TheilSequation is applicable only
to dendritic solidification and can not, therefoilee applied to eutectic alloys.
Furthermore, it can also not be used to predictahmation of intermetallics (e.g. the
Laves phases) during solidification. Using thermmatyic modelling like CALPHAD
and thermodynamic databases like Thermo-Calt®all the above disadvantages
can be overcome, as they use a step-wise appfaak shown in Fig. 2.31, and can
utilize the phase diagrams and Scheil equatiorreédigt the weight fraction of solid

in complex multi-component alloy systeffi¥’.

Although non-equilibrium conditions prevail durim@mmercial processing, during
and after solidification and particularly on partramelting, back diffusion of the
solute results in a shift from a fully segregatehdition towards near equilibrium
condition§¢319%1 As a result the fraction solid increases withetion holding in the
semi-solid state and will thus reach its equilibriraction and achieve a steady state.
Similarly at the initial stage, due to non-equilibn cooling, the values for solid

fraction are approximately that obtained using 8eheil equation. However, on
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holding, equilibrium is achieved due to the higffudiion rate of solute in the solid as
well as other processes like coarsening, ripeningy eoalescence and the values
predicted are more similar to the Lever rule (Rig2)**%.,

The Scheil equation can be modified to allow soraekbdiffusion into the solid
during a small isothermal increment in solidificatti However, the flux balance needs
to be maintained during this isothermal step insbéd and liquid phasB8”. This
improvement of the Scheil equation was reporte8imdy and Fleminds® and later
modified by Clyne and KufZ? by incorporating the Back-Diffusion paramét&t
(see Fig. 2.33). With a constakit the relationship between composition and solid

fraction would b&%-207}
1-k
C, =kC,[1- (1 - 2ak) f, Ji-2a Eg. (2.30)
% =fi- f, (- 20k)]i 2 Eq. (2.31)
0

and thus fraction solid can be defined as:

1-2ak
1 T, =T | k12
f24 = 1- Eqg. (2.32)
1-2ak T, -T,

wherea is a function (Fourier number), which takes act¢afrsolute back diffusion

as given by:
a= % Eq. (2.33)

wheretg is the time the alloy spends in the semi-solidesthuring solidification and
partial melting,Ds is the diffusion coefficient of the solute in thelid state and is
the characteristic distance for back diffusion {ledilthe grain size in equiaxed grains
and half of the secondary arm spacih@) a dendritic structure).

A number of different expressions have been deeeldpro , notably by Clyne and

KurZ?'? and others as cited'd!. The modified Fourier numbes, by Clyne and
Kurz?*¥, is the thermal history of the alloy as describetbw?®"*9%

a =a {1 - exp(—%ﬂ - 05 exp(—%) Eq. (2.34)
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and the fraction solid calculated by incorporatihg modified Fourier numbes,’, in
Eq. 2.34] as incorporated by many solidification dals for semi-solid
processing %1% as cited if°32%%

1-2a'k

T, -T) k2
f80 = SR | P Eq. (2.35)
1-2a'k T, -T,

1-2a'k

T, -TY xt
fo = S P 1 Eq. (2.36)
1-2a k mGC,

The Fourier number, may vary from 0 (Scheil condition i.e. no diffosiin solid) to

oo (Equilibrium condition), whilst the modified Foeri numberga’, varies from 0 to
0.5 under the same conditiétig°%. The value for the fraction solid calculated bg th
expression incorporating back diffusion lies invbe¢n the values calculated by the
Lever rule and Gulliver-Scheil expression, as shawRig. 2.38°7.

The Fourier number, decreases with increasing cooling Fat&%®as indicated by
the following relation:

%

a 0T Eq. (2.37)

It can be explained that for a given alloy, a hagioling rate during solidification
reduces the local solidification time, increasesdmount of residual non-equilibrium
eutectic and reduces the degree of homogenizaorihe other hand this reduces the
grain size which in turn reduces the diffusion a@mte and time for
homogenizatioh®?,

It should be noted that the thermodynamic pararsgetike latent heat of the
solidification, remain constant for all these a@gmtees. A comparison of all the above
mentionedfs -T relationships for a low carbon steel are showfRig 2.34. It can be
noted that at the initial stage dll values remain the same for all fraction solid
calculation modef&™!,

During partial melting, the heating rate is so h{gh 170 K/min for an A356 alloy
from room temperature to processing temperaturetitakes 200 s to heat to above
the eutectic temperature}® that there is no homogenization and dissolutibthe
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non-equilibrium eutectic in the solid state is mgiple (as 24 min are required for a
10 % non-equilibrium eutectic around a 40n grain in an Al-Cu alloy to
homogenizef*®. The soaking period at the processing temperatute promote
spheroidization of the microstructure and uniforistribution of the liquid phase in
the sample. Homogenization occurs depending uperliby system and grain size,
resulting in a decrease in eutectic content, withiomogenization time for different

alloys reported ii®*%%!

Yim et al.*® assumed complete mixing of the liquid by stirram local equilibrium
at the solid/liquid interface to consider the dsifun through the solid, and presented a

relationship between the fractions solid and istrtemperature &8

fS:l 1,8k 1—(1“” _Isjq where Eg. (2.38)
- ML

3 2D k-1
’B:1+gy e kzs and ,7:1+,Bk Eq. (2.39)

where Kk is equilibrium partition co-efficients is the processing temperatuile,and
Tw are the liquidus temperatures of the alloy wittiahconcentratiorC, and melting
point of the pure solvent, respectively, whide is the diffusion coefficient of solute
in the solid phase. This expression fits quite wéth the experimental data (Fig.
2.35).

2.7.2 Enthalpy

A more practical approach is thought to be the apthmethot'**'®! The basis of
this approach is widely used in the modelling ditsiication processes, based on the
assumption that the enthalpy of a material is gelahic sum of the enthalpies of
constituent phases in the material according tar @ume fraction. So that the

enthalpy*®? for an alloy is given by:

H=(C, f.+Cp, f)T+f L  or Eq. (2.40)

H=(H,f +H f) SO Eq. (2.41)
H-H

f. = s asf_+ f =1 Eq. (2.42

S H|_HS s | q ( )
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whereCp, sandCp, | are the heat capacities addandH, are the enthalpies of solid
and liquid phases respectively, and is the latent heat of fusion. An
enthalpy-temperature gradpf! is used for the calculation of solid fraction &®wn
in Fig 2.36. The enthalpy lines of the fully sobehd the fully liquid material are
extrapolated to a given temperatufeto give correspondingls andH, values which
enable the solid fraction to be calculated, as shiowFig. 2.36°2.

It should be noted that an accurate fraction sodidnot be determined directly using
enthalpy measurements in alloys because enthalpygels with composition of the
states considered and segregation changes in thgositions of the phadé¥.

2.7.3 Cooling Curves

The solid fraction, at different stages and tempees can be calculated from a
cooling curve by analysing the cumulative area letwthe first derivative and zero
curves, drawn by either the Newtonian or Fouriethmds and by taking the fraction
of area between these curves. The calculation ef dblid fraction using the

Newtonian method is simpler as it does not reqaimg thermo-physical properties

like specific heat eté®,

2.7.4 Thermal Analysis

Thermal analysis techniques such as Differentiaérital Analysis (DTA) and
Differential Scanning Calorimetry (DSC) are the mdequently used for the
evaluation of the solid fraction, as cited*i**®! In thermal analysis methodology,
the heat of melting or cooling is measured andatiea or partial area under the heat
flow curve gives the solid fraction for a given fegnature. DSC has an advantage
over DTA, in that it directly measures the heatn@dlting or heat of solidification
during the solid-liquid phase transformation. Tlanple ~ 5mg in mass, is heated
from the solid state to the 100 % fully liquid statith the differential heat flow rate,
dQ/dt, required by the specimen in order to be keptaidantical temperature with
the reference sample, measured as a function opeexture, when heated at a
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constant rate. The energy absorbed during heatintgibutes to the overall change in
heat content of the solid and liquid phases, @sl dit'*®:

df, \dT
> |— Eq. (2.43
de dt - )

C;—? = m(fscpys+(1— f)Cp, +A

wherem is the mass of the sampl&; s andCp | are the heat capacities of the solid
and liquid respectively, andH is the heat of melting. The baseline is definedoas

isolate the heat of formation of liquid dfy/dT, for simplicity in calculation. This base

line may be a straight line if the heat capacitéthe solid and liquid do not change
too much; otherwise a sinusoidal base line (exiedjpm of the initial and final base

lines with the thermodynamic transformation tempee is used to determine the
lower boundary of the area under the DSC curvéhawss in Fig. 2.29. More accurate
methods require knowledge of the exact values at lsapacities of the solid and

liquid phase$®®.

Since the measurements are performed at a fixethbeate, T, the decrease in the
solid fraction with increasing temperature can ladculated from the increase in
absorbed heat and from Eq. 2.43, we cafi’det

g = 1 (d_Qj 4T = & Ti(d_Q) dT = Af, =1-f.(T) Eq. (2.44)

'i'mAH dt 'i'msAH dt

and assuming that the heat of melting is independérthe temperature, so the
composition of the solid phase, is linearly promoral to the amount of the melted
alloy, then Eq. 2.44 becomes:

1
f(T) =1 — Q(T) Eq. (2.45)

whereQ(T) is the heat absorbed from the start of meltingaithe temperaturé of
the alloy, or area under the DSC ciii&

Quantitative metallography of the quenched sarfffd€®**®y and ultrasonic
monitoring and electric resistance and magnetienpability methods can also be
used for fraction solid calculations but some pcatt constraints have been
observeft®®!,
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2.8 MECHANICAL PROPERTIES

The mechanical properties of semi-solid AlSi7M@wdl reported by different
researchers compared to other common processtabatated as follows.

Table 2.2: Properties of SAG Thixallo?.

Ultimate Tensile . strength

Allo Strength Elongation (% Heat treatment
y " rgz) (Nmm?) g (%)
AlSi7Mg0.3 210 110 12 as cast
AlSi7Mg0.6 220 120 9 as cast
AlSi7Mg0.3 300 230 12 T6
AlSi7Mg0.6 330 280 8 T6

Table 2.3: Mechanical properties achieved by SSM%inand competing casting
processe&®?,

Alloy and Heat Ultimate Tensile  Yield Strength

i 0,
Treatment Process Strength (MPa) (MPa) Elongation (%)  BHN
A356.0-T6 (a) SSM-cast 300 225 12 90
A356.0-T5 () SSM-cast 260 170 15 80
A356.0-T5 ()  SSL-cast 260 5.4
A356.0-T6 (a) Sq:ae;m 300 225 12 90
A356.0-T6 (a) ;"ﬂ;gggf 280 205 10 90

(a) SSM, Squeze cast and permanent mold comparisorirdatdNADCA standards for SSM and
Squeeze cast processes, 1999,

(b) SSL data from Magneti-Marelli S.p.A., 1998

(c) SSM cast data from Aluminum-Pechiney, 1999

Table 2.4: Properties of New Process Al-Si alloljey&"".

Yield Strength  Ultimate Tensile

Alloy Processs Elongation (%)

(MPa) Strngth (MPa)
AISi7TMg0.7 Semi-liquid die 282 348 11.2
casting
Squeeze casting 268 328 5.6
AlSi7Mg0.3 Semi-liquid die 198 282 17.1
casting
Squeeze casting 195 286 12.4
AISi7TMg0.3 A
with grain Se”l';'s‘?i‘;'d die 298 198 15
refinement 9
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2.9 COMMERCIAL PRODUCTS

Parts produced from semi-solid processing haveda vange of applications.

Automotive parts

« Suspension patg®1*®! engine brackefs®, lateral suspension suppdi,
rear suspensiéii®, front suspensidft?’, suspension control altY!, multilink
suspension (rear suspension asseriBllyautomotive suspension arfis

« Automotive brake systef disk and drufa*®, hud?*e.

« Steering parts®*® steering Knucklé'®, steering arffi®.

« Engine parts: drive trdft®, oil pressure pdft®, engine/transmission
bracket€®”), rocker arm pedestil, timing belt bracket¥, fuel raild"*3224
automotive pulle}*® engine oil pump cover®.

+ Safety componerité®: air bag containé&t’.

« Air cooler housing paft'®.

«  Wheels for passenger 4.

« Bicycle part§#2°

« Cylinder case for gas vak#.

Other parts

« Casing of mobile phone §&t, camera ca&®, personal computer c&&8.

« Parts for transmission of electridi¥’, electrical connectdfs computer
actuatof*.

«  Golf puttef¥; golf club sole plat¥.

« Ergonomic pef{..
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2.10 FIGURES
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Fig 2.1: Comparison of schematic structure forméa). characteristic
structure in sand castirgl; (b) schematic structure formed between the
concentric cylindef, (c) microstructure of the Sn-15%Pb sample
sheared at 500 rpm, during cooling to a fractiohds0.6 and water
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Fig. 2.12: Schematic section of evolution of stuue during solidification with
vigorous agitation: [a] different stages in tramsfation from dendrite to globular
morphology: (a) initial dendritic fragment; (b) dkitic growth; (c) rosette; (d)
ripened rosette; (e) spherdit and, [b] schematic illustration of morphological
transition from dendritic to spherical via rosettéh increase in shear rate and
intensity of turbulenc&
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Chapter 3 Experimental Methods

Chapter 3

Experimental Methods

3.1 INTRODUCTION

In this research work, a cooling slope appatatlisvas used to examine the effect of
slope length, slope cooling, slope angle, pouregperature, mould material and
coating on the microstructure. The aim of this wonas to examine the

microstructure obtained, evaluate its resultantast-characteristics, and determine if
it could be beneficial for subsequent thixoformipgocesses. The experimental
procedures adopted are described in detail inctiapter. These include the selection
of the alloy material, its characterisation, itg#ssing using the cooling slope,
mould design choice and analysis of the final nstmecture using optical microscopy

which was used in combination with image analysthhiques.

3.2MATERIALS SELECTION

For this current study a non-grain-refined un-medifhypoeutectic AlSi7Mg0.12
alloy, hereinafter referred to as NGM AISi7Mg, wsedected. This alloy composition
was chosen because of its importance in industasiing practice. For a comparative
study a commercial AlISi7Mg alloy, hereinafter reéet to as COM AISiMg, was
processed using the aforementioned cooling slopthad®®. To examine the

tendency and efficiency of the process in produengaterial with a characteristic
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microstructure suitable for subsequent thixoformithg cast samples were compared
with a Magnetohydrodynamic (MHD) (see Section 2@pduced A356 alloy
material, hereinafter referred to as MHD A356. N®&M AISi7Mg and MHD A356
alloy materials were received as continuous cagtdi 77 mm in diameter and
processed by SAG GmbH, Austria. The COM AISi7TMgwlivas received in the
form of ingots, ~ 74 x 74 mm in cross-section asnghin Fig. 3.1.

3.3CHARACTERISATION OF STARTING MATERIAL

All three alloy materials were characterised foeithexact chemical composition,
cooling behaviour, liquidus and solidus temperatuasd compared — with respect to
the effect of their inherent diversity due to cormsipion variation along the cross-

section during casting process.

3.3.1 Chemical Analysis

The chemical analysis was conducted using at kmse samples from each alloy
material at differing positions thereby limitingetleffect of segregation, if any, with
the average composition measured. The analysisnade using a spectrum analysis
with the ICP-OES (Inductive Coupled Plasma — OptEmission Spectroscopy)
method at the Austrian Foundry Research Instiflite Si content was measured by
gravimetric analysis as the Si content of the allasas greater than the detection limit

of the instrument.

3.3.2 Thermal Analysis

For cooling curve analysis a croning sand cup asvehn Fig. 3.2(a), was employed
to facilitate the thermal response of each allogrgusolidification and thus enable an

accurate determination of the liquidus temperatdige sand cup has an internal
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diameter of 71 mm and a height of 72 mm and hadglesK-type tellurium coated
Chromel-Alumel thermocouple positioned at its centThe metal alloy was
superheated to above 700°C before pouring. Theingasand cup was placed and
connected to a measuring instrument using a stamad the company Pylet, as shown
in Fig. 3.2(b). The molten metal was poured inte tup at room temperature
(see Fig. 3.2(c)).

The croning sand cup containing the Chromel-Aluthermocouple was connected
via a balancing circuit and “Logl00” software irEd on a laptop computer
(Fig. 3.2(d)) was utilized for logging the data argd. In this study a Tectip cup
produced by L&N Metallurgical Products Co. was usHais croning sand cup is now
only available under the trade name of Quik-cup @hdsupplied by Heraeus
Electro-Nite GmbH.

3.3.3 Differential Scanning Calorimetry (DSC)

For the measurement of the liquidus and solidugpésature for the NGM AISi7Mg,
COM AISi7TMg and MHD A356 alloys and to determines thhase transformations
and their associated temperature ranges, a Pehkier® Diamond DSC operated
using Pyris7 software was used, as shown in F&).Bach sample, a disk 1 mm high
and 5 mm in diameter with a mass of ~ 15 mg, wapgmed from each alloy, placed
in a graphite crucible and covered with a graphagFig. 3.4). Before performing
any experiments, the furnaces were cleaned byrgeadi 600 °C under an argon
atmosphere to remove any volatiles present fromiquse experiments. The apparatus
was calibrated with Indium + Zinc using a heatiagerof 10 °C/min in an argon
atmosphere.

The sample crucible and an empty reference crueiele placed in the furnaces of
the Diamond DSC apparatus. The samples were h&atedt00 °C (where they were
held for 1 min for equilibration) to 640 °C at aalieag rate of 10 °C/min. They were
then held at 640 °C for 1 min before cooling at shene rate of 10 °C/min to 400 °C.

Argon gas was purged throughout these heating aoithg runs.
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The data was saved and exported in ASCIl code tothdér processing in
Origin@ 7GSR2 software from OriginLab Corporatiorhe Perkin-Elmer Pyris7
software was used to subtract the base line olatdioen the heating and cooling run
from that of the empty graphite crucibles for aentical temperature range. The peak
temperature, onset, offset, area/partial area uheecurve, specific heat and enthalpy

were all measured from the data.

3.3.4 Simulation with Thermo-Calc®

The alloy liquidus and solidus temperature, fract&olid, expected phases, their
temperature range and their approximate perceratipe alloy were simulated using
Scheil module from the TCC™ version of the Thernale® Softwar€Y. This
enabled the validation of the data obtained frompeexnental techniques (cooling
curve, DSC, microscopy). The TTAL5 version 5.0 @akte, originally called
Al-DATA, was used and is a comprehensive databasealf the major commercial

Al-alloys.

3. 4MELT HANDLING

The NGM AISi7TMg, COM AISi7Mg and MHD A356 alloys we melted, held and
poured on to a cooling slope. Temperatures weletlgticontrolled to assure the

repeatability of the experiments.

3.4.1 Melting

An electric resistance furnace from Naber systeras wsed to melt the alloys, as
shown in Fig. 3.5. The furnace has a maximum ngeltepacity of 50 Kg for Al and
can heat to 1100 °C with a power of 13.5 KW usirng08 V electric supply. An A6
clay bonded crucible having an upper diameter (T@O@DL30 mm, height (HT) of
165 mm and outer bottom diameter (BOD) of 95 mmsla®wn in Fig. 3.6, with a
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maximum capacity of 2.7 Kg for Al, was used to @mthe alloy melt when heating
up to 720 °C for processing.

3.4.2 Pouring

The dross (oxide surface layer) was removed todaaoly oxide entrapment. The
crucible containing the molten metal was handleduadly for pouring. The pouring
was made at different temperatures of 640, 660 &8@ °C, according to the

requirements.

3.4.3 Temperature Control

The furnace temperature was controlled by an auiort@mperature controller. The
temperature of the melt in the crucible was cofdgdolmanually by a portable
Chromel-Alumel thermocouple, connected to a Rolhgital meter which could

measure temperatures up to 1260 °C.

3.5COO0OLING SLOPE

The cooling slope was constructed of copper. Thgdeanf the cooling slope, the

pouring length, coating and cooling could all beieg

3.5.1 Construction

A rectangular copper plate with a groove to allowltnflow and internal holes to
enable water cooling was used in this study. Thepeo plate was 500 mm long,
50 mm wide and 25 mm in height, as shown in thesisetic (see Fig. 3.7). The
groove for the liquid metal flow was 9 mm deep, i3 wide at the bottom and
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27 mm at the top. Two holes 10 mm in diameter waeileed through the plate on the
bottom side, as indicated on the schematic, tavallater circulation and thus enable
cooling of the plate. To measure the temperaturthefplate and water four holes
0.6 mm in diameter were drilled (two on each erma)thermocouples. A picture of
the apparatus is shown in Fig. 3.8.

3.5.2 Coating

To avoid the adhesion of alloy melt to the coolshgpe, coatings were applied. Either
graphite or boron nitride (BN) was sprayed on te tlooling slope, as shown in
Fig. 3.9, and dried, prior to the pouring of theltmehe effect of both the graphite and

BN coating was evaluated.

3.5.3 Cooling

The alloys were processed with and without coolirighe slope. The slope was
cooled with flowing water. The incoming water was@m temperature and its flow
rate was ~ 3.50 I/min. The temperature of the watlepe and melt at the bottom of
the cooling slope was assessed with the help opéesmture acquisition software

“Log100” using the computer set-up shown in Fi@(8).

3.5.4 Processing Parameters

The molten alloys were poured on to the coolingaslat temperatures of 640, 660
and 680 °C. The slope was coated with graphitecar8lN, had contact lengths of
80 — 480 mm and was inclined at angles of 20, 4 &0f. The effect of these
parameters on the final microstructure was thetuatved.

78



Chapter 3 Experimental Methods

3.6MouLD DESIGN AND MATERIAL

The molten metal was poured on to the cooling skigemperatures of 640, 660 and
680 °C and collected in either a sand or metal thatithe bottom of the slope. The
sand mould was prepared by curing a mixture oftqusand and sodium silicate with

CO, gas. The sand mould was used to create a steppgdles 76 mm in height and

100 mm in length, as shown in Figs. 3.10(a), 31at 3.12(a). The width of the

sample was 10, 22 and 34 mm having a step heigkb ofim. The dimensions are as
shown in the schematic in Fig. 3.10(a). The casipsas are shown in Fig. 3.12(a).

The metallic mould was a conical cylinder havingodtom diameter of 51 mm, a top
diameter of 70 mm and a height of 51 mm (see Bd<(b), 3.11(b)) and 3.12(b). It

was water cooled at a rate of 6.7 I/min.

3.7SAMPLE PREPARATION

For the examination and evaluation of the micrastmes, samples were prepared

using the following steps.

3.7.1 Cutting

Samples were sectioned using a cut-off saw asatelicin the schematic shown in
Fig. 3.13. All the sand cast samples were cut ftbencenter. The sample from the
thin section was cut from the lower side of onef ludlthe sand cast sample, to
examine the microstructure at the far end of tmel saould. Samples from the middle
and top section were cut in a way to include thgeeand center of the sample i.e.
from the side to the center. The schematic indigathe cutting planes is shown in
Fig. 3.13(a). In the metallic mould samples, thengi@ was initially cut from the

center. The sample from the bottom was taken froenkiottom center. The other
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samples were taken from the side to bottom to e@bstre change in morphology
from the skin to center of the sample as shownrsahieally in Fig. 3.13(b).

3.7.2 Grinding and Polishing

A Stuers Knuth Rotor grinding machine was usedrindgthe samples manually on
80, 200 and 400 grit papers, while an ATM autom&aphir 350E rotating disk,

combined with Rubin 520 sample handling rotatingchevas used for fine grinding

on 600 and 1200 grit papers, polishing opn3 and 1um diamond pasted cloths and
OP-S polishing (equipment is shown in Fig. 3.14mBles were cleaned thoroughly
before moving to a finer grit by submerging themethanol and placing them in a
Bransonic 92 ultrasonic bath for 2-3 mins, to rem@wvy unbound coarse particles.
This was particularly important for samples contagrrough surfaces and pores, etc..

During grinding, water was used as a coolant araridant, whilst during the
polishing clothes were impregnated withuf or 1 um diamond paste and sprayed
respectively with 3um or 1 um water based diamond suspension. Polishing cloths
were continuously lubricated by drop wise pourifigaanixture of ethanol and 12 %
glycol. Samples were cleansed with soap, washed witer and sprayed with
Ethanol and dried. The final polishing was madehwidtP-S suspension containing
fine silica. The samples were then washed usingewan the OP-S cloth before
rinsing in ethanol. The samples were ground ona&@D1200 grit paper and polished
on 3um and 1um clothes for 3 minutes each. For the OP-S polgkiep, samples
were polished with OP-S suspension for 3 minutes subsequently washed with
water for one minute on the same cloth whilst $iding rotated. They were then
cleaned with ethanol and dried. During the polighsteps the samples were also
cleaned ultrasonically before proceeding to a fore, to avoid contamination.

3.7.3 Etching/Anodizing

To observe the microstructure of the NGM AISi7MgD@ AlSi7Mg and MHD
A356 alloys (for the samples which had been prexzkssnder different casting
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conditions using the cooling slope technique), gp@d samples were etched with
0.15% HF solution in water for 20 s. Samples wdse anodized with Barker’s etch
to clearly distinguish the grains when using anioapt microscope with cross-
polarized light and Lambda. filter. The composition of this etchant was 1 ofl
HBF;, 1 ml of HF, 24 ml of gHsOH and 74 ml of water. Samples were anodized
using this solution by making the sample the anadé a Ti plate the cathode. A
voltage of 20 V and anodizing time of 1 minute wasd. The anodized samples were
produced at the Austria Foundry Research Institutean automatic “ATM Kistall
620" anodizing machine thereby enabling reprodeciielsults for each sample to be
obtained.

3.8 MICROSCOPY

The as-polished and anodized samples were studiad both optical and scanning
electron microscopy, whilst etched samples werem@éx&d using just optical
microscopy.

3.8.1 Optical Microscopy

The microstructures of the samples were studiedaginifications of 25, 50 100 and
500X wusing an inverted stage “Leica Reichert-JungeFBA” microscope
(see Fig. 3.15). For examination of the anodizedmas, cross-polarized light with a
A filter was required. The digital image was capdutesing a Nikon Digital Sight
DS-Fil camera and the image was saved in a JPE@fdor image analysis.

3.8.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was used to ystige intermetallic phases
present in the samples. A FEI QUANTA 200 3D DuaiineESEM equipped with an
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Oxford Instruments INCA x-sight EDX system (see.RBdL6) was used for this study.
The SEM was operated at 10 - 20 KV at a workingadise of 15 mm and spot size of
5 to 7. The images were obtained using the SolkdeSBackscatter Electron Detector
(SSBSED) with Z-contrast imaging and with the Setaog Electron Detector (SED)
which produced Secondary Electron Images (SEIMEA microanalysis Suite issue
17 + SP1 version 4.07 software was used to obtaéngy dispersive x-ray (EDX)

spectrums and elemental maps from spots and asjasatively.

3.9IMAGE ANALYSIS

The images obtained from the optical microscopeagigshe Nikon Digital Sight

DS-Fil camera were analyzed quantitatively usirggabcompanying NIS Elements
Br 2.30 SP4 Build 387 Basic Research software fibkon. Quantitative parameters
such as grain size, area, perimeter, circularity sphericity of the primary particles

were measured.

3.10CONTACT TIME VERSES CONTACT LENGTH

In this study contact time rather than contact tengras used. Contact length can be
converted to its respective contact time. Contaot tvas measured using Manning’s
Equatioff?® (Eq. 3.1), used to measures the velocity of thiel flowing in a channel.

The Manning equation for flow in a rectangular opgéannel (see Fig. 3.17) is given

as:

v =Krtgh (Eq. 3.1)
n
where,

R= é‘ A=yb and P =2y+b (Eq. 3.2)

where, A is flow cross-sectional area, b is chatodiom width, k is unit conversion
factor (1.49 for Imperial units, 1.0 for metric tg)i n is the Manning coefficient, P is
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wetted perimeter, R is Hydraulic radius of the flmnoss-section, S is slope of
channel bottom or water surface, V is average wglad the water and y is water
depth. To measure the time the following equatias wsed.

D
v (Eq. 3.3)

where, D is the distance traveled and time is cosds.

Using the dimensions of the cooling slope, giverFig. 3.7 the measured contact
time with corresponding contact length for differenclination angles is given in
Table 3.1. It can be observed that for the samgtlea contact time of 0.04 s at an
inclination angle of 60° is similar to a contaché& of 0.09 s at an inclination angle of
20° and so on.

Table 3.1: Relationship of melt-plate contact tiwith cooling plate length (cm) with
corresponding inclination angles.

Contact Time (s) Cooling plate length Ycm
20° 40° 60°
0.04 I 11 16
0.09 15 23 33
0.13 23 34 49

For the calculation the following data was used:

Height () : 0.01m

Width of channellg) : 0.025 m

Slope § : Tan (inclination angle)
k : 1

n : 0.011 (brass)

3.11GRAIN CHARACTERISTICS

In this study grain size, circularity or circulanape factor (CSF) and elongation or
aspect ratio (AR) were calculated to compare thative grain sizes, couture and

equiaxed nature of the semi-solid microstructuitgsioed using the cooling slope.
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3.11.1 Grain Size

In this study the equivalent diameter i.e. the ditanof a circle with the same area as
the feature (see Fig. 3.18(4}, was used to estimate its size. Mathematicallg it

given by:

%
ax Area) (Eq. 3.4)

Equivalent diameter = (
T

3.11.2 Circularity

The circularity, sphericity or circular shape fact@SF}*"# is most commonly used
to compare the grains with respect of their rousdff@. It is basically a ratio
between area and perimeter and has been descrilifiedertly by different
researchers. However, in this study it was as giegh™ and mathematically
presented as:

4n1x Area

where, the perimeter was calculated automaticaiggiimage analysis software from

four projections in the directions 0, 45, 90 ané @idgrees using Crofton's formula:

T x (Pr, + Prg + Pry, + Prg)
4

Perimeter = (Eq. 3.6)

According to this expression a perfect circle shawsircularity or circular shape
factor equal to 1. As this shape characteristicth& grain is dependent on the
perimeter, so it is very sensitive to contour itregities that increase the perimeter. It
is therefore also a measure of the contour smosshoiethe graih’!.

3.11.3 Elongation

The elongation or aspect ratio (AR), as mentior®ul/a defines the relative equiaxed

nature of the graif€*?*®! as a ratio of the dimensions of the featureshis study
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the expression incorporated in the image analysisvare “NIS Elements Br 2.30
SP4 Build 387 Basic Research” from Nikon was usetlia given by:
Maximum Feret diameter

AR = — : Eq. (3.7)
Minimum Feret diameter

where, the maximum Feret is the maximal value efgat of Feret's diameters (see
Fig. 3.18(b)). Generally (for convex objects), Fareliameter at angle equals the
projected length of object at angle a [1(0,180); NIS-Elements calculates Feret’s
diameter fora=0, 10, 20, 30, ..., 180. While the minimum Fes&ue is the minimal
value of the set of Feret's diameters. Generatdly ¢bnvex objects), Feret's diameter
at anglea equals the projected length of object at angla [J(0,180); NIS-Elements
calculates Feret's diameter for0,10,20, 30, ..., 180.

85



3.12 FIGURES

— IH‘ ”/1,“11‘ " ‘al Z
S o alagh Al

e

(a) (b)
Fig. 3.1: Form of as-received material: (a) biflmt both the NGM AISi7Mg
and MHD A356 alloys; and, (b) ingot for the COM M#Ig alloy.

(€) (d)

Fig. 3.2: Cooling curve experiment: (a) croning sang; (b) croning sand cup
assembly; (c) after pouring; and, (d) data acqaisisystem.
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(b) ©

Fig. 3.3: PerkinElImer® Diamond DSC: (a) main DSGaatus; (b)
comparison of Platinum-Iridium Diamond DSC furnasemall) with
conventional one (bigger); and, (c) furnace comespen (left) and closed

position (right).

Fig. 3.4: Graphite sample pans and covers (frorkifEEImer®).
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Fig. 3.5: Electric resistance melting/holding face.
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Fig. 3.6: Schematic of clay bonded graphite crecwith dimensions.
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Fig. 3.7: Schematic illustration of cooling sloga) general view; and,
(b) dimensions.
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Fig. 3.8: Cooling slope assembly as used in thidyst

Fig. 3.9 Coating materials - graphite and boronduetr
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Fig. 3.10: Schematics of: (a) sand mould; andr{&allic mould.
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(a) (b)

Fig. 3.11: Moulding accessories: (a) pattern andlchbax for sand mould
preparation; and, (b) metallic mould.

(@)

Fig. 3.12: Cast samples: (a) sand casting; andnéballic mould casting.
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Fig. 3.13: Schematic showing positions from whiamples were
taken for: (a) sand casting; and, (b) metal moaktiog.
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Fig. 3.15: Optical Microscope used for optical rogcopy.
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Fig.3.16: SEM facility used for SEM microscopy.
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Fig. 3.17: Schematic to show the parameters indbivecalculating
the flow velocity in the Manning Equation.
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Fig. 3.18: Schematic to show the grain charactesista) equivalent
diameter; and , (b) MaxFeret diameter.
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Chapter 4

Results

In this section the results obtained from the ott@rgsation of the three
AISi7Mg alloys (non-grain refined non-modified ARIg (NGM AISi7Mg),

commercial grain refined AISi7Mg (COM AISi7Mg) anchagnetohydrodynamic
stirred commercial semi-solid precursor A356 (MHIB358)) in the as-received and
as-cast states are presented. Results include fihvoe fraction solid sensitivity and
effect of processing parameters, sample thicknessjld material and coating. A

comparison study has been made and the findingdismessed in Chapter 5.

4.1 CHARACTERISATION OF AlISI7TMgALLOYS

4.1.1 Introduction

In this chapter the as-received and as-cast mistémiahe form of non-grain refined
non-modified AISi7TMg (NGM AISi7Mg), commercial Al3Mg (COM AISi7Mg)

and Magenetohydrodynamic stirred A356 (MHD A3560yd are characterised using
chemical analysis, cooling curve, DSC, Thermo-Cakfifulations and SEM studies.

4.1.2 Chemical Analysis

The Induction Coupled Plasma Optical Emission Spewttry (ICP-OES) test and
gravimetric measurement results for the NGM AISi7MQOM AISi7TMg and
MHD A356 alloys are given in Table 4.1.1. The Sniant of the three alloys varies
from 7.02 wt% for the NGM AISi7Mg and 7.06 wt% fene COM AISi7Mg to
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7.40 wt% for the MHD A356 alloy. The Fe content wsigyhtly lower in the
NGM AISi7Mg i.e. 0.09 wt%, as compared with 0.11 %vtfor both the
COM AISi7Mg and MHD A356 alloys. The NGM AISi7Mglay had a Mg content
of 0.16 wt% whilst the COM AISi7Mg and the MHD A35dloys had values of
0.39 and 0.33 wt% respectively. A very small amafntopper was also found to be
present in all three alloys (0.005, 0.01 and 0.900%0 in the NGM AISi7Mg,
COM AISi7TMg and MHD A356 alloys respectively). Faermore Ti was found to be
0.006 wt% in the NGM AISi7Mg, 0.13 wt% in the COMSA7Mg and 0.11 wt% in
the MHD A356 alloy. Other elements present like NOm, Ni and Zn had contents
less than 0.005 wt%, while Pb and Sn were fourtgkttess than 0.01 wt% each.

4.1.3 Cooling Curve Analysis

Cooling curve analysis was carried out for the N@&Ni7Mg, COM AISi7Mg and
MHD A356 alloys to observe the solidification belmwr and sequence of phase
formation at pouring temperatures of 820 °C. Theling curves obtained from the
molten NGM AISi7Mg, COM AISi7TMg and MHD A356 alloyshowed three distinct
regions, as shown in Fig. 4.1.1(a)., correspondinthe primary (region 1), eutectic
(region 2) and co-eutectic (region 3) phase foromatirhese three regions are shown
in Fig. 4.1.1(b) to Fig. 4.1.1(d).

The characteristic temperatures of these diffeghatses for the three alloys were
calculated from the cooling curves by analyzing ¢henge in slope in the curve of
the 1st derivative (see Section 2.7.3) which isxsshm Fig. 4.1.2.

The nucleation temperature for the primary phdsewas found to be 615.4, 611.4
and 614.2°C for the NGM AISi7Mg, COM AISi7Mg and NIH A356 alloys
respectively. The minimum temperatuii@,,, during undercooling was 613.0, 614.9
and 608.4 °C, and the peak temperatiliggys was found to be 614.1, 615.3 and 609.0
°C for the NGM AISi7TMg, COM AISi7Mg and MHD A356 lalys respectively. The
growth of the primary phas@&gown, Started at 615.6 °C for the NGM AISi7Mg alloy,
616.2 °C for the COM AISi7Mg alloy and at 611.3 f€ the MHD A356 alloy. The
dendritic network coherency poirEPCP, where the growing dendrites impinge each

other and the thickening of secondary arms begyas, established at temperatures of
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615.6, 616.2 and 611.0 °C for the NGM AISi7TMg, CQN&i7Mg and MHD A356
alloys with time (see Table 4.1.2).

The eutectic phase nucleate@y) at 577.7, 562.6 and 567.3 °C for the NGM
AlSi7Mg, COM AISi7TMg and MHD A356 alloys respectlye The minimum
temperature,Tmin, Was found to be 577.1, 561.6, and 564.5 °C ared pghak
temperature, Tpeas Was 577.2, 561.7 and 564.5 °C for the NGM AISi7Mg
COM AISi7TMg and MHD A356 alloys respectively. Theogith of the eutectic phase
(Tgrowtn) Started at 577.8, 563.7 and 564.9 °C and eutemdwty finished Tiinisn) at
541.5, 555.3 and 554.7 °C for the NGM AISi7TMg, CQN&i7Mg and MHD A356
alloys respectively (see Table 4.1.2).

The co-eutectic phase was observed over a tempenange of 555.3 to 541.1 °C for
the COM AISi7Mg alloy and 554.7 to 536.7 °C for thiD A356 alloy. However,
this phase was not observed in the NGM AISi7Mg yal{see Fig. 4.1.1(d) and
Table 4.1.2).

4.1.4 DSC Analysis

Heat flow curves obtained for the NGM AISi7Mg, COMSi7Mg and MHD A356
alloy samples were assessed with respect to sofitldn characteristics using a
power compensation DSC apparatus. These DSC tnaresprocessed by subtracting
the zero line obtained for the heating and coobh@mpty graphite pans with lids,
over the whole processing temperature range uheéesame experimental conditions,
as described in Section 3.3.3 (see Fig. 4.1.3fa)kast three runs were processed for
each sample to check the reproducibility and it icasd that DSC traces were
reproducible, as is illustrated in Fig. 4.1.3(b) tike NGM AISi7Mg alloy samples on
heating.

The endothermic and exothermic peaks observeddnD8C heating and cooling

traces respectively, are shown for the NGM AISi7®py in Fig. 4.1.4(a), for the
COM AISi7Mg alloy in Fig. 4.1.4(b) and for the MHB356 alloy in Fig. 4.1.4(c).
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The reproducibility and the temperature lag dueht® applied heating and cooling
rate can be observed in these DSC graphs.

In all cases, during heating, peak 1 is long, ga#lgurising and on reaching its
maximum drops suddenly, while peak 2 is short drats Peak 3 is visible only in
the COM AISi7Mg alloy and peak 4 is evident in thitee alloys but only when the
trace is analysed using thé' Herivative for the heat flow data with respect to

temperature.

In the cooling curve both peak 1 and peak 2 arepsfoa all three alloys. Peak 3 is
relatively prominent both in the COM AISi7Mg and NBHA356 alloys. Peak 4 can be
seen in all alloys with the aid of the first detiva of the corresponding heat flow

curves.

On heating the peak temperature was calculatechesntersection point of the
extrapolated ascending and descending part oféhk with the local base line (see
Section 2.6.2). For the measurement of the ongkb#set of the peak, the following
procedure was adopted. A tangent is drawn at thiet pon the DSC trace
corresponding to the peak on the first derivatikestraight line is drawn locally
between the start and end point of the peak asallvee. The intercept of the tangent
with this line gives the onset or offset dependowg the direction considered as
discussed in Section 2.7.3 (see Fig. 4.1.3(c))nAlar procedure was applied for the
DSC heat flow traces for cooling runs.

The onset, offset, peak temperatures and temperedage for each peak for both the
heating and cooling runs of the DSC traces wereuztked for all the samples for all
three alloys and are given in Tables 4.1.3 - 4.ln%he following section average
values (shown in Tables 4.1.10 - 4.1.13) were dsedata analysis, discussion and

comparison.

The calculated average values for peak 1 showrhenDSC heat flow traces in
Fig. 4.1.4 for the heating and cooling runs, areegiin Table 4.1.10. For the
NGM AISi7Mg alloy, on heating, peak 1 occurred e ttemperature range 586.0 to
620.4 °C with 615.9 + 0.5 °C the maximum peak terapee, 587.4 £ 0.9 °C the
onset temperature and 618.4 + 0.4 °C the offsep¢eature. For the COM AISi7Mg
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alloy this peak occurred in the temperature rargfe(bto 623.0 °C with 615.7 £ 0.5
°C the maximum peak temperature, 582.3 + 1.1 °C dhset temperature and
620.6 + 0.5 °C the offset temperature. While foe tMiHD A356 alloy peak 1
occurred in the temperature range 582.5 to 621.5wfli 616.4 + 2.0 °C the
maximum peak temperature, 582.9 £ 0.5 °C the deseaperature and 619.8 + 0.7 °C
the offset temperature, during the heating run.

However, on cooling peak 1 is quite sharp in itzpeh For the NGM AISi7Mg alloy it
occurred in the range of 564.8 to 610.1 °C with.B80b 1.6 °C the maximum peak
temperature, 603.3 = 1.3 °C the onset temperatnde6®7.5 = 2.3 °C the offset
temperature. For the COM AISi7Mg alloy this peakuwrced in the temperature range
from 567.9 to 615.2 °C with 611.4 + 0.2 °C the mmaxm peak temperature,
606.4 £ 0.5 °C the onset temperature and 613.81*0.the offset temperature. For
the MHD A356 alloy this peak occurred in the tengppere range 568.7 to 616.2 °C
with 608.9 + 2.1 °C the maximum peak temperatui@.b + 1.5 °C the onset
temperature and 611.2 + 2.8 °C the offset tempexatn the cooling trace, as given
in Table 4.1.10.

The calculated average temperature values for pdak heating and cooling runs in
the DSC heat flow shown in Fig 4.1.4 are given iablE 4.1.11. For the
NGM AISi7Mg alloy on heating, peak 2 occurred ir ttemperature range 569.6 to
588.4 °C with 582.4 + 0.5 °C the maximum peak terapee, 577.0 £ 0.6 °C the
onset temperature and 583.1 £ 0.4 °C the offsepéeature. For the COM AISi7Mg
alloy this peak occurred in the temperature rarfg%to 583.6 °C with 578.4 £ 0.7
°C the maximum peak temperature, 573.3 £ 1.1 °C dhset temperature and
579.5 = 0.9 °C the offset temperature. While foe tMHD A356 alloy, peak 2
occurred in the temperature range 562.6 to 564.2wfli 579.0 £ 0.5 °C the
maximum peak temperature, 574.6 £ 0.7 °C the deseaperature and 580.1 + 0.8 °C
the offset temperature, in the heating trace.

With respect to the cooling trace, for the NGM AlBg alloy peak 2 occurred in the
temperature range 552.8 to 575.3°C with 569.8+ @.5he maximum peak
temperature, 564.6 = 0.7 °C the onset temperatnde544.0 = 0.3 °C the offset
temperature. For the COM AISi7Mg alloy, this peatcurred in the temperature
range 551.6 to 569.8°C with 563.9 + 0.7 °C the mmaxn peak temperature,
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559.3 £ 1.2 °C the onset temperature and 567.5*0.the offset temperature. For
the MHD A356 alloy this peak occurred in the tengpere range 552.4 to 569.6 °C
with 562.9 + 0.8 °C the maximum peak temperatu®9.b £ 0.9 °C the onset
temperature and 567.6 £ 0.7 °C the offset tempe¥atais given in Table 4.1.11.

The calculated average values for peak 3 for th€ B&at flow traces for heating and
cooling runs are given in Table 4.1.12. On heatpegk 3 was only observed in the
COM AISi7Mg alloy. This peak occurred in the temgdere range 559.4 to 563.3 °C
with 562.2 + 0.3 °C the maximum peak temperatu@l.’ + 0.6 °C the onset
temperature and 562.9 £ 0.1 °C the offset tempexatis given in Table 4.1.12.

However, in the cooling traces peak 3 was obseiwethe COM AISi7Mg and

MHD A356 alloys. For the COM AISi7Mg alloy this peaoccurred in the

temperature range 541.2 to 552.0 °C with 548.2 # W the maximum peak
temperature, 544.2 £ 0.4 °C the onset temperatnde551.4 + 0.4 °C the offset
temperature in the cooling trace. For the MHD A386y this peak occurred in the
temperature range 540.9 to 552.8 °C with 549.2 & ™ the maximum peak
temperature, 545.3 £ 0.3 °C the onset temperatnde552.2 + 0.3 °C the offset
temperature, as given in Table 4.1.12.

The calculated average temperature values for pdakthe DSC heat flow traces for
heating and cooling are given in Table 4.1.13. @ating, peak 4 can only be
identified with the help of the®1derivative. The small step on th& derivative curve
corresponds to a slight kink in the actual curveisTpeak is not clearly visible on the
actual curve as it has been overlapped by pealorrthe NGM AISi7Mg alloy this
peak occurred in the temperature range 573.4 tel5TZ. For the COM AISi7Mg and
the MHD A356 alloy this peak occurred in the tengpere range 573.2 to 575.2 °C
and from 573.9 to 575.7 °C, respectively as givemable 4.1.13.

On cooling, peak 4 occurred in the temperature eabe@.0 to 565.6 °C, 556.0 to

560.0 °C and 558.2 to 559.9 °C, for the NGM AISi7Miipy, COM AISi7Mg and
MHD A356 alloys, respectively as given in Table.43
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4.1.5 Thermo-Calc® Simulation

Thermo-Calc® simulation software [211] using the ALb database, which was
specially developed for commercial Al-alloys, wased to predict and verify the
formation of possible phases based on the Schadt&m. According to this Scheil
simulation, for the NGM AISi7Mg alloy the primaryluaninium phase formation
starts at 616.0 °C and the eutectic phase formatiaris at 575.8 °C as shown in
Fig. 4.1.5(a). The co-eutectic phageAlFeSiphase, is supposed to form at 571.3 °C.
The transformation of thg-AlFeSito AlFeMgSk and Mg,Si phases may begin to
occur at 560.5 and 556.2 °C respectively, althahghamount of these phases may be
negligible in practice and may not be observed exmntally (see Fig. 4.1.6(a)). The
solidification process is completed at 555.5 °Cgiaen in Table 4.1.14.

For the COM AISi7Mg alloy (see Fig. 4.1.5(b)), themary aluminium phase starts
to solidify at 616.5 °C and the eutectic phase wilirt to form at 573.8 °C. The
prominent co-eutectic phageAlFeSishould form at 567.5 °C. The transformation of
the p-AlFeSito AlFeMgSk alloy and formation oMg,Si should occur at 561.2 °C
and 556.8 °C respectively. These phases can reéedilyobserved in this alloy
compared to the NGM AISi7Mg alloy (see Fig. 4.1)b(bThe solidification is
completed at 556.2 °C, as given in Table 4.1.14.

For the MHD A356 alloy (see Fig. 4.1.5(c)), thenpary aluminium phase starts to
solidify at 614.0 °C and the eutectic phase wilirstto form at 574.8 °C. The
prominent co-eutectic phageAlFeSimay form at 568.6 °C. However, transformation
of the p-AlFeSito AlIFeMgSk in the alloy and formation of1g,Si may occur at
561.0 °C and 557.0 °C respectively. These phasemare prominent in this alloy as
compared to the NGM AISi7TMg alloy (see Fig. 4.1)k(cThe solidification is
completed at 556.2 °C, as given in Table 4.1.14.

4.1.6 Microscopy

The NGM AISi7TMg, COM AISi7Mg and MHD A356 alloys,oth in the as-received
and as-cast state, were examined using opticaékation microscopy techniques to
analyse their characteristic microstructures. Alished optical micrographs of the
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three alloys, in the as-received state (see Fig7¥revealedi—Al grains surrounded
by a small fine eutectic. The-Al grains displayed a dendritic morphology and the
eutectic was observed in the interdendritic regiofibe micrographs of the
COM AISi7Mg (see Fig 4.1.7(b)) and MHD A356 (seg Bil.7(c)) alloys appear to
very similar with theo—Al grains having DAS ~ 20 — 3@m. However, the
NGM AISi7TMg alloy shows a smalles-Al (DAS ~ 5 — 10um) grain size and
marginally coarser eutectic. In all the as-receigadhples no intermetallic phases
could be readily observed.

Examining the three alloys in the as-cast stag® [8g 4.1.8) a dramatic effect on the
eutectic is apparent. This eutectic displays a mewele-like acicular structure. The
eutectic is so coarse that it is difficult to distéhe dendritic nature of theAl grains
especially within the NGM AISi7Mg alloy (see Figl143(a)).

A closer inspection of the interdendritic regionstie as-cast samples revealed the
presence of intermetallic phases. In the NGM AlSg7Mloy two different phases
were observed. These phases were similar in dhegesand appearance to phases
described in the literature [297, 307]. They ineud s-AlFeSi plate-like phase
(see Fig. 4.1.9(a), 4.1.9(c)) and-AlFeMgSiphase (see Fig. 4.1.9(b), 4.1.9(c)).

These two phases were also observed in the COM MG alloy exhibiting a similar
size and morphology (see Fig. 4.1.10(a), 4.1.10(b)addition a chineses-script-like
Mg,Si phase was also evident (see Fig. 4.1.10(c)). Thes® phases were also
evident in the as-cast MHD A356 alloy (see Fig..#1) again displaying a similar
size and morphology to those in the NGM AISi7TMg &@M AISi7Mg alloys.

To confirm the compositions of the phases obserg@&dy equipped with EDX was
employed. Using BSD with Z-contrast intermetallitages were observed in the as-
received alloys (see Fig 4.1.12). In general foitts three alloys, the intermetallic
phases were < 1im and randomly distributed in interdendritic region

Intermetallic phases in the as-received NGM AISi7Mipy displayed a long plate-
like morphology. EDX analyses from these partideswed the presence of Al, Si,
Mg and Fe (see Fig. 4.1.13). These elements weneprto be related by elemental
mapping (see Fig. 4.1.14). Typical compositionsrirthe EDX spot results indicate
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Al 78.95 at%, Si 12.92 at%, Mg 5.63 at%, and F& 2®6 suggesting aAlFeMgSi
phase. No other co-eutectic phases were observed.

EDX spot analyses also showed that this Al-Si-MgpRase was also present in the
COM AISi7Mg alloy and was of a similar size and phdsee Fig. 4.1.15). In addition
Ti rich particles were also observed indicativeheterogeneous particles added for
grain refinement (see Fig. 4.1.16). Elemental magpevealed that the Ti had no

association with Fe, Si and Mg as shown in Fig.14.1

The as-received MHD A356 alloy again showed thesgmee of the Al-Fe-Si-Mg
phase (see Fig. 4.1.18) displaying a similar sim morphology to that observed in
the NGM AISi7Mg and COM AISi7Mg alloys. In additiospherical and star-like
particles, approximately fm in size, were found. EDX spot analyses from these
revealed Sr, Al, Si and Mg as shown in Figs. 4.1af8 4.1.20. The presence of Sr
containing particles showed that the alloy was riedli

SEM analyses were also conducted on the as-casysallResults for the
NGM AISi7Mg alloy revealed: a needle/lath-like pbaagpproximately 2 — hm (see
Fig. 4.1.21(a)) in width and 100m in length with EDX spot analyses indicating an
Al-Fe-Si-Mn phase (see Fig 4.1.22); and a non-et@hase ~ 1 — 40m in size (see
Fig. 4.1.21(a)) with EDX spot analyses indicating-A-Mg phase as shown in
Fig. 4.1.23. Elemental mapping confirmed both theseses (see Fig. 4.1.24). Results
for the as-cast COM AISi7Mg alloy revealed two @ssa needle-like phase ~ < 50
um long and < Jum wide (see Fig. 4.1.21(b)), with EDX spot analysescating an
Al-Si-Fe-Mg phase (see Fig. 4.1.25); and a deformaufaceted phase ~ < fpfn in
size (see Fig. 4.1.21(b)) with EDX spot analyseficeting an Al-Fe-Si phase (see
Fig. 4.1.26). The elemental composition was corgunfor both phases by elemental

mapping (see Fig. 4.1.27).

In the as-cast MHD A356 alloy four phases were enid a needle/lath—like phase
~ < 200pum in length and ~ < m in width (see Fig. 4.1.21(c)) which EDX spot
analyses indicated was an Al-Fe-Si phase (see4rig28); a phase with Chinese
script-like morphology, < 2@m in size (see Fig. 4.1.21(c)) which elemental nagpp
showed to be a Mg-Si phase (see Fig. 4.1.29); wanktlike phase < 3@m in size
(see Fig. 4.1.21(c)) which EDX spot analyses in@gidawas Al-Fe-Si-Mg (see
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Fig. 4. 1.30) and spherical shaped particles wirbin diameter (see Fig. 4.1.21(c))
which EDX spot analyses indicated were Sr and Pasedh (see Fig. 4.1.31 and
4.1.32). Elemental mapping was again used to conéfements within the phases
(see Figs. 4.1.21(c), 4.1.33, and 4.1.34).

4.1.7 Summary

From the chemical composition, cooling curve, DS@ & hermo-Calc® data the
results can be summarised as follows:

1. The NGM AISi7Mg alloy showed a lower solidificati®@mperature (615.5 °C
for cooling curve and 607.5 °C for the DSC tracasinpared (616.2 °C for
cooling curve and 613.8 °C for DSC traces) for@@M AISi7Mg alloy. This
Is in spite of having a lower Si and Mg contenOZwt% Si and 0.16 wt%
Mg compared to 7.06 wt% Si and 0.39 wt% Mg), algitoin theory it should
be higher as predicted by Thermo-Calc® (616.0 °Caampared to 615.5 °C)
and by the use of empirical formula (615.6 °C coredato 614.3 °C). This
anomaly may be due to the absence of grain refineme

2. The solidification temperature for the MHD A35608llwas lower than the
NGM AISi7Mg for all measurements due to the higlkerand Mg content
(7.40 wt% Si and 0.33 wt% Mg).

3. The eutectic temperature for the NGM AISi7Mg allegs considerably higher
than the COM AISi7Mg alloy for the cooling curves/7.8 °C compared to
563.7 °C) compared to the DSC traces (577.0 °C eneapto 573.3 °C on
heating) and Thermo-Calc® simulations (575.8 °C parad to 573.8 °C).

4. In the NGM AISi7Mg alloy only one co-eutectic reilact was observed as
compared to two co-eutectic reactions each for @@M AISi7Mg and
MHD A356 alloys due to the very low Mg content.

From the optical and SEM investigations of the eseived and as-cast samples the
phases formed could be investigated resultingerfalowing:

1. In the as-received samples the NGM AISi7Mg alloyptained ar-AlMgFeSi
co-eutectic intermetallic phase similar to the ottveo as-received alloys. In

4-Characterization 105



Chapter 4 Results - Giwerisation

addition, the COM AISi7Mg alloy also contained Tarficles and the
MHD A356 alloy contained Sr particles indicating finlement and
modification, respectively

2. In the as-cast samples, the NGM AISi7Mg alloy iaded the presence of a
B-AlFeSi phase and Sn particles, whilst the COM AMyg alloy showed
n-AlMgFeSj p-AlFeSiandMg,Si phases and the MHD A356 alloy showed Sr
and Pb particles in addition to the phases fourtienCOM AISi7Mg alloy.

3. DSC heat flow data for the cooling cycle and theorresponding
Thermo-Calc® simulations indicated that a very $raalount ofz-AIMgFeSi
phase may also form in the NGM AISi7Mg alloy, howeit was not observed
in the as-cast samples.
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4. 1.8 Tables

Table 4.1.1: Chemical Composition of Alloys (wt%).

Results - Characterisation

Alloy  %Si _%Mg  %Fe %Cu _ %Mn__ %Cr _ %Ni __ %Zn___ %Pb__ %Sn _ %Ti
EI%:\QMQ 702 016 0.09 0005 <0.005 <0.005 <0.005 <0.005 <0.01 <0.01 0.006
ig\gMg 706 039 011 0010 0007 <0.005 <0.005 <0.005 <0.01 <0.01 0.130
X'g'sg 740 033 011 0004 <0.005 <0.005 <0.005 <0.005 <0.01 <0.01 0.110
Table 4.1.2: Temperatures obtained from cooling curve data obtained at a

pouring temperature ~ 820 TC.

Primary Phase TDCP
TN ((C) Tmin ((C) Tpeak ((C) Tgrowth ((C) ((C)
NGM AISi7Mg 629.8 613.0 614.1 615.6 615.6
COM AISi7TMg 624.0 614.9 615.3 616.2 616.2
MHD A356 622.8 608.4 609.0 611.3 611.0
Eutectic Phase Co-eutectic Phase
TN (OC) Tmin (OC) Tpeak (OC) Tgrowth (OC) Tfinish (OC) (OC)
NGM
AlSi7Mg 577.7 577.1 577.2 577.8 541.5
COM 562.6 561.6 5617  563.7 5553  555.3-541.1
AlSi7Mg
MHD A356 567.3 564.5 564.5 564.9 554.7 554.7 - 536.7

Table 4.1.3: Calculated temperature values for peak 1 during heating from the
DSC Heat Flow traces (shown in Fig. 4.1.4).

Alloy Sample Range () Onset (C) Peak (T) Offset ()
NGM AISi7Mg 1 588.4 - 620.4 588.4 616.5 618.7
2 587.0 - 618.9 587.0 615.5 617.9
3 586.8 - 619.5 586.8 615.9 618.5
COM AISi7Mg 1 582.3 - 621.7 582.3 615.2 621.1
2 583.6 - 621.3 583.6 616.2 620.3
3 582.3 - 623.0 582.3 615.4 620.7
4 581.0 - 621.5 581.0 616.2 620.1
MHD A356 1 583.6 - 620.1 583.6 615.5 619.0
2 582.8 - 620.9 582.8 614.0 619.5
3 582.6 - 621.4 582.6 617.9 620.4
4 582.5-621.5 582.5 618.1 620.3
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Table 4.1.4: Calculated temperature values for peak 1 during cooling from the
DSC Heat Flow traces (shown in Fig 4.1.4).

Alloy Sample Range () Onset (T) Peak () Offset ()
NGM AISi7TMg 1 575.3 - 605.8 601.9 603.9 604.9
2 564.8 - 609.9 603.9 606.8 608.8
3 574.8 - 610.1 604.2 606.3 608.8
611.6
COM AISi7TMg 1 568.0 - 615.2 604.9 (610.5, 614.3
611.6)*
2 567.9 - 614.8 602.6 611.4 613.8
3 569.8 - 615.0 606.1 611.6 613.6
4 568.9 - 614.8 606.7 611.1 613.5
607.7
MHD A356 1 569.6 - 613.3 604.6 (608.6)* 610.7
2 569.4 - 608.7 604.3 606.7 607.5
3 568.7 - 615.7 606.9 610.1 613.2
4 568.8 - 616.2 607.2 611.2 613.5

* shows the value of overlapping peak

Table 4.1.5: Calculated temperature values for peak 2 during heating from the
DSC Heat Flow traces (shown in Fig 4.1.4).

Alloy Sample  Range (T) Onset (T) Peak (C) Offset ()
NGM AISi7TMg 1 570.0 - 588.4 577.6 583.0 582.6
2 569.6 - 587.0 577.0 582.2 583.4
3 569.9 - 586.8 576.5 582.1 583.2
COM AISi7TMg 1 562.9 - 582.3 573.0 578.6 579.8
2 563.1 - 583.6 574.8 579.3 580.4
3 563.3 - 582.3 572.8 578.0 579.5
4 563.3 - 581.0 572.4 577.8 578.3
MHD A356 1 564.2 - 583.6 575.3 579.7 581.3
2 562.6 - 582.8 575.0 578.8 579.7
3 562.7 - 582.6 574.4 578.8 579.6
4 562.8 - 582.5 573.8 578.7 579.8

Table 4.1.6: Calculated temperature values for peak 2 during cooling from the
DSC Heat Flow traces (shown in Fig 4.1.4).

Alloy Sample Range (T) Onset (T) Peak () Offset ()
NGM AISi7TMg 1 554.3 - 575.3 565.1 570.1 (571.7)* 574.4
2 5532 - 574.8 563.8 569.2 (568.3, 571.0)* 573.9
3 552.8 - 574.8 564.8 569.9 (569.1, 571.)* 573.9
COM AISi7TMg 1 552.0 — 568.0 558.2 563.2 566.8
2 551.8 - 567.9 558.5 563.4 566.7
3 551.6 - 569.8 560.7 564.7 567.7
4 551.7 - 568.9 559.9 564.3 567.2
MHD A356 1 552.4 - 569.6 560.0 564.1 (565.4)* 568.7
2 552.8 - 569.6 560.5 562.6 567.4
3 552.6 - 568.7 558.4 562.3 567.2
4 552.6 - 568.8 559.9 562.7 567.2

* shows the value of overlapping peak
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Table 4.1.7: Calculated temperature values for peak 3 during heating from the
DSC Heat Flow traces (shown in Fig 4.1.4).

Alloy Sample Range (T) Onset (C) Peak () Offset ()
NGM AISi7Mg 1
2
3
COM AISi7Mg 1 559.4 - 562.3 561.5 562.3 562.8
2 559.7 - 563.2 561.8 562.5 563.1
3 560.0 - 563.3 560.8 562.0 562.9
4 560.1 - 563.3 560.6 562.0 562.8
MHD A356 1
2
3
4

Table 4.1.8: Calculated temperature values for peak 3 during cooling from the
DSC Heat Flow traces (shown in Fig 4.1.4).

Alloy Sample Range (T) Onset (C) Peak () Offset ()
NGM AISi7Mg 1
2
3
COM AISi7Mg 1 541.9 — 552.0 544.5 548.8 551.8
2 542.0 - 551.8 544.6 548.8 551.7
3 541.9 - 551.6 543.9 547.4 551.1
4 541.2 - 551.7 544.0 547.9 551.3
MHD A356 1 540.9 - 552.4 545.7 548.9 552.1
2 541.3 - 552.8 545.4 549.6 552.5
3 542.7 - 552.6 545.2 549.2 552.4
4 541.9 - 552.6 544.9 549.2 551.8

Table 4.1.9: Calculated temperature values for peak 4 from the DSC Heat
Flow traces.

Alloy Sample Heating Cooling
Range () Range ()
NGM AISi7Mg 1 574.6 - 577.4 565.1 - 565.6
2 573.4 - 576.5 564.0 - 564.6
3 574.0 - 576.4 564.5 - 565.5
COM AISi7Mg 1 573.5-574.5 556.8 - 557.6
2 574.2 - 575.2 556.0 - 556.7
3 573.6 - 574.4 558.7 — 560.0
4 573.2-574.1 558.4 - 559.3
MHD A356 1 574.7 - 575.7 559.3 - 559.9
2 573.9 - 574.6 558.6 - 559.2
3 574.2 - 574.9 558.2 - 558.9
4 574.0 - 575.0 558.5 - 559.2
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Table 4.1.10: Average temperature values obtained from data in tables 4.1.3
and 4.1.4 for peak 1 calculated from the DSC Heat Flow traces (shown in Fig

4.1.4).
Temperature C
Alloy Range Onset Peak Offset
Heating NGM AISi7Mg 586.0-620.4  587.4+0.9 615.9+0.5 618.4+0.4
COM AlSi7TMg 581.0-623.0 582.3+1.1 615.7 £ 0.5 620.6 £0.5
MHD A356 582.5-621.5 582.9+0.5 616.4 +2.0 619.8+£0.7
Cooling NGM AISi7Mg 564.8-610.1 603.3+1.3 605.7 + 1.6 607.5+2.3
COM AlISi7TMg 567.9-615.2 606.4+0.5 611.4 +0.2 613.8+0.4
MHD A356 568.7 - 616.2  605.7+1.5 608.9+2.1 611.2+2.8

Table 4.1.11: Average temperature values obtained from data in tables 4.1.5
and 4.1.6 for peak 2 calculated from the DSC Heat Flow traces (shown in

Fig 4.1.4).
Temperature C
Alloy Range Onset Peak Offset
Heating NGM AISi7Mg 569.6 -588.4  577.0+0.6 582.4 + 0.5 583.1+0.4
COM AlSi7TMg 562.9 - 583.6 573.3+1.1 578.4 +0.7 579.5+0.9
MHD A356 562.6 - 564.2 574.6 +0.7 579.0£0.5 580.1+0.8
Cooling NGM AISi7Mg 552.8 - 575.3 564.6 £ 0.7 569.8 £ 0.5 574.0+£0.3
COM AISi7TMg 551.6 - 569.8 559.3+1.2 563.9 + 0.7 567.1+0.5
MHD A356 552.4 - 569.6 559.7 £ 0.9 562.9 +0.8 567.6 £0.7

Table 4.1.12: Average temperature values obtained from data in tables 4.1.7
and 4.1.8 for peak 3 calculated from the DSC Heat Flow traces (shown in

Fig 4.1.4).
Temperature C
Alloy Range Onset Peak Offset
Heating NGM AISi7TMg - - - -
COM AlISi7TMg 559.4-563.3 561.2+0.6 562.2 + 0.3 562.9+0.1
MHD A356 - - - -
Cooling NGM AISiTMg - - - -
COM AlSi7TMg 541.2-552.0 5442 +0.4 548.2+0.7 551.4 +0.4
MHD A356 540.9-5529 5453+0.3 549.2 +0.3 552.2+0.3

Table 4.1.13: Average temperature values obtained from data in table 4.1.9
for peak 4 calculated from the DSC Heat Flow traces (shown in Fig 4.1.4).

Alloy Temperature C

Heating Range Cooling Range
NGM AISi7Mg 573.4-577.4 564.0 - 565.6
COM AISi7Mg 573.2 - 575.2 556.0 - 560.0
MHD A356 573.9 - 575.7 558.2 - 559.9
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Table 4.1.14: Phase formation temperature (C) as o btained from Thermo-
Calc® Simulation.

Ternary Ternary Quaternary
Primary  Binary g g eutectic with m-  End of

Alloy Phase  eutectic eutectic with eutectic with - AlsMgaFeSic solidification
,B-A|5FeSi A|3M93FeSi6 and Mngl

NGM

AlSi7Mg 616 575.8 571.3 560.5 556.2 555.5

COM

AlSi7TMg 616.5 573.8 567.5 561.2 556.8 556.2

MHD

A356 614.0 574.8 568.6 561.0 557.0 556.2
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Fig. 4.1.1: The cooling curves for the alloys pauet 820 °C: (a) cooling curves
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Fig. 4.1.6: Enlarged view of right hand side of tmgresponding Figs. shown in Fig. 4.5
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Fig. 4.1.7: Bright field optical micrographs of ths-received alloys showing different
phases; bright area shows the primary phase agcagea shows the eutectic phase in:
(a) the NGM AISi7Mg alloy; (b) the COM AISi7Mg; an¢c) the MHD A356 alloy.
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Fig. 4.1.8: Bright field optical micrographs of ttes-cast alloys showing different
phases; bright area shows the primary phase agcagea shows the eutectic phase in:
(a) the NGM AISi7Mg alloy; (b) the COM AISi7Mg; an¢c) the MHD A356 alloy.
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Fig. 4.1.9: Bright field optical micrographs of tas-cast NGM AISi7Mg alloy showing
different intermetallic phases: (a) the light gpdgte-likes-AlFeSi (b) nest-liker —
AlFeMgSiphase; and, (c) co-existigAlFeSiandz —AlFeMgSiphases.
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Fig. 4.1.10: Bright field optical micrographs otths-cast COM AISi7Mg alloy showing
different intermetallic phases: (a) the light gpdgte-likes-AlFeSi (b) the nest-liker —
AlFeMgSiphase; and, (c) co-existing dark Chinese scrigtNik),Siphase.
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Fig. 4.1.11: Optical micrographs of as-cast MHD B28loy showing different
intermetallic phases: (a) the light gray plate-JikalFeSi (b) the nest liker —
AlFeMgSiphase; and, (c) dark Chinese script-IMg,Si phase.
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Fig. 4.1.12: SEM BSE Z-contrast images of as-resalloys showing different
intermetallic phases: (a) the NGM AISi7Mg alloy) (be COM AISi7Mg; and, (c) the
MHD A356 alloy.
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Fig. 4.1.13: SEM BSE image and corresponding spettf elements at the
selected point for the as-received NGM AISi7Mg wllo
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Fig. 4.1.14: SEM BSE image and corresponding el¢éah@maps for the selected area
for the as-received NGM AISi7Mg alloy.
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Processing option : All elements analyzed (Normalised)
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Fe Fe 1-Jun-1999 12:00 AM

Totals 100.00
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Fig. 4.1.15: SEM BSE image and corresponding spettf elements at the selected
point for the as-received COM AISi7Mg alloy.
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Fig. 4.1.16: SEM BSE image and corresponding spettf elements at the
selected point for the as-received COM AISi7Mg wllo
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Fig. 4.1.17: SEM BSE image and corresponding eleat@maps for the selected area for
the as-received COM AISi7Mg alloy.
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Fig. 4.1.18: SEM BSE image and corresponding el¢ah@maps for the
selected area for the as-received MHD A356 alloy.
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Totals 100.00

Fig. 4.1.19: SEM BSE image and corresponding spettf elements at the
selected point for the as-received MHD A356 alloy.
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10pm Electron Image 1

ull Zoale 7352 cts Cursar: 0.000 ket
Spectrum processing : Element Weight%  Atomic%
Peaks p_ossibly_ omitted : 0.265, 2.988, 3.695 keV _ Mg K 0.99 1.23
Processing option : All elements analyzed (Normalised)
Number of iterations = 5 Al K 60.04 67.43
Standard :
Mg MgO 1-Jun-1999 12:00 AM SiK 24.36 26.28
Al Al203 1-Jun-1999 12:00 AM
Si Si02 1-Jun-1999 12:00 AM SrL 14.61 5.05

Sr SrF2 1-Jun-1999 12:00 AM
Totals 100.00

Fig. 4.1.20: SEM BSE image and corresponding spettf elements at the

selected point for the as-received MHD A356 alloy.
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Fig. 4.1.21: SEM BSE Z-contrast images of as-chsysashowing different phases;
black area shows the primary phase, gray area sttmavsutectic phase and bright
and dark phases are intermetallic phases in: @NBM AISi7Mg alloy; (b) the
COM AISi7Mg; and, (c) the MHD A356 alloy.

Chapter 4 Results - Characterisation 132



T0um

Electron Image 1

T T T T T T T T T T T T T T T T T T T T T T

0 1 2 K] 4 4 7 8 g

Full Zcale 4559 ctz Cursor: 0.000 ket

N o
Spectrum processing : Element Weight%  Atomic%
Peak possibly omitted : 0.265 keV Al K 54.13 63.59
Processing option : All elements analyzed (Normalised)
Number of iterations = 5 Si K 18.54 20.92
Standard :
Al Al203 1-Jun-1999 12:00 AM Mn K 1.92 1.11
Si Si02 1-Jun-1999 12:00 AM
Mn  Mn 1-Jun-1999 12:00 AM FeK 24.99 14.18
Fe Fe 1-Jun-1999 12:00 AM
Zn Zn 1-Jun-1999 12:00 AM ZnK 0.42 0.20
Totals 100.00

Fig. 4.1.22: SEM BSE image and corresponding spettf elements at the
selected point for the as-cast NGM AlSi7Mg alloy.
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Fig. 4.1.23: SEM BSE image and corresponding spettf elements at the
selected point for the as-cast NGM AlSi7Mg alloy.
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Fig. 4.1.24: SEM BSE image and corresponding eléah@maps for the selected area
for the as-cast NGM AISi7Mg alloy.
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Fig. 4.1.25: SEM BSE image and corresponding spettf elements at the
selected point for the as-cast COM AISi7Mg alloy.
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Fig. 4.1.26: SEM BSE image and corresponding spettf elements at the
selected point for the as-cast COM AISi7Mg alloy.
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Fig. 4.1.27: SEM BSE image and corresponding el¢éah@maps for the selected area for
the as-cast COM AISi7Mg alloy.
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Fig. 4.1.28: SEM BSE image and corresponding spettf elements at the
selected point for the as-cast MHD A356 alloy.
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Fig. 4.1.29: SEM BSE image and corresponding elémeap for the selected
area for the as-cast MHD A356 alloy.
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Fig. 4.1.30: SEM BSE image and corresponding spettf elements at the
selected point for the as-cast MHD A356 alloy.
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Fig. 4.1.31: SEM BSE image and corresponding spettf elements at the
selected point for the as-cast MHD A356 alloy.
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Fig. 4.1.32: SEM BSE image and corresponding spettf elements at the

selected point for the as-cast MHD A356 alloy.
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Fig. 4. 1.33: SEM BSE image and corresponding eteahenaps for the
selected area for the as-cast MHD A356 alloy.
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Fig. 4.1.34: SEM BSE image and corresponding eléah@maps for the
selected area for the as-cast MHD A356 alloy.
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4.2. FRACTION SOLID AND FRACTION SOLID SENSITIVITY

In this section the fraction solid was calculatezhf the DSC heat flow, specific heat
and enthalpy data. Calculating the fraction salahf the DSC heat flow and specific
heat data is achieved by using the partial aredadetwhilst that from the enthalpy
data requires the enthalpy difference of phase& watrying amount of solid as
described by Dong et &f? and discussed in Section 2.7.2. In the latter pfthis
section the fraction solid sensitivity and its bébar with change in temperature has
been determined.

4.2.1 Fraction Solid

Using the heat flow data the fraction solid curveaswcalculated for the
NGM AISi7Mg alloy for both heating and cooling dsosvn in Fig. 4.2.1(a). It shows
the temperature lag and resulting change in fractmlid at a particular temperature.
The reproducibility of the results or curves durimgating and cooling for the DSC
heat flow data for the NGM AISi7Mg alloy is alsosidle. The comparison of the
heating and cooling curves for the DSC heat flowadar both the COM AISi7Mg
and MHD A356 alloys are shown in Fig. 4.2.1(b) dn2l.1(c) respectively.

The fraction solid calculated from the specific theata for the heating and cooling of
the NGM AISi7Mg alloy is given in Fig. 4.2.2(a). &hreproducibility which was
assessed using different samples could also bervelosdéor both the heating and
cooling traces. A comparison of the fraction sat@culated for the heating and
cooling of the COM AISi7Mg and MHD A356 alloy is @ln in Figs. 4.2.2(b) and
4.2.2(c), respectively.

The fraction solid which was calculated from thethaipy data is given in
Fig. 4.2.3(a) for both heating and cooling, of tN&SM AISi7Mg alloy. The
reproducibility was assessed using different sasngi@ a comparison for heating and
cooling has also been made in Fig. 4.2.3(a). A @ispn of the fraction solid
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calculated for heating and cooling of the COM Ay and MHD A356 alloy is
shown in Figs. 4.2.3(b) and 4.2.3(c), respectively.

It can be observed in Figs. 4.2.1 to 4.2.3 thatdinwes change suddenly when the
eutectic phase starts to solidify on cooling ortnoel heating. This change occurs

over a temperature range during heating or cooling.

The variation in transition temperature and comesiing fraction solid within
samples for the NGM AISi7Mg, COM AISi7Mg and MHD B8 alloys, calculated on
the basis of DSC heat flow, specific heat and dpyhdata are given in Tables 4.2.1,
4.2.2 and 4.2.3, respectively. The average temperatange and corresponding

fraction solid range is given in Table 4.2.4 arstdssed below.

Based on the DSC heat flow data for the NGM AlSi7allgy the temperature ranges
are: from 583.3 to 585.2 °C for a fraction solicaroge from 0.393 to 0.378 during
heating, and, from 573.3 to 574.2 °C for a fracsofid change from 0.447 to 0.439
during cooling. The transition temperature rangastfie COM AlISi7Mg alloy are:
from 578.4 to 581.5 °C for a fraction solid charigien 0.433 to 0.420 during heating;
and, from 566.3 to 568.0 °C for a fraction solicaefge from 0.480 to 0.465 during
cooling. Similarly the transition occurs for the MHA356 alloy at temperatures from
579.8 to 581.5 °C for a fraction solid change o35 to 0.414 during heating and
566.5 to 568.2 °C for a fraction solid change fro.#93 to 0.473 during cooling (see
Table 4.2.4).

Based on the DSC specific heat data, the transitiemperature for the
NGM AISi7Mg alloy occurred between 583.11 and 583 for a fraction solid
change of 0.409 to 0.392 during heating and oviengerature range from 573.9 to
574.3 °C for a fraction solid change from 0.441 @43 for cooling. For the
COM AISi7Mg alloy the transition occurred from 5380 581.0 °C for a fraction
solid of 0.433 to 0.428 on heating and from 566.®88.0 °C for a fraction solid of
0.484 to 0.480 on cooling. Similarly, for the MHD33%6 alloy, transition occurred
from 579.3 to 581.6 °C for a fraction solid of 044® 0.426 on heating and over a
temperature range from 566.4 to 568.2 °C for ativacsolid change of 0.490 to
0.468 on cooling (see Table 4.2.4).
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Based on the DSC enthalpy data, for the NGM AlSi7aligy the transition occurred
from 583.3 to 584.9 °C over a fraction solid chan§®.405 to 0.401 during heating
and from 573.1 to 574.1 °C over a fraction solide of 0.450 to 0.414 during
cooling. This transformation occurred for the CONSKMg alloy from 578.6 to
581.1 °C for a fraction solid of 0.450 to 0.430 idgr heating and from 566.1 to
566.4 °C for a fraction solid of 0.508 to 0.464 idgr cooling. Similarly for the
MHD A356 alloy the transition occurred from 5796581.5 °C for a fraction solid
from 0.441 to 0.438 during heating and from 566.468.1 °C for a fraction solid of
0.496 to 0.446 during cooling (see Table 4.2.4).

4.2.2 Fraction Solid Sengtivity

The change in fraction solid with the change ingemature within a specific interval

is called fraction solid sensitivity (see Section7)2 It can be denoted as

(df%.r) where x is the mid point of the fraction solid range iia. this study

(df%.r) is the ratio of change in fraction solid betweea @hl to 0.3 fraction solid
0.2

with its corresponding change in temperature, farctv 0.2 is the middle point. The
fraction solid sensitivity gives an indication odva much the fraction solid value is
sensitive to the operating temperature fluctuationan industrial set-up. The lower
the sensitivity of the fraction solid in a partiaulrange, the greater will be the
flexibility in the processing of the alloy withihat particular temperature and fraction
solid range.

For DSC Heat Flow Data

The temperature corresponding to the specific ivacgolid calculated on the basis of
DSC heat flow data for the NGM AISi7Mg alloy shownFig. 4.2.1(a), is given in
Table 4.2.5 and the corresponding fraction solitswity, is given in Table 4.2.6 for
heating and in Tables 4.2.7 and 4.2.8 for cooliegpectively. The data given below
is analysed on the basis of average values.
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For the NGM AISi7Mg alloy, when analyzing the DS€ah flow data for heating, the
fraction solid sensitivity value decreases from1@3® at a fraction solid of 0.2 to
0.0097 at a fraction solid of 0.3. It then increate 0.1044 at a fraction solid of 0.6
and decreases again to 0.0597 for a fraction s6l@2i8. However, for the cooling of
the NGM AISi7Mg alloy the fraction solid sensitiyivalue based on the DSC heat
flow data, decreases from 0.0163 for a fractiondsof 0.2 to 0.0094 for a fraction
solid of 0.3. It then increased to 0.0756 for ecticn solid of 0.7 and then again

decreased to 0.0655 for a fraction solid of 0.8.

The temperature corresponding to the specific ivacgolid calculated on the basis of
DSC heat flow data for the COM AISi7Mg alloy shownFig. 4.2.1(b), is given in
Table 4.2.9 and the corresponding fraction solisswity, is given in Table 4.2.10
for heating and in Tables 4.2.11 and 4.2.12 fordingaespectively. The data given
below is analysed on the basis of average values.

For the COM AISi7Mg alloy the fraction solid sematly during heating based on the
heat flow data shows that, the sensitivity valuerdases from 0.0120 for a fraction
solid of 0.2 to 0.0088 for a fraction solid of Owdich increases to 0.1248 for a
fraction solid of 0.6 and then again decreases@b60® for a fraction solid of 0.8. On
cooling, the sensitivity value decreases from 040fb2 a fraction solid of 0.2 fraction

solid to 0.0074 for a fraction solid of 0.4 whiahcieased to 0.0916 for a fraction
solid of 0.6 fraction solid and again decreased.@®58 for a fraction solid of 0.8.

The temperature corresponding to the specific ivacgolid calculated on the basis of
DSC heat flow data for the MHD A356 alloy showrFig. 4.2.1(c), is given in Table
4.2.13 and the corresponding fraction solid sersjtiis given in Table 4.2.14 for
heating and in Tables 4.2.15 and 4.2.16 for coofiegpectively. The data given

below is analysed on the basis of average values.

On heating of the MHD A356 alloy the fraction sofidnsitivity, based on the DSC
heat flow data, showed a decrease in value from2@d.@0 0.0092 for a fraction solid
of 0.2 to 0.3 respectively, then increased to 0.864 fraction solid of 0.6 and again
decreased to 0.0491 at a fraction solid of 0.8. daling, the sensitivity value

decreased from 0.0137 at 0.2 to 0.0074 at 0.4idrasblid, which then increased to
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0.0748 at a fraction solid of 0.7 and again de@edes 0.0592 at a fraction solid of
0.8.

The fraction solid sensitivity with respect to frian solid and temperature calculated
on the basis of DSC heat flow data both for heaimg) cooling for all the three alloys
is compared in Figs. 4.2.4(a) and 4.2.5(a) respagti The figures also show and
compare different criteria suggested by Fan 86%1°” and Liu et al?®.

For Specific Heat Flow data

The temperature corresponding to the specific ivacgolid calculated on the basis of
specific heat data for the NGM AISi7Mg alloy shownFig. 4.2.2(a), is given in
Table 4.2.17 and the corresponding fraction sadiasgivity, is given in Table 4.2.18
for heating and in Tables 4.2.19 and 4.2.20 foringaespectively. The data given
below is analysed on the basis of average values.

The fraction solid sensitivity based on the spediiat for heating shows that values
for the NGM AISi7Mg alloy decreased from 0.0125 atfraction solid of 0.2 to
0.0097 at a fraction solid of 0.3, which then iraged to 0.1072 at a fraction solid of
0.6 and then decreased to 0.590 at a fraction s6l2i8. However, on cooling the
sensitivity value decreased from 0.0163 at a facsolid of 0.2 to 0.0093 at a
fraction solid of 0.3, which then increased to @D7t a fraction solid of 0.7 and
again decreased to 0.0646 at a fraction solid&f 0.

The temperature corresponding to the specific ivacgolid calculated on the basis of
specific heat data for the COM AISi7Mg alloy shownFig. 4.2.2(b), is given in
Table 4.2.21 and the corresponding fraction sadigsgivity, is given in Table 4.2.22
for heating and in Tables 4.2.23 and 4.2.24 foringaespectively. The data given
below is analysed on the basis of average values.

The fraction solid sensitivity of the COM AISi7Mdlay, during heating up, shows
that a sensitivity value which decreased from 050&f a fraction solid of 0.2 to
0.0092 at a fraction solid of 0.3, before increggim 0.0879 at a fraction solid of 0.6
and again decreased to 0.0460 at a fraction sdli@.& On cooling the value
decreased from 0.0124 at a fraction solid of 0.D.@0D74 at a fraction solid of 0.4,
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which then increased to 0.0750 at a fraction saflid.7 and again decreased to 0.0446
at a fraction solid of 0.8.

The temperature corresponding to the specific ivacgolid calculated on the basis of
specific heat data for the MHD A356 alloy shownFig. 4.2.2(c), is given in Table
4.2.25 and the corresponding fraction solid serisjtiis given in Table 4.2.26 for
heating and in Tables 4.2.27 and 4.2.28 for cootegpectively. The data given

below is analysed on the basis of average values.

The fraction solid sensitivity calculated, based tbe specific heat data for the
MHD A356 alloy during heating showed that the sewity value decreased from

0.0125 at a fraction solid of 0.2 to 0.0092 atation solid of 0.3, then increased to
0.0947 at a fraction solid of 0.6 and then agakre@sed to 0.0492 at a fraction solid
of 0.8. Similarly on cooling the value decreasemir0.0135 at a fraction solid of 0.2
to 0.0075 at a fraction solid of 0.4, it then irased to 0.0768 at a fraction solid of 0.7

and again decreased to 0.0571 at a fraction sb(dBo

The fraction solid sensitivity with respect to frian solid and temperature calculated
on the basis of specific heat data both for heamdcooling for all the three alloys is
compared in Figs. 4.2.4(b) and 4.2.5(b) respegtiv&he figures also show and
compare different criteria suggested by Fan 86%1°”and Liu et al?.

For Enthalpy Data

The temperature corresponding to the specific ivacgolid calculated on the basis of
enthalpy data for the NGM AISi7Mg alloy shown ingFi4.2.3(a), is given in
Table 4.2.29 and the corresponding fraction sadiasgivity, is given in Table 4.2.30
for heating and in Tables 4.2.31 and 4.2.32 foringaespectively. The data given
below is analysed on the basis of average values.

The enthalpy based data for the NGM AISi7Mg alldyws that on heating, the
fraction solid sensitivity value decreased from13.D at a fraction solid of 0.2 to
0.0099 at a fraction solid of 0.3, then increased.t.015 at a fraction solid of 0.6
which then decreased to 0.0595 at a fraction sofid.8. While on cooling the
sensitivity value decreased from 0.0159 at a facsolid of 0.2 to 0.0089 at a
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fraction solid of 0.3, which then increased to @®4at a fraction solid of 0.7 and then
again decreased to 0.0631 at for a fraction sdl@l&

The temperature corresponding to the specific ivacgolid calculated on the basis of
enthalpy data for the COM AISi7Mg alloy shown ingFi4.2.3(b), is given in
Table 4.2.33 and the corresponding fraction sadiasgivity, is given in Table 4.2.34
for heating and in Tables 4.2.35 and 4.2.36 foringaespectively. The data given

below is analysed on the basis of average values.

The enthalpy data showed that the fraction solichsisieity value for the
COM AISi7Mg alloy decreased from 0.0129 at a fractsolid of 0.2 to 0.0096 at a
fraction solid of 0.3, which then increased to 8®&t a fraction solid of 0.6 and
again decreased to 0.0455 at a fraction solid 8f Based on the enthalpy data.
Similarly on cooling the sensitivity value decreddem 0.0105 at a fraction solid of
0.2 to 0.0087 at a fraction solid of 0.3, whichrthecreased to 0.0745 at a fraction
solid of 0.7 and then decreased again to 0.04&5rattion solid of 0.8.

The temperature corresponding to the specific ivacgolid calculated on the basis of
enthalpy data for the MHD A356 alloy shown in Fg2.3(c), is given in Table 4.2.37
and the corresponding fraction solid sensitivisygiven in Table 4.2.38 for heating
and in Tables 4.2.39 and 4.2.40 for cooling respelgt The data given below is

analysed on the basis of average values.

On heating the sensitivity value at first decreasedh 0.0130 at a fraction solid of

0.2 to 0.0095 at a fraction solid of 0.3, and themeased to 0.0939 at a fraction solid
of 0.6 and again decreased to 0.0493 at a frasbdid of 0.8. While on cooling the

sensitivity value first decreased to 0.0133 ateatfon solid of 0.2 to 0.0076 at a
fraction solid of 0.4, and then increased to 0.0&4d fraction solid of 0.7 and again
decreased to 0.0579 at a fraction solid of 0.8.

The fraction solid sensitivity with respect to frian solid and temperature calculated
on the basis of enthalpy data both for heating @ling for all the three alloys is

compared in Figs. 4.2.4(c) and 4.2.5(c) respegtivéhe figures also show and
compare different criteria suggested by Fan 86%1°”and Liu et al?.
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With regard to the above mentioned criteria, wlaoh necessary for the processing of
different materials (as proposed by the differemthars and discussed above), the
fraction solid sensitivity criteria were used instlstudy to determine the suitability

and calculate the processing temperature rangeeodltoys. The data obtained from

Figs. 4.2.4t0 4.2.5is given in Tables 4.2.41 &2d42.

The data in Tables 4.2.41 and 4.2.42 showed tkabther limit for the processing of
the NGM AISi7Mg and the MHD A356 alloy correspondsa lower fraction solid
and higher processing temperature, whilst the CABi7Mg alloy can be processed
at a relatively higher fraction solid and lower fgrature for both the 0.015 and 0.03
fraction solid sensitivity criteria. However, theénimum working temperature does
not differ too much for these alloys either in legtor in cooling. The maximum
limit for fraction solid shown in Tables 4.2.41 a#®.42 give the mid value of + 0.1
fraction solid as used for the calculation of fractsolid sensitivity, that is, the
fraction solid sensitivity at 0.4 fraction solidpresents a trend over a range of 0.3 to
0.5 fraction solid. So, for a fraction solid seivty criterion of 0.15, the working
range for the temperature can be lowered by up (% Sraction solid, whilst
increasing the fraction solid sensitivity to 0.08sults in a decrease in the lower
temperature limit to a fraction solid of 60%.

4.2.3 Summary

The fraction solid, as calculated from the DSCdgafor the heat flow, specific heat
and enthalpy data showed that:

1. The temperature for the same fraction solid diffeysup to 5 °C in the
primary phase melting temperature range on heamd) cooling, while it
varies by up to 15 °C during solidification of tleeitectic on heating and
cooling due to the temperature lag during DSC measent due to imposed
heating/cooling rate for all the alloys.

2. For the cooling data a sudden drop in the fracsiolid curves was observed
at: ~ 0.20 fraction solid for the NGM AISi7Mg ajlp~ 0.05 fraction solid for
the COM AISi7Mg alloy; and ~ 0.10 fraction solidrfthe MHD A356 alloy.
The phenomenon may be due undercooling.
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3.

The fraction solid sensitivity criterion of a valwé 0.03 provides a wider
processing range as compared to a value of 0.0ttbrespect to the fraction
solid, both for heating and cooling data, for &tys.

The fraction solid sensitivity criterion of a valwd 0.03 provides a wider
processing temperature range as compared to a @a@15 with respect to
the fraction solid, for cooling data for the NGMSArMg alloy. For the other
alloys a wider temperature range was observed glineéating.

At a fraction solid of < 0.4 all the alloys showsinilar fraction solid
sensitivity.

The fraction solid sensitivity for the NGM AISi7Mailoy is higher than that
for other alloys at a given fraction solid duringth heating and cooling with
the difference being greater during heating.

The lower workable fraction solid limit for the NGMISi7Mg alloy is less
than that of the COM AISi7Mg and MHD A356 alloys.

The lower working temperature limit of the NGM AT3dg alloy is higher
than that of the other alloys.

During heating, the lower working temperature lifioit the NGM AISi7Mg
alloy appears to be constant for both a fractidid snsitivity criteria of 0.03
and 0.015. However, on cooling the lower workingnperature limit is
reduced by ~ 5 °C for a fraction solid sensitivatjterion of 0.03 compared to
a fraction solid sensitivity criterion of 0.05. Ti@&OM AISi7Mg and MHD
AlSi7Mg alloys showed an opposite behaviour.

10. The lowest working temperature limit for the NGMSN'Mg alloy was found

to be ~ 585 °C for reheating.
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4.2.4 Tables

Table 4.2.1: The transition temperature and corresponding fraction solid, based on the DSC
heat flow data.

Alloy Sample Heating Cooling
'rl':nrgge(%t)ure Fraction solid 'Fl;zr:é):r{a:t)ure Fraction solid
NGM 1 584.4 - 585.2 0.398 - 0.385 574.0-574.2 0.439 - 0.440
AISiTMg 2 583.4 - 584.2 0.393-0.378 573.3-573.6 0.443 - 0.438
3 583.3-584.4 0.413 - 0.392 573.4-573.9 0.453 - 0.447
COM 1 579.2 - 580.7 0.421 - 0.397 566.3 - 567.1 0.485 - 0.477
AISiTMg 2 580.6 - 581.5 0.425-0.412 566.2 - 566.3 0.482 - 0.480
3 579.2-579.6 0.420 - 0.410 567.3 - 568.0 0.473 - 0.468
4 578.4 - 579.0 0.450 - 0.433 566.7 - 567.3 0.465 - 0.452
MHD 1 581.2 - 581.5 0.414 - 0.408 567.9 - 568.2 0.474 - 0.464
A356 2 579.6 - 580.3 0.432-0.414 567.1-567.4 0.473 - 0.469
3 579.9 - 580.4 0.441-0.435 566.5 - 567.0 0.500 - 0.493
4 579.8 - 580.4 0.443 - 0.432 566.8 - 567.2 0.496 - 0.487

Table 4.2.2: The transition temperature and corresponding fraction solid, based on the DSC
specific heat data.

Alloy Sample Heating Cooling

Temperature range  Fraction solid Temperature Fraction solid

(C) Range C)
NGM 1 584.1 - 585.2 0.417 - 0.392 573.9-574.3 0.442 - 0.438
AlSi7TMg 2 583.1-584.1 0.409 - 0.386 573.2-573.8 0.441-0.434
3 583.1-584.4 0.420 - 0.392 573.5-573.9 0.448 - 0.443
COM 1 579.3-580.3 0.442 - 0.425 566.1 - 566.7 0.491 - 0.480
AlSi7TMg 2 580.1 - 581.0 0.428 - 0.419 566.1 - 567.0 0.484 - 0.475
3 579.1-579.5 0.429 - 0.413 566.9 - 568.0 0.488 - 0.466
4 578.5-579.0 0.441-0.433 566.4 - 567.2 0.485 - 0.469
MHD 1 580.6 - 581.6 0.426 - 0.405 567.7 - 568.2 0.472 - 0.462
A356 2 579.6 - 580.2 0.429-0.411 566.9 - 567.2 0.468 - 0.463
3 579.6 - 580.4 0.447 - 0.434 566.4 - 567.0 0.500 - 0.490
4 579.3-580.1 0.458 - 0.434 566.5 - 566.9 0.499 - 0.490

Table 4.2.3: The transition temperature and corresponding fraction solid, based on the DSC

enthalpy data.

Alloy Sample Heating Cooling
'(I'gnperature aNg€  Eraction solid 'Fl;zr:é):r{a:t)ure Fraction solid
NGM 1 584.7 - 584.9 0.405 - 0.401 573.9-574.1 0.452 - 0.450
AlSi7TMg 2 583.3-584.3 0.426 - 0.407 573.3-573.7 0.414 - 0.409
3 583.7 - 584.0 0.418 - 0.413 573.1-573.8 0.443-0.431
COM 1 579.7 - 580.1 0.430- 0.424 566.2 - 566.4 0.512 - 0.508
AlSi7TMg 2 580.3-581.1 0.445 - 0.429 566.1 - 566.7 0.467 - 0.462
3 579.3-579.7 0.456 - 0.450 566.7 - 567.4 0.464 - 0.440
4 578.6 - 579.2 0.444 - 0.431 566.7 - 567.4 0.464 - 0.450
MHD 1 580.8 - 581.5 0.439 - 0.422 567.7 - 568.1 0.446 - 0.440
A356 2 579.6 - 580.2 0.438 - 0.419 566.8 - 567.6 0.468 - 0.458
3 579.9 - 580.4 0.447 - 0.441 566.4 - 566.9 0.505 - 0.496
4 579.8 - 580.2 0.443 - 0.436 566.6 - 567.1 0.499 - 0.488
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Table 4.2.4: The average transition temperature and corresponding fraction solid, based on
the data given in tables 4.2.1 t0 4.2.3.

Alloy Heating Cooling
'rl':nrgge(%t)ure Fraction solid 'rl':nrggegture Fraction solid
Heat NGM AISi7TMg  583.3 - 585.2 0.393-0.378 573.3-574.2 0.447 - 0.439
flow COM AlISi7TMg  578.4-581.5 0.433 - 0.420 566.3 - 568.0 0.480 - 0.465
MHD A356 579.8 - 581.5 0.435 - 0.414 566.5 - 568.2 0.493 - 0.473
Specific  NGM AISi7Mg  583.1 - 585.2 0.409 - 0.392 573.9-574.3 0.443 - 0.441
heat COM AISi7TMg  578.5-581.0 0.433-0.428 566.0 - 568.0 0.484 - 0.480
MHD A356 579.3-581.6 0.434 - 0.426 566.4 - 568.2 0.490 - 0.468
Enthalpy NGM AISi7TMg  583.3 - 584.9 0.405 - 0.401 573.1-574.1 0.450 - 0.414
COM AlISi7TMg  578.6 - 581.1 0.450 - 0.430 566.1 - 566.4 0.508 - 0.464
MHD A356 579.6 - 581.5 0.441 - 0.438 566.4 - 568.1 0.496 - 0.446

Table 4.2.5: The fraction solid calculated for the NGM AISi7Mg alloy on heating based on the
DSC heat flow data presented in Fig. 4.2.1(a).

Temperature C

Fraction solid Sample 1 Sample 2 Sample 3 Average
0.1 611.7 610.7 611.7 611.4
0.2 604.7 603.7 604.9 604.4
0.3 595.6 593.8 596.0 595.1
0.4 584.6 583.2 583.9 583.9
0.5 583.0 581.9 582.1 582.4
0.6 582.1 581.1 581.2 581.5
0.7 581.0 580.0 580.3 580.4
0.8 579.7 578.8 578.8 579.1
0.9 577.7 576.7 576.9 577.1

Table 4.2.6: The fraction solid sensitivity for the NGM AISi7Mg alloy on heating, based on the
DSC heat flow data given in Table 4.2.5.

Fraction solid

sensitivity Samplel Sample 2 Sample3 Average

df% 0.0124 0.0118 0.0127 0.0123
dT 0.2

df% 0.0100 0.0097 0.0095 0.0097
dT 0.3

df% 0.0159 0.0169 0.0145 0.0157
dT 0.4

df% 0.0800 0.0930 0.0735 0.0822
dT 0.5

df% 0.1020 0.1031 0.1081 0.1044
dT 0.6

df% 0.0826 0.0866 0.0866 0.0853
dT 0.7

df% 0.0593 0.0610 0.0588 0.0597
dT 0.8
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Table 4.2.7: The fraction solid calculated for the NGM AlSi7Mg alloy on cooling, based on the
DSC heat flow data presented in Fig. 4.2.1(a).

Temperature °C

Fraction solid Sample 1 Sample 2 Sample 3 Average
0.1 603.7 606.3 606.2 605.4
0.2 601.6 601.5 602.6 601.9
0.3 592.9 592.3 593.9 593.0
0.4 580.5 579.6 581.5 580.5
0.5 572.7 572.0 572.3 572.3
0.6 571.1 570.3 571.0 570.8
0.7 569.6 569.0 569.6 569.4
0.8 568.5 567.6 568.4 568.1
0.9 566.6 565.7 566.7 566.3

Table 4.2.8: The fraction solid sensitivity for the NGM AlSi7Mg alloy on cooling, based on the
DSC heat flow data given in table 4.2.7.

Fraction solid

sensitivity Samplel Sample 2 Sample3 Average
df% 0.0184 0.0143 0.0162 0.0163
dT 0.2
df
S 0.0095 0.0091 0.0095 0.0094
dT 0.3
df
S 0.0099 0.0098 0.0093 0.0097
dT 0.4
df
S 0.0213 0.0215 0.0191 0.0206
dT 0.5
df
S 0.0645 0.0667 0.0735 0.0683
dT 0.6
df
S 0.0766 0.0735 0.0766 0.0756
dT 0.7
df
S 0.0669 0.0608 0.0687 0.0655
dT 0.8

Table 4.2.9: The fraction solid calculated for the COM AlSi7Mg alloy on heating, based on the
DSC heat flow data presented in Fig. 4.2.1(b).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Sample 4 Average
0.1 611.4 612.3 611.9 612.1 611.9
0.2 604.3 605.1 604.7 605.2 604.8
0.3 594.0 596.0 594.9 596.2 595.3
0.4 580.4 583.0 581.1 583.8 582.1
0.5 578.3 579.2 578.1 577.8 578.3
0.6 577.3 579.2 577.0 576.8 577.6
0.7 576.0 578.4 575.9 575.5 576.4
0.8 574.2 577.0 574.2 573.8 574.8
0.9 571.5 575.3 571.7 571.2 572.4
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Table 4.2.10: The fraction solid sensitivity for the COM AISi7Mg alloy on heating, based on
the DSC heat flow data given in table 4.2.9.

Fraction solid

sensitivity Sample 1 Sample 2 Sample 3 Sample 4 Average

df 0.0115 0.0123 0.0118 0.0126 0.0120
dT 0.2

df% 0.0084 0.0090 0.0085 0.0093 0.0088
dT 0.3

df% 0.0127 0.0119 0.0118 0.0109 0.0118
dT 0.4

df% 0.0645 0.0529 0.0490 0.0287 0.0488
dT 0.5

df% 0.0855 0.2298 0.0943 0.0897 0.1248
dT 0.6

df% 0.0645 0.0897 0.0714 0.0662 0.0730
dT 0.7

df 0.0449 0.0645 0.0468 0.0460 0.0506
dT 0.8

Table 4.2.11: The fraction solid calculated for the COM AISi7Mg alloy on cooling, based on
the DSC heat flow data presented in Fig. 4.2.1(b).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Sample 4 Average
0.1 609.3 609.1 609.3 609.1 609.2
0.2 602.5 602.5 602.4 602.4 602.4
0.3 593.2 593.4 592.9 592.5 593.0
0.4 580.4 580.4 580.3 577.8 579.7
0.5 565.7 565.6 566.7 565.8 566.0
0.6 563.9 565.7 565.4 564.8 564.9
0.7 562.8 564.0 564.2 563.6 563.7
0.8 560.8 562.7 562.9 562.4 562.2
0.9 557.9 561.2 560.1 560.4 559.9

Table 4.2.12: The fraction solid sensitivity for the COM AISi7Mg alloy on cooling, based on
the DSC heat flow data given in table 4.2.11.

Fraction solid

sensitivity Sample 1 Sample 2 Sample 3 Sample 4 Average

df% 0.0124 0.0127 0.0122 0.0121 0.0124
dT 0.2

df% 0.0090 0.0091 0.0090 0.0081 0.0088
dT 0.3

df% 0.0073 0.0072 0.0076 0.0075 0.0074
dT 0.4

df% 0.0121 0.0136 0.0134 0.0154 0.0136
dT 0.5

df% 0.0687 0.1290 0.0791 0.0897 0.0916
dT 0.6

df% 0.0645 0.0669 0.0791 0.0858 0.0741
dT 0.7

df% 0.0413 0.0714 0.0481 0.0623 0.0558
dT 0.8
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Table 4.2.13: The fraction solid calculated for the MHD A356 alloy on heating based on the
DSC heat flow data presented in Fig. 4.2.1(c).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Sample 4 Average
0.1 611.6 611.3 613.3 613.3 612.4
0.2 604.5 604.3 606.7 606.4 605.5
0.3 594.9 595.0 597.6 597.6 596.3
0.4 582.0 582.0 585.4 584.9 583.6
0.5 579.7 578.7 578.9 578.8 579.0
0.6 579.0 577.9 578.0 577.9 578.2
0.7 577.8 576.6 576.8 576.7 577.3
0.8 575.9 574.8 575.3 575.1 575.3
0.9 573.4 572.2 572.9 572.9 572.9

Table 4.2.14: The fraction solid sensitivity for the MHD A356 alloy on heating, based on the
DSC heat flow data given in table 4.2.13.

Fraction solid

sensitivity Sample 1 Sample 2 Sample 3 Sample 4 Average

df% 0.0120 0.0123 0.0127 0.0128 0.0124
dT 02

d

S

0.0089 0.0090 0.0094 0.0093 0.0092

d

S

0.0131 0.0123 0.0107 0.0106 0.0117

d

S

0.1036 0.0930 0.0943 0.0930 0.0960

d

S

0.0639 0.0662 0.0717 0.0707 0.0681

d

S

0.0460 0.0460 0.0514 0.053 0.0491

SN ENENR RN

(

(Var),

(V).

(d S )05 0.0669 0.0482 0.0271 0.0286 0.0427
(“Var),

(),

(),

Table 4.2.15: The fraction solid calculated for the MHD A356 alloy on cooling, based on the
DSC heat flow data presented in Fig. 4.2.1(c).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Sample 4 Average
0.1 607.0 606.0 609.5 609.8 608.1
0.2 601.6 601.4 603.6 603.9 602.6
0.3 592.3 592.3 594.6 594.8 593.5
0.4 579.5 579.6 582.6 582.6 581.1
0.5 567.0 566.2 566.4 566.7 566.6
0.6 565.5 564.5 564.4 564.7 564.8
0.7 564.1 563.0 563.0 563.2 563.3
0.8 562.8 561.9 561.7 562.0 562.1
0.9 560.5 559.8 559.5 560.0 559.9
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Table 4.2.16: The fraction solid sensitivity for the MHD A356 alloy on cooling based on the

DSC heat flow data given in table 4.2.15.

Fraction solid

sensitivity Sample 1 Sample 2 Sample 3 Sample 4 Average

dr, 0.0136 0.0146 0.0134 0.0134 0.0137
dT 0.2

df% 0.0090 0.0092 0.0095 0.0094 0.0093
dT 0.3

df% 0.0079 0.0077 0.0071 0.0071 0.0074
dT 0.4

df% 0.0143 0.0132 0.0110 0.0112 0.0124
dT 0.5

df% 0.0690 0.0623 0.0588 0.0570 0.0618
dT 0.6

df% 0.0758 0.0766 0.0732 0.0735 0.0748
dT 0.7

df 0.0557 0.0629 0.0557 0.0625 0.0592
dT 0.8

Table 4.2.17: The fraction solid calculated for the NGM AISi7Mg alloy on heating, based on
the DSC specific heat data presented in Fig. 4.2.2(a).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Average
0.1 612.1 610.9 611.6 611.5
0.2 605.1 603.8 604.9 604.6
0.3 596.1 594.6 595.8 595.5
0.4 584.6 583.4 583.9 584.0
0.5 583.0 581.9 582.1 582.4
0.6 582.1 581.2 581.2 581.5
0.7 581.2 580.1 580.2 580.5
0.8 579.7 578.8 578.9 579.1
0.9 577.7 576.7 576.9 577.1

Table 4.2.18: The fraction solid sensitivity for the NGM AISi7Mg alloy on heating based on the
DSC specific heat data given in table 4.2.17.

Fraction solid

sensitivity Samplel Sample 2 Sample3 Average
df% 0.0125 0.0123 0.0127 0.0125
dT 0.2
df
S 0.0098 0.0098 0.0095 0.0097
dT 0.3
df
S 0.0153 0.0157 0.0147 0.0152
dT 0.4
df
S 0.08 0.0897 0.0735 0.0811
dT 0.5
df
S 0.1081 0.1099 0.1036 0.1072
dT 0.6
df
S 0.0826 0.0826 0.0897 0.0850
dT 0.7
df
S 0.0575 0.0588 0.0608 0.0590
dT 0.8
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Table 4.2.19: The fraction solid calculated for the NGM AlSi7Mg alloy on cooling, based on
the DSC specific heat data presented in Fig. 4.2.2(a).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Average
0.1 603.7 606.3 606.3 605.4
0.2 601.4 601.3 602.3 601.7
0.3 593.0 592.4 593.7 593.0
0.4 580.2 579.5 581.1 580.3
0.5 572.6 571.9 572.3 572.3
0.6 571.1 570.4 571.1 570.9
0.7 569.6 569.0 569.6 569.4
0.8 568.4 567.6 568.3 568.1
0.9 566.5 565.8 566.6 566.3

Table 4.2.20: The fraction solid sensitivity for the NGM AISi7Mg alloy on cooling, based on
the DSC specific heat data given in table 4.2.19.

Fraction solid

sensitivity Samplel Sample 2 Sample3 Average

df% 0.0186 0.0144 0.0159 0.0163
dT 02

d

S

0.0094 0.0092 0.0094 0.0093

d

S

0.0098 0.0097 0.0094 0.0096

d

S

0.0669 0.0687 0.0735 0.0697

d

S

0.0743 0.0714 0.0704 0.0721

d

S

NENENENENED

0.0645 0.0623 0.0669 0.0646

(

(),

("),

(d / )0_5 00220 0.0220 0.0201 00213
(),

(),
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Table 4.2.21: The fraction solid calculated for the COM AISi7Mg alloy on heating, based on
the DSC specific heat data presented in Fig. 4.2.2(b).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Sample 4 Average
0.1 612.3 612.1 612.3 612.2 612.2
0.2 605.3 605.1 605.2 605.1 605.2
0.3 596.3 595.9 596.1 596.4 596.2
0.4 583.6 583.2 582.8 583.8 583.4
0.5 578.5 579.2 578.2 577.8 578.4
0.6 577.5 578.4 577.1 576.7 577.4
0.7 576.2 577.0 575.8 575.6 576.2
0.8 574.4 575.1 574.1 573.8 574.4
0.9 571.6 572.2 571.7 571.4 571.8
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Table 4.2.22: The fraction solid sensitivity for the COM AISi7Mg alloy on heating, based on

the DSC specific heat data given in table 4.2.21.

Fraction solid

sensitivity Sample 1 Sample 2 Sample 3 Sample 4 Average

df 0.0125 0.0124 0.0124 0.0127 0.0125
dT 0.2

df% 0.0092 0.0091 0.0089 0.0094 0.0092
dT 0.3

df% 0.0113 0.0120 0.0112 0.0108 0.0113
dT 0.4

df% 0.0327 0.0413 0.0350 0.0283 0.0343
dT 0.5

df% 0.0866 0.0897 0.0855 0.0897 0.0879
dT 0.6

df% 0.0645 0.0623 0.0667 0.0687 0.0656
dT 0.7

df 0.0457 0.0420 0.0481 0.0481 0.0460
dT 0.8

Table 4.2.23: The fraction solid calculated for the COM AISi7Mg alloy on cooling, based on
the DSC specific heat data presented in Fig. 4.2.2(b).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Sample 4 Average
0.1 609.3 609.1 609.2 609.7 609.2
0.2 602.4 602.2 602.2 602.1 602.2
0.3 593.4 593.4 592.7 592.5 593.0
0.4 580.6 580.5 579.4 579.3 580.0
0.5 565.8 565.5 566.6 566.1 566.0
0.6 564.0 564.1 565.3 564.8 564.5
0.7 562.7 562.6 564.2 563.6 563.3
0.8 561.1 561.2 562.9 562.3 561.9
0.9 557.8 558.1 559.9 559.3 558.8

Table 4.2.24: The fraction solid sensitivity for the COM AISi7Mg alloy on cooling, based on

the DSC specific heat data given in table 4.2.23.

Fraction solid

sensitivity Sample 1 Sample 2 Sample 3 Sample 4 Average

df% 0.0126 0.0127 0.0121 0.0120 0.0124
dT 0.2

df% 0.0091 0.0092 0.0088 0.0088 0.0090
dT 0.3

df% 0.0072 0.0072 0.0077 0.0076 0.0074
dT 0.4

df% 0.0121 0.0122 0.0141 0.0137 0.0130
dT 0.5

df% 0.0645 0.0687 0.0826 0.0791 0.0737
dT 0.6

df% 0.0687 0.0687 0.0826 0.080 0.0750
dT 0.7

df% 0.0413 0.0444 0.0468 0.0460 0.0446
dT 0.8
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Table 4.2.25: The fraction solid calculated for the MHD A356 alloy on heating, based on the
DSC specific heat data presented in Fig. 4.2.2(c).

Temperature C

Fraction solid Sample 1 Sample 2 Sample 3 Sample 4 Average
0.1 611.5 611.2 613.3 613.2 612.3
0.2 604.2 604.0 606.4 606.4 605.3
0.3 594.9 594.8 597.7 597.6 596.3
0.4 582.0 581.5 585.4 585.2 583.5
0.5 579.7 578.8 578.8 578.8 579.0
0.6 578.8 577.8 577.9 577.9 578.1
0.7 577.7 576.6 576.8 576.6 576.9
0.8 575.9 574.8 575.1 575.1 575.2
0.9 573.4 572.3 572.7 572.9 572.8

Table 4.2.26: The fraction solid sensitivity for the MHD A356 alloy on heating, based on the
DSC specific heat data given in table 4.2.25.

Fraction solid

sensitivity Sample 1 Sample 2 Sample 3 Sample 4 Average

df 0.0121 0.0122 0.012837 0.0127 0.0125
dT 0.2

df% 0.0090 0.0089 0.009551 0.0094 0.0092
dT 0.3

df% 0.0132 0.0124 0.010582 0.0107 0.0117
dT 0.4

df% 0.0629 0.0545 0.026455 0.0271 0.0427
dT 0.5

df% 0.0980 0.0930 0.098039 0.0897 0.0947
dT 0.6

df% 0.0687 0.0662 0.071429 0.0714 0.0694
dT 0.7

df% 0.0468 0.0468 0.04902 0.0541 0.0492
dT 0.8

Table 4.2.27: The faction solid calculated for the MHD A356 alloy on cooling, based on the
DSC specific heat data presented in Fig. 4.2.2(c).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Sample 4 Average
0.1 606.9 606.1 609.5 609.8 608.1
0.2 601.6 601.2 603.5 603.6 602.5
0.3 592.2 591.5 594.7 594.6 593.3
0.4 579.2 578.3 582.2 582.6 580.6
0.5 567.0 566.0 566.3 566.6 566.5
0.6 565.5 564.4 564.3 564.5 564.7
0.7 564.1 563.0 562.9 563.3 563.4
0.8 562.9 561.8 561.6 562.0 562.1
0.9 560.6 559.7 559.3 559.8 559.8
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Table 4.2.28: The fraction solid sensitivity for the MHD A356 alloy on cooling, based on the
DSC specific heat data given in table 4.2.27.

Fraction solid

sensitivity Sample 1 Sample 2 Sample 3 Sample 4 Average

df 0.0136 0.0138 0.0136 0.0132 0.0135
dT 0.2

df% 0.0089 0.0087 0.0094 0.0095 0.0091
dT 0.3

df% 0.0079 0.0078 0.0070 0.0071 0.0075
dT 0.4

df% 0.0145 0.0144 0.0112 0.0110 0.0128
dT 0.5

df% 0.0687 0.0687 0.0588 0.0610 0.0643
dT 0.6

df% 0.0766 0.0769 0.0735 0.0800 0.0768
dT 0.7

dr, 0.0575 0.0593 0.0544 0.0570 0.0571
dT 0.8

Table 4.2.29: The fraction solid calculated for the NGM AISi7Mg alloy on heating, based on
the DSC enthalpy data presented in Fig. 4.2.3(a).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Average
0.1 612.0 611.4 612.1 611.8
0.2 605.3 604.9 605.4 605.2
0.3 596.4 596.4 597.0 596.6
0.4 585.0 584.7 585.0 584.9
0.5 583.2 582.2 582.3 582.6
0.6 582.3 581.3 581.5 581.7
0.7 581.3 580.3 580.3 580.6
0.8 579.8 578.8 579.0 579.2
0.9 577.9 576.9 577.0 577.3

Table 4.2.30: The fraction solid sensitivity for the NGM AISi7Mg alloy on heating, based on
the DSC enthalpy data given in table 4.2.29.

Fraction solid

sensitivity Samplel Sample 2 Sample3 Average
df% 0.0128 0.0133 0.0132 0.0131
dT 0.2
df
S 0.0099 0.0099 0.0098 0.0099
dT 0.3
df
S 0.0152 0.0141 0.0137 0.0143
dT 0.4
df
S 0.0735 0.0575 0.0570 0.0627
dT 0.5
df
S 0.1031 0.1020 0.0995 0.1015
dT 0.6
df
S 0.0791 0.0826 0.0826 0.0814
dT 0.7
df
S 0.0590 0.0593 0.0602 0.0595
dT 0.8
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Table 4.2.31: The fraction solid calculated for the NGM AlSi7Mg alloy on cooling based on the
DSC enthalpy data presented in Fig. 4.2.3(a).

Temperature C

Fraction solid Sample 1 Sample 2 Sample 3 Average
0.1 603.6 606.1 606.1 605.3
0.2 601.8 600.2 601.7 601.3
0.3 594.0 589.8 592.4 592.1
0.4 582.0 575.3 578.8 578.7
0.5 572.8 571.4 572.0 572.1
0.6 571.2 569.8 570.7 570.6
0.7 569.8 568.4 569.5 569.2
0.8 568.5 567.0 568.1 567.9
0.9 566.8 565.0 566.3 566.0

Table 4.2.32: The fraction solid sensitivity for the NGM AISi7Mg alloy on cooling based on the
DSC enthalpy data given in table 4.2.31.

Fraction solid

sensitivity Samplel Sample 2 Sample3 Average
df% 0.0207 0.0123 0.0146 0.0159
dT 0.2
df
S 0.0101 0.0080 0.0087 0.0089
dT 0.3
df
S 0.0095 0.0109 0.0098 0.0100
dT 0.4
df
S 0.0185 0.0368 0.0248 0.0267
dT 0.5
df
S 0.0662 0.0662 0.08 0.0708
dT 0.6
df
S 0.0735 0.0712 0.0766 0.0738
dT 0.7
df
S 0.0667 0.0588 0.0639 0.0631
dT 0.8

Table 4.2.33: The fraction solid calculated for the COM AlSi7Mg alloy on heating, based on
the DSC enthalpy data presented in Fig. 4.2.3(b).

Temperature C

Fraction solid Sample 1 Sample 2 Sample 3 Sample 4 Average
0.1 612.3 612.5 612.9 612.2 612.4
0.2 605.4 605.8 606.4 605.1 605.7
0.3 596.1 597.1 598.3 596.2 596.9
0.4 583.5 584.9 586.9 583.8 584.8
0.5 578.6 579.4 578.4 577.8 578.6
0.6 577.5 578.5 577.4 576.8 577.6
0.7 576.2 577.2 576.1 575.7 576.3
0.8 574.4 575.4 574.5 573.8 574.5
0.9 571.8 572.5 572.0 571.3 571.9
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Table 4.2.34: The fraction solid sensitivity for the COM AISi7Mg alloy on heating, based on

the DSC enthalpy data given in table 4.2.33.

Fraction solid

sensitivity Sample 1 Sample 2 Sample 3 Sample 4 Average

df 0.0124 0.0130 0.0137 0.0125 0.0129
dT 0.2

df% 0.0091 0.0096 0.0103 0.0094 0.0096
dT 0.3

df% 0.0114 0.0113 0.0100 0.0108 0.0109
dT 0.4

df% 0.0333 0.0313 0.0210 0.0287 0.0286
dT 0.5

df% 0.0826 0.0897 0.0893 0.0935 0.0888
dT 0.6

df% 0.0645 0.0641 0.0687 0.0667 0.0660
dT 0.7

df 0.0459 0.0420 0.0481 0.0459 0.0455
dT 0.8

Table 4.2.35: The fraction solid calculated for the COM AISi7Mg alloy on cooling, based on
the DSC enthalpy data presented in Fig. 4.2.3(b).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Sample 4 Average
0.1 609.7 608.8 608.7 609.0 609.0
0.2 603.8 601.7 600.8 601.4 601.9
0.3 595.7 592.0 590.1 591.4 592.3
0.4 584.6 578.0 574.9 577.5 578.8
0.5 567.7 565.3 566.2 565.8 566.2
0.6 564.4 563.7 565.0 564.6 564.4
0.7 563.0 562.3 563.9 563.5 563.2
0.8 561.5 560.8 562.5 562.2 561.7
0.9 559.1 557.4 559.0 559.7 558.8

Table 4.2.36: The fraction solid sensitivity for the COM AISi7Mg alloy on cooling, based on

the DSC enthalpy data given in table 4.2.35.

Fraction solid

sensitivity Sample 1 Sample 2 Sample 3 Sample 4 Average

df% 0.0142 0.0119 0.0108 0.0114 0.0105
dT 0.2

df% 0.0104 0.0084 0.0077 0.0084 0.0087
dT 0.3

df% 0.0072 0.0075 0.0084 0.0078 0.0133
dT 0.4

df% 0.0099 0.0140 0.0202 0.0155 0.0149
dT 0.5

df% 0.0420 0.0662 0.0897 0.0866 0.0711
dT 0.6

df% 0.0687 0.0687 0.0791 0.0816 0.0745
dT 0.7

df% 0.0514 0.0413 0.0404 0.0529 0.0465
dT 0.8
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Table 4.2.37: The fraction solid calculated for the MHD A356 alloy on heating, based on the
DSC enthalpy data presented in Fig. 4.2.3(c).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Sample 4 Average
0.1 611.9 611.3 613.4 613.2 612.5
0.2 605.2 604.3 606.7 606.7 605.7
0.3 596.6 595.2 598.3 598.0 597.0
0.4 584.6 582.3 586.3 585.5 584.7
0.5 579.9 578.9 578.9 579.0 579.2
0.6 579.1 577.9 578.1 578.0 578.3
0.7 578.0 576.7 576.8 576.7 577.0
0.8 576.1 574.8 575.1 575.2 575.3
0.9 573.6 572.4 572.9 572.9 573.0

Table 4.2.38: The fraction solid sensitivity for the MHD A356 alloy on heating, based on the
DSC enthalpy data given in table 4.2.37.

Fraction solid

sensitivity Sample 1 Sample 2 Sample 3 Sample 4 Average

df% 0.0131 0.0124 0.0132 0.0132 0.0130
dT 02

d

S

0.0097 0.0091 0.0098 0.0095 0.0095

d

S

0.0120 0.0123 0.0103 0.0105 0.0113

d

S

0.1020 0.0897 0.0943 0.0897 0.0939

d

S

0.06699 0.0662 0.0687 0.0714 0.0683

d

S

0.0460 0.0468 0.0514 0.0529 0.0493

SN ENENREN

(

(Var),

(V).

(d S )05 0.0368 0.0448 0.0243 0.0265 0.0331
(“Var),

(),

(),

Table 4.2.39: The faction solid calculated for the MHD A356 alloy on cooling, based on the
DSC enthalpy data presented in Fig. 4.2.3(c).

Temperature T

Fraction solid Sample 1 Sample 2 Sample 3 Sample 4 Average
0.1 606.8 606.0 609.7 609.8 608.0
0.2 600.6 600.7 604.1 603.8 602.3
0.3 590.6 591.2 595.2 594.9 593.0
0.4 575.9 577.8 583.3 582.7 579.9
0.5 566.5 565.8 566.6 566.6 566.4
0.6 565.2 564.3 564.4 564.6 564.6
0.7 563.8 562.9 562.9 563.2 563.2
0.8 562.6 561.7 561.5 562.0 561.9
0.9 560.4 559.3 559.5 559.9 559.8
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Table 4.2.40: The fraction solid sensitivity for the MHD A356 alloy on cooling based on the
DSC enthalpy data given in table 4.2.39.

Fraction
solid Sample 1 Sample 2 Sample 3 Sample 4 Average
sensitivity
df 0.0123 0.0136 0.0138 0.0135 0.0133
dT 0.2
df% 0.0081 0.0087 0.0096 0.0095 0.0090
dT 0.3
df% 0.0083 0.0079 0.0070 0.0070 0.0076
dT 0.4
df% 0.0186 0.0149 0.0106 0.0110 0.0138
dT 0.5
df% 0.0735 0.0687 0.0541 0.0602 0.0641
dT 0.6
df% 0.0766 0.0766 0.0687 0.0766 0.0747
dT 0.7
df% 0.0590 0.0545 0.0575 0.0608 0.0579
dT 0.8

Table 4.2.41: The fraction solid and temperature range based on a fraction solid sensitivity
criteria of 0.015, for the data shown in Figs. 4.2.4 to 4.2.5. (m.p. stands for melting point)

Data Alloy Fraction Solid Range Temperature Range ()
Type Heating Cooling Heating Cooling
DSC NGM AISi7Mg 0.390-0 0-450-0.217 585.3-m.p. 576.5-600.2
Heat COM AISi7Mg 0.409 -0 0.502 -0 583.1 —m.p. 566.5-m.p.
Flow MHD A356 0.411-0 0.506 -0 581.7 —m.p. 566 0—-m.p.
Specific  NGM AISi7Mg 0.400-0 0.447 —0.216 584.0—m.p. 576.5-600.4
Heat COM AISi7Mg 0.411-0 0.503-0 583.0—m.p. 566.4 —m.p.
MHD A356 0.417-0 0.505-0 582.5-m.p. 566.0 —m.p.
Enthalpy NGM AISi7Mg 0.402-0 0.431-0.210 584.9-m.p. 576-7—-600.1
COM AISi7Mg 0.418-0 0.501-0 583.7 —m.p. 566.3 -m.p.
MHD A356 0.424-0 0.503-0 583.3—-m.p. 566.2-m.p.

Table 4.2.42: The fraction solid and temperature range based on a fraction solid sensitivity
criteria of 0.03, for the data shown in Figs. 4.2.4 to 4.2.5. (m.p. stands for melting point)

Data Alloy Fraction Solid Range Temperature Range ()
Type Heating Cooling Heating Cooling
DSC Heat NGM AISi7Mg 0.421-0 0.519-0 583.6 —m.p. 572.0 —m.p.
Flow COM AISi7Mg 0.449-0 0.521-0 581.7 —m.p. 565.9 —m.p.
MHD A356 0.459 - 0 0.536 — 0 580.2 —m.p. 565.8 —m.p.
Specific NGM AISi7Mg 0.423-0 0.518-0 583.6 —m.p. 572.0 —m.p.
Heat COM AISi7Mg 0.459-0 0.528 -0 580.9 —m.p. 565.9 —m.p.
MHD A356 0.481 -0 0.534-0 579.3 —m.p. 565.6 —m.p.
Enthalpy = NGM AISi7Mg 0.434-0 0.509-0 584.2 —m.p. 572.0 —m.p.
COM AISi7Mg 0.488 -0 0.528 -0 580.0 - m.p. 565.8 —m.p.
MHD A356 0.503 -0 0.533-0 578.5—-m.p. 565.7 —m.p.
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Fig. 4.2.1: The fraction solid change with respect to temperature for (a) the NGM
AlSi7Mg alloy, (b) the COM AlSi7Mg alloy and (c) the MHD A356 alloy, as calculated

from the DSC heat flow data;

for sample 4.

shows data for sample 1,

Results - Fraction Solid & Fraction Solid Sensitivity

for sample

169



1.0 4 400
08 - i 402
P .
- -+
% e . Heating {04 g
0 Cooling <)
g . c
T 04+ e 408 €
w
0.2 4 Vil 408
(a) |
0.0+ : di1o
T . T T ' T T v T
540 560 580 600 620 640
Temperature (°C)
104 - 400
08 J02
- -
2 06 ’ Joa &
4 s 5 &
- 74 E
E / Heating g
- i Cooling ~ g o g |
i o, .
W5
0.24 B 408
\Y
(b) oo e e
T T T T T T
540 560 580 600 620 640
Temperature (°C)
7. [ S — 400
1
08 do2
| _
% 06+ 4 ':_ 404 3.
< = Heating g
o i e 4 3 [
T 044 G dos &
@ P £
E 4 -“I.‘; " (<%
024 £ los
1 a
0.0+ R 410
(C) T T T T T L
540 560 580 600 620 640

Temperature (°C)

Fig. 4.2.2: The fraction solid change with respect to temperature for (a) the NGM
AlSi7Mg alloy, (b) the COM AlSi7Mg alloy and (c) the MHD A356 alloy, as calculated

from the DSC specific heat data; ... shows datafor sample 1, _______ for sample 2,
--------- forsample3and —..—..— for sample 4.
Chapter 4 Results - Fraction Solid & Fraction Solid Sensitivity 170



10 400
084 : 402
1
E 08 404 ;:J
o Q
w . ] =
= Heating 2
B 044 Cooling : 08 L
s M, =
w 1 =4
024 ) 408
4
a :
@ . -
T 4 T - T T T T
540 560 580 600 620 540
Temperature (°C)
104 s —400
08 ' 402
= ' 3
= 06 ; ~04 8
S / t y Heating ) ]
=] o 2l r
T 044 . g 406 &
& Cooling g - |
™ =%
024 3 408
(b) 0.0+ P TR 410
T 4 T v T T T o T v T
540 560 580 600 620 640
Temperature (“C)
L e — 400
08+ 402
I: mn
§ ! T
T 06 ‘ ! \ 404 3
- ! i i |
= Cooling . & PG -
[=] w!
= 044 406 5
=] Ty 18 &
- N B
w . 2
024 : 408
00 410
(c)
T v T T - T v T ” T
540 560 580 800 620 640

Temperature (°C)

Fig. 4.2.3: The fraction solid change with respect to temperature for (a) the NGM
AlSi7Mg alloy, (b) the COM AlSi7Mg alloy and (c) the MHD A356 alloy, as calculated
from the DSC enthalpy data; shows data for sample 1, for sample 2,
for sample 3 and _ for sample 4.

Chapter 4 Results - Fraction Solid & Fraction Solid Sensitivity 171



Chapter 4

s

Fraction solid sensitivity (df_ /dT)

s

Fraction solid sensitivity (df /dT)

s

Fraction solid sensitivity (df /dT)

Fig. 4.2.4 : Graphical plots showing the fraction solid sensitivity value vs. the fraction
solid for the NGM AISi7Mg, COM AlSi7Mg and MHD AISi7Mg alloys, calculated
on the basis of the DSC (@) heat flow, (b) specific heat and (c) enthalpy data. The
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4.3. EFFECT OF PROCESSING PARAMETERS

In this section the effect of processing paramesersh as pouring temperature,
inclination angle and melt-plate contact time hasrbdiscussed.

4.3.1 Introduction

4.3.1.1 Microstructure Characteristics and theiaMgement

The samples obtained by semi-solid processing usiagcooling slope technique,
were cut, ground and polished and anodized acaptdinhe procedure mentioned in
Section 3.7. The microstructure was investigataagusptical microscopy with cross-
polarized light and Lamda\) filter as described in Section 3.8. Images weaile
and analysed using software as detailed in Se8t®n

The characteristic features such as: grain sizeularity and aspect ratio were
measured according to the assumptions and fornnodgtioned in Section 2.5.2.

4.3.1.2 Data Distribution and Analysis

A minimum of 50 grains were observed from an aastatistical analysis. It was

found that the smallest and the largest grains @ contained within this size of
data set. Also when the data was sorted, sequgntiateasing, it was found that the
trend was not consistent and varied from samplsataple. In Fig. 4.3.1, it can be
seen that the distribution of the data is signifiba different for each sample.

Similarly the frequency of grains was also differéar each sample (Fig. 4.3.2). From
the Fig. 4.3.2 it can be observed that the datéagmed a small number of grains with
very high grain size at any sample position. Talangaverage of this data, includes
these grains, can dramatically influence the traleies of the data. To avoid this, the
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median of the data was calculated, which repreg@etsnaximum population of the

data.

It was also observed that grain circularity valus®ained approximately constant for
most of the data, but increased for the grainsrpeai larger grain size as shown in
Fig. 4.3.3. Similarly the difference between thexmam and minimum Feret

diameter values remained approximately the saméh®smajority of smaller grains

(see Fig. 4.3.4). Although this value increasedhveih increase in grain size as it
should, the variation in the data also increasechiree of these larger grains. The
elongation value also changed markedly for graiiie an abnormally large size as
shown in Fig. 4.3.4. Analysis of the statisticadtdbution for the given size supports

the use of a median as the representative valubdatata set.

The effect of processing parameters such as poteimperature, contact time and
inclination angle on the grain characteristics saskgrain size, grain circularity and
grain elongation were analysed and reported infadhewing sections. In semi-solid

processing a material exhibiting the smallest gs@e, highest grain circularity and
smallest grain elongation shows better thixotropioperties. The highest grain
circularity obtainable is “1” which represents arguete circle and the smallest grain

elongation is also “1” which represents a compyesejuiaxed grain.

4.3.2 Effect of Pouring Temperature

The effect of pouring temperature was assessed redipect to different melt-plate

contact times and inclination angles.

4.3.2.1 Constant Contact Time

The data for the effect of pouring temperature specific contact time for different
inclination angles for grain size is given in Tale3.1, for grain circularity in
Table 4.3.2 and for grain elongation in Table 4.3.3
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Grain Size

Contact Time 0of 0.04 s

At a contact time of 0.04 s, results showed noewe of a clear trend with a change
in pouring temperature from 689 °C to 640 °C (seél& 4.3.1). At the highest and
lowest pouring temperatures, 680 °C and 640 °C,gt@n size decreased from
161 um to 147um at an inclination angle of 40° and from 1®h to 98um at an
inclination angle of 60°. The smallest grain si®sué was observed at an inclination
angle of 40° angle for a pouring temperature of 860

Contact Time 0of 0.09 s

At a contact time of 0.09 s, the grain size incegaom 136um to 146um at an
inclination angle of 20° and from 8u#n to 148um at an inclination angle of 40° with
a decrease in pouring temperature from 680 °C @4 (see Table 4.3.1). At the
highest and the lowest pouring temperatures, 68ari@ 640 °C, the grain size
increased from 8m to 148um at an inclination angle of 40° and from 1,0 to
115um at an inclination angle of 60°. The smallestysaize 87um was observed at
inclination angle of 40° for a pouring temperatafé&80 °C.

Contact Time 0f 0.13 s

At a contact time of 0.13 s, the grain size incedaBom 124um to 159um at an
inclination angle of 20° and from Qimn to 105um at an inclination angle of 60° with
a decrease in pouring temperature from 680 °C ® &2 (see Table 4.3.1). The
smallest grain sizes 9m, 91 um and 105um were observed at pouring
temperatures of 680 °C, 660 °C and 640 °C, respdygfiat an inclination angle of
60°. At the highest and lowest pouring temperatG8f°C and 640 °C, the grain size
increased from 8dm to 145um at an inclination angle of 40° from @in to 105um

at an inclination angle of 60°. The minimum graires87 um was observed at an
inclination angle of 40° for a pouring temperatafé&80 °C.

Grain Circularity

Contact Time 0of 0.04 s

At a contact time of 0.04 s, the grain circularitid not exhibit any trend with a
decrease in pouring temperature at any inclinadiogle (see Table 4.3.2). However,
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at the highest and lowest pouring temperatures, €80and 640 °C, the grain
circularity decreased from 0.67 to 0.58 at an iration angle of 20° and from 0.66 to
0.64 at an inclination angle of 40° but increaseanf0.61 to 0.77 at an inclination
angle of 60°. The maximum grain circularity 0.64svedbtained at an inclination angle

of 60° for a pouring temperature of 660°C.

Contact Time of 0.09 s

At a contact time of 0.09 s, the grain circularitgcreased from 0.86 to 0.65 at an
inclination angle of 40°, and from 0.81 to 0.60aat inclination angle of 60°, and
increased from 0.62 to 0.63 at an inclination arafl@0° with a decrease in pouring
temperature from 680 °C to 640°C (see Table 4.3.8¢. maximum grain circularity

0.86 was obtained at an inclination angle of 40°afpouring temperature of 680 °C.

Contact Time 0f 0.13 s

At a contact time of 0.13 s, the grain circularitgcreased from 0.79 to 0.59 at an
inclination angle of 20° and from 0.86 to 0.71 atiaclination angle of 60° with a

decrease in pouring temperature from 680 °C to “®l(Qsee Table 4.3.2). The grain
circularity values were the highest at an inclioatangle of 60° for each pouring
temperature. The maximum grain circularity 0.86 whtined at an inclination angle

of 60° for a pouring temperature of 680 °C.

Grain Elongation

Contact Time 0of 0.04 s

At a contact time of 0.04 s, the grain elongati@erdased from 1.11 to 1.05 at an
inclination angle of 20°, from 1.08 to 1.07 at aclination angle of 40° and from

1.12 to 1.08 at an inclination angle of 60° witldecrease in pouring temperature
from 680 °C to 640 °C (see Table 4.3.3). The mimmgrain elongation 1.05 was

obtained at an inclination angle of 20° for a pngriemperature of 640 °C.

Contact Time of 0.09 s

At a contact time of 0.09 s, the grain elongatinareased from 1.06 to 1.11 at an
inclination angle of 40° with a decrease in poutiagperature from 680 °C to 640 °C
(see Table 4.3.3). At the highest and lowest pguemperatures, 680 °C and 640 °C,
the grain elongation increased from 1.06 to 1.1amainclination angle of 40° and
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from 1.07 to 1.08 at an inclination angle of 60ReTminimum grain elongation value
1.05 was obtained at an inclination angle of 40°af@ouring temperature of 660 °C.

Contact Time 0of 0.13 s
At a contact time of 0.13 s, the grain elongatiash ribt exhibit a clear trend with a

decrease in pouring temperature. At the highest lam&st pouring temperatures,
680 °C and 640 °C, the grain elongation decreasad 1.10 to 1.08 at an inclination
angle of 20° and from 1.05 to 1.04 at an inclinatangle of 40° (see Table 4.3.3).
The minimum grain elongation 1.04 was obtainednainalination angle of 40° for a

pouring temperature of 640 °C.

4.3.2.2 Constant Inclination Angle

The data for the effect of pouring temperature apacific inclination angle for
different contact times for grain size is givenTiable 4.3.4, for grain circularity in
Table 4.3.5 and for grain elongation in Table 4.3.6

Grain Size

Inclination Angle of 20°

At an inclination angle of 20°, the grain size @sed from 13@Gm to 146um for a
contact time of 0.09 s and 12dn to 159um for a contact time of 0.13 s with a
decrease in pouring temperature from 680 °C to @3(see Table 4.3.4). At the
highest and lowest pouring temperatures, 680 °C6d0d°C, the grain size increased
from 145um to 166um at a contact time of 0.04 s, from 1861 to 146um at a
contact time of 0.09 s and from 124n to 159um for a contact time of 0.13 s,
respectively. The grain size also decreased frob v to 124um at a pouring
temperature of 680 °C with an increase in contiace trom 0.04 s to 0.13 s. The
minimum grain size of 11{im was observed at a contact time of 0.04 s foruaipg

temperature of 660 °C.

Inclination Angle of 40°

At an inclination angle of 40°, the grain size @sed from 87um to 148um for a
contact time of 0.09 s with a decrease in pouramyerature (see Table 4.3.4). At the
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highest and lowest pouring temperatures, 680 °C6d0d°C, the grain size increased
from 87 um to 148um at a contact time of 0.04 s and from 8% to 145um at a
contact time of 0.09 s, respectively. The graire siecreased from 16im to 87um

at a pouring temperature of 680 °C and increasad 89um to 147um at a pouring
temperature of 660 °C with increase in contact tifmeen 0.04s to 0.13 s. The
minimum grain size of 8@m was observed at contact times of 0.09 s and9f@Ba
pouring temperature of 680 °C.

Inclination Angle of 60°

At an inclination angle of 60°, the grain size m&sed from 9Lum to 105um for
0.13 s contact time with a decrease in pouring esatpre from 680 °C to 640 °C
(see Table 4.3.4). At the highest and lowest pguemperatures, 680 °C and 640 °C,
grain size decreased from 18in to 98 um for a contact time of 0.04 s, while it
increased from 100m to 115um for a contact time of 0.09 s and from @t to 105
um for a contact time of 0.13 s. The grain size dased from 18im to 91um at a
pouring temperature of 680 °C with an increaseointact time from 0.04 s to 0.13 s.
The grain size remained nearly constant, 93 (91 for a pouring temperature of
660 °C with an increase in contact time. The mimmgrain size of 9lum was
observed at a contact time of 0.13 s at a poudngperature of 680 °C and 660 °C.

Grain Circularity

Inclination Angle of 20°

At an inclination angle of 20°, the grain circutgrdecreased from 0.79 to 0.59 for a
contact time of 0.13 s and remained approximatelgstant to about 0.62 for a
contact time of 0.09 s with a decrease in pourarggerature from 680 °C to 640 °C
(see Table 4.3.5). At the highest and lowest pguemperatures, 680 °C and 640 °C,
the grain circularity decreased from 0.67 to 0.&8d contact time of 0.04 s and from
0.79 to 0.59 for a contact time of 0.13 s at pauriemperatures 680 °C and of
640 °C, respectively. The highest grain circulargue of 0.79 was obtained for a
contact time of 0.13 s at a pouring temperatur@sgrf °C.

Inclination Angle of 40°

At an inclination angle of 40°, the grain circutgrdecreased from 0.86 to 0.65 for a
contact time of 0.09 s with a decrease in pourergperature from 680°C to 640 °C
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(see Table 4.3.5). The grain circularity at thehkigt and lowest pouring temperatures,
680 °C and 640 °C, decreased from 0.66 to 0.64foontact time of 0.04 s, from
0.86 to 0.65 for a contact time of 0.09 s and fi@B82 to 0.62 for a contact time of
0.13 s at pouring temperatures of 680 °C and 640ré§pectively. The maximum
grain circularity value of 0.86 was obtained focantact time of 0.09 s at a pouring
temperature of 660 °C.

Inclination Angle of 60°

At an inclination angle of 60°, the grain circutgrdecreased from 0.82 to 0.60 for a
contact time of 0.09 s and from 0.86 to 0.71 focoatact time of 0.13 s with a
decrease in pouring temperature from 680 °C to 840(see Table 4.3.5). The
maximum grain circularity value of 0.86 was obtairier a contact time of 0.13 s at a
pouring temperature of 680 °C.

Grain Elongation

Inclination Angle of 20°

At an inclination angle of 20°, the grain elongatiecreased from 1.11 to 1.05 for a
contact time of 0.04 s with a decrease in pourargderature from 680 °C to 640 °C
(see Table 4.3.6). At the highest and lowest pguiemperature, 680 °C and 640 °C,
the grain elongation decreased from 1.11 to 1.0%foontact time of 0.04 s, from
1.11 to 1.08 for a contact time of 0.09 s and frbdD to 1.08 for a contact time of
0.13 s at pouring temperatures of 680 °C and 640ré€pectively. The minimum
grain elongation of 1.05 was obtained for a contame of 0.04 s of at a pouring
temperature of 640 °C.

Inclination Angle of 40°

At an inclination angle of 40°, the grain elongatitecreased from 1.08 to 1.07 for a
contact time of 0.04 s and from 1.06 to 1.11 focoamtact time of 0.09 s with a
decrease in pouring temperature from 680 °C to @3(see Table 4.3.6). At the
highest and lowest pouring temperatures, 680 °C &t °C, the grain elongation
decreased from 1.05 to 1.04 for a contact time .4830s. The minimum grain
elongation value of 1.04 was obtained for a contane of 0.13 s at a pouring
temperature of 640 °C.
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Inclination Angle of 60°

At an inclination angle of 60°, the grain elongatitecreased from 1.12 to 1.08 for a
contact time of 0.04 s with a decrease in pourarggerature from 680 °C to 640 °C
(see Table 4.3.6). At the highest and lowest pguemperatures, 680 °C and 640 °C,
the grain elongation value increased from 1.07.68 for a contact time of 0.09 s and
from 1.05 to 1.07 for a contact time of 0.13 s @tifing temperatures of 680 °C and
640 °C, respectively. The minimum grain elongatraiue of 1.05 was obtained for a

contact time of 0.13 s at a pouring temperatur@sgorf °C.

4.3.3 Effect of Contact Time

The effect of contact time on the grain size, grancularity and grain elongation
values has been assessed at different pouring tetupes and contact times.

4.3.3.1 Constant Pouring Temperature

The data for the effect of contact time at a speg@buring temperature for different
inclination angles for grain size is given in Talle3.7, for grain circularity in
Table 4.3.8 and for grain elongation in Table 4.3.9

Grain Size

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C, the grain siegereased from 14&om to 124um

at an inclination angle of 20°, 16dn to 87um at an inclination angle of 40° and 181
um to 91um at an inclination angle of 60° with an increaseontact time from 0.04
s to 0.13 s (see Table 4.3.7). The minimum graie sif 87um was observed at an
inclination angle of 40° for contact times of 098nd 0.13 s.
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Pouring Temperature of 660 °C

At a pouring temperature of 660 °C, the grain siweeased from 8@m to 147um at

an inclination angle of 40°, but decreased fronu88to 91um at an inclination angle
of 60° with an increase in contact time from 0.0t .13 s (see Table 4.3.7). The
grain size remained approximately unchanged at gn®and 93um at an inclination
angle of 60° with an increase in contact time. g lbwest and highest contact times,
0.04 s and 0.13 s, the grain size increased frobubito 137um for an inclination
angle of 20° and from 8@m to 147um for an inclination angle of 40°, respectively.
The minimum grain size of 8@m was obtained at an inclination angle of 40° for a

contact time of 0.04 s.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C, the minimumirgrsize was observed for an
inclination angle of 60° at each contact time (Seble 4.3.7). At the lowest and
highest contact times, 0.04 s and 0.13 s, the griam decreased from 166n to
159 um for an inclination angle of 20° and 14 to 145um for an inclination angle
of 40°, respectively. The minimum grain size of @8 was observed at an inclination

angle of 60° for a contact time of 0.04 s.

Grain Circularity

Pouring Temperature of 680 °C

At a pouring temperature 680 °C, the grain ciratifancreased from 0.61 to 0.86 for
an inclination angle of 60° with increase in cohtaoe from 0.04 to 0.13 s (see Table
4.3.8). At the lowest and highest contact time84& and 0.13 s, the grain circularity
increased from 0.67 to 0.79 for an inclination angt 20°, from 0.66 to 0.82 for an
inclination angle of 40° and 0.61 to 0.86 for awlimation angle of 60° with an

increase in contact time. The maximum grain cingiylaof 0.86 was obtained at an
inclination angle of 40° for a contact time of 0.9€@nd at an inclination angle of 60°

for a contact time of 0.13 s.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C, the grain dadty decreased from 0.83 to 0.61
at an inclination angle of 40° with an increasecamtact time from 0.04 s to 0.13 s
(see Table 4.3.8). The grain circularity was thesiimam at an inclination angle of
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60° for each contact time. At the lowest and higlvesitact time, 0.04 s and 0.13 s,
the grain circularity decreased from 0.76 to 0.6&rainclination angle of 20°, from

0.83 to 0.61 at an inclination angle of 40° andrfr6.84 to 0.79 at an inclination

angle of 60°, respectively. The grain circularitgsmhe maximum for a contact time
of 0.04 s at each inclination angle. The maximuaargcircularity value of 0.84 was

obtained at an inclination angle of 60° for a cohtame of 0.04 s.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C, the grain dadty decreased at the maximum
and minimum contact time, 0.04 s and 0.13 s, frod @o 0.62 at an inclination angle
of 40° and from 0.77 to 0.71 at an inclination @&ngdf 60°, respectively
(see Table 4.3.8). The maximum grain circularityjugaof 0.77 was obtained at an
iclination angle of 60° for a contact time of 094

Grain Elongation

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C, the grain ety decreased from 1.11 to 1.10
at an inclination angle of 20°, from 1.8 to 1.0%atinclination angle of 40° and from
1.12 to 1.05 at an inclination angle of 60° withiaerease in contact time from 0.04 s
to 0.13 s (see Table 4.3.9). The grain elongataunes for an inclination angle of 40°
were the minimum for each contact time. The minimgirain elongation value of

1.05 was obtained at inclination angles of 40° @@tfor a contact time of 0.13 s.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C, the grain e increased from 1.08 to 1.14
at an inclination angle of 40° with an increasecamtact time from 0.04 s to 0.13 s
(see Table 4.3.9). At the lowest and highest conii@es, 0.04 s and 0.13 s, the grain
elongation increased from 1.08 to 1.11 at an iatiom angle of 20°, from 1.08 to
1.14 at an inclination angle of 40° and from 1.88.110 at an inclination angle of 60°.
The minimum grain elongation value of 1.06 was mietéh at an inclination angle of

60° for a contact time of 0.09 s.
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Pouring Temperature of 640 °C

At a pouring temperature of 640 °C, the grain e increased from 1.05 to 1.08
at an inclination angle of 20°, but decreased fio@8 to 1.07 at an inclination angle
of 60° with an increase in contact time from 0.0 .13 s (see Table 4.3.9). The
lowest grain elongation value of 1.04 was obtaiatdn inclination angle of 40° for a
contact time of 0.13 s.

4.3.3.2 Constant Inclination Angle

The data for the effect of contact time at a spedifclination angle for different
pouring temperatures for grain size is given inl&ah3.10, for grain circularity in
Table 4.3.11 and for grain elongation in Table ¥#23.

Grain Size

Inclination Angle of 20°

At an inclination angle of 20°, the grain size dssed from 145m to 124um at a
pouring temperature of 680 °C with an increaseointact time from 0.04 s to 0.13 s
(see Table 4.3.10). At the lowest and highest abrtiemes, 0.04 s and 0.13 s, the
grain size decreased from 14 to 124um for a pouring temperature of 680 °C and
from166 um to 159um for a pouring temperature of 640 °C, respectivdlijie
minimum grain size of 11im was obtained at 660 °C for a contact time of £.04

Inclination Angle of 40°

At an inclination angle of 40°, the grain size asged from 164m to 87um for a
pouring temperature of 680 °C and from 14 to 145um for a pouring temperature
of 640 °C but increased from §8n to 147um for a pouring temperature of 660 °C
with an increase in contact time from 0.04 s to30sl (see Table 4.3.10). The
minimum grain size of 8fum was obtained for a pouring temperature of 68GafC
contact times of 0.09 s and 0.13 s.

Inclination Angle of 60°

At an inclination angle of 60°, the grain size agsged from 184m to 91um for a
pouring temperature of 680 °C and @/ to 91 um for a pouring temperature of
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660 °C with an increase in contact time from 0.G4 6.13 s (see Table 4.3.10). The
minimum grain size of 9um was obtained at a contact time of 0.13 s for pgur
temperatures of 680 °C and 660 °C. The smallesnh gg@ge was obtained for a

pouring temperature of 660 °C for each contact.time

Grain Circularity

Inclination Angle of 20°

At an inclination angle of 20°, the grain circutgrdecreased from 0.76 to 0.65 for a
pouring temperature of 660 °C with an increaseointact time from 0.04 s to 0.13 s
(see Table 4.3.11). At the lowest and highest abrtiemes, 0.04 s and 0.13 s, the
grain circularity increased from 0.67 to 0.79 fop@uring temperature of 680 °C and
0.58 to 0.59 for a pouring temperature of 640 °Ge Thaximum grain circularity
value of 0.79 was obtained at a pouring temperatti@0 °C for a contact time of
0.13 s.

Inclination Angle of 40°

At an inclination angle of 40°, the grain circutgrdecreased from 0.83 to 0.61 for a
pouring temperature of 660 °C with an increaseointact time from 0.04 s to 0.13 s
(see Table 4.3.11). At the lowest and highest @britae, 0.04 and 0.13 s, the grain
circularity decreased from 0.83 to 0.61 at a pgutemperature of 660 °C and from
0.64 to 0.62 at a pouring temperature of 640 °@ Maximum grain circularity value
of 0.86 was obtained at a pouring temperature 6f°€8for a contact time of 0.09 s.

Inclination Angle of 60°

At an inclination angle of 60°, the grain circutgrincreased from 0.61 to 0.86 for a
pouring temperature of 680 °C with an increaseointact time from 0.04 s to 0.13 s
(see Table 4.3.11). At the lowest and highest abrtiemes, 0.04 s and 0.13 s, the
grain circularity decreased from 0.84 to 0.79 fquoauring temperature of 660 °C and
from 0.77 to 0.71 for a pouring temperature of 640 The maximum grain
circularity value of 0.86 was obtained at a poutiegpperature of 680 °C for a contact
time of 0.13 s.
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Grain Elongation

Inclination Angle of 20°

At an inclination angle of 20°, the grain elongatidecreased from 1.11 to 1.10 at a
pouring temperature of 680 °C, but increased fro®51to 1.08 at a pouring
temperature of 640 °C with an increase in conteee tfrom 0.04 s to 0.13 s (see
Table 4.3.12). At the lowest and highest contane$, 0.04 s and 0.13 s, the grain
elongation increased from 1.08 to 1.11 at a pour@mgperature of 660 °C and from
1.05 to 1.08 at a pouring temperature of 640 °@ Mmimum grain elongation value
of 1.05 was obtained at a pouring temperature 6f°€4for a contact time of 0.04 s.

Inclination Angle of 40°

At an inclination angle of 40°, the grain elongatiecreased from 1.08 to 1.05 for a
pouring temperature of 680 °C, while it increasemhf 1.08 to 1.14 at a pouring

temperature of 660 °C with an increase in contemee tfrom 0.04 s to 0.13 s (see
Table 4.3.12). The minimum grain elongation valfié.04 was obtained at a pouring

temperature of 640 °C for a contact time of 0.13 s.

Inclination Angle of 60°

At an inclination angle of 60°, the grain elongatiecreased from 1.12 to 1.05 for a
pouring temperature of 680 °C and from 1.08 to Xd¥7a pouring temperature of

640 °C with an increase in contact time from 0.G4 6.13 s (see Table 4.3.12). The
minimum grain elongation value of 1.05 was obtaiaed pouring temperature of 680

°C for a contact time of 0.13 s.

4.3.4 Effect of Inclination Angle

The effect of inclination angle on grain charast#cs such as grain size, grain
circularity and grain elongation was assessed ifterdnt contact times and pouring

temperatures.
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4.3.4.1 Constant Contact Time

The data for the effect of inclination angle atpedfic contact time for different
pouring temperatures for grain size is given inl&ah3.13, for grain circularity in
Table 4.3.14 and for grain elongation in Table ¥63.

Grain Size

Contact Time 0of 0.04 s

At a contact time of 0.04 s, the grain size incedlaBom 145um to 181um for a
pouring temperature of 680 °C and decreased froénubé to 98um for a pouring
temperature of 640 °C with an increase in inclomatiangle from 20° to 60°
(see Table 4.3.13). The grain size was the minifam®60 °C for each inclination
angle at this contact time. The minimum grain 289 um was obtained for a

pouring temperature of 660 °C at an inclinationlargj 40°.

Contact Time of 0.09 s

At a contact time of 0.09 s, the grain size de@dasom 140um to 93um for a
pouring temperature of 660 °C with an increasenaiination angle from 20° to 60°
(see Table 4.3.13). At the lowest and highestmation angles, 20° and 60°, the grain
size decreased from 136n to 100um for a pouring temperature of 680 °C, from
140um to 93um for a pouring temperature of 660 °C and from jA6to 115um for

a pouring temperature of 640 °C. The minimum gse of 87um was obtained for
a pouring temperature of 680 °C at an inclinatingle of 40°.

Contact Time 0f 0.13 s

At a contact time of 0.13 s, the grain size de@ddsom 159um to 105um for a
pouring temperature of 640 °C with an increasenaiination angle from 20° to 60°
(see Table 4.3.13). The grain size was found toabminimum for a pouring
temperature of 680 °C for each inclination anglbee Grain size was found to be
91 um both for pouring temperature of 680 °C and 66(at@n inclination angle of
60°. The minimum grain size of 8/m was found for a pouring temperature of

680 °C at an inclination angle of 40°.
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Grain Circularity

Contact Time 0of 0.04 s

At a contact time of 0.04 s, the grain circulantgcreased from 0.67 to 0.61 for a
pouring temperature of 680 °C and increased froif6 o 0.84 for a pouring
temperature of 660 °C and from 0.58 to 0.77 fooarjmg temperature of 640 °C with
an increase in inclination angle from 20° to 60ée(sTable 4.3.14). The grain
circularity was the highest for a pouring temperataf 660 °C for each inclination
angle. The highest grain circularity of 0.84 wasatied for a pouring temperature of
660 °C at an inclination angle of 60°.

Contact Time 0of 0.09 s

At a contact time of 0.09 s, the grain circularibgreased from 0.62 to 0.76 for a
pouring temperature of 660 °C with an increasenaiination angle from 20° to 60°
(see Table 4.3.14). At the lowest and highestmation angles, 20° and 60°, the grain
circularity increased from 0.62 to 0.81 for a pagritemperature of 680 °C and from
0.62 to 0.76 for a pouring temperature of 660 °Ge Thaximum grain circularity
value of 0.86 was obtained at an inclination amgflé0° for a pouring temperature of
680 °C.

Contact Time 0f 0.13 s

At a contact time of 0.13 s, the grain circularitgreased from 0.79 to 0.85 for a
pouring temperature of 680 °C and from 0.59 to (Gofla pouring temperature of
640 °C with an increase in inclination angle fro@t o 60° (see Table 4.3.14). At the
lowest and highest inclination angles, 20° and @B&, grain circularity increased
from 0.65 to 0.79 for a pouring temperature of 660 The grain circularity values for
a pouring temperature of 680 °C were higher forheawlination angle. The

maximum grain circularity value of 0.86 was obtairfer a pouring temperature of
680 °C at an inclination of 60°.

Grain Elongation

Contact Time 0of 0.04 s

At a contact time of 0.0.4 s, the grain elongatiocreased from 1.05 to 1.08 at a
pouring temperature of 680 °C and remained appratdiy 1.08 for a pouring
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temperature of 660 °C with an increase in inclmaingle from 20° to 60° (see Table
4.3.15). The lowest grain elongation value of 1Was obtained for a pouring

temperature of 640 °C at an inclination of 20°.

Contact Time of 0.09 s

At a contact time of 0.09 s, the grain elongati@ugs at the lowest and highest
inclination angles, 20° and 60°, decrease from 1011.07 at a pouring temperature
of 680 °C, from 1.07 to 1.06 at a pouring tempartf 660 °C and from reamin 1.08
at a pouring temperature of 640 °C (see Table 8)3Tlhe minimum grain elongation

value of 1.06 was obtained for a pouring tempeeatdr680 °C at an inclination angle
of 40°.

Contact Time 0f 0.13 s

At a contact time of 0.13 s, the grain elongati@crdased from 1.10 to 1.05 for a
pouring temperature of 680 °C with an increasenglination from 20° to 60° (see
Table 4.3.15). At the lowest and highest inclinasio 20° and 60°, the grain
elongation decreased from 1.10 to 1.05 for 680°Qripg temperature, from 1.11 to
1.10 for a pouring temperature of 660 °C and frofd81lto 1.07 at a pouring
temperature of 640 °C. The minimum grain elongatialue of 1.04 was obtained for

a pouring temperature of 640 °C at an inclinatidAQ@s.

4.3.4.2 Constant Pouring Temperature

The data for the effect of inclination angle atpedfic pouring temperature for
different contact times for grain size is givenTiable 4.3.16, for grain circularity in
Table 4.3.17 and for grain elongation in Table ¥83.

Grain Size

Pouring temperature of 680 °C

At a pouring temperature of 680 °C, the grain simeeased from 14hm to 181um

at a contact time of 0.04 s with an increase irination angle from 20° to 60°

(see Table 4.3.16). The grain size was the mininffama contact time of 0.13 s for
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each inclination angle. The grain size decreaseth fi45 um to 124 um at an
inclination angle of 20° and 18im to 91um at an inclination angle of 60° with an
increase in contact time from 0.04 to 0.13 s. At kbwest and highest inclination
angles, 20° and 60°, the grain size decreased #®num to 100um for a contact
time of 0.09 s and 12gm to 91um for a contact time of 0.13 s, respectively. The
minimum grain size of 8m was obtained at an inclination angle of 40° fontact
times 0of 0.09 s and 0.13 s.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C, the grain sieereased from 140m to 93um
for a contact time of 0.09 s with an increase tlifation angle from 20° to 60° (see
Table 4.3.16). The grain size was the minimum fe@oatact time of 0.04 s for each
inclination angle. The grain size was coarser ahalnation angle of 20° than those
at an inclination angle of 60° for each contacetifihe minimum grain size of 6n
was obtained at an inclination angle of 40° fooatact time of 0.04 s.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C, the grain sieereased from 166m to 98um
for a contact time of 0.04 s, from 1461 to 115um for a contact time of 0.09 s and
from 159 um to 105um for a contact time of 0.13 s with an increaséngiination
angle from 20° to 60° (see Table 4.3.16). The mimmmgrain size of 9&m was
obtained for a contact time of 0.04 s at an intiortaangle of 60°.

Grain Circularity

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C, the grain dadty decreased from 0.67 to 0.61
for a contact time of 0.04 s and increased from® ®70.86 for a contact time of 0.13
s with an increase in inclination angle from 20°6@° (see Table 4.3.17). At the
lowest and highest inclination angles, 20° and @B&, grain circularity increased
from 0.62 to 0.81 for a contact time of 0.09 s &wodn 0.79 to 0.86 for a contact time
of 0.13 s. The highest grain circularity value d®was obtained for a contact time
of 0.09 s at an inclination of 40° and for a cohtame of 0.13 s at an inclination of
60°.
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Pouring Temperature of 660 °C

At a pouring temperature of 660 °C, the grain dandty increased from 0.76 to 0.84
for a contact time of 0.04 s and from 0.62 to (at6a contact time of 0.09 s with an
increase in inclination angle from 20° to 60°. Aetlowest and highest inclination
angles, 20° and 60°, the grain circularity increaem 0.65 to 0.79 for a contact
time of 0.13 s (see Table 4.3.17). The grain cadty was higher for a contact time
of 0.04 s for each inclination angle. The highestirg circularity value of 0.84 was

obtained for a contact time of 0.04 s at an intioraof 60°.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C, the grain daadty increased from 0.58 to 0.77
for a contact time of 0.04 s and from 0.59 to (atla contact time of 0.13 s with an
increase in inclination angle from 20° to 60°. Aetlowest and highest inclinations,
20° and 60°, the grain circularity decreased fra@8to 0.60 for a contact time of
0.09 s (see Table 4.3.17). The highest grain @ardylvalue of 0.77 was obtained for

a contact time of 0.04 s at an inclination of 60°.

Grain Elongation

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C, the grain et decreased from 1.10 to 1.05
for a contact time of 0.13 s with an increase iclimation angle from 20° to 60°
(see Table 4.3.18). The minimum grain elongatiolnevaf 1.05 was obtained for a

contact time of 0.13 s for inclination angles of 4dd 60°.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C, the grain etimn of 1.08 remained the same
for a contact time of 0.04 s with an increase iclimation angle from 20° to 60°
(see Table 4.3.18). The minimum grain elongatiolnesaf 1.06 was obtained for a

contact time of 0.09 s at an inclination of 60°.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C, the grain et increased from 1.05 to 1.08
for a contact time of 0.04 s with an increase iclimation angle from 20° to 60°
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(see Table 4.3.18). The minimum grain elongatioluevaf 1.04 was obtained for a
contact time of 0.13 s at an inclination angle ©f.4

4.3.5 Summary

Considering the effect of processing parameterghercooling slope process and the
final microstructure, the results can be summarased

1. A minimum grain size of 8m with circularity of 0.86 and elongation of 1.05
was obtained, showing a fine, globular and equiageain morphology,
suiTable for semi-solid processing.

2. At an inclination angle of 60° with a contact timi0.13 s, a similar grain size
was obtained for all pouring temperatures (680, &&D 640 °C).

3. In general, a pouring temperature of 660 °C gavelatively finer grain size
with globular and equiaxed morphology for all imgltions and contact times.

4. At higher contact times and inclination anglesphecess becomes sTable and
showed a regular decreasing or increasing trentdl withange in pouring
temperature.

5. At each contact time and pouring temperature, erease in inclination angle
produced a finer grain size due to an increasdfétte/e shear force thereby
producing a higher number of nuclei to grow.

6. With a change in inclination angle, the grain siemained nearly unaffected
for a pouring temperature of 680 °C at an inclmatngle of 20°, at a pouring
temperature of 660 °C at an inclination angle of 6@nd at a pouring
temperature of 640 °C at inclination angles of 46d 60°.

7. Grain circularity and elongation data showed tha# microstructure was

nearly globular and equiaxed in nature for all abods.
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Table 4.3.1: Effect of pouring temperature on grain size (um) at different
contact times for different inclination angles.

Contact Pouring Inclination angle (9

Time (s) Temperature 20 40 60
)

0.04 680 145 161 181
660 111 89 93
640 166 147 98

0.09 680 136 87 100
660 140 120 93
640 146 148 115

0.13 680 124 87 91
660 137 147 91
640 159 145 105

Table 4.3.2: Effect of pouring temperature on grain circularity at different
contact times for different inclination angles.

Contact Pouring Inclination angle (9

Time (s) Temperature 20 40 60
)

0.04 680 0.67 0.66 0.61
660 0.76 0.83 0.84
640 0.58 0.64 0.77

0.09 680 0.62 0.86 0.81
660 0.62 0.72 0.76
640 0.63 0.65 0.60

0.13 680 0.79 0.82 0.86
660 0.65 0.61 0.79
640 0.59 0.62 0.71

Table 4.3.3: Effect of pouring temperature on grain elongation at different
contact times for different inclination angles.

Contact Pouring Inclination angle (9

Time (s) Temperature 20 40 60
©)

0.04 680 1.11 1.08 1.12
660 1.08 1.08 1.08
640 1.05 1.07 1.08

0.09 680 1.11 1.06 1.07
660 1.07 1.11 1.06
640 1.08 1.11 1.08

0.13 680 1.10 1.05 1.05
660 1.11 1.14 1.10
640 1.08 1.04 1.07
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Table 4.3.4: Effect of pouring temperature on grain size (um) at different
inclination angles for different contact times.

Inclination Pouring Contact Time (S)

Angle () T(%Tperat“re 0.04 0.09 0.13

20 680 145 136 124
660 111 140 137
640 166 146 159

40 680 161 87 87
660 89 120 147
640 147 148 145

60 680 181 100 91
660 93 93 91
640 98 115 105

Table 4.3.5: Effect of pouring temperature on grain circularity at different
inclination angles for different contact times.

Inclination Pouring Contact Time (S)

Angle () T(%Tperat“re 0.04 0.09 0.13

20 680 0.67 0.62 0.79
660 0.76 0.62 0.65
640 0.58 0.63 0.59

40 680 0.66 0.86 0.82
660 0.83 0.72 0.61
640 0.64 0.65 0.62

60 680 0.61 0.81 0.86
660 0.84 0.76 0.79
640 0.77 0.60 0.71

Table 4.3.6: Effect of pouring temperature on grain elongation at different
inclination angles for different contact times.

Inclination Pouring Contact Time (S)

Angle () T(%Tperat“re 0.04 0.09 0.13

20 680 1.11 1.11 1.10
660 1.08 1.07 1.11
640 1.05 1.08 1.08

40 680 1.08 1.06 1.05
660 1.08 1.11 1.14
640 1.07 1.11 1.04

60 680 1.12 1.07 .05
660 1.08 1.06 1.10
640 1.08 1.08 1.07
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Table 4.3.7: Effect of contact time on grain size (um) at different pouring
temperatures for different inclination angles.

Pouring Contact Inclination Angle (9

Temperature Time (s) 20 40 60

)

680 0.04 145 161 181
0.09 136 87 100
0.13 124 87 91

660 0.04 111 89 93
0.09 140 120 93
0.13 137 147 91

640 0.04 166 147 98
0.09 146 148 115
0.13 159 145 105

Table 4.3.8: Effect of contact time on grain circularity at different pouring
temperatures for different inclination angles.

Pouring Contact Inclination Angle (9

Temperature Time (s) 20 40 60

©)

680 0.04 0.67 0.66 0.61
0.09 0.62 0.86 0.81
0.13 0.79 0.82 0.86

660 0.04 0.76 0.83 0.84
0.09 0.62 0.72 0.76
0.13 0.65 0.61 0.79

640 0.04 0.58 0.64 0.77
0.09 0.63 0.65 0.60
0.13 0.59 0.62 0.71

Table 4.3.9: Effect of contact time on grain elongation at different pouring
temperatures for different inclination angles.

Pouring Contact Inclination Angle (9

Temperature Time (s) 20 40 60

©)

680 0.04 1.11 1.08 1.12
0.09 1.11 1.06 1.07
0.13 1.10 1.05 1.05

660 0.04 1.08 1.08 1.08
0.09 1.07 1.11 1.06
0.13 1.11 1.14 1.10

640 0.04 1.05 1.07 1.08
0.09 1.08 1.11 1.08
0.13 1.08 1.04 1.07
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Table 4.3.10: Effect of contact time on grain size (um) at different inclination

angles for different pouring temperatures.

Inclination Contact Pouring Temperature ()
Angle(9 Time (s) 680 660 640
20 0.04 145 111 166
0.09 136 140 146
0.13 124 137 159
40 0.04 161 89 147
0.09 87 120 148
0.13 87 147 145
60 0.04 181 93 98
0.09 100 93 115
0.13 91 91 105

Table 4.3.11: Effect of contact time on grain circularity at different inclination

angles for different pouring temperatures.

Inclination Contact Pouring Temperature ()
Angle(9 Time (s) 680 660 640
20 0.04 0.67 0.76 0.58
0.09 0.62 0.62 0.63
0.13 0.79 0.65 0.59
40 0.04 0.66 0.83 0.64
0.09 0.86 0.72 0.65
0.13 0.82 0.61 0.62
60 0.04 0.61 0.84 0.77
0.09 0.81 0.76 0.60
0.13 0.86 0.79 0.71

Table 4.3.12: Effect of contact time on grain elongation at different inclination

angles for different pouring temperatures.

Inclination Contact Pouring Temperature ()
Angle(9 Time (S) 680 660 640
20 0.04 1.11 1.08 1.05
0.09 1.11 1.07 1.08
0.13 1.10 1.11 1.08
40 0.04 1.08 1.08 1.07
0.09 1.06 1.11 1.11
0.13 1.05 1.14 1.04
60 0.04 1.12 1.08 1.08
0.09 1.07 1.06 1.08
0.13 1.05 1.10 1.07
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Table 4.3.13: Effect of inclination angle on grain size (um) at different contact

times for different pouring temperatures.

Contact Inclination Pouring temperature (C)
Time (S) Angle(9 680 660 640
0.04 20 145 111 166
40 161 89 147
60 181 93 98
0.09 20 136 140 146
40 87 120 148
60 100 93 115
0.13 20 124 137 159
40 87 147 145
60 91 91 105

Table 4.3.14: Effect of inclination angle on grain circularity at different contact

times for different pouring temperatures.

Contact Inclination Pouring temperature (C)
Time (Ss) Angle(9 680 660 640
0.04 20 0.67 0.76 0.58
40 0.66 0.83 0.64
60 0.61 0.84 0.77
0.09 20 0.62 0.62 0.63
40 0.86 0.72 0.65
60 0.81 0.76 0.60
0.13 20 0.79 0.65 0.59
40 0.82 0.61 0.62
60 0.86 0.79 0.71

Table 4.3.15: Effect of inclination angle on grain elongation at different contact

times for different pouring temperatures.

Contact Inclination Pouring temperature (C)
Time (S) Angle(9 680 660 640
0.04 20 1.11 1.08 1.05
40 1.08 1.08 1.07
60 1.12 1.08 1.08
0.09 20 1.11 1.07 1.08
40 1.06 1.11 1.11
60 1.07 1.06 1.08
0.13 20 1.10 1.11 1.08
40 1.05 1.14 1.04
60 1.05 1.10 1.07
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Table4.3.16: Effect of inclination angle on grain size (um) at different pouring
temperatures for different contact times.

Pouring Inclination Contact Time (S)
(Tongerat“re Angle() 0.04 0.09 0.13
680 20 145 136 124
40 161 87 87
60 181 100 91
660 20 111 140 137
40 89 120 147
60 93 93 91
640 20 166 146 159
40 147 148 145
60 98 115 105

Table 4.3.17: Effect of inclination angle on grain circularity at different pouring
temperatures for different contact times.

Pouring Inclination Contact Time (S)
(Tongerat“re Angle() 0.04 0.09 0.13
680 20 0.67 0.62 0.79
40 0.66 0.86 0.82
60 0.61 0.81 0.86
660 20 0.76 0.62 0.65
40 0.83 0.72 0.61
60 0.84 0.76 0.79
640 20 0.58 0.63 0.59
40 0.64 0.65 0.62
60 0.77 0.60 0.71

Table 4.3.18: Effect of inclination angle on grain elongation at different
pouring temperatures for different contact times.

Pouring Inclination Contact Time (S)
(Tongerat“re Angle() 0.04 0.09 0.13
680 20 1.11 1.11 1.10
40 1.08 1.06 1.05
60 1.12 1.07 1.05
660 20 1.08 1.07 1.11
40 1.08 1.11 1.14
60 1.08 1.06 1.10
640 20 1.05 1.08 1.08
40 1.07 1.11 1.04
60 1.08 1.08 1.07
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4.3.7 Figures
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4.4. EFFECT OF SAMPLE THICKNESS

In this section the effect of pouring temperatumelination angle and contact time on
the NGM AISi7Mg alloy, processed on a water coaeaphite coated cooling slope
and cast into a sand mould, was investigated. @hd sast samples were sectioned
and examined. Position “1” describes the pointhatgand wall edge of the sample,
position “2” represents the point just inside theface of the sample, position “3”
represents the mid point of the sample sectiorvedlbthickness of 10 mm. Point “4”
represents the centre of the 22 mm thick sectiohpamt “5” represents the centre of
34 mm thick section of the sand cast sample (sgedH4.1).

4.4.1 Effect of Processing Parameters Combined with the
Effect of Position in 10 mm Thick Sample (Wall to Centre)

In this section the effect of processing parameseish as a pouring temperature,
contact time and inclination on the microstructusharacteristics of the
NGM AISi7Mg alloy, using the cooling slope technggwith sand mould, for a

sample thickness of 10 mm was reported.

4.4.1.1 Effect of Pouring Temperature

Contact Time 0of 0.04 s

At a contact time of 0.04 s, for an inclination &Engf 20°, the grain size decreased
from 137 um to 122um at a pouring temperature of 660 °C and from jL8%#to
179 um for a pouring temperature of 640 °C, betweentmos 1 and 3 in the sand
cast sample (see Table 4.4.1). For an inclinatigjieaof 40°, the grain size increased
from 133um to 151um at a pouring temperature of 640 °C between positl and 3
in the sand cast sample. For an inclination anf&06, the grain size increased from

169 um to 213um at a pouring temperature of 680 °C, fromi9d to 100um at a
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pouring temperature of 660 °C and fromuf to 117um at a pouring temperature of
640 °C between positions 1 and 3 in the sand easple.

Contact Time 0of 0.09 s

At a contact time of 0.09 s, for an inclination Engf 20°, the grain size increased
from 125um to 152um at a pouring temperature of 680 °C and from L&8to
189um at a pouring temperature of 640 °C between postl and 3 in the sand cast
sample (see Table 4.4.1). For an inclination angld0°, the grain size decreased
from 123um to 86um at a pouring temperature of 680 °C and from [Li®4to 97um

at a pouring temperature of 640 °C but increasechft14um to 115um at a pouring
temperature of 660 °C between positions 1 and thensand cast sample. For an
inclination angle of 60°, the grain size decreaseth 100um to 98um at a pouring
temperature of 680 °C and from 1081 to 91um at a pouring temperature of 660 °C
but increased from 16@m to 179um at a pouring temperature of 640 °C between

positions 1 and 3 in the sand cast sample.

Contact Time 0f 0.13 s

At a contact time of 0.13 s, for an inclination Engf 20°, the grain size increased
from 129um to 165um at a pouring temperature of 680 °C between positl and 3

in the sand cast sample (see Table 4.4.1). Fondimation angle of 40°, the grain
size increased from 8im to 96um at a pouring temperature of 680 °C and from
119 um to 124um at a pouring temperature of 640 °C between postll and 3 in
the sand cast sample. For an inclination angleddfthe grain size 98m remained at

a pouring temperature of 680 °C but increased f&3mwm to 95um at a pouring
temperature of 640 °C between positions 1 andtBarsand cast sample.

In general at a contact time of 0.04 s, a fineringrasize was obtained for an
inclination angle of 60° at a pouring temperatufe660 °C. At a contact time of
0.09 s a finer grain size was obtained for an matlon angle of 40° at pouring
temperatures of 680 °C and 640 °C and for an iatbm angle of 60° at pouring
temperatures of 680 °C and 660 °C. At a contact in0.13 s a finer grain size was
obtained for an inclination angle of 40° at a pogriemperature of 680 °C and for an

inclination angle of 60° at each pouring tempemtur
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Grain Circularity

Contact Time 0of 0.04 s

At a contact time of 0.04 s, for an inclination Engf 20°, the grain circularity
increased from 0.49 to 0.58 at a pouring tempeead@it640 °C between positions 1
and 3 in the sand cast sample (see Table 4.4.2)arroclination angle of 40°, the
grain circularity decreased from 0.67 to 0.62 gtoaring temperature of 640 °C
between positions 1 and 3 in the sand cast safpiean inclination angle of 60°, the
grain circularity decreased from 0.60 to 0.51 gbaring temperature of 680 °C and
from 0.82 to 0.72 at a pouring temperature of 82Mat remained unchanged at 0.78
at a pouring temperature of 660 °C between postioand 3 in the sand cast sample.

Contact Time of 0.09 s

At a contact time of 0.09 s, for an inclination Eng@f 20°, the grain circularity
decreased from 0.67 to 0.53 at a pouring tempexatti640 °C between positions 1
and 3 in the sand cast sample (see Table 4.4.2)arroclination angle of 40°, the
grain circularity increased from 0.73 to 0.84 gioairing temperature of 680 °C, from
0.69 to 0.71 at a pouring temperature of 660 °C famech 0.70 to 0.76 at a pouring
temperature of 640 °C between positions 1 and thensand cast sample. For an
inclination angle of 60°, the grain circularity deased from 0.76 to 0.80 at a pouring
temperature of 680 °C, from 0.71 to 0.74 at a pautemperature of 660 °C and from
0.51 to 0.57 at a pouring temperature of 640 °Qveen positions 1 and 3 in the sand
cast sample.

Contact Time 0f 0.13 s

At a contact time of 0.13 s, for an inclination Eng@f 20°, the grain circularity
decreased from 0.70 to 0.68 at a pouring tempexatfi680 °C between positions 1
and 3 in the sand cast sample (see Table 4.4.2)arroclination angle of 40°, the
grain circularity decreased from 0.81 to 0.78 pbaring temperature of 680 °C, from
0.72 to 0.67 at a pouring temperature of 660 °C famech 0.67 to 0.65 at a pouring
temperature of 640 °C between positions 1 and thensand cast sample. For an
inclination angle of 60°, the grain circularity ne@ased from 0.76 to 0.81 at a pouring
temperature of 680 °C and decreased from 0.76748 & a pouring temperature of
640 °C between positions 1 and 3 in the sand easple.
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In general at a contact time of 0.04 s the highesins circularity was obtained for an
inclination angle of 20° at a pouring temperaturé@ °C, for an inclination angle of
40° at a pouring temperature of 660 °C and formafination angle of 60° at pouring
temperatures of 660 °C and 640 °C. At contact tiofé309 s and 0.13 s the highest
grain circularity was obtained at a pouring tempeeof 680 °C for each inclination

angle.

Grain Elongation

Contact Time 0of 0.04 s

At a contact time of 0.04 s, for an inclination En@f 20°, the grain elongation

decreased from 1.11 to 1.08 at a pouring temperat880 °C, from 1.13 to 1.08 at a
pouring temperature of 660 °C and from 1.15 to 1a0% pouring temperature of
640 °C between positions 1 and 3 in the sand @asple (see Table 4.4.3). For an
inclination angle of 40°, the grain elongation éeged from 1.15 to 1.10 at a pouring
temperature of 680 °C, from 1.11 to 1.10 at a pautemperature of 660 °C and from
1.13 to 1.08 at a pouring temperature of 640 °@Qvbeh positions 1 and 3 in the sand
cast sample. For an inclination angle of 60°, tremgelongation increased from 1.10
to 1.12 at a pouring temperature of 680 °C, deeté®m 1.11 to 1.06 at a pouring
temperature of 660 °C and remained constant at 4t0® pouring temperature of
640 °C between positions 1 and 3 in the sand easple.

Contact Time of 0.09 s

At a contact time of 0.09 s, for an inclination En@f 20°, the grain elongation
increased from 1.09 to 1.10 at a pouring tempeeadfi680 °C, decreased from 1.13
to 1.08 at a pouring temperature of 660 °C and medaunchanged at 1.10 at a
pouring temperature of 640 °C between positionadl3in the sand cast sample (see
Table 4.4.3). For an inclination angle of 40°, gnain elongation decreased from 1.09
to 1.06 at a pouring temperature of 680 °C and fthd0D to 1.08 at a pouring
temperature of 640 °C but increased from 1.08 id &kt a pouring temperature of
660 °C between positions 1 and 3 in the sand easpke. For an inclination angle of
60°, the grain elongation decreased from 1.08 @& ht a pouring temperature of
680 °C but increased from 1.11 to 1.18 at a pourgmgperature of 640 °C between
positions 1 and 3 in the sand cast sample.
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Contact Time 0f 0.13 s

At a contact time of 0.13 s, for an inclination En@f 20°, the grain elongation

decreased from 1.14 to 1.05 at a pouring temperat880 °C, from 1.10 to 1.08 at a
pouring temperature of 660 °C and from 1.13 to laiZ pouring temperature of
640 °C between positions 1 and 3 in the sand @asple (see Table 4.4.3). For an
inclination angle of 40°, the grain elongation e&sed from 1.00 to 1.09 at a pouring
temperature of 680 °C but remained unchanged & dt@ pouring temperature of
640 °C between positions 1 and 3 in the sand easpke. For an inclination angle of
60°, the grain elongation increased from 1.05 tt?Jat a pouring temperature of
680 °C, from 1.00 to 1.11 at a pouring temperatir@60 °C and from 1.00 to 1.10 at
a pouring temperature of 640 °C between positioasdL3 in the sand cast sample.

In general at a contact time of 0.04 s the lowdshgation was obtained for an
inclination angle of 20° at a pouring temperaturé@0 °C, for an inclination angle of
40° at a pouring temperature of 640 °C and at elmation angle of 60° at a pouring
temperature of 640 °C. At a contact time of 0.@Beslowest elongation was obtained
for an inclination angle of 20° at a pouring tengiare of 660 °C, for an inclination
angle of 40° at a pouring temperature of 680 °Cfan@n inclination angle of 60° at
pouring temperatures of 680 °C and 660 °C. At aarntime of 0.13 s the lowest
elongation was obtained for an inclination angle20f at a pouring temperature of
660 °C, for an inclination angle of 40° at a pogrtemperature of 640 °C and for an

inclination angle of 20° at a pouring temperaturé@o °C.

4.4.1.2 Effect of Contact Time

Grain Size

Inclination Angle of 20°

At an inclination of 20°, for a pouring temperatwfe680 °C, the grain size increased
from 125pum to 152um at a contact time of 0.09 s and from 128 to 165um at a
contact time of 0.13 s between positions 1 and thénsand cast sample (see Table
4.4.4). For a pouring temperature of 660 °C, ttengsize decreased from 18ih to
122 um at a contact time of 0.04 s between positionsdL3in the sand cast sample.
For a pouring temperature of 640 °C, the grain deeeased from 194n to 179um
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at a contact time of 0.04 s but increased from @230 189um at a contact time of

0.09 s between positions 1 and 3 in the sand aagtls.

Inclination Angle of 40°

At an inclination of 40°, for a pouring temperatafe580 °C, the grain size decreased
from 103um to 86um at a contact time of 0.09 s but increased fromr@to 96um

at a contact time of 0.13 s between positions 1 &md the sand cast sample (see
Table 4.4.4). For a pouring temperature of 660 tHe, grain size increased from
114 um to 115um at a contact time of 0.09 s between positionsdL&in the sand
cast sample. For a pouring temperature of 640 R€, dgrain size increased from
133um to 151um at a contact time of 0.04 s and from 1ib8 to 124um at a contact
time of 0.13 s but decreased from 1Lvh to 97 um at a contact time of 0.09 s

between positions 1 and 3 in the sand cast sample.

Inclination Angle of 60°

At an inclination of 60°, for a pouring temperatwfe680 °C, the grain size increased
from 169um to 213um at a contact time of 0.04 s, decreased fromudf@o 89um

at a contact time of 0.09 s and remained consta®8pm at a contact time of 0.13 s
between positions 1 and 3 in the sand cast sarspk Table 4.4.4). For a pouring
temperature of 660 °C, the grain size increasenh 8d um to 100um at a contact
time of 0.04 s and decreased from 108 to 91 um at a contact time of 0.09 s
between positions 1 and 3 in the sand cast sarfple.a pouring temperature of
640 °C, the grain size increased fromuf6 to 117um at a contact time of 0.04 s,
from 169um to 179um at a contact time of 0.09 s and from 88 to 95um at a
contact time of 0.13 s between positions 1 andtBersand cast sample.

In general at an inclination angle of 20° a rekslyiner grain size was obtained for a
pouring temperature of 660 °C at a contact tim@.6# s. At an inclination angle of

40° a relatively finer grains size was obtaineddqgyouring temperature of 680 °C at
contact times of 0.09 s and 0.13 s, for a pourargperature of 660 °C at a contact
time of 0.13 s and for a pouring temperature of 88@t a contact time of 0.09 s. At
an inclination angle of 60° a relatively finer graisize was obtained for a pouring
temperature of 680 °C at contact times of 0.09ds(h3 s, for a pouring temperature
of 660 °C at each a contact time and for a pour@mgperature of 640 °C at contact
times of 0.04 s and 0.13 s.
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Grain Circularity

Inclination Angle of 20°

At an inclination angle of 20°, for a pouring termgieire of 680 °C, the grain
circularity decreased from 0.70 to 0.68 at a cdriaee of 0.04 s between positions 1
and 3 in the sand cast sample (see Table 4.4.6) pouring temperature of 660 °C,
the grain circularity increased from 0.68 to 0.7laontact time of 0.04 s between
positions 1 and 3 in the sand cast sample. Foruaimgptemperature of 640 °C, the
grain circularity increased from 0.49 to 0.58 apatact time of 0.04 s and decreased
from 0.67 to 0.53 at a contact time of 0.09 s betwgositions 1 and 3 in the sand cast

sample.

Inclination Angle of 40°

At an inclination of 40°, for a pouring temperatwe680 °C, the grain circularity

increased from 0.73 to 0.84 at a contact time 69 & and decreased from 0.81 to
0.78 at a contact time of 0.13 s between positibrsd 3 in the sand cast sample
(see Table 4.4.5). For a pouring temperature of°€5Q@he grain circularity increased

from 0.69 to 0.71 at a contact time of 0.09 s aadrelsed from 0.72 to 0.67 at a
contact time of 0.13 s between positions 1 and 8hé sand cast sample. For a
pouring temperature of 640 °C, the grain circujadécreased from 0.67 to 0.62 at a
contact time of 0.04 s and from 0.67 to 0.65 abmtact time of 0.13 s but increased
from 0.70 to 0.76 at a contact time of 0.09 s betwgositions 1 and 3 in the sand cast

sample.

Inclination Angle of 60°

At an inclination of 60°, for a pouring temperatwe680 °C, the grain circularity

decreased from 0.60 to 0.51 at a contact timeGzf 8.but increased from 0.76 to 0.80
at a contact time of 0.09 s and from 0.76 to 0184 eontact time of 0.13 s between
positions 1 and 3 in the sand cast sample (see Bahl5). For a pouring temperature
of 660 °C, the grain circularity remained unchange@.78 at a contact time of 0.04 s
and increased from 0.71 to 0.74 at a contact tifr@2@® s between positions 1 and 3
in the sand cast sample. For a pouring temperatu0 °C, the grain circularity

decreased from 0.82 to 0.72 at a contact time @ 8.and from 0.76 to 0.73 at a
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contact time of 0.13 s but increased from 0.51 &7t a contact time of 0.09 s

between positions 1 and 3 in the sand cast sample.

In general at an inclination angle of 20° the hghgrain circularity was obtained for
pouring temperatures of 680 °C and 640 °C at aawbriime of 0.13 s and for a
pouring temperature of 660 °C at a contact tim@.6# s. At an inclination angle of
40° the highest circularity was obtained for a pogirtemperature of 680 °C at
contact times of 0.09 s and 0.13 s and for pousngperatures of 660 °C and 640 °C

at a contact time of 0.09 s.

Grain Elongation

Inclination Angle of 20°

At an inclination angle of 20°, for a pouring termgieire of 680 °C, the grain
elongation decreased from 1.11 to 1.08 at a cotitaet of 0.04 s and from 1.14 to
1.05 at a contact time of 0.13 s, between positibasid 3 in the sand cast sample
(see Table 4.4.6). For a pouring temperature of’@Q@he grain elongation decreased
from 1.13 to 1.08 at a contact time of 0.09 s andhf1.10 to 1.08 at a contact time of
0.13 s between positions 1 and 3 in the sand eagbls. For a pouring temperature of
640 °C, the grain elongation decreased from 1.15.@9 at a contact time of 0.04 s
and from 1.13 to 1.12 at a contact time of 0.13itsremained unchanged at 1.10 at a

contact time of 0.09 s between positions 1 andtBersand cast sample.

Inclination Angle of 40°

At an inclination of 40°, for a pouring temperatwk680 °C, the grain elongation
decreased from 1.15 to 1.10 at a contact time @ 8.and from 1.09 to 1.06 at a
contact time of 0.09 s but increased from 1.00 .0 Jat a contact time of 0.13 s
between positions 1 and 3 in the sand cast sarspk Table 4.4.6). For a pouring
temperature of 660 °C, the grain elongation deeed®om 1.08 to 1.11 at a contact
time of 0.09 s between positions 1 and 3 in thedszast sample. For a pouring
temperature of 640 °C, the grain elongation deeed®om 1.13 to 1.08 at a contact
time of 0.04 s and from 1.10 to 1.08 at a contaoetof 0.09 s and remained
unchanged at 1.08 at a contact time of 0.13 s twesitions 1 and 3 in the sand

cast sample.
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Inclination Angle of 60°

At an inclination of 60°, for a pouring temperatwk680 °C, the grain elongation

increased from 1.10 to 1.12 at a contact time 64 &G and from 1.05 to 1.12 at a
contact time of 0.13 s, but decreased from 1.08.6® at a contact time of 0.09 s
between positions 1 and 3 in the sand cast sarspk Table 4.4.6). For a pouring
temperature of 660 °C, the grain elongation deegd&®om 1.11 to 1.06 at a contact
time of 0.04 s but increased from 1.00 to 1.11 abumtact time of 0.13 s between
positions 1 and 3 in the sand cast sample. Foruaimgptemperature of 640 °C, the

grain elongation increased from 1.11 to 1.18 abrgact time of 0.09 s and from 1.00
to 1.10 at a contact time of 0.13 s, and remaimezhanged at 1.00 at a contact time

of 0.04 s between positions 1 and 3 in the santdseasple.

In general at an inclination angle of 20°, the gralongation was the lowest for
pouring temperatures of 680 °C and 660 °C at aawbriime of 0.09 s and for a
pouring temperature of 640 °C at a contact tim@.6# s. At an inclination angle of
40° the grain elongation was the lowest for pouriegiperatures of 680 °C and
660 °C at a contact time of 0.09 s and for a pgutamperature of 640 °C at a contact
time of 0.13 s. At an inclination angle of 60° thevest grain elongation for pouring
temperatures of 680 °C and 660 °C at a contact tm@.09 s and for a pouring

temperature of 640 °C at a contact time of 0.04 s.

4.4.1.3 Effect of Inclination Angle

Grain Size

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C, for a contactet of 0.04 s, the grain size
increased from 168m to 213um at an inclination angle of 60° between positians
and 3 in the sand cast sample (see Table 4.4.7a Eontact time of 0.09 s, the grain
size increased from 125m to 152um at an inclination angle of 20° and decreased
from 103um to 86um at an inclination angle of 40° and from 100 to 89um at an
inclination angle of 60° between positions 1 anth 3he sand cast sample. For a
contact time of 0.13 s, the grain size increas@infrl29 um to 165um at an
inclination angle of 20° and from §vn to 96um at an inclination angle of 40°, but
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remained unchanged at 86 at an inclination angle of 60° between positibrand 3
in the sand cast sample.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C, for a contactet of 0.04 s, the grain size
decreased from 13m to 122um at an inclination angle of 20° but increased from
94 um to 100um at an inclination angle of 60° between positiérend 3 in the sand
cast sample (see Table 4.4.7). For a contact tin@®0® s, the grain size increased
from 114pum to 115um at an inclination angle of 40° but decreased fid@8um to

91 um at an inclination angle of 60° between positidnand 3 in the sand cast
sample. For a contact time of 0.13 s, the graie si@ not exhibit a clear trend

between positions 1 and 3 in the sand cast sample.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C, for a contactet of 0.04 s, the grain size
decreased from 19dm to 179um at an inclination angle of 20° but increased from
76 um to 117um at an inclination angle of 60° between positiérend 3 in the sand
cast sample (see Table 4.4.7). For a contact tihte08 s, the grain size increased
from 123um to 189um at an inclination angle of 20° and from 169 to 179um at

an inclination angle of 60° but decreased from L@#to 97 um at an inclination
angle of 40° between positions 1 and 3 in the sastl sample. For a contact time of
0.13 s, the grain size increased from Lh8to 124um at an inclination angle of 40°
and from 83um to 95um at an inclination angle of 60° between positidrend 3 in

the sand cast sample.

In general at a pouring temperature of 680 °C fititest grain size for a contact time
of 0.04 s was obtained at an inclination angle @f &nd for contact times of 0.09 s
and 0.13 s at inclination angles of 40° and 60°aAtouring temperature of 660 °C
the finest grain size was obtained for contact $inoé 0.04 s and 0.09 s at an
inclination angle of 60° and for a contact time0oi3 s at inclination angles of 40°
and 60°. At a pouring temperature of 640 °C, tinedt grain size was obtained for
contact times of 0.04 s and 0.13 s at an inclimagiogle of 60° and for a contact time

of 0.09 s at an inclination angle of 40°.
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Grain Circularity

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C, for a contanetof 0.04 s, the grain circularity
decreased from 0.60 to 0.51 at an inclination an§le0° between positions 1 and 3
in the sand cast sample (see Table 4.4.8). Forntacibtime of 0.09 s, the grain
circularity increased from 0.73 to 0.84 at an mation angle of 40° and from 0.76 to
0.80 at an inclination angle of 60° between posgié and 3 in the sand cast sample.
For a contact time of 0.13 s, the grain circuladgcreased from 0.70 to 0.68 at an
inclination angle of 20° and from 0.81 to 0.78 at iaclination angle of 40° but
increased from 0.76 to 0.81 at an inclination amgl®0° between positions 1 and 3 in

the sand cast sample.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C, for a contanetof 0.09 s, the grain circularity
increased from 0.68 to 0.71 at an inclination ardl20° and remained unchanged at
0.78 at an inclination angle of 60° between posgid@ and 3 in the sand cast sample
(see Table 4.4.8). For a contact time of 0.09 &,gfain circularity increased from
0.69 to 0.71 at an inclination angle of 40° andrfr6.71 to 0.74 at an inclination
angle of 60° between positions 1 and 3 in the sastl sample. For a contact time of
0.13 s, the grain circularity decreased from 0/R.67 at an inclination angle of 40°
between positions 1 and 3 in the sand cast sample.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C, for a contanetof 0.13 s, the grain circularity
increased from 0.49 to 0.58 at an inclination arfl20° but decreased from 0.67 to
0.62 at an inclination angle of 40° and from 0.8D172 at an inclination angle of 60°
between positions 1 and 3 in the sand cast sarsgdeTable 4.4.8). For a contact time
of 0.09 s, the grain circularity decreased from7Q® 0.53 at an inclination angle of
20° but increased from 0.70 to 0.76 at an incloratngle of 40° and from 0.51 to
0.57 at an inclination angle of 60° between posgié and 3 in the sand cast sample.
For a contact time of 0.13 s, the grain circuladgcreased from 0.67 to 0.65 at an
inclination angle of 40° and from 0.76 to 0.73 atiaclination angle of 60° between
positions 1 and 3 in the sand cast sample.
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In general at a pouring temperature of 680 °C, tilghest grain circularity for a

contact time of 0.04 s was obtained at inclinamgles of 20° and for contact times
of 0.09 s and 0.13 s at inclination angles of 4@ &0°. At a pouring temperature of
660 °C the highest grain circularity was obtaineddontact times of 0.04 s and 0.09 s
at an inclination angle of 60° and for a contactetiof 0.13 s at inclination angles of
40° and 60°. At a pouring temperature of 640 °@, tighest grain circularity was

obtained for contact times of 0.04 s and 0.13ananclination angle of 60° and for a

contact time of 0.09 s at an inclination angle ©f.4

Grain Elongation

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C, for a contanetof 0.04 s, the grain elongation
decreased from 1.11 to 1.08 at an inclination ang20° and from 1.15 to 1.10 at an
inclination angle of 40° but increased from 1.1Atd2 at an inclination angle of 60°
between positions 1 and 3 in the sand cast sarsgpdeTable 4.4.9). For a contact time
of 0.09 s, the grain elongation decreased from 100B.06 at an inclination angle of
40° and from 1.08 to 1.06 at an inclination anglé@’ between positions 1 and 3 in
the sand cast sample. For a contact time of O0.@®grain elongation decreased from
1.14 to 1.05 at an inclination angle of 20° butréased from 1.00 to 1.09 at an
inclination angle of 40° and from 1.05 to 1.12 aticlination angle of 60° between

positions 1 and 3 in the sand cast sample.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C, for a contanetof 0.04 s, the grain elongation
decreased from 1.11 to 1.06 at an inclination an§le0° between positions 1 and 3
in the sand cast sample (see Table 4.4.9). Forntacibtime of 0.09 s, the grain
elongation decreased from 1.13 to 1.08 at an iatbn angle of 20° but increased
from 1.08 to 1.11 at an inclination angle of 40tv=en positions 1 and 3 in the sand
cast sample. For a contact time of 0.13 s, thengrlmingation decreased from 1.10 to
1.08 at an inclination angle of 20° but increaseomf 1.00 to 1.11 at an inclination

angle of 60° between positions 1 and 3 in the sastlsample.
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Pouring Temperature of 640 °C

At a pouring temperature of 640 °C, for a contanetof 0.04 s, the grain elongation
decreased from 1.15 to 1.09 at an inclination an§20° and from 1.13 to 1.08 at an
inclination angle of 40°, and remained unchanged.@® at an inclination angle of

60° between positions 1 and 3 in the sand castlsafsge Table 4.4.9). For a contact
time of 0.09 s, the grain elongation decreased ftalf to 1.08 at an inclination angle
of 40° but increased from 1.11 to 1.18 at an irtlon angle of 60°, and remained
unchanged at 1.10 at an inclination angle of 2@¥éen positions 1 and 3 in the sand
cast sample. For a contact time of 0.13 s, thengrlmingation decreased from 1.13 to
1.12 at an inclination angle of 20° but increaseunf1.00 to 1.10 at an inclination

angle of 60°, and remained unchanged at 1.08 atciination angle of 40° between

positions 1 and 3 in the sand cast sample.

In general at a pouring temperature of 680 °C, Ithvwest grain elongation for a
contact time of 0.04 s was obtained at an inclamagingle of 20°, for a contact time of
0.09 s at inclination angles of 40 and 60° and docontact time of 0.13 s at an
inclination angle of 40°. At a pouring temperatwe 660 °C the lowest grain
elongation was obtained at an inclination angles@f for each contact time. At a
pouring temperature of 640 °C, the lowest graimgétion was obtained for a contact
time of 0.04 s at an inclination angle of 60° aoddontact times of 0.09 s and 0.13 s

at an inclination angle of 40°.

4.4.2 Effect of Processing Parameters Combined with

Sample Thickness Variation from 10 mm to 34 mm

In this section the effect of processing paramesersh as pouring temperature,
contact time and inclination on the microstructusharacteristics of the
NGM AISi7Mg alloy using the cooling slope techniqwéh sand mould for different
a sample thickness was investigated.
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4.4.2.1 Effect of Pouring Temperature

Grain Size

Contact Time 0of 0.04 s

At a contact time of 0.04 s, for an inclination Engf 20°, the grain size did not
exhibit any trend with an increase in section thess from 10 mm to 34 mm in the
sand cast sample (see Table 4.4.10). For an iticimangle of 40°, the grain size
decreased from 15im to 147um at a pouring temperature of 640 °C with an
increase in section thickness from 10 mm to 34 mithé sand cast sample. For an
inclination angle of 60°, the grain size decreasech 100um to 93um at a pouring
temperature of 660 °C and from 1 to 98um at a pouring temperature of 640 °C
with an increase in section thickness from 10 mr@4aonm in the sand cast sample.

Contact Time of 0.09 s

At a contact time of 0.09 s, for an inclination &Engf 20°, the grain size decreased
from 189 um to 146um at a pouring temperature of 640 °C with an ineeem
section thickness from 10 mm to 34 mm in the saast sample (see Table 4.4.10).
For an inclination angle of 40°, the grain sizergased from 97um to 148um at a
pouring temperature of 640 °C with an increaseeictisn thickness from 10 mm to
34 mm in the sand cast sample. For an inclinatiogleaof 60°, the grain size
increased from 88m to 100um at a pouring temperature of 680 °C with an inseea

in section thickness from 10 mm to 34 mm in thedseast sample.

Contact Time 0f 0.13 s

At a contact time of 0.13 s, for an inclination &ngf 20°, the grain size decreased
from 165 um to 124um at a pouring temperature of 680 °C but increasenh
120 um to 137um at a pouring temperature of 660 °C with an inseem section
thickness from 10 mm to 34 mm in the sand cast Eafgee Table 4.4.10). For an
inclination angle of 40°, the grain size increasedn 107um to 147um at a pouring
temperature of 660 °C with an increase in sectiickbess from 10 mm to 34 mm in
the sand cast sample. For an inclination angle08f the grain size increased from
95 um to 105um at a pouring temperature of 640 °C with an ingeesn section
thickness from 10 mm to 34 mm in the sand cast Eamp
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In general, at a contact time of 0.04 s, the figeain size was obtained for inclination
angles of 20° and 40° at a pouring temperature60f€ and for an inclination angle
of 60° at pouring temperatures of 660 °C and 640ACa contact time of 0.09 s, a
relatively fine grain size was obtained for an imalion angle of 20° at a pouring
temperature of 680 °C, but the finest grain size wiatained for an inclination angle
of 40° at a pouring temperature of 680 °C and forireclination angle of 60° at

pouring temperatures of 680 °C and 660 °C. At aartime of 0.13 s, a relatively
fine grain size was obtained for an inclinationlangf 20° at a pouring temperature of
660 °C, however, the finest grain size was obtafoedn inclination angle of 40° at a
pouring temperature of 680 °C and for an inclimatangle of 60° at each pouring

temperature.

Grain Circularity

Contact Time 0f 0.04 s
At a contact time of 0.04 s, for an inclination Engf 20°, the grain circularity did not

exhibit any clear trend with an increase in sectliokness from 10 mm to 34 mm in
the sand cast sample (see Table 4.4.11). For &nation angle of 40°, the grain
circularity increased from 0.54 to 0.66 at a pogirieamperature of 680 °C and from
0.65 to 0.83 at a pouring temperature of 640 °@ w&it increase in section thickness
from 10 mm to 34 mm in the sand cast sample. Fan@mation angle of 60°, the
grain circularity increased from 0.78 to 0.8 atcugng temperature of 660 °C and
from 0.72 to 0.77 at a pouring temperature of 6@0with an increase in section
thickness from 10 mm to 34 mm in the sand cast Eamp

Contact Time of 0.09 s

At a contact time of 0.09 s, for an inclination Engf 20°, the grain circularity did not
exhibit a clear trend with an increase in sectimokiness from 10 mm to 34 mm in
the sand cast sample (see Table 4.4.11). For &nation angle of 40°, the grain
circularity decreased from 0.76 to 0.65 at a pautemperature of 640 °C with an
increase in section thickness from 10 mm to 34 mrthé sand cast sample. For an
inclination angle of 60°, the grain circularity neased from 0.74 to 0.76 at a pouring
temperature of 660 °C with an increase in sectiickbess from 10 mm to 34 mm in

the sand cast sample.
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Contact Time 0f 0.13 s

At a contact time of 0.13 s, for inclination angtd20° and 40°, the grain circularity
did not exhibit a clear trend with an increase @ct®n thickness from 10 mm to
34 mm in the sand cast sample (see Table 4.4.d1 arkinclination angle of 60°, the
grain circularity increased from 0.81 to 0.86 gicaring temperature of 680 °C and
from 0.75 to 0.79 at a pouring temperature of 660with an increase in section

thickness from 10 mm to 34 mm in the sand cast Eamp

In general, at a contact time of 0.04 s, the higlyeain circularity was obtained for
inclination angles of 20° and 40° at a pouring terapure of 660 °C and for an
inclination angle of 60° at pouring temperature660 °C and 640 °C. At a contact
time of 0.09 s, the highest grain circularity wdgtained for an inclination angle of
20° at a pouring temperature of 680 °C and forimation angles of 40° and 60° at
pouring temperature of 680 °C and 660 °C. At a adantime of 0.13 s, the highest
grain circularity was obtained for inclination aeglof 20° and 40° at a pouring
temperature of 680 °C and for an inclination argjlé0° at each pouring temperature.

Grain Elongation

Contact Time 0of 0.04 s

At a contact time of 0.04 s, for an inclination &ngf 20°, the grain elongation did
not exhibit a trend with an increase in sectiomgkhess from 10 mm to 34 mm in the
sand cast sample (see Table 4.4.12). For an inoimangle of 40°, the grain
elongation decreased from 1.10 to 1.08 at a poudngerature of 660 °C and from
1.08 to 1.07 at a pouring temperature of 640 °Q it increase in section thickness
from 10 mm to 34 mm in the sand cast sample. Fanemation angle of 60°, the
grain elongation increased from 1.06 to 1.08 abaripg temperature of 660 °C and
from 1.00 to 1.08 at a pouring temperature of 6@0with an increase in section

thickness from 10 mm to 34 mm in the sand cast Eamp

Contact Time of 0.09 s

At a contact time of 0.09 s, for an inclination En@f 20°, the grain elongation
decreased from 1.10 to 1.08 at a pouring temperaiti640 °C with an increase in
section thickness from 10 mm to 34 mm in the saast sample (see Table 4.4.12).
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For an inclination angle of 40°, the grain elongatincreased from 1.08 to 1.11 at a
pouring temperature of 640 °C with an increaseeictisn thickness from 10 mm to
34 mm in the sand cast sample. For an inclinatiyieaof 60°, the grain elongation
did not exhibit a clear trend with an increase act®n thickness from 10 mm to

34 mm in the sand cast sample.

Contact Time 0f 0.13 s

At a contact time of 0.13 s, for an inclination En@f 20°, the grain elongation
decreased from 1.05 to 1.10 at a pouring temperatiug80 °C and from 1.08 to 1.11
at a pouring temperature of 660 °C but decreasauh ft.12 to 1.08 for a pouring
temperature of 640 °C with an increase in sectiickbess from 10 mm to 34 mm in
the sand cast sample (see Table 4.4.12). For &nation angle of 40°, the grain
elongation decreased from 1.08 to 1.04 at a pouengperature of 640 °C with an
increase in section thickness from 10 mm to 34 mithé sand cast sample. For an
inclination angle of 60°, the grain elongation e&ged from 1.12 to 1.05 at a pouring
temperature of 680 °C and from 1.10 to 1.07 atwaripg temperature of 640 °C with
an increase in section thickness from 10 mm to 84imthe sand cast sample.

In general, at a contact time of 0.04 s, the lowesin elongation was obtained for an
inclination angle of 20° at a pouring temperaturé@ °C, for an inclination angle of
40° at a pouring temperature of 640 °C and formafination angle of 60° at pouring
temperatures of 660 °C and 640 °C. At a contace t@h0.09 s, the lowest grain
elongation was obtained for an inclination angle20f at a pouring temperature of
660 °C and an inclination angle of 60° at pouriagperatures of 680 °C and 660 °C,
while for an inclination angle of 40° no clear tdewas obtained. At a contact time of
0.13 s, the lowest grain elongation was obtainedafoinclination angle of 20° at a
pouring temperature of 680 °C and for inclinatiowlas of 40° and 60° at a pouring

temperature of 640 °C.

218



Chapter 4 Results — Sanpiekness

4.4.2.2 Effect of Contact Time

Grain Size

Inclination Angle of 20°

At an inclination angle of 20°, for a pouring temgere of 680 °C, the grain size
decreased from 16pm to 124um at a contact time of 0.13 s with an increase in
section thickness from 10 mm to 34 mm in the saast sample (see Table 4.4.13).
For a pouring temperature of 660 °C, the grain Bizeeased from 120m to 137um

at a contact time of 0.13 s with an increase ini@ec¢hickness from 10 mm to 34 mm
in the sand cast sample. For a pouring temperaf40 °C, the grain size decreased
from 179um to 166um at a contact time of 0.04 s and from 188 to 146um at a
contact time of 0.09 s with an increase in sectiockness from 10 mm to 34 mm in

the sand cast sample.

Inclination Angle of 40°

At an inclination angle of 40°, for a pouring temgere of 680 °C, the grain size
exhibited a clear trend with an increase in sedfivckness from 10 mm to 34 mm in
the sand cast sample (see Table 4.4.13). For dngotemperature of 660 °C, the
grain size increased from 1Qum to 147um at a contact time of 0.13 s with an
increase in section thickness from 10 mm to 34 mrthé sand cast sample. For a
pouring temperature of 640 °C, the grain size desgd from 15Lum to 147um at a
contact time of 0.04 s but increased fromu®7to 148um at a contact time of 0.09 s
with an increase in section thickness from 10 mr@4aonm in the sand cast sample.

Inclination Angle of 60°

At an inclination angle of 60°, for a pouring temgere of 680 °C, the grain size
increased from 8@m to 100um at a contact time of 0.09 s with an increase=atisn
thickness from 10 mm to 34 mm in the sand cast kaifgee Table 4.4.13). For a
pouring temperature of 660 °C, the grain size desed from 10Qum to 93um at a
contact time of 0.04 s with an increase in sectiockness from 10 mm to 34 mm in
the sand cast sample. For a pouring temperatuéd®fC, the grain size decreased
from 117pum to 98um at a contact time of 0.04 s but increased fromrédo 105um
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at a contact time of 0.13 s with an increase inieset¢hickness from 10 mm to 34 mm

in the sand cast sample.

In general at an inclination angle of 20°, for aupoeg temperature of 660 °C a
relatively finer grain size was obtained at a contane of 0.04 s and for a pouring
temperature of 640 °C at a contact time of 0.18tsan inclination angle of 40°, the
finest grain size was obtained for a pouring terapee of 680 °C at a contact time of
0.09 s, for a pouring temperature of 660 °C at ataxi time of 0.09 s and for a
pouring temperature of 640 °C a relatively fineaigrsize was obtained at a contact
time of 0.09 s. At an inclination angle of 60°, firest grain size was obtained for a
pouring temperature of 680 °C at a contact tim@.069 s, for a pouring temperature
of 660 °C at each contact time and for a pouringperature of 640 °C at contact
times 0of 0.04 s and 0.13 s.

Grain Circularity

Inclination Angle of 20°

At an inclination angle of 20°, for a pouring temgeire of 680 °C, 660 °C and
640 °C, the grain circularity did not exhibit a alerend, however the value did not
vary significantly with an increase in section #mess from 10 mm to 34 mm in the

sand cast sample (see Table 4.4.14).

Inclination Angle of 40°

At an inclination angle of 40°, for a pouring termgieire of 680 °C, the grain

circularity increased from 0.54 to 0.66 at a contawe of 0.04 s with an increase in
section thickness from 10 mm to 34 mm in the saast sample (see Table 4.4.14).
For a pouring temperature of 660 °C, the grainutanity decreased from 0.65 to 0.83
at a contact time of 0.04 s with an increase inisecthickness from 10 mm to 34 mm
in the sand cast sample. For a pouring temperafugé0 °C, the grain circularity did

not exhibit a clear trend with an increase in sacthickness from 10 mm to 34 mm

in the sand cast sample.

Inclination Angle of 60°

At an inclination angle of 60°, for a pouring termgteire of 680 °C, the grain
circularity increased from 0.81 to 0.86 at a contawge of 0.13 s with an increase in
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section thickness from 10 mm to 34 mm in the saast sample (see Table 4.4.14).
For a pouring temperature of 660 °C, the grainutanity decreased from 0.78 to 0.84
at a contact time of 0.04 s, from 0.74 to 0.76 ebmtact time of 0.09 s and from 0.75
to 0.79 at a contact time of 0.13 s with an incegassection thickness from 10 mm to
34 mm in the sand cast sample. For a pouring teatyrer of 640 °C, the grain
circularity decreased from 0.72 to 0.77 at a cdrtiee of 0.04 s with an increase in
section thickness from 10 mm to 34 mm in the saasdl sample.

In general at an inclination angle of 20°, a reli higher grain circularity was
obtained for pouring temperatures of 680 °C and €2@t a contact time of 0.13 s,
while the highest grain circularity was obtained dgpouring temperature of 660 °C at
a contact time of 0.04 s. At an inclination angte4@°, the highest grain circularity
was obtained for a pouring temperature of 680 °Cvatact times of 0.09 s and 0.13 s
and for a pouring temperature of 660 °C at a carnbare of 0.09 s while a relatively
higher grain circularity was obtained for a pourtegperature of 640 °C at a contact
time of 0.09 s. At an inclination angle of 60°, thghest grain circularity was
obtained for a pouring temperature of 680 °C attacintimes of 0.09 s and 0.13 s,
while a relatively higher grain circularity was almed for a pouring temperature of
660 °C at each a contact time and for a pouringp&gature of 640 °C at contact times
0f 0.04 sand 0.13 s.

Grain Elongation

Inclination Angle of 20°

At an inclination angle of 20°, for a pouring termgieire of 680 °C, the grain
elongation increased from 1.05 to 1.10 at a cortaet of 0.13 s with an increase in
section thickness from 10 mm to 34 mm in the saast sample (see Table 4.4.15).
For a pouring temperature of 660 °C, the graingddion increased from 1.08 to 1.11
at a contact time of 0.13 s with an increase ini@ec¢hickness from 10 mm to 34 mm
in the sand cast sample. For a pouring temperatu60 °C, the grain elongation
decreased from 1.10 to 1.08 at a contact timeQ¥ 8, decreased from 1.12 to 1.08 at
a contact time of 0.13 s with an increase in sadfiickness from 10 mm to 34 mm in
the sand cast sample.
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Inclination Angle of 40°

At an inclination angle of 40°, for a pouring termgieire of 680 °C, the grain
elongation did not exhibit a clear trend with agcrease in section thickness from
10 mm to 34 mm in the sand cast sample (see TaHld5}. For a pouring
temperature of 660 °C, the grain elongation deegd&®om 1.10 to 1.08 at a contact
time of 0.04 s with an increase in section thiclkriesm 10 mm to 34 mm in the sand
cast sample. For a pouring temperature of 640 R€,grain elongation decreased
from 1.08 to 1.07 at a contact time of 0.04 s andhf1.08 to 1.04 at a contact time of
0.13 s, but increased from 1.08 to 1.11 at a contae of 0.09 s with an increase in
section thickness from 10 mm to 34 mm in the sasdl sample.

Inclination Angle of 60°

At an inclination angle of 60°, for a pouring termgteire of 680 °C, the grain

elongation decreased from 1.12 to 1.05 at a cotntaetof 0.13 s with an increase in
section thickness from 10 mm to 34 mm in the saast sample (see Table 4.4.15).
For a pouring temperature of 660 °C, the graingddion increased from 1.06 to 1.08
at a contact time of 0.04 s with an increase ini@ec¢hickness from 10 mm to 34 mm
in the sand cast sample. For a pouring temperatu0 °C, the grain elongation

increased from 1.00 to 1.08 at a contact time 6# &, but decreased from 1.10 to
1.07 at a contact time of 0.04 s with an increassection thickness from 10 mm to
34 mm in the sand cast sample.

In general at an inclination angle of 20°, a reky lower grain elongation was
obtained for a pouring temperature of 680 °C abratact time of 0.13 s, for a pouring
temperature of 660 °C at a contact time of 0.04d far a pouring temperature of
640 °C at a contact time of 0.09 s. At an inclimatangle of 40°, a relatively lower
grain elongation was obtained for a pouring temjpeesof 680 °C at a contact time of
0.13 s, for a pouring temperature of 660 °C at atax time of 0.04 s and for a
pouring temperature of 640 °C at contact times.04& and 0.13 s. At an inclination
angle of 60°, a relatively lower grain elongatiorasvobtained for a pouring
temperature of 680 °C at contact times of 0.09 d @rl3 s and for pouring
temperatures of 660 °C and 640 °C at each cornitaet t
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4.4.2.3 Effect of Inclination Angle

Grain Size

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C, for a contanetof 0.04 s, the grain size did not
exhibit a clear trend with an increase in sectiookiness from 10 mm to 34 mm in

the sand cast sample (see Table 4.4.16). For acataiine of 0.09 s, the grain size
increased from 8am to 100um at an inclination angle of 60° with an increase i
section thickness from 10 mm to 34 mm in the sa®ll sample. For a contact time of
0.13 s, the grain size decreased from 8bto 124um at an inclination angle of 20°

with an increase in section thickness from 10 mr@4aonm in the sand cast sample.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C, for a contactet of 0.04 s, the grain size
decreased from 100m to 93um at an inclination angle of 60° with an increase i
section thickness from 10 mm to 34 mm in the saast sample (see Table 4.4.16).
For a contact time of 0.09 s, the grain size did exhibit a clear trend with an
increase in section thickness from 10 mm to 34 mrthé sand cast sample. For a
contact time of 0.13 s, the grain size increas@infrl20 um to 137 um at an
inclination angle of 20° and from 1Qvm to 147um at an inclination angle of 40°
with an increase in section thickness from 10 mr@4onm in the sand cast sample.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C, for a contactet of 0.04 s, the grain size
decreased from 17@m to 166um at an inclination angle of 20°, from 1%in to
147 um at an inclination angle of 40° and from 11 to 98 um at an inclination
angle of 60° with an increase in section thickrfessr 10 mm to 34 mm in the sand
cast sample (see Table 4.4.16). For a contactain@®09 s, the grain size decreased
from 189 um to 146um at an inclination angle of 20° but increased fr®@mum to
148 um at an inclination angle of 40° with an increasesection thickness from
10 mm to 34 mm in the sand cast sample. For a cotitae of 0.13 s, the grain size
increased from 9mm to 105um at an inclination angle of 60° with an increase i
section thickness from 10 mm to 34 mm in the sasdl sample.
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In general, at a pouring temperature of 680 °C latively finer grain size was
obtained for a contact time of 0.04 s at an intciomaangle of 20°, while the finest
grain size was obtained for contact times of 0.88¢&0.13 s at an inclination angle of
60°. At a pouring temperature of 660 °C the fingistin size was obtained for each
contact time at an inclination angle of 60°. At aupng temperature of 640 °C a
relatively finer grain size was obtained for contaimes of 0.04 s and 0.13 s at an

inclination angle of 60°.

Grain Circularity

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C, for a contanetof 0.04 s, the grain circularity
increased from 0.54 to 0.66 at an inclination argfl@0° with an increase in section
thickness from 10 mm to 34 mm in the sand cast kaifgee Table 4.4.17). For a
contact time of 0.09 s, the grain circularity diok exhibit a clear trend, however, the
grain elongation values did not differ significan#t an inclination angle of 40° and
60° with an increase in section thickness from 1@ to 34 mm in the sand cast
sample. For a contact time of 0.13 s, the graicu@arity increased from 0.81 to 0.86
for an inclination angle of 20° with an increasesaction thickness from 10 mm to

34 mm in the sand cast sample.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C, for a contanetof 0.04 s, the grain circularity

increased from 0.65 to 0.83 at an inclination arxflé0° and from 0.78 to 0.84 at an
inclination angle of 60° with an increase in sectibickness from 10 mm to 34 mm in

the sand cast sample (see Table 4.4.17). For adaotime of 0.09 s, the grain

circularity increased from 0.74 to 0.76 at an mmation angle of 60° with an increase
in section thickness from 10 mm to 34 mm in thedseast sample. For a contact time
of 0.13 s, the grain circularity increased from3t@ 0.79 at an inclination angle of
60° with an increase in section thickness from 1@ to 34 mm in the sand cast
sample.

Pouring Temperature of 640 °C
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At a pouring temperature of 640 °C, for a contanetof 0.09 s, the grain circularity
increased from 0.72 to 0.77 at an inclination argfl60° with an increase in section
thickness from 10 mm to 34 mm in the sand cast Earfgee Table 4.4.17). For
contact times of 0.09 s and 0.13 s, the grain t@riy did not exhibit a clear trend

with an increase in section thickness from 10 mr@4aonm in the sand cast sample.

In general, at a pouring temperature of 680 °Aatively higher grain circularity was
obtained for a contact time of 0.04 s at an in¢ciaraangle of 20°, while the highest
grain circularity was obtained for a contact tinfeOd9 s and 0.13 s at inclination
angles of 40° and 60°. At a pouring temperature66® °C the highest grain
circularity was obtained for a contact time of 094t an inclination angle of 60°. A
relatively higher grain circularity was obtainedr fa contact time of 0.04 s at an
inclination angle of 20° and for contact times 0@®s and 0.13 s at an inclination
angle of 60°. At a pouring temperature of 640 °@treely higher grain circularity
was obtained for contact times of 0.04 s and 0.48a% inclination angle of 60°.

Grain Elongation

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C, the grain esdimn did not exhibit a clear trend
for a contact time of 0.04 s and 0.09 s with arrease in section thickness from
10 mm to 34 mm in the sand cast sample (see Tahlé8}. For a contact time of
0.13 s, the grain elongation increased from 1.05.16 at an inclination angle of 20°
but decreased from 1.12 to 1.05 at an inclinatinglea of 60° with an increase in
section thickness from 10 mm to 34 mm in the sasdl sample.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C, for a contanetof 0.04 s, the grain elongation
decreased from 1.10 to 1.08 at an inclination anfj#0° but increased from 1.06 to
1.08 at an inclination angle of 60° with an incee@s section thickness from 10 mm
to 34 mm in the sand cast sample (see Table 4.4d8) contact time of 0.13 s, the
grain elongation increased from 1.08 to 1.11 atnafination angle of 20° with an
increase in section thickness from 10 mm to 34 mrthé sand cast sample. For a
contact time of 0.09 s, the grain elongation did ewhibit a clear trend with an
increase in section thickness from 10 mm to 34 mithe sand cast sample.
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Pouring Temperature of 640 °C

At a pouring temperature of 640 °C, for a contanetof 0.04 s, the grain elongation
decreased from 1.08 to 1.07 at an inclination anfj#0° but increased from 1.00 to
1.08 at an inclination angle of 60° with an incee@s section thickness from 10 mm
to 34 mm in the sand cast sample (see Table 4.4d8)a contact time of 0.09 s, the
grain elongation decreased from 1.10 to 1.08 atinahination angle of 20° but

increased from 1.08 to 1.11 at an inclination argfld0° with an increase in section
thickness from 10 mm to 34 mm in the sand cast Earfpr a contact time of 0.13 s,
the grain elongation decreased from 1.12 to 1.G&hanclination angle of 20°, from

1.08 to 1.04 at an inclination angle of 20° andrfrd.10 to 1.07 at an inclination
angle of 60° with an increase in section thickrfessr 10 mm to 34 mm in the sand

cast sample.

In general, at a pouring temperature of 680 °Caively lower grain elongation was
obtained for a contact time of 0.09 s at an in¢ioraangle of 60° and for a contact
time of 0.13 s at each inclination angle. At a progitemperature of 660 °C the lowest
grain elongation was obtained for contact time @40s and 0.09 s at an inclination
angle of 60°, while for a contact time of 0.04 rekatively lower grain elongation was
obtained at inclination angles of 20° and 60°. Atcaring temperature of 640 °C a
relatively lower grain elongation was obtained #orcontact time of 0.04 s at an
inclination angle of 60°, for a contact time of 9.9 at inclination angles of 20° and
60° and for a contact time of 0.13 s at inclinat@mgles of 20° and 60°.

4.4.3 Summary

The above mentioned results for the effect of samipckness in the sand mould on

the final microstructure can be summarised as\idlo

1. At an inclination angle of 60° and a contact tini@d3 s, the grain size was
the finest ( ~ 10Qum) and was similar throughout the casting regasdtdsts
thickness.

2. In general, the decrease in grain size with anems® in sample thickness,

may be due to the transport of a large number afeifgrains, continued
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nucleation multiplication of root melting or equék growth due to an
isothermal temperature distribution.

3. The grain size obtained under most of the procgssimditions was less than
200 um having high circularity and minimum elongatiodues, thus showing
the effectiveness of the cooling slope in obtainmear globular, equiaxed

grains.

227



Chapter 4 Results — Saniplekness

4.4.4. Tables

Table 4.4.1: Effect of pouring temperature on grain size (um) with change in sample thickness
(within the 10 mm thick section) at different inclination angles for different contact times.
0.04 s Contact Time
Position 20°Inclination 40°Inclination 60°Inclination

680 660 640 680 660 640 680 660 640
@ 1® 1 © [|®  © | © |]® | © [
152 137 194 212 132 133 169 94 76
163 123 179 215 115 147 213 96 117
3 151 122 179 208 121 151 213 100 117
0.09 s Contact Time
125 160 123 103 114 104 100 103 169
139 137 189 86 114 97 89 103 179
3 152 147 189 86 115 97 89 91 179
0.13 s Contact Time

N =

N =

1 129 131 120 87 104 118 98 83 83
2 141 154 204 96 112 124 98 98 95
3 165 120 141 96 107 124 98 95 95

Table 4.4.2: Effect of pouring temperature on grain circularity with change in sample thickness
(within the 10 mm thick section) at different inclination angles for different contact times.
0.04 s Contact Time
Position 20°Inclination 40° Inclination 60°Inclination

680 660 640 680 660 640 680 660 640
@ 1 ® 1 ® 1® [© | © [|& | @ | ©
0.66| 0.68| 049 056 | 066 | 0.67| 0.60| 0.78| 0.82
0.62| 0.71| 058 052| 0.72| 064| 051| 0.78| 0.72
3 0.65| 0.71| 058| 054| 065| 0.62| 051| 0.78| 0.72
0.09 s Contact Time
0.68| 053| 067 073| 069| 0.70| 0.76| 0.71| 0.51
0.71| 0.65| 053| 084 | 070| 0.76| 080 | 0.72| 0.57
3 0.67| 0.60| 053| 084 | 0.71| 0.76| 080 | 0.74| 0.57
0.13 s Contact Time

N =

N =

1 00| 067 | 072 081| 0.72| 067| 0.76| 0.75| 0.76
2 068 | 064| 054 078| 068| 065| 081| 0.71| 0.73
3 068 069| 062 0.78| 0.67| 0.65]| 081| 0.75] 0.73

Table 4.4.3: Effect of pouring temperature on grain elongation with change in sample
thickness (within the 10 mm thick section) at different inclination angles for different contact
times.

0.04 s Contact Time
Position 20°Inclination 40°Inclination 60°Inclination
680 660 640 680 660 640 680 660 640
© 1 ® 1 ® |® [ ©  © [® | © | K

1 111 1.13| 1.15| 1.15| 1.11| 1.13| 110 1.11| 1.00

2 1.10| 1.07| 1.09| 1.14| 1.08| 1.08| 1.12| 1.09| 1.00

3 1.08| 108| 1.09| 1.10| 1.10| 1.08| 1.12| 1.06| 1.00
0.09 s Contact Time

1 1.09| 1.13| 1.10| 1.09| 1.08| 1.10| 1.08| 1.07| 1.11

2 1.08| 108| 1.10| 106| 1.11| 1.08| 106 | 1.11| 1.18

3 1.10| 108| 1.10| 106| 1.11| 1.08| 1.06| 1.00| 1.18
0.13 s Contact Time

1 1.14| 110| 1.13| 1.00| 1.10| 1.08| 1.05| 1.00| 1.00

2 1.13| 110/ 1.12| 1.09| 1.12| 1.08| 1.12| 1.00| 1.10

3 105 108| 1.12| 1.09| 1.09| 1.08| 1.12| 1.11| 1.10
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Table 4.4.4: Effect of contact time on grain size (um) with change in sample thickness (within

the 10 mm thick section) at different pouring temperature for different inclination angles.

20°Inclination

680 T pouring

660 T pouring

640 T pouring

Position temperature temperature temperature
0.04 0.09 0.13 0.04 0.09 0.13 0.04 0.09 0.13
S S S S S S S S S

1 152 125 129 137 160 131 194 123 120

2 163 139 141 123 137 154 179 189 204

3 151 152 165 122 147 120 179 189 141
40°Inclination

1 212 103 87 132 114 104 133 104 118

2 215 86 96 115 114 112 147 97 124

3 208 86 96 121 115 107 151 97 124
60°Inclination

1 169 100 98 94 103 83 76 169 83

2 213 89 98 96 103 98 117 179 95

3 213 89 98 100 91 95 117 179 95

Table 4.4.5: Effect of contact time on grain circularity with change in sample thickness (within

the 10 mm thick section) at different pouring temperature for different inclination angles.

20°Inclination

680 T pouring

660 T pouring

640 T pouring

Position
temperature temperature temperature
0.04s|0.09s5s|0.135s]|0.04s |0.09s5s|0.135|0.04s|0.09s|0.13s
1 0.66 0.68 0.70 0.68 0.53 0.67 0.49 0.67 0.72
2 0.62 0.71 0.68 0.71 0.65 0.64 0.58 0.53 0.54
3 0.65 0.67 0.68 0.71 0.60 0.69 0.58 0.53 0.62
40°Inclination
1 0.56 0.73 0.81 0.66 0.69 0.72 0.67 0.70 0.67
2 0.52 0.84 0.78 0.72 0.70 0.68 0.64 0.76 0.65
3 0.54 0.84 0.78 0.65 0.71 0.67 0.62 0.76 0.65
60°Inclination
1 0.60 0.76 0.76 0.78 0.71 0.75 0.82 0.51 0.76
2 0.51 0.80 0.81 0.78 0.72 0.71 0.72 0.57 0.73
3 0.51 0.80 0.81 0.78 0.74 0.75 0.72 0.57 0.73

Table 4.4.6: Effect of contact time on grain elongation with change in sample thickness (within

the 10 mm thick section) at different pouring temperature for different inclination angles.

20°Inclination

Position

680 T pouring

660 T pouring

640 T pouring

temperature temperature temperature

0.04s | 0.09s | 0.135s|0.04s|0.09s|0.13s|0.04s|0.09s|0.13s

1 1.11 1.09 1.14 1.13 1.13 1.10 1.15 1.10 1.13

2 1.10 1.08 1.13 1.07 1.08 1.10 1.09 1.10 1.12

3 1.08 1.10 1.05 1.08 1.08 1.08 1.09 1.10 1.12
40°Inclination

1 1.15 1.09 1.00 1.11 1.08 1.10 1.13 1.10 1.08

2 1.14 1.06 1.09 1.08 1.11 1.12 1.08 1.08 1.08

3 1.10 1.06 1.09 1.10 1.11 1.09 1.08 1.08 1.08
60°Inclination

1 1.10 1.08 1.05 1.11 1.07 1.00 1.00 1.11 1.00

2 1.12 1.06 1.12 1.09 1.11 1.00 1.00 1.18 1.10

3 1.12 1.06 1.12 1.06 1.00 1.11 1.00 1.18 1.10
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Table 4.4.7: Effect of inclination angle on grain size (um) with change in sample thickness
(within the 10 mm thick section) at different contact times for different pouring temperature.

680 T Pouring Temperature
Position 0.04 s Contact Time 0.09 s Contact Time 0.13 s Contact Time
20° 40° 60° 20° 40° 60° P0° 40° §0°
1 152 212 169 125 103 100 129 87 98
2 163 215 213 139 86 89 141 96 98
3 151 208 213 152 86 89 165 96 98
660 T Pouring Temperature
1 137 132 94 160 114 103 131 104 83
2 123 115 96 137 114 103 154 112 98
3 122 121 100 147 115 91 120 107 95
640 T Pouring Temperature
1 194 133 76 123 104 169 120 118 83
2 179 147 117 189 97 179 204 124 95
3 179 151 117 189 97 179 141 124 95

Table 4.4.8: Effect of inclination angle on grain circularity with change in sample thickness
(within the 10 mm thick section) at different contact times for different pouring temperature.

680 T Pouring Temperature
Position 0.04 s Contact Time 0.09 s Contact Time 0.13 s Contact Time
20° 40° 60° 20° 40° 60° P0° 40° §0°
1 0.66 0.56 0.60 0.68 0.73 0.76 0.70 0.81 0.76
2 0.62 0.52 0.51 0.71 0.84 0.80 0.68 0.78 0.81
3 0.65 0.54 0.51 0.67 0.84 0.80 0.68 0.78 0.81
660 T Pouring Temperature
1 0.68 0.66 0.78 0.53 0.69 0.71 0.67 0.72 0.75
2 0.71 0.72 0.78 0.65 0.70 0.72 0.64 0.68 0.71
3 0.71 0.65 0.78 0.60 0.71 0.74 0.69 0.67 0.75
640 T Pouring Temperature
1 0.49 0.67 0.82 0.67 0.70 0.51 0.72 0.67 0.76
2 0.58 0.64 0.72 0.53 0.76 0.57 0.54 0.65 0.73
3 0.58 0.62 0.72 0.53 0.76 0.57 0.62 0.65 0.73

Table 4.4.9: Effect of inclination angle on grain circularity with change in sample thickness
(within the 10 mm thick section) at different contact times for different pouring temperature.

680 T Pouring Temperature
Position 0.04 s Contact Time 0.09 s Contact Time 0.13 s Contact Time
20° 40° 60° 20° 40° 60° 20° 40° g0°
1 1.11 1.15 1.10 1.09 1.09 1.08 1.14 1.00 1.05
2 1.10 1.14 1.12 1.08 1.06 1.06 1.13 1.09 1.12
3 1.08 1.10 1.12 1.10 1.06 1.06 1.05 1.09 1.12
660 T Pouring Temperature
1 1.13 1.11 1.11 1.13 1.08 1.07 1.10 1.10 1.00
2 1.07 1.08 1.09 1.08 1.11 1.11 1.10 1.12 1.00
3 1.08 1.10 1.06 1.08 1.11 1.00 1.08 1.09 1.11
640 T Pouring Temperature
1 1.15 1.13 1.00 1.10 1.10 1.11 1.13 1.08 1.00
2 1.09 1.08 1.00 1.10 1.08 1.18 1.12 1.08 1.10
3 1.09 1.08 1.00 1.10 1.08 1.18 1.12 1.08 1.10
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Table 4.4.10: Effect of pouring temperature on grain size (um) with change in sample
thickness at different inclination angles for different contact times.

0.04 s Contact Time
Position 20°Inclination 40°Inclination 60°Inclination
680 660 640 680 660 640 680 660 640
(©) (©) (©) (©) (©) (©) (©) (©) (©)
3 151 122 179 208 121 151 213 100 117
4 153 106 171 160 123 149 168 94 102
5 145 111 166 161 89 147 181 93 98
0.09 s Contact Time
3 152 147 189 86 115 97 89 91 179
4 132 151 178 93 101 116 92 100 180
5 136 140 146 87 120 148 100 93 115
0.13 s Contact Time
3 165 120 141 96 107 124 98 95 95
4 143 131 171 110 109 119 105 89 100
5 124 137 159 87 147 145 91 91 105

Table: 4.4.11: Effect of pouring temperature on grain circularity with change in sample
thickness at different inclination angles for different contact times.

0.04 s Contact Time
Position 20°Inclination 40°Inclination 60°Inclination
680 660 640 680 660 640 680 660 640
©) ©) ©) ©) ©) ©) ©) ©) ©)

3 0.65 0.71 0.58 0.54 0.65 0.62 0.51 0.78 0.72

4 0.61 0.77 0.60 0.62 0.69 0.61 0.66 0.82 0.76

5 0.67 0.76 0.58 0.66 0.83 0.64 0.62 0.84 0.77
0.09 s Contact Time

3 0.67 0.60 0.53 0.84 0.71 0.76 0.80 0.74 0.57

4 0.71 0.63 0.51 0.82 0.73 0.64 0.83 0.76 0.49

5 0.62 0.62 0.63 0.86 0.72 0.65 0.81 0.76 0.60

0.13 s Contact Time

3 0.68 0.69 0.62 0.78 0.67 0.65 0.81 0.75 0.73
4 0.67 0.64 0.58 0.72 0.72 0.70 0.82 0.77 0.75
5 0.79 0.65 0.59 0.82 0.61 0.62 0.86 0.79 0.71

Table 4.4.12: Effect of pouring temperature on grain elongation with change in sample
thickness at different inclination angles for different contact times.

0.04 s Contact Time
Position 20°Inclination 40°Inclination 60°Inclination
680 660 640 680 660 640 680 660 640
(©) (©) (©) (©) (©) (©) (©) (©) (©)
3 1.08 1.08 1.09 1.10 1.10 1.08 1.12 1.06 1.00
4 1.06 1.06 1.11 1.12 1.08 1.07 1.13 1.07 1.06
5 1.11 1.08 1.05 1.08 1.08 1.07 1.12 1.08 1.08
0.09 s Contact Time
3 1.10 1.08 1.10 1.06 1.11 1.08 1.06 1.00 1.18
4 1.14 1.10 1.08 1.13 1.08 1.11 1.00 1.07 1.06
5 1.11 1.07 1.08 1.06 1.11 1.11 1.07 1.06 1.08
0.13 s Contact Time
3 1.05 1.08 1.12 1.09 1.09 1.08 1.12 1.11 1.10
4 1.09 1.10 1.12 1.10 1.06 1.08 1.05 1.09 1.07
5 1.10 1.11 1.08 1.05 1.14 1.04 1.05 1.10 1.07
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Table 4.4.13: Effect of contact time on grain size (um) with change in sample thickness at

different pouring temperatures for different inclination angles.

Results — Sampiekness

20°Inclination

Position

680 T pouring

660 T pouring

640 T pouring

temperature temperature temperature

0.04s | 0.09s|0.13s|0.04s|0.09s| 0.13s|(0.04s| 0.09s | 0.13s

3 151 152 165 122 147 120 179 189 141

4 153 132 143 106 151 131 171 178 171

5 145 136 124 111 140 137 166 146 159
40°Inclination

3 208 86 96 121 115 107 151 97 124

4 160 93 110 123 101 109 149 116 119

5 161 87 87 89 120 147 147 148 145
60°Inclination

3 213 89 98 100 91 95 117 179 95

4 168 92 105 94 100 89 102 | 1780 100

5 181 100 91 93 93 91 98 115 105

Table 4.4.14: Effect of contact time on grain circularity with change in sample thickness at

different pouring temperatures for different inclination angles.

20°Inclination

Position

680 T pouring

660 T pouring

640 T pouring

temperature temperature temperature

0.04s | 0.09s|0.13s|0.04s | 0.09s| 0.13s|(0.04s| 0.09s | 0.13s

3 0.65 0.67 0.68 0.71 0.60 0.69 0.58 0.53 0.62

4 0.61 0.71 0.67 0.77 0.63 0.64 0.60 0.51 0.58

5 0.67 0.62 0.79 0.76 0.62 0.65 0.58 0.63 0.59
40°Inclination

3 0.54 0.84 0.78 0.65 0.71 0.67 0.62 0.76 0.65

4 0.62 0.82 0.72 0.69 0.73 0.72 0.61 0.64 0.70

5 0.66 0.86 0.82 0.83 0.72 0.61 0.64 0.65 0.62
60°Inclination

3 0.51 0.80 0.81 0.78 0.74 0.75 0.72 0.57 0.73

4 0.66 0.83 0.82 0.82 0.76 0.77 0.76 0.49 0.75

5 0.61 0.81 0.86 0.84 0.76 0.79 0.77 0.60 0.71

Table 4.4.15: Effect of contact time on grain elongation with change in sample thickness at
different pouring temperatures for different inclination angles.

20°Inclination

Position

680 T pouring

660 T pouring

640 T pouring

temperature temperature temperature

0.04s | 0.09s|0.13s|0.04s | 0.09s| 0.13s|(0.04s|0.09s | 0.13s

3 1.08 1.10 1.05 1.08 1.08 1.08 1.09 1.10 1.12

4 1.06 1.14 1.09 1.06 1.10 1.10 1.11 1.08 1.12

5 1.11 1.11 1.10 1.08 1.07 1.11 1.05 1.08 1.08
40°Inclination

3 1.10 1.06 1.09 1.10 1.11 1.09 1.08 1.08 1.08

4 1.12 1.13 1.10 1.08 1.08 1.06 1.07 1.11 1.08

5 1.08 1.06 1.05 1.08 1.11 1.14 1.07 1.11 1.04
60°Inclination

3 1.12 1.06 1.12 1.06 1.00 1.11 1.00 1.18 1.10

4 1.13 1.00 1.05 1.07 1.07 1.09 1.06 1.06 1.07

5 1.12 1.07 1.05 1.08 1.06 1.10 1.08 1.08 1.07
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Table 4.4.16: Effect of inclination angle on grain size (um) with change in sample thickness at
different contact time for different pouring temperatures.

680 T Pouring Temperature
Position | 0.04 s Contact Time 0.09 s Contact Time 0.13 s Contact Time
20° 40° 60° 20° 40° 60° PO° 40° 60°
151 208 213 152 86 89 165 96 98
153 160 168 132 93 92 143 110 105
5 145 161 181 136 87 100 124 87 91
660 T Pouring Temperature
122 121 100 147 115 91 120 107 95
106 123 94 151 101 100 131 109 89
5 111 89 93 140 120 93 137 147 91
640 T Pouring Temperature

W

W

3 179 151 117 189 97 179 141 124 95
4 171 149 102 178 116 180 171 119 100
5 166 147 98 146 148 115 159 145 105

Table 4.4.17: Effect of inclination angle on grain circularity with change in sample thickness at
different contact time for different pouring temperatures.

680 T Pouring Temperature
Position | 0.04 s Contact Time 0.09 s Contact Time 0.13 s Contact Time
20° 40° 60° 20° 40° 60° PO° 40° 60°
0.65 0.54 0.51 0.67 0.84 0.80 0.68 0.78 0.81
0.61 0.62 0.66 0.71 0.82 0.83 0.67 0.72 0.82
5 0.67 0.66 0.61 0.62 0.86 0.81 0.79 0.82 0.86
660 T Pouring Temperature
0.71 0.65 0.78 0.60 0.71 0.74 0.69 0.67 0.75
0.77 0.69 0.82 0.63 0.73 0.76 0.64 0.72 0.77
5 0.76 0.83 0.84 0.62 0.72 0.76 0.65 0.61 0.79
640 T Pouring Temperature

W

W

3 0.58 0.62 0.72 0.53 0.76 0.57 0.62 0.65 0.73
4 0.60 0.61 0.76 [ 0.51 0.64 0.49 0.58 0.70 0.75
5 0.58 0.64 0.77 | 0.63 0.65 0.60 0.59 0.62 0.71

Table 4.4.18: Effect of inclination angle on grain elongation with change in sample thickness
at different contact time for different pouring temperatures.

680 T Pouring Temperature
Position | 0.04 s Contact Time 0.09 s Contact Time 0.13 s Contact Time
20° 40° 60° 20° 40° 60° PO° 40° 60°
1.08 1.10 1.12 1.10 1.06 1.06 1.05 1.09 1.12
1.06 1.12 1.13 1.14 1.13 1.00 1.09 1.10 1.05
5 1.11 1.08 1.12 1.11 1.06 1.07 1.10 1.05 1.05
660 T Pouring Temperature

W

3 1.08 1.10 1.06 1.08 1.11 1.00 1.08 1.09 1.11

4 1.06 1.08 1.07 1.10 1.08 1.07 1.10 1.06 1.09

5 1.08 1.08 1.08 1.07 1.11 1.06 1.11 1.14 1.10
640 T Pouring Temperature

3 1.09 1.08 1.00 1.10 1.08 1.18 1.12 1.08 1.10

4 1.11 1.07 1.06 1.08 1.11 1.06 1.12 1.08 1.07

5 1.05 1.07 1.08 1.08 1.11 1.08 1.08 1.04 1.07
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Fig. 4.4.1: Schematic of sampling and their relative position
in the sand cast sample.
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4.5. EFFECT OF MOULD MATERIAL ON FINAL GRAIN
CHARACTERISTICS

In this section, the effect of pouring temperaturglt contact time on the cooling
slope and inclination angle on the final grain siaed grain characteristics such as
circularity and elongation values, obtained for pk® cast in C®@hardend water
glass bonded sand moulds were compared with tlarsthé water cooled metallic

mould.

4.5.1 Effect of Pouring Temperature

4.5.1.1 Constant Contact Time

Grain Size

Contact Time 0of 0.04 s

At a contact time of 0.04 s and an inclination angf 20°, the grain size did not
exhibit a clear trend both for the sand cast anthline mould cast samples with a
decrease in pouring temperature from 680 °C to 830The grain size for the
metallic mould cast samples was finer than thosete sand cast samples at each
pouring temperature (see Table 4.5.1). At an iatiim angle of 40°, the grain size
did not exhibit a clear trend both for the sandt @a& metallic mould cast samples
with a decrease in pouring temperature from 68@0°640 °C. The grain size for the
metallic mould cast samples was finer than those¢hi® sand cast samples at pouring
temperatures of 660 °C and 640 °C. At an inclimaaogle of 60°, the grain size did
not exhibit a clear trend for the sand cast sampidsit increased from 8am to
144 um for the metallic mould cast samples with a desgeia pouring temperature
from 680 °C to 640 °C. The grain size for the metahould cast samples was finer
than those for the sand cast samples at pouringetertures of 680 °C and 640 °C.
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Contact Time of 0.09 s

At a contact time of 0.09 s and an inclination angf 20°, the grain size did not
exhibit a clear trend for the sand cast samplest itreased from 8gm to 134um
for the metallic mould cast samples with a decraaspouring temperature from
680 °C to 640 °C. The grain size for the metallioutd cast samples was finer than
those for the sand cast samples at each pouringetatare (see Table 4.5.1). At an
inclination angle of 40°, the grain size did nohix a clear trend for the sand cast
samples but it increased from 81 to 124um for the metallic mould cast samples
with a decrease in pouring temperature from 68@0°640 °C. The grain size for the
metallic mould cast samples was coarser than tlowsdbe sand cast samples at each
pouring temperature. At an inclination angle of ,6ffe grain size increased from
89 um to 179um for the sand cast samples and fronuB0to 179um for the metallic
mould cast samples with a decrease in pouring teatyre from 680 °C to 640 °C.
The grain size for the metallic mould cast samples finer than those for the sand
cast samples at a pouring temperature of 680 °Cveasl the same at a pouring

temperature of 640 °C.

Contact Time 0f 0.13 s

At a contact time of 0.13 s and an inclination angf 20°, the grain size did not
exhibit a clear trend for the sand cast samplest ntreased for 8um to 189um for
the metallic mould cast samples with a decreagmuring temperature from 680 °C
to 640 °C. The grain size for the metallic mouldtcsamples was finer than those for
the sand cast samples at pouring temperatures00f®&nd 660 °C (see Table 4.5.1).
At an inclination angle of 40°, the grain size g&sed from 9@m to 124um for the
sand cast samples and from 10t to 124um for the metallic mould cast samples
with a decrease in pouring temperature from 68@0°640 °C. The grain size for the
metallic mould cast samples was coarser than tlowvdbe sand cast samples at each
pouring temperature. At an inclination angle of ,60fe grain size decreased from
98 um to 95um for the sand cast samples but it increased frapn®to 134um for
the metallic mould cast samples with a decreagmuring temperature from 680 °C
to 640 °C. The grain size for the metallic mouldtcsamples was finer than those for

the sand cast samples only at a pouring temperaf@@0 °C.
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Grain Circularity

Contact Time 0of 0.04 s

At a contact time of 0.04 s and an inclination angfl 20°, the grain circularity did not
exhibit a clear trend both for the sand cast ardhtbtallic mould cast samples with a
decrease in pouring temperature from 680 °C to ®30The grain circularity for
metallic mould cast samples was higher than thasetHe sand cast samples at
pouring temperatures of 680 °C and 660 °C (seeel4ld.2). At an inclination angle
of 40°, the grain circularity did not exhibit a aletrend both for the sand cast and the
metallic mould cast samples with a decrease inipguemperature from 680 °C to
640 °C. The grain circularity for the metallic mdutast samples was higher than
those for the sand cast samples at a pouring tetyperof 660 °C. At an inclination
angle of 60°, the grain circularity did not exhibitclear trend both for the sand cast
and the metallic mould cast samples with a decr@gag®ouring temperature from
680 °C to 640 °C. The grain circularity for the albt mould cast samples was lower

than those for the sand cast samples at each gderimperature.

Contact Time of 0.09 s

At a contact time of 0.09 s and an inclination angf 20°, the grain circularity
decreased from 0.67 to 0.53 for the sand cast ssniplt it did not exhibit a clear
trend for the metallic mould cast samples with erdase in pouring temperature from
680 °C to 640 °C. The grain circularity for the alét mould cast samples was
higher than those for the sand cast samples atrgptemperatures of 660 °C and
640 °C (see Table 4.5.2). At an inclination andie€@, the grain circularity did not
exhibit a clear trend both for the sand cast ardhtitallic mould cast samples with a
decrease in pouring temperature from 680 °C to°&!0rhe grain circularity for the
metallic mould cast samples was lower than thosd¢hie sand cast samples at each
pouring temperature. At an inclination angle of ,6@ife grain circularity did not
exhibit a clear trend both for the sand cast ardhitallic mould cast samples with a
decrease in pouring temperature from 680 °C to°&!0rhe grain circularity for the
metallic mould cast samples was lower than those¢hie sand cast samples at each

pouring temperature.
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Contact Time 0f 0.13 s

At a contact time of 0.13 s and an inclination angfl 20°, the grain circularity did not
exhibit a clear trend for the sand cast and thealtinetmould cast samples with a
decrease in pouring temperature from 680 °C to°&!0rhe grain circularity for the
metallic mould cast samples was lower than thos¢hie® sand cast samples for each
pouring temperature (see Table 4.5.2). At an iatiim angle of 40°, the grain
circularity decreased from 0.78 to 0.65 for thedseast samples and it did not exhibit
a clear trend for the metallic mould cast samplath va decrease in pouring
temperature from 680 °C to 640 °C. The grain caaty for the metallic mould cast
samples was lower than those for the sand castlesrapeach pouring temperature.
At an inclination angle of 60°, the grain circutgrdecreased from 0.81 to 0.73 for the
sand cast samples and it did not exhibit a cleamdtrfor the metallic mould cast
samples with a decrease in pouring temperature 88tn°C to 640 °C. The grain
circularity for the metallic mould cast samples vi@ser than those for the sand cast
samples at each pouring temperature.

Grain Elongation

Contact Time 0of 0.04 s

At a contact time of 0.04 s and an inclination angf 20°, the grain elongation
increased from 1.08 to 1.09 for the sand cast sssmphd it did not exhibit a clear
trend for the metallic mould cast samples with erdase in pouring temperature from
680 °C to 640 °C. The grain elongation for the rhietenould cast samples was lower
than those for the sand cast samples at a pouwmgerature of 680 °C (see Table
4.5.3). At an inclination angle of 40°, the gralorgation decreased from 1.10 to 1.08
for the sand cast samples and it increased frorh tb.11.44 for the metallic mould
cast samples with a decrease in pouring temperatume680 °C to 640 °C. The grain
elongation for the metallic mould cast samples higker than those for the sand cast
samples at each pouring temperature. At an inainaangle of 60° the grain
elongation decreased from 1.12 to 1.00 for the sastl samples but it did not exhibit
a clear trend for the metallic mould cast samplath va decrease in pouring
temperature from 680 °C to 640 °C. The grain eltingafor the metallic mould cast
samples was lower than those for the sand castlsarapa pouring temperature of
680 °C.
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Contact Time of 0.09 s

At a contact time of 0.09 s and an inclination angfi 20°, the grain elongation did
not exhibit a clear trend for the sand cast samiplest increased from 1.06 to 1.39
for the metallic mould cast samples with a decraaspouring temperature from
680 °C to 640 °C. The grain elongation for the rhietenould cast samples was lower
than those for the sand cast samples at a pouwmgerature of 680 °C (see Table
4.5.3). At an inclination angle of 40°, the gralorgation did not exhibit a clear trend
both for the sand cast and the metallic mould sastples with a decrease in pouring
temperature from 680 °C to 640 °C. The grain eltingafor the metallic mould cast
samples was higher than those for the sand cagilesuat each pouring temperature.
At an inclination angle of 60°, the grain elongatibid not exhibit a clear trend for the
sand cast and the metallic mould cast samplesanitécrease in pouring temperature
from 680 °C to 640 °C. The grain elongation for thetallic mould cast samples was

higher than those for the sand cast samples atpgaging temperature.

Contact Time 0f 0.13 s

At a contact time of 0.13 s and an inclination angfi 20°, the grain elongation did
not exhibit a clear trend both for the sand cast e metallic mould cast samples
with a decrease in pouring temperature from 68@0°640 °C. The grain elongation
for the metallic mould cast samples was lower tise for the sand cast samples at
a pouring temperature of 640 °C (see Table 4.A8Ban inclination angle of 40°, the
grain elongation decreased from 1.09 to 1.08 fersémnd cast samples but it increased
from 1.00 to 1.50 for the metallic mould cast saaspWith a decrease in pouring
temperature from 680 °C to 640 °C. The grain eltingafor the metallic mould cast
samples was lower than those for the sand castlsarapa pouring temperature of
680 °C. At an inclination angle of 60°, the grainrgation decreased from 1.12 to
1.10 for the sand cast samples but it increasech ftd00 to 1.45 for the metallic
mould cast samples with a decrease in pouring teatyre from 680 °C to 640 °C.
The grain elongation for the metallic mould cashgkes was lower than those for the
sand cast samples at a pouring temperature of@380 °
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4.5.1.2 Constant Inclination Angle

Grain Size

Inclination Angle of 20°

At an inclination angle of 20° and a contact tinfe0d4 s, the grain size did not
exhibit a clear trend both for the sand cast aedbtallic mould cast samples with a
decrease in pouring temperature from 680 °C to 830The grain size for the
metallic mould cast samples was finer than thosete sand cast samples at each
pouring temperature (see Table 4.5.4). For a cotitae of 0.09 s, the grain size did
not exhibit a clear trend for the sand cast sampidsit increased from 8@dm to
134 um for the metallic mould cast samples with a desgeia pouring temperature
from 680 °C to 640 °C. The grain size for the metahould cast samples was finer
than those for the sand cast samples at each gdenmperature. For a contact time of
0.13 s, the grain size did not exhibit a clear dréor the sand cast samples but it
increased from 8@am to 189um for the metallic mould cast samples with a deszea
in pouring temperature from 680 °C to 640 °C. Theirgsize for the metallic mould
cast samples was finer than those for the sandsaagtles at pouring temperatures of
680 °C and 660 °C.

Inclination Angle of 40°

At an inclination angle of 40° and a contact tinfe0d4 s, the grain size did not
exhibit a clear trend both for the sand cast sasnpled the metallic mould cast
samples with a decrease in pouring temperature &0 C to 640 °C. The grain size
for the metallic mould cast samples was finer tthese for the sand cast samples at
pouring temperatures of 660 °C and 640 °C (seeel4ld.4). For a contact time of
0.09 s, the grain size did not exhibit a clear dréor the sand cast samples but it
increased from 8@&m to 124um for the metallic mould cast samples with a deszea
in pouring temperature from 680 °C to 640 °C. Thairgsize for the metallic mould
cast samples was coarser than those for the sastdsamples at each pouring
temperature. For a contact time of 0.13 s, thengsae did not exhibit a clear trend
for the sand cast samples but it increased fromifto 124um for the metallic
mould cast samples with a decrease in pouring teatyre from 680 °C to 640 °C.
The grain size for the metallic mould cast samplas coarser than those for the sand
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cast samples at pouring temperatures of 680 °C,°66@nd was similar to the sand

cast samples at a pouring temperature of 640 °C.

Inclination Angle of 60°

At an inclination angle of 60° and a contact tinfe0d4 s, the grain size did not
exhibit a clear trend for the sand cast samplesiouéased from 8am to 144um for
the metallic mould cast samples with a decreag®uring temperature from 680 °C
to 640 °C. The grain size for the metallic mouldtcsamples was finer than those for
the sand cast samples at pouring temperature00f®&&nd 660 °C (see Table 4.5.4).
For a contact time of 0.09 s, the grain size ingedafrom 89um to 179um for the
sand cast samples and from @® to 179um for the metallic mould cast samples
with a decrease in pouring temperature from 68@0°640 °C. The grain size for the
metallic mould cast samples was finer than thosetlie sand cast samples at a
pouring temperature of 680 °C. For a contact tirh@.&@3 s, the grain size did not
exhibit a clear trend for the sand cast samplest itreased from 9gm to 134um

for the metallic mould cast samples with a decraaspouring temperature from
680 °C to 640 °C. The grain size for the metallioutd cast samples was finer than

those for the sand cast samples at a pouring tetoperof 680 °C.

Grain Circularity

Inclination Angle of 20°

At an inclination angle of 20° and a contact tinh®.®4 s, the grain circularity did not
exhibit a clear trend for the sand cast and thealietmould cast samples with a
decrease in pouring temperature from 680 °C to°&!0rhe grain circularity for the
metallic mould cast samples was higher than thasetHe sand cast samples at
pouring temperatures of 660 °C and 640 °C (seeelTdl.5). For a contact time of
0.09 s, the grain circularity decreased from 0®0.63 for the sand cast samples but
it did not exhibit a clear trend for the metalliouild cast samples with a decrease in
pouring temperature from 680 °C to 640 °C. Thergr@rcularity for the metallic
mould cast samples was higher than those for the sast samples at pouring
temperatures of 660 °C and 640 °C. For a contat 6f 0.13 s, the grain circularity
did not exhibit a clear trend both for the sand eas the metallic mould cast samples
with a decrease in pouring temperature from 68@0°640 °C. The grain circularity
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for the metallic mould cast samples was lower tise for the sand cast samples at

each pouring temperature.

Inclination Angle of 40°

At an inclination angle of 40° and a contact tinh®.®4 s, the grain circularity did not
exhibit a clear trend both for the sand cast ardhtitallic mould cast samples with a
decrease in pouring temperature from 680 °C to°&0rhe grain circularity for the
metallic mould cast samples was higher than thosdhle sand cast samples at a
pouring temperature of 660 °C (see Table 4.5.5). &contact time of 0.09 s, the
grain circularity did not exhibit a clear trend bdbr the sand cast and for the metallic
mould cast samples with a decrease in pouring teatyre from 680 °C to 640 °C.
The grain circularity for the metallic mould casingples was lower than those for the
sand cast samples at each pouring temperatur@ €ammtact time of 0.13 s, the grain
circularity decreased from 0.78 to 0.65 for thedsaeast samples but it did not exhibit
a clear trend for the metallic mould cast samplath va decrease in pouring
temperature from 680 °C to 640 °C. The grain caaty for the metallic mould cast

samples was lower than those for the sand castlsam@ipeach pouring temperature.

Inclination Angle of 60°

At an inclination angle of 60° and a contact tinh®.®4 s, the grain circularity did not
exhibit a clear trend both for the sand cast aedbtallic mould cast samples with a
decrease in pouring temperature from 680 °C to ®30The grain circularity for
metallic mould cast samples was lower than thoseh® sand cast samples at each
pouring temperature (see Table 4.5.5). For a cortieee of 0.09 s, the grain
circularity decreased from 0.80 to 0.57 for thedseast samples but it did not exhibit
a clear trend for the metallic mould cast samplath va decrease in pouring
temperature from 680 °C to 640 °C. The grain caaty for the metallic mould cast
samples was lower than those for the sand castlesrapeach pouring temperature.
For a contact time of 0.13 s, the grain circuladgcreased from 0.81 to 0.73 for the
sand cast samples but it did not exhibit a cleandrfor the metallic mould cast
samples with a decrease in pouring temperature 88tn°C to 640 °C. The grain
circularity for the metallic mould cast samples vi@aser than those for the sand cast

samples at each pouring temperature.
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Grain Elongation

Inclination Angle of 20°

At an inclination angle of 20° and a contact timeOd4 s, the grain elongation
increased from 1.08 to 1.09 for the sand cast sssniplit it did not exhibit a clear
trend for the metallic mould cast samples with erdase in pouring temperature from
680 °C to 640 °C. The grain elongation for the rhetenould cast samples was lower
than those for the sand cast samples at a pouengpdrature of 680 °C
(see Table 4.5.6). For a contact time of 0.09 &,gifain elongation did not exhibit a
clear trend for the sand cast samples but it isg@drom 1.06 to 1.39 for the metallic
mould cast samples with a decrease in pouring teatyre from 680 °C to 640 °C.
The grain elongation for the metallic mould cashgkes was lower than those for the
sand cast samples at a pouring temperature of®@8Bdr a contact time of 0.13 s, the
grain elongation increased from 1.05 to 1.12 fer $hnd cast samples but it did not
exhibit a clear trend for the metallic mould casimples with a decrease in pouring
temperature from 680 °C to 640 °C. The grain eltingafor the metallic mould cast
samples was lower than those for the sand castlsarapa pouring temperature of
640 °C.

Inclination Angle of 40°

At an inclination angle of 40° and a contact timeOd04 s, the grain elongation
decreased from 1.10 to 1.08 for the sand cast ssnipit it increased from 1.11 to
1.44 for the metallic mould cast samples with arel@ge in pouring temperature from
680 °C to 640 °C. The grain elongation for the rhetanould cast samples was
higher than those for the sand cast samples at ¢ummiring temperature
(see Table 4.5.6). For a contact time of 0.09 s,gain size did not exhibit a clear
trend both for the sand cast and the metallic meakt samples with a decrease in
pouring temperature from 680 °C to 640 °C. Thergeongation for the metallic
mould cast samples was higher than those for theé sast samples at each pouring
temperature. For a contact time of 0.13 s, thengelmngation decreased from 1.09 to
1.08 for the sand cast samples but it increasech ftd00 to 1.50 for the metallic
mould cast samples with a decrease in pouring teatyre from 680 °C to 640 °C.
The grain elongation for the metallic mould cashgkes was lower than those for the

sand cast samples at a pouring temperature of@380 °
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Inclination Angle of 60°

At an inclination angle of 60° and a contact timfeOd04 s, the grain elongation
decreased from 1.12 to 1.00 for the sand cast ssniplt it did not exhibit a clear
trend for the metallic mould cast samples with erdase in pouring temperature from
680 °C to 640 °C. The grain elongation for the rhetenould cast samples was lower
than those for the sand cast samples at a pouwmgerature of 680 °C (see Table
4.5.6). For a contact time of 0.09 s, the graimeg#iion did not exhibit a clear trend
both for the sand cast and the metallic mould sastples with a decrease in pouring
temperature from 680 °C to 640 °C. The grain eltingafor the metallic mould cast
samples was higher than those for the sand cagilesuat each pouring temperature.
For a contact time of 0.13 s, the grain elongatieareased from 1.12 to 1.10 for the
sand cast samples but it increased from 1.00 t6 fod the metallic mould cast
samples with a decrease in pouring temperature 88tn°C to 640 °C. The grain
elongation for the metallic mould cast samples lwa®r than those for the sand cast
samples at a pouring temperature of 680 °C.

4.5.2 Effect of Contact Time

4.5.2.1 Constant Pouring Temperature

Grain Size

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C and an incloatangle of 20°, the grain size
increased from 154m to 165um for the sand cast samples and it decreased from
114 um to 85um for the metallic mould cast samples with a desaa contact time
from 0.04 s to 0.13 s. The grain size for the ntietatould cast samples was finer
than those for the sand cast samples for each atointe (see Table 4.5.7). At an
inclination angle of 40°, the grain size did nohi a clear trend both for the sand
cast and the metallic mould cast samples with aedse in contact time from 0.04 s
to 0.13 s. The grain size for the metallic mouldtcsamples was finer than those for
the sand cast samples for contact times of 0.081943 s. At an inclination angle of
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60°, the grain size did not exhibit a clear trenthtfor the sand cast and the metallic
mould cast samples with a decrease in contact fiiome 0.04 s to 0.13 s. The grain
size for the metallic mould cast samples was fihan those for the sand cast samples

for each contact time.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C and inclina@agle of 20°, the grain size did not
exhibit a clear trend both for the sand cast aedbtallic mould cast samples with a
decrease in contact time from 0.04 s to 0.13 s.grhe size for the metallic mould
cast samples was finer than those for the sandsaagtles for a contact time of 0.04 s
(see Table 4.5.7). At an inclination angle of 40% grain size did not exhibit a clear
trend for the sand cast samples but it increaseoh 04 um to 122um for the
metallic mould cast samples with a decrease inaabitime from 0.04 s to 0.13 s. The
grain size for the metallic mould cast samples e than those for the sand cast
samples for a contact time of 0.04 s. At an int¢ioraangle of 60°, the grain size did
not exhibit a clear trend for the sand cast sampidsit increased from 98m to
124 ym for the metallic mould cast samples with a desem contact time from
0.04 s to 0.13 s. The grain size for the metall@ult cast samples was finer than

those for the sand cast samples for a contactdfried4 s.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C and an inclovatngle of 20°, the grain size did
not exhibit a clear trend for the sand cast samplesit increased from 12{im to
189 um for the metallic mould cast samples with a desem contact time from
0.04 s to 0.13 s. The grain size for the metall@ult cast samples was finer than
those for the sand cast samples for a contact ¢ine04 s (see Table 4.5.7). At an
inclination angle of 40°, the grain size did nohix a clear trend for the sand cast
samples but it increased from 12 to 124um for the metallic mould cast samples
with a decrease in contact time from 0.04 s to 8.1Bhe grain size for the metallic
mould cast samples was coarser than those foratiet sast samples for each contact
time. At an inclination angle of 60°, the grainesidid not exhibit a clear trend both
for the sand cast and the metallic mould cast sesnplth a decrease in contact time
from 0.04 s to 0.13 s. The grain size for the ntietadould cast samples was coarser

than those for the sand cast samples for eachatdintee.
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Grain Circularity

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C and an inclovatangle of 20°, the grain
circularity increased from 0.65 to 0.68 for thedaast samples but it did not exhibit
a clear trend for the metallic mould cast samplék & decrease in contact time from
0.04 s to 0.13 s. The grain circularity for the afiet mould cast samples was lower
than those for the sand cast samples for each atomt@e (see Table 4.5.8). At an
inclination angle of 40°, the grain circularity dimbt exhibit a clear trend for the sand
cast samples but it increased from 0.24 to 0.34Hermetallic mould cast samples
with a decrease in contact time from 0.04 s to &13¥he grain circularity for the
metallic mould cast samples was lower than thosé¢hi® sand cast samples for each
contact time. At an inclination angle of 60°, theaig circularity did not exhibit a
clear trend both for the sand cast and the metaltiald cast samples with a decrease
in contact time from 0.04 s to 0.13 s. The gramudarity for the metallic mould cast

samples was lower than those for the sand castlsarigp each contact time.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C and an inclovatangle of 20°, the grain
circularity did not exhibit a clear trend both five sand cast and the metallic mould
cast samples with a decrease in contact time fradd @ to 0.13 s. The grain
circularity for the metallic mould cast samples vaggher than those for the sand cast
samples for a contact time of 0.04 s (see Tabl8}.At an inclination angle of 40°,
the grain circularity did not exhibit a clear trefm the sand cast samples but it
decreased from 0.71 to 0.62 for the metallic maiddt samples with a decrease in
contact time from 0.04 s to 0.13 s. The grain dmaty for the metallic mould cast
samples was higher than those for the sand cagilssiior a contact time of 0.04 s.
At an inclination angle of 60°, the grain circutgrdid not exhibit a clear trend for the
sand cast samples but it decreased from 0.70 % f016the metallic mould cast
samples with a decrease in contact time from 01@40s13 s. The grain circularity for
the metallic mould cast samples was finer thaneHos the sand cast samples for

contact times of 0.04 s and 0.13 s.
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Pouring Temperature of 640 °C

At a pouring temperature of 640 °C and an inclovatangle of 20°, the grain
circularity increased from 0.51 to 0.81 for thed@&ast samples but it decreased from
0.65 to 0.46 for the metallic mould cast sampleth &@idecrease in contact time from
0.04 s to 0.13 s. The grain circularity for the atiet mould cast samples was higher
than those for the sand cast samples for a cotmaetof 0.04 s (see Table 4.5.8). At
an inclination angle of 40°, the grain circulardtigl not exhibit a clear trend both for
the sand cast and the metallic mould cast sampigsavdecrease in contact time
from 0.04 s to 0.13 s. The grain circularity foe timetallic mould cast samples was
lower than those for the sand cast samples for eantact time. At an inclination
angle of 60°, the grain circularity did not exhibitclear trend both for the sand cast
and the metallic mould cast samples with a decregasentact time from 0.04 s to
0.13 s. The grain circularity for the metallic mdwast samples was lower than those

for the sand cast samples for each contact time.

Grain Elongation

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C and an inclovatangle of 20°, the grain
elongation did not exhibit a clear trend for thadsaast samples but it increased from
1.06 to 1.08 for the metallic mould cast sample$ aidecrease in contact time from
0.04 s to 0.13 s. The grain elongation for the ihetaould cast samples was lower
than those for sand cast samples for contact tohé€s04 s and 0.09 s (see Table
4.5.9). At an inclination angle of 40°, the graillorgation remained unchanged to
1.08 for the sand cast samples but it decreased frd1 to 1.00 for the metallic
mould cast samples with a decrease in contact fiiome 0.04 s to 0.13 s. The grain
elongation for the metallic mould cast samples lwa®r than those for the sand cast
samples for a contact time of 0.13 s. At an in¢lora angle of 60°, the grain
elongation increased from 1.09 to 1.12 for the szasl samples but it decreased from
1.10 to 1.00 for the metallic mould cast sample$ widecrease in contact time from
0.04 s to 0.13 s. The grain elongation for the ihetaould cast samples was lower

than those for the sand cast samples for contaestdf 0.09 s and 0.13 s.
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Pouring Temperature of 660 °C

At a pouring temperature of 660 °C gnd an inclmatangle of 20°, the grain
elongation did not exhibit a clear trend both fee sand cast and the metallic mould
cast samples with a decrease in contact time fradd @ to 0.13 s. The grain
elongation for the metallic mould cast samples higker than those for the sand cast
samples for each contact time (see Table 4.5.9anAinclination angle of 40°, the
grain elongation did not exhibit a clear trendtfoe sand cast samples but it increased
from 1.41 to 1.44 for the metallic mould cast saspkhith a decrease in contact time
from 0.04 s to 0.13 s. The grain elongation for tetallic mould cast samples was
higher than those for the sand cast samples fdr eactact time. At an inclination
angle of 60°, the grain elongation remained unckdng 1.08 for the sand cast
samples but it decreased from 1.46 to 1.41 fonibtllic mould cast samples with a
decrease in contact time from 0.04 s to 0.13 s.grhé elongation for the metallic
mould cast samples was higher than those for thé sast samples for each contact

time.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C at an inclinaiémgle of 20°, the grain elongation
did not exhibit a clear trend for the sand cast@ambut it increased from 1.36 to
1.54 for the metallic mould cast samples with arel@se in contact time from 0.04 s
to 0.13 s. The grain elongation for the metallicuidocast samples was higher than
those for the sand cast samples for each contae (see Table 4.5.9). At an
inclination angle of 40°, the grain elongation dwot exhibit a clear trend both for the
sand cast and the metallic mould cast samples avitlecrease in the contact time
from 0.04 s to 0.13 s. The grain elongation for tetallic mould cast samples was
higher than those for the sand cast samples fdr eactact time. At an inclination
angle of 60°, the grain elongation did not exhéitlear trend both for the sand cast
and the metallic mould cast samples with a decregasentact time from 0.04 s to
0.13 s. The grain elongation for the metallic mocddt samples was higher than those

for the sand cast samples for each contact time.
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4.5.2.2 Constant Inclination Angle

Grain Size

Inclination Angle of 20°

At an inclination angle of 20° and a pouring tengpere of 680 °C, the grain size
increased from 15im to 165um for the sand cast samples but it decreased figin 1
um to 85um for the metallic mould cast samples with a dexgdaa contact time from
0.04 s to 0.13 s. The grain size for the metall@ult cast samples was finer than
those for the sand cast samples for each contaet(see Table 4.5.10). At a pouring
temperature of 660 °C, the grain size did not ekfalclear trend both for the sand
cast and the metallic mould cast samples with aedse in contact time from 0.04 s
to 0.13 s. The grain size for the metallic mouldtcsamples was finer than those for
the sand cast samples for a contact time of 0.84 &.pouring temperature of 640 °C,
the grain size decreased from 2@ to 98 um for the sand cast samples but it
increased from 12im to 189um for the metallic mould cast samples with a desgea
in contact time from 0.04 s to 0.13 s. The gragesior the metallic mould cast
samples was finer than those for the sand castlearfgyr a contact time of 0.04 s.

Inclination Angle of 40°

At an inclination angle of 40° and a pouring tengpere of 680 °C, the grain size did
not exhibit a clear trend both for the sand cast e metallic mould cast samples
with a decrease in contact time from 0.04 s to 8.1Bhe grain size for the metallic
mould cast samples was finer than those for the sast samples for contact times of
0.09 s and 0.13 s (see Table 4.5.10). At a pouengperature of 660 °C, the grain
size decreased from 12in to 107um for the sand cast samples but it increased from
104 pum to 122um for the metallic mould cast samples with a des®en contact time
from 0.04 s to 0.13 s. The grain size for the ntietahould cast samples was finer
than those for the sand cast samples for contaestiof 0.04 s and 0.09 s. At a
pouring temperature of 640 °C, the grain size ditlexhibit a clear trend for the sand
cast samples but it increased from 18 to 124um for the metallic mould cast
samples with a decrease in contact time from 0.@&13 s. The grain size for the
metallic mould cast samples was coarser than tlowdbe sand cast samples for each

contact time.
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Inclination Angle of 60°

At an inclination angle of 60° and a pouring tengpere of 680 °C, the grain size did
not exhibit a clear trend for the sand cast sampidsit increased from 8am to

92 um for the metallic mould cast samples with a desan contact time from 0.04 s
to 0.13 s. The grain size for the metallic mouldtcsamples was finer than those for
the sand cast samples for each contact time (sé&e ™a5.10). At a pouring
temperature of 660 °C, the grain size did not ekfalclear trend for the sand cast
samples but it increased from 8n to 124um for the metallic mould cast samples
with a decrease in contact time from 0.04 s to 8.1Bhe grain size for the metallic
mould cast samples was finer than those for thd sast samples for each contact
time. At a pouring temperature of 640 °C, the giare did not exhibit a clear trend
both for the sand cast and the metallic mould sastples with a decrease in contact
time from 0.04 s to 0.13 s. The grain size for mhetallic mould cast samples was
coarser than those for the sand cast samples dbroemtact time.

Grain Circularity

Inclination Angle of 20°

At an inclination angle of 20° and a pouring tenapere of 680 °C, the grain
circularity increased from 0.65 to 0.68 for thedaast samples but it did not exhibit
a clear trend for the metallic mould cast samplék & decrease in contact time from
0.04 s to 0.13 s. The grain circularity for the afiet mould cast samples was lower
than those for the sand cast for each contact (see Table 4.5.11). At a pouring
temperature of 660 °C, the grain circularity did eahibit a clear trend both for the
sand cast and the metallic mould cast samples avilecrease in contact time from
0.04 s to 0.13 s. The grain circularity for the atiet mould cast samples was higher
than those for the sand cast samples for a comitaet of 0.04 s. At a pouring
temperature of 640 °C, the grain circularity inae from 0.51 to 0.81 for the sand
cast samples but it decreased from 0.65 to 0.4@hfometallic mould cast samples
with a decrease in contact time from 0.04 s to G13he grain circularity for the
metallic mould cast samples was higher than thosdhe sand cast samples for a
contact time of 0.04 s.
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Inclination Angle of 40°

At an inclination angle of 40° and a pouring tenapere of 680 °C, the grain
circularity did not exhibit a clear trend for thensl cast samples but it increased from
0.24 to 0.34 for the metallic mould cast sampleth @idecrease in contact time from
0.04 s to 0.13 s. The grain circularity for the afiet mould cast samples was lower
than those for the sand cast for each contact ¢(see Table 4.5.11). At a pouring
temperature of 660 °C, the grain circularity did e&hibit a clear trend for the sand
cast samples but it decreased from 0.71 to 0.62hfmetallic mould cast samples
with a decrease in contact time from 0.04 s to &13¥he grain circularity for the
metallic mould cast samples was higher than thosdhe sand cast samples for a
contact time of 0.04 s. At a pouring temperatur&4d °C, the grain circularity did
not exhibit a clear trend both for the sand cast e metallic mould cast samples
with a decrease in contact time from 0.04 s to &13¥he grain circularity for the
metallic mould cast samples was lower than thos¢hi® sand cast samples for each

contact time.

Inclination Angle of 60°

At an inclination angle of 60° and a pouring tenapere of 680 °C, the grain
circularity did not exhibit a clear trend both five sand cast and the metallic mould
cast samples with a decrease in contact time fradd @ to 0.13 s. The grain
circularity for the metallic mould cast samples vi@ser than those for the sand cast
for each contact time (see Table 4.5.11). At a ipgutemperature of 660 °C, the
grain circularity did not exhibit a clear trend ftve sand cast samples but it decreased
from 0.70 to 0.66 for the metallic mould cast sasphith a decrease in contact time
from 0.04 s to 0.13 s. The grain circularity foe timetallic mould cast samples was
higher than those for the sand cast samples faacbtimes of 0.04 s and 0.13 s. At a
pouring temperature of 640 °C, the grain circujadid not exhibit a clear trend both
for the sand cast and the metallic mould cast sesnplth a decrease in contact time
from 0.04 s to 0.13 s. The grain circularity foe timetallic mould cast samples was
lower than those for the sand cast samples for eactact time.
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Grain Elongation

Inclination Angle of 20°

At an inclination angle of 20° and a pouring tenapere of 680 °C, the grain
elongation did not exhibit a clear trend for thadsaast samples but it increased from
1.06 to 1.08 for the metallic mould cast sample$ aidecrease in contact time from
0.04 s to 0.13 s. The grain elongation for the ihetaould cast samples was lower
than those for the sand cast samples for contawestiof 0.04 s and 0.09 s
(see Table 4.5.12). At a pouring temperature of 860the grain elongation did not
exhibit a clear trend both for the sand cast aedbtallic mould cast samples with a
decrease in contact time from 0.04 s to 0.13 s.grhé elongation for the metallic
mould cast samples was higher than those for thé sast samples for each contact
time. At a pouring temperature of 640 °C, the gelongation did not exhibit a clear
trend for the sand cast samples but it increaseoh ft.36 to 1.54 for the metallic
mould cast samples with a decrease in contact fiiome 0.04 s to 0.13 s. The grain
elongation for the metallic mould cast samples higker than those for the sand cast

samples for each contact time.

Inclination Angle of 40°

At an inclination angle of 40° and a pouring tenapere of 680 °C, the grain
elongation remained unchanged at 1.08 for the sasstl samples but it decreased
from 1.11 to 1.00 for the metallic mould cast sasphith a decrease in contact time
from 0.04 s to 0.13 s. The grain elongation for tetallic mould cast samples was
lower than those for the sand cast samples for matacb time of 0.13 s
(see Table 4.5.12). At a pouring temperature of 860the grain elongation did not
exhibit a clear trend for the sand cast samplestbotreased from 1.41 to 1.44 for
the metallic mould cast samples with a decreasemiact time from 0.04 s to 0.13 s.
The grain elongation for the metallic mould cashgkes was higher than those for the
sand cast samples for each contact time. At a ppiemperature of 640 °C, the grain
elongation did not exhibit a clear trend both foe sand cast and the metallic mould
cast samples with a decrease in contact time fradd @ to 0.13 s. The grain
elongation for the metallic mould cast samples higker than those for the sand cast

samples for each contact time.
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Inclination Angle of 60°

At an inclination angle of 60° and a pouring tenapere of 680 °C, the grain
elongation increased from 1.09 to 1.12 for the szasl samples but it decreased from
1.10 to 1.00 for the metallic mould cast sample$ widecrease in contact time from
0.04 s to 0.13 s. The grain elongation for the ihetaould cast samples was lower
than those for the sand cast samples at contaastiof 0.09 s and 0.13 s
(see Table 4.5.12). At a pouring temperature of €6Qthe grain elongation remained
unchanged at 1.08 for the sand cast samples datieased from 1.46 to 1.41 for the
metallic mould cast samples with a decrease inaabitime from 0.04 s to 0.13 s. The
grain elongation for the metallic mould cast sammphas higher than those for the
sand cast samples at each contact time. At a gptemperature of 640 °C, the grain
elongation did not exhibit a clear trend both fee sand cast and the metallic mould
cast samples with a decrease in contact time fradd @ to 0.13 s. The grain
elongation for the metallic mould cast samples higker than those for the sand cast

samples for each contact time.

4.5.3 Effect of Inclination Angle

4.5.3.1 Constant Pouring Temperature

Grain Size

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C and a contavetof 0.04 s, the grain size
increased from 15km to 213um for the sand cast samples but it did not exfabit
clear trend for the metallic mould cast sampleswitdecrease in inclination angle
from 20° to 60°. The grain size for the metallic uftb cast samples was finer than
those for the sand cast samples at inclinationesngfi 20° and 60° (see Table 4.5.13).
For a contact time of 0.09 s, the grain size desg@édrom 122um to 100um for the
sand cast samples but did not exhibit a clear tfenthe metallic mould cast samples
with a decrease in inclination angle from 20° t6.60he grain size for the metallic
mould cast samples was finer than those for thd sast samples at each inclination
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angle. For a contact time of 0.13 s, the grain deereased from 179m to 117um

for the sand cast samples but did not exhibit ardieend for the metallic mould cast
samples with a decrease in inclination angle fr@ht® 60°. The grain size for the
metallic mould cast samples was finer than thosete sand cast samples at each

inclination angle.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C and a contaee tof 0.04 s, the grain size did not
exhibit a clear trend both for the sand cast ardhtitallic mould cast samples with a
decrease in inclination angle from 20° to 60°. Ghain size for metallic mould cast
samples was finer than those for the sand castlsarap an inclination angle of 20°
(see Table 4.5.13). For a contact time of 0.09es grain size decreased from 14#

to 91 um for the sand cast samples but it decreased fz2mud to 102um for the
metallic mould cast samples with a decrease innatbn angle from 20° to 60°. The
grain size for the metallic mould cast samples W than those for the sand cast
samples at inclination angles of 20° and 40°. Foomtact time of 0.13 s, the grain
size for the sand cast samples but it increased #dOum to 124um for the metallic
mould cast samples with a decrease in inclinatimgleafrom 20° to 60°. The grain
size for metallic mould cast samples was finer ttherse for the sand cast samples at

an inclination angle of 20°.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C and contact trh6.04 s, the grain size did not
exhibit a clear trend for the sand cast samplest lnutreased from 12im to 144um

for the metallic mould cast samples with a decreasaclination angle from 20° to
60°. The grain size for the metallic mould cast glas was finer than those for the
sand cast samples at an inclination angle of 282 Tsable 4.5.13). For a contact time
of 0.09 s, the grain size decreased from @20to 95um for the sand cast samples but
it did not exhibit a clear trend for the metalliouild cast samples with a decrease in
inclination angle from 20° to 60°. The grain sipe the metallic mould cast samples
was coarser than those for the sand cast sampleacht inclination angle. For a
contact time of 0.13 s, the grain size decreasech ft41um to 95um for the sand
cast samples but did not exhibit a clear trendHermetallic mould cast samples with
a decrease in inclination angle from 20° to 60% ghain size for the metallic mould
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cast samples was coarser than those for the satdsamples at each inclination

angle.

Grain Circularity

Pouring Temperature of 680 °C

At a pouring temperature of 680 °C and contact t0h€.04 s, the grain circularity
decreased from 0.65 to 0.51 for the sand cast ssnoit did not exhibit a clear trend
for the metallic mould cast samples with a decreaseclination angle from 20° to
60°. The grain circularity for the metallic mouldst samples was lower than those
for the sand cast samples for each inclinationea(gge Table 4.5.14). For a contact
time of 0.09 s, the grain circularity did not exhid clear trend both for the sand cast
and the metallic mould cast samples with a decrgas®lination angle from 20° to
60°. The grain circularity for the metallic mouldst samples was lower than those
for the sand cast samples for each inclinationearigbr a contact time of 0.13 s, the
grain circularity increased from 0.58 to 0.72 foetsand cast samples but did not
exhibit a clear trend for the metallic mould caminples with a decrease in inclination
angle from 20° to 60°. The grain circularity foretmetallic mould cast samples was
lower than those for the sand cast samples atirelation angle.

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C and contact t0h€.04 s, the grain circularity
did not exhibit a clear trend for the sand cast@ambut decreased from 0.74 to 0.70
for the metallic mould cast samples with a decreasaclination angle from 20° to
60°. The grain circularity for the metallic mouldst samples was higher than those
for the sand cast samples at an inclination an§l200 (see Table 4.5.14). For a
contact time of 0.09 s, the grain circularity iresed from 0.60 to 0.74 for the sand
cast samples and from 0.65 to 0.69 for the metafi@muld cast samples with a
decrease in inclination angle from 20° to 60°. Dnain circularity for the metallic
mould cast samples was higher than those for the sast samples at an inclination
angle of 20°. For a contact time of 0.13 s, thengcarcularity did not exhibit a clear
trend both for the sand cast and the metallic meakt samples with a decrease in
inclination angle from 20° to 60°. The grain cirauty for the metallic mould cast
samples was higher than those for the sand cagilsamat inclination angles of 20°
and 60°.
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Pouring Temperature of 640 °C

At a pouring temperature of 640 °C and contact t0h€.04 s, the grain circularity
increased from 0.68 to 0.81 for the sand cast sss1ipit decreased from 0.65 to 0.57
for the metallic mould cast samples with a decreadbe inclination angle from 20°
to 60°. The grain circularity for the metallic mdutast samples was lower than those
for the sand cast samples at each inclination afsgle Table 4.5.14). For a contact
time of 0.09 s, the grain circularity did not exhib clear trend both for the sand cast
and the metallic mould cast samples with a decrgas®lination angle from 20° to
60°. The grain circularity for the metallic mouldst samples was lower than those
for the sand cast samples at each inclination af@glea contact time of 0.13 s, the
grain circularity increased from 0.62 to 0.73 foe tsand cast samples and from 0.46
to 0.55 for the metallic mould cast samples witthearease in inclination angle from
20° to 60°. The grain circularity for the metalhaould cast samples was lower than

those for the sand cast samples at each inclinatigte.

Grain Elongation

Pouring Temperature of 680 °C

At a pouring temperature of 640 °C and contact @h@.04 s, the grain elongation
increased from 1.08 to 1.12 for the sand cast sesripit did not exhibit a clear trend
for the metallic mould cast samples with a decreaseclination angle from 20° to
60°. The grain elongation for the metallic mouldtceamples was lower than those
for the sand cast samples at inclination anglédfand 60° (see Table 4.5.15). For a
contact time of 0.09 s, the grain elongation didl exchibit a clear trend both for the
sand cast and the metallic mould cast samples avitlecrease in inclination angle
from 20° to 60°. The grain elongation for the migahould cast samples was finer
than those for the sand cast samples at inclinatiges of 20° and 40°. For a contact
time of 0.13 s, the grain elongation decreased fio@® to 1.00 for the sand cast
samples and from 1.08 to 1.00 for the metallic Maast samples with a decrease in
inclination angle from 20° to 60°. The grain elotiga for the metallic mould cast

samples was finer than those for the sand castlearapeach inclination angle.
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Pouring Temperature of 660 °C

At a pouring temperature of 640 °C and contact @h€.04 s, the grain elongation
decreased from 1.10 to 1.06 for the sand cast ssnhypit increased from 1.40 to 1.46
for the metallic mould cast samples with a decreasaclination angle from 20° to
60°. The grain elongation for the metallic mouldtcsamples was higher than those
for the sand cast samples at each inclination afsgle Table 4.5.15). For a contact
time of 0.09 s, the grain elongation did not exh#iclear trend for the sand cast
samples but it increased from 1.39 to 1.46 forntiegallic mould cast samples with a
decrease in inclination angle from 20° to 60°. Dinain elongation for the metallic
mould cast samples was higher than those for the cast samples at each inclination
angle. For a contact time of 0.13 s, the grain gddion did not exhibit a clear trend
both for the sand cast and the metallic mould cashples with a decrease in
inclination angle from 20° to 60°. The grain elotiga for the metallic mould cast
samples was higher than those for the sand cagiesuat each inclination angle.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C and contact @h@.04 s, the grain elongation
increased from 1.05 to 1.12 for the sand cast sesripit did not exhibit a clear trend
for the metallic mould cast samples with a decreaseclination angle from 20° to
60°. The grain elongation for the metallic mouldtceamples was higher than those
for the sand cast samples at each inclination afsgle Table 4.5.15). For a contact
time of 0.09 s, the grain elongation increased frb@8 to 1.11 for the sand cast
samples and from 1.39 to 1.41 for the metallic Maast samples with a decrease in
inclination angle from 20° to 60°. The grain elohga for the metallic mould cast
samples was higher than those for the sand caglssuat each inclination angle. For
a contact time of 0.13 s, the grain elongationraitlexhibit a clear trend for the sand
cast samples but it decreased from 1.54 to 1.45hfmetallic mould cast samples
with a decrease in inclination angle from 20° tg.6Dhe grain elongation for the
metallic mould cast samples was higher than thoséhk sand cast samples at each

inclination angle.
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4.5.3.3 Constant Contact Time

Grain Size

Contact Time 0of 0.04 s

At a contact time of 0.04 s and pouring temperatnire680 °C, the grain size
increased from 15&m to 213um for the sand cast samples but did not exhibiearc
trend for the metallic mould cast samples with areélase in inclination angle from
20° to 60°. The grain size for the metallic mouddtcsamples was finer than those for
the sand cast samples for inclination angles ofd@f 60° (see Table 4.5.16). At a
pouring temperature of 660 °C, the grain size aidaxhibit a clear trend both for the
sand cast and the metallic mould cast samples avitlecrease in inclination angle
from 20° to 60°. The grain size for the metallic uttb cast samples was finer than
those for the sand cast samples at an inclinatiogleaof 20°. At a pouring
temperature of 640 °C, the grain size did not ekfalclear trend for the sand cast
samples but it increased from 12t to 144um for the metallic mould cast samples
with a decrease in inclination angle from 20° t6.6lhe grain size for the metallic
mould cast samples was finer than those for the sast samples at an inclination
angle of 20°.

Contact Time 0of 0.09 s

At a contact time of 0.09 s and pouring temperatnire680 °C, the grain size
decreased from 122m to 100um for the sand cast samples but did not exhibiearc
trend for the metallic mould cast samples with areélase in inclination angle from
20° to 60°. The grain size for the metallic mouddtcsamples was finer than those for
the sand cast samples at each inclination angke Teble 4.5.16). At a pouring
temperature of 660 °C, the grain size decreasead fré7um to 91um for the sand
cast samples and from 1220 to 102um for the metallic mould cast samples with a
decrease in inclination angle from 20° to 60°. Bhain size for the metallic mould
cast samples was finer than those for the sandseagples for an inclination angle of
20°. At a pouring temperature of 640 °C, the grsize decreased from 120n to

95 um for the sand cast samples but did not exhibitearctrend for the metallic
mould cast samples with a decrease in inclinatimgleafrom 20° to 60°. The grain
size for the metallic mould cast samples was codfsn those for the sand cast
samples at each inclination angle.
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Contact Time 0f 0.13 s

At a contact time of 0.13 s and pouring temperatnire680 °C, the grain size
decreased from 178 to 117um for the sand cast samples but did not exhibiearc
trend for the metallic mould cast samples with arélase in inclination angle from
20° to 60°. The grain size for the metallic mouddtcsamples was finer than those for
the sand cast samples at each inclination angke Teble 4.5.16). At a pouring
temperature of 660 °C, the grain size did not ekfalclear trend for the sand cast
samples but it increased from 116 to 124um for the metallic mould cast samples
with a decrease in inclination angle from 20° t6.60he grain size for the metallic
mould cast samples was finer than those for thel sast samples at inclination
angles of 20° and 60°. At pouring temperature d 8€, the grain size decreased
from 141pm to 95um for the sand cast samples but did not exhibieardrend for
the metallic mould cast samples with a decreasecimation angle from 20° to 60°.
The grain size for the metallic mould cast samplas coarser than those for the sand

cast samples at each inclination angle.

Grain Circularity

Contact Time 0of 0.04 s

At a contact time of 0.04 s and pouring temperatfré80 °C, the grain circularity
decreased from 0.65 to 0.51 for the sand cast sanoit did not exhibit a clear trend
for the metallic mould cast samples with a decreaseclination angle from 20° to
60°. The grain circularity for the metallic mouldst samples was lower than those
for the sand cast samples at each inclination afsgle Table 4.5.17). At a pouring
temperature of 660 °C, the grain circularity did e&hibit a clear trend for the sand
cast samples but it decreased from 0.74 to 0.7@hfometallic mould cast samples
with a decrease in inclination angle from 20° td.60he grain circularity for the
metallic mould cast samples was higher than thosdhie sand cast samples at an
inclination angle of 20°. At a pouring temperatwfe640 °C, the grain circularity
increased from 0.68 to 0.81 for the sand cast sssriplit it decreased from 0.65 to
0.57 for the metallic mould cast samples with arél@ge in inclination angle from 20°
to 60°. The grain circularity for the metallic mdutast samples was lower than those
for the sand cast samples at each inclination angle
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Contact Time of 0.09 s

At a contact time of 0.09 s and pouring temperatfré80 °C, the grain circularity
did not exhibit a clear trend both for the sand eas the metallic mould cast samples
with a decrease in inclination angle from 20° td.60he grain circularity for the
metallic mould cast samples was lower than those¢hi® sand cast samples at each
inclination angle (see Table 4.5.17). At a pouriegperature of 660 °C, the grain
circularity increased from 0.60 to 0.74 for thedaast samples and from 0.65 to 0.69
for the metallic mould cast samples with a decreaseclination angle from 20° to
60°. The grain circularity for the metallic mouldst samples was higher than those
for the sand cast samples at an inclination ang0& At a pouring temperature of
640 °C, the grain circularity did not exhibit aalgrend both for the sand cast and the
metallic mould cast samples with a decrease innatbn angle from 20° to 60°. The
grain circularity for the metallic mould cast saspivas lower than those for the sand
cast samples at each inclination angle.

Contact Time 0f 0.13 s

At a contact time of 0.13 s and pouring temperatfré80 °C, the grain circularity
increased from 0.58 to 0.72 for the sand cast sesripit did not exhibit a clear trend
for the metallic mould cast samples with a decreasaclination angle from 20° to
60°. The grain circularity for the metallic mouldst samples was lower than those
for the sand cast samples at each inclination afsgle Table 4.5.17). At a pouring
temperature of 660 °C, the grain circularity did eahibit a clear trend both for the
sand cast and the metallic mould cast samples avitlecrease in inclination angle
from 20° to 60°. The grain circularity for the métamould cast samples was higher
than those for the sand cast samples at inclinaimgtes of 20° and 60°. At a pouring
temperature of 640 °C, the grain circularity inae from 0.62 to 0.73 for the sand
cast samples and from 0.46 to 0.55 for the metafi@muld cast samples with a
decrease in inclination angle from 20° to 60°. Dnain circularity for the metallic
mould cast samples was lower than those for the sast samples at each inclination

angle.

260



Chapter 4 Results —\tbMaterial

Grain Elongation

Contact Time 0of 0.04 s

At a contact time of 0.04 s and pouring temperatir680 °C, the grain elongation
increased from 1.08 to 1.12 for the sand cast sesripit did not exhibit a clear trend
for the metallic mould cast samples with a decreasaclination angle from 20° to
60°. The grain elongation for the metallic mouldtceamples was lower than those
for the sand cast samples at inclination angleXdéfand 60° (see Table 4.5.18). At a
pouring temperature of 660 °C, the grain elongatieareased from 1.10 to 1.06 for
the sand cast samples but it increased from 1.404® for the metallic mould cast
samples with a decrease in inclination angle fr@nht@ 60°. The grain elongation for
the metallic mould cast samples was higher thasetlior the sand cast samples for
each inclination angle. At a pouring temperature6d0 °C, the grain elongation
increased from 1.05 to 1.12 for the sand cast sssniplit it did not exhibit a clear
trend for the metallic mould cast samples with arelase in inclination angle from
20° to 60°. The grain elongation for the metalliould cast samples was higher than

those for the sand cast samples at each inclinatigte.

Contact Time of 0.09 s

At a contact time of 0.09 s and pouring temperatir680 °C, the grain elongation
did not exhibit a clear trend both for the sand eas the metallic mould cast samples
with a decrease in inclination angle from 20° td.60he grain elongation for the
metallic mould cast samples was finer than thosetlie sand cast samples at
inclination angles of 20° and 40° (see Table 4.6.28 a pouring temperature of
660 °C, the grain elongation did not exhibit a cleand for the sand cast samples but
it increased from 1.39 to 1.45 for the metallic ndocast samples with a decrease in
inclination angle from 20° to 60°. The grain elotiga for the metallic mould cast
samples was higher than those for the sand caglesuior each inclination angle. At
a pouring temperature of 640 °C, the grain elowogaiticreased from 1.08 to 1.11 for
the sand cast samples and from 1.39 to 1.41 fom#tallic mould cast samples with
a decrease in inclination angle from 20° to 60°% ©hain elongation for the metallic
mould cast samples was higher than those for the cast samples at each inclination

angle.
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Contact Time 0f 0.13 s

At a contact time of 0.13 s and pouring temperatir680 °C, the grain elongation
decreased from 1.09 to 1.00 for the sand cast ssngpld from 1.08 to 1.00 for the
metallic mould cast samples with a decrease innatbn angle from 20° to 60°. The
grain elongation for the metallic mould cast sammpias lower than those for the sand
cast samples at each inclination angle (see Tabl&é8&). At a pouring temperature of
660 °C, the grain elongation did not exhibit a cleand both for the sand cast and the
metallic mould cast samples with a decrease innatbn angle from 20° to 60°. The
grain elongation for the metallic mould cast sammphas higher than those for the
sand cast samples at each inclination angle. Aiuaiqpy temperature of 640 °C, the
grain elongation did not exhibit a clear trendtioe sand cast samples but it decreased
from 1.54 to 1.45 for the metallic mould cast sasplith a decrease in inclination
angle from 20° to 60°. The grain elongation for thetallic mould cast samples was
higher than those for the sand cast samples atieelaiation angle.

4.5.4 Summary

With respect to the effect of mould material (saml metallic), which alter the
imposed thermal gradient, it was found that:

1. At lower contact times and inclination angles, train size of the metallic
mould was relatively finer than that for the sanolutd.

2. At higher contact times and inclination angles train size for the sand
moulds was similar or finer than that for the mietahould.

3. At an inclination angle of 60° and a contact tini®d3 s, the grain size was
similar ( ~ 95um ) at all the pouring temperatures (680, 660 a4l &) for
the sand mould.

4. In general at a pouring temperature of 660 °C atixaly finer grain size was
obtained both for the sand and metallic mould. Timay be due to an
optimum undercooling of the melt suitable for théstence of nuclei floating
in the bulk and their subsequent growth.

5. The grain size obtained, when using a metallic ohoin general, was
relatively non-globular and non-equiaxed in natreomparison to the sand

mould.
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6.

In the metallic mould, when analyzing the microstaue obtained at pouring
temperatures of 660 °C and 640 °C, the circulartipes increased indicating
a smoother surface of the grains but higher eloogatalues indicated a more
columnar structure.

In the metallic mould samples poured at a pouramgperature of 680 °C, fine,
equiaxed grains with very low circularity (roselitee morphology) were

obtained.
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455 Tables

Table 4.5.1: Effect of pouring temperature on grain size (um) for sand and metallic mould cast
samples with different inclination angles for different contact times.

0.04 s Contact Time
Pouring 20°Inclination 40°Inclination 60°Inclin ation
Temperature Sand Metallic Sand Metallic Sand Metallic
() Mould Mould Mould Mould Mould Mould
680 151 114 208 211 213 85
660 122 83 121 104 100 99
640 179 121 151 122 117 144
0.09 s Contact Time
680 152 87 86 89 89 80
660 147 122 115 119 91 102
640 189 134 97 124 179 179
0.13 s Contact Time
680 165 85 96 101 98 92
660 120 119 107 122 95 124
640 141 189 124 124 95 134

Table 4.5.2: Effect of pouring temperature on grain circularity for sand and metallic mould cast
samples with different inclination angles for different contact times.

0.04 s Contact Time
Pouring 20°Inclination 40°Inclination 60°Inclin ation
Temperature Sand Metallic Sand Metallic Sand Metallic
() Mould Mould Mould Mould Mould Mould
680 0.65 0.37 0.54 0.24 0.51 0.27
660 0.71 0.74 0.65 0.71 0.78 0.70
640 0.58 0.65 0.62 0.58 0.72 0.57
0.09 s Contact Time
680 0.67 0.44 0.84 0.44 0.80 0.51
660 0.60 0.65 0.71 0.65 0.74 0.69
640 0.53 0.60 0.76 0.60 0.57 0.49
0.13 s Contact Time
680 0.68 0.29 0.78 0.34 0.81 0.29
660 0.69 0.67 0.67 0.62 0.75 0.66
640 0.62 0.46 0.65 0.55 0.73 0.55

Table 4.5.3: Effect of pouring temperature on grain elongation for sand and metallic mould
cast samples with different inclination angles for different contact times.

0.04 s Contact Time
Pouring 20°Inclination 40°Inclination 60°Inclin ation
Temperature Sand Metallic Sand Metallic Sand Metallic
() Mould Mould Mould Mould Mould Mould
680 1.08 1.06 1.10 1.11 1.12 1.10
660 1.08 1.40 1.10 1.41 1.06 1.45
640 1.09 1.36 1.08 1.44 1.00 1.42
0.09 s Contact Time
680 1.10 1.06 1.06 1.08 1.06 1.07
660 1.08 1.39 1.11 1.44 1.00 1.45
640 1.10 1.39 1.08 1.41 1.18 1.41
0.13 s Contact Time
680 1.05 1.10 1.09 1.00 1.12 1.00
660 1.08 1.11 1.09 1.44 1.11 1.41
640 1.12 1.08 1.08 1.50 1.10 1.45
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Table 4.5.4: Effect of pouring temperature on grain size (um) for sand and metallic mould cast

samples with different contact times for different inclination angles.

20°Inclination

Pouring 0.04 s Contact Time | 0.09 s Contact Time 0.13 s Contact Time
Temperature Sand Metallic Sand Metallic Sand Metallic
() Mould Mould Mould Mould Mould Mould
680 151 114 152 87 165 85
660 122 83 147 122 120 119
640 179 121 189 134 141 189
40°Inclination
680 208 211 86 89 96 101
660 121 104 115 119 107 122
640 151 122 97 124 124 124
60°Inclination
680 213 85 89 80 98 92
660 100 99 91 102 95 124
640 117 144 179 179 95 134

Table 4.5.5: Effect of pouring temperature on grain circularity for sand and metallic mould cast

samples with different contact times for different inclination angles.

20°Inclination

Pouring 0.04 s Contact Time | 0.09 s Contact Time 0.13 s Contact Time
Temperature Sand Metallic Sand Metallic Sand Metallic
() Mould Mould Mould Mould Mould Mould
680 0.65 0.37 0.67 0.44 0.68 0.29
660 0.71 0.74 0.60 0.65 0.69 0.67
640 0.58 0.65 0.53 0.60 0.62 0.46
40°Inclination
680 0.54 0.24 0.84 0.44 0.78 0.34
660 0.65 0.71 0.71 0.65 0.67 0.62
640 0.62 0.58 0.76 0.60 0.65 0.55
60°Inclination
680 0.51 0.27 0.80 0.51 0.81 0.29
660 0.78 0.70 0.74 0.69 0.75 0.66
640 0.72 0.57 0.57 0.49 0.73 0.55

Table 4.5.6: Effect of pouring temperature on grain elongation for sand and metallic mould
cast samples with different contact times for different inclination angles.

20°Inclination

Pouring 0.04 s Contact Time | 0.09 s Contact Time 0.13 s Contact Time
Temperature Sand Metallic Sand Metallic Sand Metallic
() Mould Mould Mould Mould Mould Mould
680 1.08 1.06 1.10 1.06 1.05 1.10
660 1.08 1.40 1.08 1.39 1.08 1.11
640 1.09 1.36 1.10 1.39 1.12 1.08
40°Inclination
680 1.10 1.11 1.06 1.08 1.09 1.00
660 1.10 1.41 1.11 1.44 1.09 1.44
640 1.08 1.44 1.08 1.41 1.08 1.50
60°Inclination
680 1.12 1.10 1.06 1.07 1.12 1.00
660 1.06 1.45 1.00 1.45 1.11 1.41
640 1.00 1.42 1.18 1.41 1.10 1.45
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Table 4.5.7: Effect of contact time on grain size (um) for sand and metallic mould cast

samples with different inclination angles for different pouring temperatures.

680 T Pouring Temperature

Contact 20°Inclination 40°Inclination 60°Inclination
Time Sand Metallic Sand Metallic Sand Metallic
(s) Mould Mould Mould Mould Mould Mould
0.04 151 114 122 211 179 85
0.09 152 87 147 89 189 80
0.13 165 85 120 101 141 92
660 T Pouring Temperature
0.04 208 83 121 104 151 99
0.09 86 122 115 119 97 102
0.13 96 119 107 122 124 124
640 T Pouring Temperature
0.04 213 121 100 122 117 144
0.09 89 134 91 124 179 179
0.13 98 189 95 124 95 134

Table 4.5.8: Effect of contact time on grain circularity for sand and metallic mould cast

samples with different inclination angles for different pouring temperatures.

680 T Pouring Temperature

Contact 20°Inclination 40°Inclination 60°Inclination
Time Sand Metallic Sand Metallic Sand Metallic
(s) Mould Mould Mould Mould Mould Mould
0.04 0.65 0.37 0.71 0.24 0.58 0.27
0.09 0.67 0.44 0.60 0.32 0.53 0.51
0.13 0.68 0.29 0.69 0.34 0.62 0.29
660 T Pouring Temperature
0.04 0.54 0.74 0.65 0.71 0.62 0.70
0.09 0.84 0.65 0.71 0.69 0.76 0.69
0.13 0.78 0.67 0.67 0.62 0.65 0.66
640 T Pouring Temperature
0.04 0.51 0.65 0.78 0.58 0.72 0.57
0.09 0.80 0.60 0.74 0.61 0.57 0.49
0.13 0.81 0.46 0.75 0.55 0.73 0.55

Table 4.5.9: Effect of contact time on grain elongation for sand and metallic mould cast
samples with different inclination angles for different pouring temperatures.

680 T Pouring Temperature

Contact 20°Inclination 40°Inclination 60°Inclination
Time Sand Metallic Sand Metallic Sand Metallic
(s) Mould Mould Mould Mould Mould Mould
0.04 1.08 1.06 1.08 1.11 1.09 1.10
0.09 1.10 1.06 1.08 1.08 1.10 1.07
0.13 1.05 1.08 1.08 1.00 1.12 1.00
660 T Pouring Temperature
0.04 1.10 1.40 1.10 1.41 1.08 1.46
0.09 1.06 1.39 1.11 1.44 1.08 1.45
0.13 1.09 1.43 1.09 1.44 1.08 1.41
640 T Pouring Temperature
0.04 1.12 1.36 1.06 1.44 1.00 1.42
0.09 1.06 1.39 1.00 1.41 1.18 1.41
0.13 1.12 1.54 1.11 1.50 1.10 1.45
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samples with different pouring temperatures for different inclination angles.

20°Inclination

Contact 680 T Pouring 660 T Pouring 640 T Pouring
Time Temperature Temperature Temperature
() Sand Metallic Sand Metallic Sand Metallic
Mould Mould Mould Mould Mould Mould
0.04 151 114 208 83 213 121
0.09 152 87 86 122 89 134
0.13 165 85 96 119 98 189
40°Inclination
0.04 122 211 121 104 100 122
0.09 147 89 115 119 91 124
0.13 120 101 107 122 95 124
60°Inclination
0.04 179 85 151 99 117 144
0.09 189 80 97 102 179 179
0.13 141 92 124 124 95 134

Table 4.5.11: Effect of contact time on grain circularity for sand and metallic mould cast

samples with different pouring temperatures for different inclination angles.

20°Inclination

Contact 680 T Pouring 660 T Pouring 640 T Pouring
Time Temperature Temperature Temperature
(s) Sand Metallic Sand Metallic Sand Metallic
Mould Mould Mould Mould Mould Mould
0.04 0.65 0.37 0.54 0.74 0.51 0.65
0.09 0.67 0.44 0.84 0.65 0.80 0.60
0.13 0.68 0.29 0.78 0.67 0.81 0.46
40°Inclination
0.04 0.71 0.24 0.65 0.71 0.78 0.58
0.09 0.60 0.32 0.71 0.69 0.74 0.61
0.13 0.69 0.34 0.67 0.62 0.75 0.55
60°Inclination
0.04 0.58 0.27 0.62 0.70 0.72 0.57
0.09 0.53 0.51 0.76 0.69 0.57 0.49
0.13 0.62 0.29 0.65 0.66 0.73 0.55

Table 4.5.12: Effect of contact time on grain elongation for sand and metallic mould cast

samples with different pouring temperatures for different inclination angles.

20°Inclination

Contact 680 T Pouring 660 T Pouring 640 T Pouring
Time Temperature Temperature Temperature
(s) Sand Metallic Sand Metallic Sand Metallic
Mould Mould Mould Mould Mould Mould
0.04 1.08 1.06 1.10 1.40 1.12 1.36
0.09 1.10 1.06 1.06 1.39 1.06 1.39
0.13 1.05 1.08 1.09 1.43 1.12 1.54
40°Inclination
0.04 1.08 1.11 1.10 1.41 1.06 1.44
0.09 1.08 1.08 1.11 1.44 1.00 1.41
0.13 1.08 1.00 1.09 1.44 1.11 1.50
60°Inclination
0.04 1.09 1.10 1.08 1.46 1.00 1-42
0.09 1.10 1.07 1.08 1.45 1.18 1.41
0.13 1.12 1.00 1.08 1.41 1.10 1.45
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Table 4.5.13: Effect of inclination angle on grain size (um) for sand and metallic mould cast
samples with different contact times for different pouring temperatures.

680 T Pouring Temperature

Inclination | 0.04 s Contact Time | 0.09 s Contact Time | 0.13 s Contact Time
Angle Sand Metallic Sand Metallic Sand Metallic
&) Mould Mould Mould Mould Mould Mould
20 151 114 122 87 179 85
40 208 211 121 89 151 101
60 213 85 100 80 117 92

660 T Pouring Temperature
20 152 83 147 122 189 119
40 86 104 115 119 97 122
60 89 99 91 102 179 124
640 T Pouring Temperature
20 165 121 120 134 141 189
40 96 122 107 124 124 124
60 98 144 95 179 95 134

Table 4.5.14: Effect of inclination angle on grain circularity for sand and metallic mould cast
samples with different contact times for different pouring temperatures.

680 T Pouring Temperature

Inclination | 0.04 s Contact Time | 0.09 s Contact Time | 0.13 s Contact Time
Angle Sand Metallic Sand Metallic Sand Metallic
§) Mould Mould Mould Mould Mould Mould
20 0.65 0.37 0.71 0.44 0.58 0.29
40 0.54 0.24 0.65 0.32 0.62 0.34
60 0.51 0.27 0.78 0.51 0.72 0.29

660 T Pouring Temperature
20 0.67 0.74 0.60 0.65 0.53 0.67
40 0.84 0.71 0.71 0.69 0.76 0.62
60 0.80 0.70 0.74 0.69 0.57 0.66
640 T Pouring Temperature
20 0.68 0.65 0.69 0.60 0.62 0.46
40 0.78 0.58 0.67 0.61 0.65 0.55
60 0.81 0.57 0.75 0.49 0.73 0.55

Table 4.5.15: Effect of inclination angle on grain elongation for sand and metallic mould cast
samples with different contact times for different pouring temperatures.

680 T Pouring Temperature

Inclination | 0.04 s Contact Time | 0.09 s Contact Time | 0.13 s Contact Time
Angle Sand Metallic Sand Metallic Sand Metallic
&) Mould Mould Mould Mould Mould Mould
20 1.08 1.06 1.08 1.06 1.09 1.08
40 1.10 1.11 1.10 1.08 1.08 1.00
60 1.12 1.10 1.06 1.07 1.00 1.00

660 T Pouring Temperature
20 1.10 1.40 1.08 1.39 1.10 1.43
40 1.06 1.41 1.11 1.44 1.08 1.44
60 1.06 1.46 1.00 1.45 1.18 1.41
640 T Pouring Temperature
20 1.05 1.36 1.08 1.39 1.12 1.54
40 1.09 1.44 1.09 1.41 1.08 1.50
60 1.12 1.42 1.11 1.41 1.10 1.45
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Table 4.5.16: Effect of inclination angle on grain size (um) for sand and metallic mould cast
samples with different pouring temperatures for different contact times.

0.04 s Contact Time

Inclination 680 C Pouring 660 C Pouring 640 C Pouring
Angle Temperature Temperature Temperature
5 Sand Metallic Sand Metallic Sand Metallic
Mould Mould Mould Mould Mould Mould
20 151 114 152 83 165 121
40 208 211 86 104 96 122
60 213 85 89 99 98 144
0.09 s Contact Time
20 122 87 147 122 120 134
40 121 89 115 119 107 124
60 100 80 91 102 95 179
0.13 s Contact Time
20 179 85 189 119 141 189
40 151 101 97 122 124 124
60 117 92 179 124 95 134

Table 4.5.17: Effect of inclination angle on grain circularity for sand and metallic mould cast
samples with different pouring temperatures for different contact times.

0.04 s Contact Time
Inclination 680 T Pouring 660 T Pouring 640 T Pouring
Angle Temperature Temperature Temperature
5 Sand Metallic Sand Metallic Sand Metallic
Mould Mould Mould Mould Mould Mould
20 0.65 0.37 0.67 0.74 0.68 0.65
40 0.54 0.24 0.84 0.71 0.78 0.58
60 0.51 0.27 0.80 0.70 0.81 0.57
0.09 s Contact Time
20 0.71 0.44 0.60 0.65 0.69 0.60
40 0.65 0.32 0.71 0.69 0.67 0.61
60 0.78 0.51 0.74 0.69 0.75 0.49
0.13 s Contact Time
20 0.58 0.29 0.53 0.67 0.62 0.46
40 0.62 0.34 0.76 0.62 0.65 0.55
60 0.72 0.29 0.57 0.66 0.73 0.55

0.04 s Contact Time
Inclination 680 C Pouring 660 C Pouring 640 C Pouring
Angle Temperature Temperature Temperature
Sand Metallic Sand Metallic Sand Metallic
v Mould Mould Mould Mould Mould Mould
20 1.08 1.06 1.10 1.40 1.05 1.36
40 1.10 1.11 1.06 1.41 1.09 1.44
60 1.12 1.10 1.06 1.46 1.12 1.42
0.09 s Contact Time
20 1.08 1.06 1.08 1.39 1.08 1.39
40 1.10 1.08 1.11 1.44 1.09 1.41
60 1.06 1.07 1.00 1.45 1.11 1.41
0.13 s Contact Time
20 1.09 1.08 1.10 1.43 1.12 1.54
40 1.08 1.00 1.08 1.44 1.08 1.50
60 1.00 1.00 1.18 1.41 1.10 1.45

Table 4.5.18: Effect of inclination angle on grain elongation for sand and metallic mould cast
samples with different pouring temperatures for different contact times.
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4.6 EFFECT OF COATING MATERIAL

To observe the effect of coating, the graphite bowbn nitride (BN) coatings were
applied to the cooling slope. The coatings were algplied partially i.e. the melt was
poured onto an uncoated part of the cooling slopkflawed over the coated part of
the cooling slope. In all cases the metallic mowdd used.

4.6.1 Full Coating

The melt was poured on to the water cooled coodilogpe for a contact time of
0.107 s at pouring temperatures of 660 °C and @&@dof inclination angles of 40°
and 60°. The resultant melt was subsequently quehaih a water cooled metallic

mould.
Grain Size

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C and a contanetof 0.107 s the grain size
decreased from 24gm to 179um for the graphite coating and from 2@én to

158 um for the BN coating with a decrease in inclinatammgle from 60° to 40° (see
Table 4.6.1). The grain size for the BN coating iasr than that of the graphite for

all inclination angles.

Pouring Temperature of 640 °C

At a pouring temperature of 640 °C and a contaoetof 0.107 s the grain size
decreased from 176m to 174um for the graphite coating and from 1@& to

116 um for the BN coating with a decrease in inclinatamgle from 60° to 40° (see
Table 4.6.1). The grain size for the BN coating \iiasr than that of the graphite at

an inclination angle of 40°.
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Grain Circularity

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C and a contaot tof 0.107 s the grain circularity
decreased from 0.51 to 0.49 for the graphite cgaimd from 0.53 to 0.51 for the BN
coating with a decrease in inclination angle fro@f €& 40° (see Table 4.6.1). The
grain circularity for the BN coating was higher nhthat of the graphite for each

inclination.

Pouring Temperature of 640 °C

At a pouring temperature of 660 °C and a contaot tof 0.107 s the grain circularity
decreased from 0.55 to 0.52 for the graphite cgéatint increased from 0.50 to 0.68
for the BN coating with a decrease in inclinatiomgle from 60° to 40° (see Table
4.6.1). The grain circularity for the BN coating sviaigher than that of the graphite at

an inclination angle of 40°.

Grain Elongation

Pouring Temperature of 660 °C

At a pouring temperature of 660 °C and a contact tof 0.107 s the grain elongation
increased from 1.33 to 1.45 for the graphite cgaéind from 1.32 to 1.48 for the BN
coating with a decrease in inclination angle fro@t 6 40° (see Table 4.6.1). The
grain elongation for the BN coating was lower th#wat of the graphite at an
inclination angle of 60°.

Pouring Temperature of 640 °C

At a pouring temperature of 660 °C and a contact tof 0.107 s the grain elongation
decreased from 1.50 to 1.48 for the graphite cgaimd from 1.48 to 1.46 for the BN
coating with a decrease in inclination angle fro@t 6 40° (see Table 4.6.1). The
grain elongation for the BN coating was lower thaat of the graphite at each

inclination angle.
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4.6.2 Partial Coating

The melt was poured on to the water cooled codloge for a contact time of 0.107
S at a pouring temperature of 640 °C with a grapbitBN coated slope having a 1:3
ratio (1 part uncoated and 3 parts coated). Thé wad subsequently quenched in a a

water cooled metallic mould.
Grain Size

At a pouring temperature of 640 °C and a contanetof 0.107 s, the grain size
increased from 158m to 183um for the partial graphite coating and from 16 to
181 um for the partial BN coating with a decrease ifiiration angle from 60° to 40°
(see Table 4.6.2). The grain size for the BN plactating was finer than that of the
graphite at an inclination angle of 40°.

Grain Circularity

At a pouring temperature of 640 °C and a contaet of 0.107 s, the grain circularity
decreased from 0.56 to 0.55 for the partial grapbdating and from 0.59 to 0.56 for
the partial BN coating with a decrease in inclioatangle from 60° to 40° (see Table
4.6.2). The grain circularity for the BN coating sviaigher than that of the graphite at

each inclination angle.
Grain Elongation

At a pouring temperature of 660 °C and a contaet f 0.107 s, the grain elongation
decreased from 1.44 to 1.37 for the partial graptaating but increased from 1.36 to
1.39 for the partial BN coating with a decreaseéntclination angle from 60° to 40°
(see Table 4.6.2). The grain elongation for the ddting was lower than that of the
graphite at an inclination angle of 60°.
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4.6.3 Cooling of Slope

The melt at a pouring temperature of 640°C was gabwn to the cooling slope,
partially and fully coated with graphite and BNclined at an angle of 60° for a
contact time of 0.107 s. The resultant melt waswal to solidify in the metallic

mould under non-cooled and water cooled conditions.
Grain Size

At a pouring temperature of 640 °C, for a contanetof 0.107 s and inclination angle
of 60°, the grain size decreased from Li®to 158um for the graphite coating but it
increased from 158m to 175um for the BN coating with a change from full coatin
to partial coating in the cooled condition, whilaricreased from 128m to 193um
for the graphite coating but it decreased from t69to 157um for the BN coating
with a change from full coating to partial coatimythe non-cooling condition (see
Table 4.6.3). The grain size for the BN coating viraer for the full coating under

cooling conditions and for partial coating unden+moling conditions.
Grain Circularity

At a pouring temperature of 640 °C, for a contanetof 0.107 s and inclination angle
of 60°, the grain circularity increased from 0.490.56 for the graphite coating and
from 0.51 to 0.59 for the BN coating with a charfigen full coating to partial coating

in the cooled condition, while it decreased fro80to 0.46 for the graphite coating
but it increased from 0.56 to 0.57 for the BN cogutwith a change from full coating

to partial coating in the non-cooling condition&sEable 4.6.3). The grain circularity
for the BN coating was higher both for the full apdrtial coating in the cooling

condition and for the partial coating in non-coglicondition.

Grain Elongation

At a pouring temperature of 640 °C, for a contanetof 0.107 s and inclination angle
of 60°, the grain elongation decreased from 1.4%.4@ for the graphite coating and
from 1.48 to 1.36 for the BN coating with a chaifigan the full coating to the partial
coating in the cooled condition, while it increadeain 1.48 to 1.50 for the graphite
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coating but it decreased from 1.44 to 1.35 forBhecoating with a change from full
coating to partial coating in the non-cooling cdiudi (see Table 4.6.3). The grain
elongation for the BN coating was lower for the tjgdrcoating in the cooling

condition and for both the full and partial coatinghe non-cooling condition.

4.6.4 Summary

The effect of the application of graphite and BoMitride (the BN) coatings on the
final microstructure obtained using the coolingpgldhas been investigated and the
results are summarised as follows:

1. With a BN coating, a slightly finer grain size thdrat for graphite coating,
was obtained at higher pouring temperatures fostalllied inclination angles
while at lower pouring temperatures a finer graze svas obtained for lower
inclination angle.

2. A similar trend was observed when the cooling sleps partially coated (3/4
of the contact length) with graphite and BN.

3. Under air cooling the fully coated graphite coatmegulted in a finer grain
size, whilst a BN coating resulted in a finer grsire for the partial coating of
the cooling slope.

4. A grain size less than 2Q0m with lower circularity and with non-equiaxed
morphology was obtained using a metallic mouldstebowing the effect of
mould material on heat extraction from the melt.

5. The elongation values for the water cooled coosilagpe were slightly higher
than those for the air cooled.
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Table 4.6.1: Effect of different coatings on the grain characteristics for
different pouring temperatures at different inclination angles for a contact time

of 0.107s.
Parameters Angle 660 T 640 T
§) Graphite BN Graphite BN
Grain Size 60 242 206 176 195
(um) 40 179 158 174 116
Circularity 60 0.51 0.53 0.55 0.50
40 0.49 0.51 0.52 0.68
Elongation 60 1.33 1.32 1.50 1.48
40 1.45 1.48 1.48 1.46

Table 4.6.2: Effect of partial coating (1:3) of different coatings on grain
characteristics for different inclination angles when the melt was poured at
640 T for a contact time of 0.107 s.

Parameters Angle (9 Graphite BN
Grain Size 60 158 175
(um) 40 183 181
Circularity 60 0.56 0.59
40 0.55 0.56
Elongation 60 1.44 1.36
40 1.37 1.39

Table 4.6.3: Effect of water cooling on grain characteristics when the melt is
poured at 640 T on a fully or partially coated coo ling slope inclined at 60°for
a contact time of 0.107 s.

Parameters Conditions Cooling No cooling
Graphite BN Graphite BN
Grain Size Full coating 179 158 123 159
(um) Partial coating 158 175 193 157
Circularity Full coating 0.49 0.51 0.60 0.56
Partial coating 0.56 0.59 0.46 0.57
Elongation Full coating 1.45 1.48 1.48 1.44
Partial coating 1.44 1.36 1.50 1.35
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4.7. COMPARISON OFALLOYS

In this section the NGM AISi7Mg and COM AISi7Mg @jis are compared with
respect to graphite and BN coatings, full or part@atings, and also the effect of
water cooling on their microstructures. The NGM &g, COM AISi7Mg and as-
cast alloys are also compared to their as-recesta® and the semi-solid processed
MHD A356 alloy.

4.7.1 Comparison of the NGM AlSI'7Mg and the COM
AlSI7TMg Alloys

In this section the NGM AISi7Mg and COM AISi7Mg @jis are compared with
respect to their grain characteristics for the atfief full graphite and BN coating,

partial coating, and inclination angle of the coglof slope.

4.7.1.1 Effect of Inclination Angle and Coatings

Grain Size

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain size decreased fromdmxo 158um for the NGM AISi7Mg alloy

and from 199um to 144um for the COM AISi7Mg alloy with a change in coafin
from graphite to BN (see Table 4.7.1). The graiedor the NGM AISi7Mg was

finer for the graphite coating.

At a pouring temperature of 640 °C, inclination lengf 40° and contact time of
0.13 s, the grain size decreased from g@4to 165um for the NGM AISi7Mg alloy

and from 200um to 154um for the COM AISi7Mg alloy with a change in coafin
from graphite to BN (see Table 4.7.1). The gragedor the NGM AISi7Mg was

finer for the graphite coating.
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Grain Circularity

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain circularity increased from 0td®.51 for the NGM AISi7Mg alloy

and from 0.46 to 0.54 for the COM AISi7Mg alloy Wit change in coating from
graphite to BN (see Table 4.7.1). The grain cingiylafor the NGM AISi7Mg was

higher for the graphite coating.

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain circularity increased from 0®®@.59 for the NGM AISi7Mg alloy

and from 0.48 to 0.57 for the COM AISi7Mg alloy Wit change in coating from
graphite to BN (see Table 4.7.1). The grain cingiylafor the NGM AISi7Mg was

higher for both the graphite and BN coatings.

Grain Elongation

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain circularity increased from 1t@3.48 for the NGM AISi7Mg alloy

and from 1.40 to 1.45 for the COM AISi7Mg alloy Wit change in coating from
graphite to BN (see Table 4.7.1). The grain eloingator the NGM AISi7TMg was

higher for both the graphite and BN coatings.

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain circularity increased from 1t@@.44 for the NGM AISi7Mg alloy

and from 1.50 to 1.51 for the COM AISi7Mg alloy tvia change in coating from
graphite to BN (see Table 4.7.1). The grain eloingator the NGM AISi7TMg was

lower for both the graphite and BN coatings.

4.7.1.2 Cooling of Slope and Coating

Grain Size

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain size decreased fromdmo 123um for the NGM AISi7Mg alloy
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and from 199um to 169um for the COM AISi7Mg alloy with a change from a
cooling to non-cooling graphite coated slope (sabld 4.7.2). The grain size for the
NGM AISi7Mg was finer for both the cooling and noaeling conditions.

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain size increased from {58to 159um for the NGM AISi7Mg alloy
and from 144um to 169um for the COM AISi7Mg alloy with a change from a
cooling to non-cooling BN coated slope (see Table2). The grain size for the NGM
AISi7Mg was finer for the non-cooling condition.

Grain Circularity

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain circularity increased from 0td®.60 for the NGM AISi7Mg alloy

and from 0.46 to 0.52 for the COM AISi7Mg alloy tvia change from a cooling to
non-cooling graphite coated slope (see Table 4.7.B¢ grain circularity for the

NGM AISi7Mg was higher for both the cooling and roopling conditions.

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain circularity increased from 0®D.56 for the NGM AISi7Mg alloy
and from 0.54 to 0.59 for the COM AISi7Mg alloy tvia change from a cooling to
non-cooling BN coated slope (see Table 4.7.2). @itaen circularity for the NGM
AlISi7Mg was lower for both the cooling and non-dnglconditions.

Grain Elongation

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of 0.107
s, the grain elongation increased from 1,46 to 1.48um for the NGM AISi7Mg
alloy and from 1.44im to 1.43um for the COM AISi7Mg alloy with a change from a
cooling to non-cooling graphite coated slope (saebld 4.7.2). The grain elongation
for the NGM AISi7Mg was higher for both the coolingd non-cooling conditions.

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain elongation decreased from 1uA8 to 1.44 um for the
NGM AISi7Mg alloy but remained approximately thensa at 1.45um for the
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COM AISi7Mg alloy with a change from a cooling tomcooling BN coated slope
(see Table 4.7.2). The grain elongation for the NG&I&i7Mg was lower for both the

cooling and non-cooling conditions.

4.7.1.3 Effect of Partial Coating

Grain Size

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain size increased from LB#to 190um for the NGM AISi7Mg alloy
and from 166um to 193um for the COM AISi7Mg alloy with a change from a
cooling to non-cooling partially coated BN slopedslable 4.7.3). The grain size for
the NGM AISi7Mg was finer for both the cooling andn-cooling conditions.

Grain Circularity

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain circularity decreased from @db66.42 for the NGM AISi7Mg alloy

and from 0.50 to 0.45 for the COM AISi7Mg alloy tvia change from a cooling to
non-cooling partially coated BN slope (see Tableé3). The grain circularity for the
NGM AISi7Mg was higher for the cooling condition.

Grain Elongation

At a pouring temperature of 640 °C, inclination lengf 60° and contact time of
0.107 s, the grain elongation increased from 138 to 1.41 um for the
NGM AISi7Mg alloy and from 1.53um to 1.47um for the COM AISi7Mg alloy with

a change from a cooling to non-cooling partiallyateal BN slope (see Table 4.7.3).
The grain elongation for the NGM AISi7Mg was lower both the cooling and non-
cooling conditions.
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4.7.2 Comparison of the NGM AlSi7Mg, COM AlISI7TMg and
MHD A356 Alloys

Grain Size

The grain size decreased from 18 to 165um for the NGM AISi7TMg alloy
processed at a pouring temperature of 640 °C,naiitin angle of 40° and contact
time of 0.13 s, with a change of coating from gisgoto BN. These values were much
finer than the 52@um the value obtained for as-received sample (sb&e®a7.4). The
grain size decreased from 186 to 165um for the COM AISi7Mg alloy processed
at a pouring temperature of 640 °C, inclination langf 40° and contact time of
0.13 s, with a change of coating from graphite t. Bhese values were finer than
273 um, the value obtained for as-received sample. Tlaén gsize increased from
166 um to 183um for the MHD A356 alloy processed at a pouring gerature of
640 °C, inclination angle of 40° and contact tiniddd.3 s with a change of coating
from graphite to BN. These values were similar 3 tm, the value obtained for as-
received sample. The grain size for the NGM AISi7Mgs coarser than the
MHD A356 alloy for the graphite coating and simitarthe COM AISi7Mg alloy for

BN coating. It was coarsest in the as-received tiomdior NGM AISi7Mg alloy.
Grain Circularity

The grain circularity increased from 0.50 to 0.58 the NGM AISi7Mg alloy
processed at a pouring temperature of 640 °C,naiitin angle of 40° and contact
time of 0.13 s, with a change of coating from gregpho BN and these values were
much higher than 0.26 the value obtained for theeesived sample (see Table 4.7.4).
The grain circularity increased from 0.48 to 0.®wf the COM AISi7Mg alloy
processed at a pouring temperature of 640 °C,naittin angle of 40° and contact
time of 0.13 s, with a change of coating from gipho BN. These values were
higher than 0.44, the value obtained for the asived sample. The grain circularity
increased from 0.49 to 0.50 for the MHD A356 allpyocessed at a pouring
temperature of 640 °C, inclination angle of 40° aadhtact time of 0.13 s with a
change of coating from graphite to BN. These valuerse similar to 0.49, the value
obtained for the as-received sample. The grainufarity for the NGM AISi7TMg was
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the highest for the sample obtained for the grapaitd BN coatings but the lowest
for the as-received condition.

Grain Elongation

The grain elongation increased from 140 to 1.44um for the NGM AISi7Mg alloy
processed at a pouring temperature of 640 °C,naittin angle of 40° and contact
time of 0.13 s, with a change of coating from gregpho BN and these values were
much lower than 3.13 the value obtained for theeasived sample (see Table 4.7.4).
The grain elongation increased from 1,60 to 1.51um for the COM AISi7Mg alloy
processed at a pouring temperature of 640 °C,naiitin angle of 40° and contact
time of 0.13 s, with a change of coating from gregpho BN and these values were
higher than 1.49 , the value obtained for the asived sample. The grain elongation
increased from 1.44 to 1.46 for the MHD A356 allpyocessed at a pouring
temperature of 640 °C, inclination angle of 40° aadhtact time of 0.13 s with a
change of coating from graphite to BN. These valuerse similar to 1.53, the value
obtained for the as-received sample. The graingetoon for the NGM AISi7Mg was
the lowest for the graphite and BN coating, but thghest for the as-received

condition.

4.7.3 Summary

A comparison of the NGM AISi7Mg and COM AISi7TMg @jls was made with
respect to the effect of coating and cooling ansuamary of the results is given

below:

1. A graphite coating produced a finer grain size tftee NGM AISi7Mg alloy
and a BN coating produced a finer grain size fer@®M AISi7Mg alloy, due
to their different liquidus temperatures.

2. For both the NGM AISi7Mg and COM AISi7Mg alloys,etlgrain circularity
and elongation for the BN coating was higher shgwa round but less

equiaxed grain morphology.
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3.

5.

6.

Air cooling resulted in a finer grain size whenngsia graphite coating and
coarser grain size when using a BN coating for Ni@&M AlSi7Mg alloy.
However, the microstructure showed a high circtyaaithough it was more
dendritic in nature.

In the case of the partial coating, the grain svas higher for air than water
cooling with the grains exhibiting a relatively lewcircularity but similar
dendritic nature ( ~ 1.4 elongation value).

The graphite coating produced a finer structurethe@ MHD A356 alloy
compared to the BN coating.

The grain size obtained for the NGM AISi7Mg, COM SMMg and
MHD A356 alloys obtained using the cooling slopehtgque and a metal
mould was similar to that obtained for magneto-bggnamic stirring,
observed in as-received grain refined, modified MABB6 alloy. The grain
size obtained using cooling slope was finer thameasived grain refined
electromagnetically stired COM AISi7Mg alloy anduch finer than as-
received electromagnetically stirred non-modifiedontgrain  refined
NGM AISi7Mg alloy.
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4.7.4. Tables

Table 4.7.1: Comparison of grain characteristics observed for different coatings on the cooling
slope at different inclination angles for the NGM AISi7Mg and COM AISi7Mg alloys poured at
a 640 C.

60°Inclination, 40°Inclination,

Characteristics | Conditions 0.107 s Contact Time 0.13 s Contact Time

NGM COM NGM COM
AlSi7Mg AlSi7Mg AlSi7Mg AlSi7Mg

Grain Size graphite coating 179 199 184 200
(um) BN coating 158 144 165 154
Circularity graphite coating 0.49 0.46 0.50 0.48
BN coating 0.51 0.55 0.59 0.57

Elongation graphite coating 1.45 1.44 1.40 1.50
BN coating 1.48 1.45 1.44 151

Table 4.7.2: Comparison of the effect of cooling for different coatings on grain characteristics
for the NGM AISi7Mg and COM AISi7Mg alloys poured at 640 T on a cooling slope inclined
at 60°for a contact time of 0.107 s.

Characteristics | Condition graphite BN

NGM COM NGM COM
AlSi7Mg AlSi7Mg AlSi7Mg AlSi7Mg

Grain Size Cooling 179 199 158 144
(nm) No cooling 123 169 159 169
Circularity Cooling 0.49 0.46 0.51 0.54
No cooling 0.60 0.52 0.56 0.59
Elongation Cooling 1.45 1.44 1.48 1.45
No cooling 1.48 1.43 1.44 1.45

Table 4.7.3: Comparison of the effect of cooling for partial coating for the NGM AISi7Mg and
COM AISi7Mg alloys for a pouring temperature of 640 C and inclination angle of 60°for a
contact time of 0.107 s on a BN coated cooling slope.

Characteristics Conditions NGM AISi7TMg COM AlISi7Mg
Grain Size Cooling 154 166
(um) No cooling 190 193
Circularity Cooling 0.55 0.50

No cooling 0.42 0.45
Elongation Cooling 1.38 1.53

No cooling 1.41 1.47

283



Chapter 4

Result — Comparisbilloys

Table 4.7.4: Comparison of grain characteristics for the NGM AlISi7Mg, COM AISi7Mg and
MHD A356 alloys for the as-received condition and obtained by pouring at 640 T at an
inclination angle of 40°for a contact time of 0.13 s on to a cooling slope treated with different

coatings.

Characteristics Coatings NGM AISi7Mg | COM AlSi7Mg SAG A356

Grain Size graphite coating 184 200 166

(nm) BN coating 165 165 183
As received 521 273 187

Circularity graphite coating 0.50 0.48 0.49
BN coating 0.59 0.57 0.50
As received 0.26 0.44 0.49

Elongation graphite coating 1.40 1.50 1.44
BN coating 1.44 151 1.46
As received 3.13 1.49 1.53
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Chapter 5

Discussion

The results presented in Chapter 4 are discusst@ralysed herein with respect to
the effect of variation in the alloys, the new amtttime parameter, the grain

characteristics and cooling slope solidificationchemnism.

5.1 VARIATION IN THE ALLOYS

In this section the comparison and relative varm@tin non-grain refined non-
modified AISi7TMg (NGM AISi7Mg), commercial grain fieed AISi7Mg

(COM AISi7TMg) and magnetohydrodynamic stirred gra@fined modified A356

(MHD A356) alloys in the as-received state, haverbeiscussed with respect to their
solidification behaviour, solidification sequencelative fraction solid range and their
response to semi-solid processing. Although akéhalloys are generically identical,
it is still nevertheless important to acquire aalet knowledge of the basic

characteristics of each to enable improved senmgobcess control.

5.1.1 Characteristic Temperatures

The chemical composition of the three as-receivéldysa processed i.e. the
NGM AISi7Mg, COM AISi7Mg and MHD A356 alloys (givein Table 4.1.1), lie

within official limits for an A356 and are parti@rly close to that of an A356.2 alloy
(as shown in Table 5.1). However, the Fe, Mn, Zd &ncontent in all three alloys
was lower than that suggested for the standard A&356he Si content of the
NGM AISi7Mg and COM AISi7Mg alloys are quite simiJahowever, the Mg content
varies significantly. The MHD A356 alloy revealeidhdar Mg contents to that of the
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COM AISi7Mg alloy but showed a significantly high&i content than both the
NGM AISi7Mg and COM AISi7Mg alloys. As chemical cpwsition can play an
important role in determining the characteristidsttee alloys, particularly melting
point, intermetallic phase formation, the solidiion sequence of these phases and
the fraction solid over the solidification rangke teffect of variations in composition
are examined and are subsequently discussed refutétail.

The nucleation temperatur®,, calculated using the first derivativél/dt, from the
cooling curve data with the help of Origin 7G sdadte was found to be 616.0 °C,
616.7 °C and 612.1 °C for the NGM AISi7M, COM AlI8fg and MHD A356 alloys
respectively. The nucleation temperature of the CAIBI7Mg alloy was marginally
higher, in spite of having higher Si and Mg consemthich should reduce the
solidification temperature. The MHD A356 alloy hagi both high Si and Mg
contents showed this expected lower nucleation éeatpre. An increase of 0.40 wt%
in Si content should decrease the liquidus tempezaty about 2.8 %"
(see Fig. 5.1(a)) and an increase in Mg conteft4ont% should reduce the liquidus
temperature by 1.8 ¥ (see Fig. 5.1(b)), provided the liquidus line fre tphase
diagram is assumed to be linear. The unusual betawif the COM AISi7Mg alloy
could be due to heterogeneous nucleation on gedining particle$® added during
the initial processing as shown in Fig. 5.1(c) whg&hows the total elimination of
recalescence on complete refinerfféht

The growth temperatur@gomn, Where a sustainable growth starts, was foundeto b
615.5 °C, 616.2 °C and 611.3 °C for the NGM AISi7MgOM AISi7Mg and
MHD A356 alloys respectively, displaying a simifaend to that of the nucleation

temperature.

The effect of heterogeneous nucleation on the dr@ah be determined by studying
the degree of undercooling for the nucleatio®, (Fig. 5.1(c)¥*. The undercooling
for the nucleation observed was 2.5 °C, 1.3 °C a:8d°C for the NGM AISi7Mg,
COM AISi7TMg and MHD A356 alloys, respectively. A moparison of these
undercoolings for the NGM AISi7Mg and the COM AISI@ alloys clearly reveals
the smallest value for the COM AISi7Mg alloy whiatonfirms the use of
heterogeneous grain refiner additions during ihgracessing and the presence of Ti

in the chemical composition is further proof.
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The melting temperatures, calculated using DSC fimattraces with the help of the
first derivative (see Section 4.1.4), on heatingen@l8.4 °C, 620.6 °C and 619.8 °C
for the NGM AISi7TMg, COM AISi7Mg and MHD A356 allsy respectively.

Thermo-Calc® simulation was also employed to ptettie solidification behaviour.
According to Thermo-Calc® simulations the primarlyphase may form at 616.0 °C,
615.5 °C and 614.0 °C for the NGM AISi7TMg, COM AI8g and MHD A356

alloys respectively.

In addition to the above techniques empirical fdaeubased on the chemical
composition in wt% were also used. The empiricainiola proposed by Dros&&f! is
given as:

T,4(°C) = 661~ 4975 - 015S)* - 613Cu—174Mg+ 272Zn+ 508CuMg Eqg. (5.1)

A modified formula presented by Hernandez ét?l.for hypoeutectic Al-Si alloys,

incorporating the “Si equivalent’SIEX(;) factor is given as:

TS24 - 660452-6.110) §% -0057Y (9% f Eq. (5.2)
and
S =9 (w.%) - X, (wt.%) Eq. (5.3)

The melting temperatures calculated from the DS@ deere the highest for all three
alloys. However, the difference between the tentpeea was most prominent for
COM AISi7Mg and MHD A356 alloys, ~5 to ~10 °C (sé@able 5.2). The results
indicate the effect of temperature lag in DSC dadawell as the influence of the

previous thermal histories of these alloys.

The temperature for the dendrite coherency pdiBiGP), where the dendrite network
of the primary phase becomes coherent, was founget615.4 °C, 616.2 °C and
611.0 °C for the NGM AISi7Mg, COM AISi7Mg and the HWD A356 alloys

respectively. This shows that the network of deedriwas formed without any
prominent decrease in the growth temperature, hewes delay in the dendrite
coherency point (DCP) was observed in the caseldbM356 alloy when compared
to the NGM AISi7Mg and COM AISi7Mg alloys. This fing was in accordance
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with the literaturf!?224:231:232233.234.235 hich states that a reduction in the surface
tension due to modifying agents results in an mseein flowability of the melt

through the growing dendrites, thus delaying thé®DC

The eutectic temperature and amount of eutectipshed control a thixoforming
process. The processing window is generally shkghtigher than the eutectic
temperature and the eutectic acts as a lubricaimgddeformatio>*®?! The eutectic
phases are formed when the dendrites of the prilaryhase have grown to the
extent that the interdendritic liquid reaches th#&teetic composition. For the
NGM AISi7Mg alloy the eutectic nucleated at 577Q, grew at 577.8 °C with a
0.7 °C undercooling for nucleationl®) and the eutectic reaction finished at 536.0
°C. For the COM AISi7Mg alloy the eutectic nuclehte 564.0 °C, grew at 563.7 °C
with an undercooling for nucleation of 2.0 °C. Sarly the eutectic for the
MHD A356 alloy nucleated at 566.1 °C, grew at 56Z29with an undercooling for
nucleation of 0.1 °C and the eutectic reactiorsfied at 552.35 °C.

The decrease in eutectic growth temperatures lmthihe COM AISi7Mg and the
MHD A356 alloy may be due to the higher contenMaf, as Mg decreases the start
of the Al-Si binary eutectic formation by ~5°C fan increase of 0.3 wt% Mg (see
Fig. 5.1(b)¥*". For an Al-Si-Mg system (see Fig. 5.2(a)), the gerature of the
eutectic channel between the binary and ternamgctiatdecreases by ~23 °C over 5
wt% Mg, according to which a decrease of ~1.84 &€ @4 wt% increase in Mg
content, is expected in the eutectic growth tentpeeafor the COM AISi7Mg and
MHD A356 alloy$?*”! provided the liquidus line is assumed to be lindar an
Al-7Si-0.13Fe system a decrease in the binary &otéemperature for an non-
modified alloy of 8 °&*" to 16 °¢*%%% per 1 wt% increase in Mg, in the range
concerned (0 to 0.7 wt%) has been repdtt8d Another reason for this drop in
eutectic temperature is the modification of thepBase in the eutectic as a result of
the increase in Mg content in addition to the ndrmmaodification agents
(see Fig. 5.2(b%*®. The modification restricts the faceted growttSoby poisoning
the growth faces, which results in a higher undeling being required to nucleate the
Si phase. As a consequence the eutectic temperataiepressed (see Fig. 5.2(b)),
and for which a maximum decrease of ~9 °C has bemportedf® 186240241
(see Fig. 5.2(c)). A higher value of undercoolingr fthe nucleation of the
COM AISi7Mg alloy relative to the NGM AISi7Mg alloy2.0 °C as compared to
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0.7 °C) is also in accordance with the effect ofdification®. However, the lower
undercooling for nucleation in the MHD A356 alloyithv respect to the
COM AISi7Mg alloy (0.1 °C as compared to 2.0 °Cgde to be explained. Normally
the greater the modification, the higher the undeling due to the growth restriction
facto**?. However, the effect of modification on the etite¢emperature can be
clearly described in terms of undercooling for gtiowT) and undercooling for
nucleation 4 @), whereAT is the change in eutectic growth temperature/&hds the
resulting undercooling for nucleation (Fig. 5.2(6)2(c) and 5.2(d¥f". According to
Backerud et df®® when the optimum modification is achieved in aoyakither the
recalescence or the undercooling is completelyaotigdly removed from the cooling
curve. Nafisi et af*? have reported that undercooling for nucleatiorreses from
the modified cooling curve with an increase in 8ntent in the melt (see Fig. 5.2(d)),
as this increases the availability of nucleatiotession which Si can nucleate and
grow. The modifying agents also reduce the surfammsion of the
melf12:231:232:233.234.23%anahling the melt to flow through the dendrites aendrite
armdé'?224233 favouring the ripening of the dendrite arms andalishing a
homogenous temperature distribution throughout ritedt, which results in lower

eutectic temperatufé?.

The eutectic temperatures obtained from the DSG@ dat the NGM AISi7Mg,
COM AISi7TMg and the MHD A356 alloys were 574.0 “&§7.1 °C and 567.6 °C,
respectively, which were higher than the coolingveun spite of temperature lag (see
Table 5.3). This could be the result of prematairfg of theS due to the very thin

specimens which are necessary for DSC an&8/is

Thermo-Calc® simulation resulted in relatively hégleutectic temperatures for the
COM AISi7TMg and MHD A356 alloys. The AI-Si binaryutectic may form at
575.8 °C, 573.8 °C and 574.8 °C for the NGM AISi7ZMgOM AISi7Mg and
MHD A356 alloys respectively. A comparison of theextic temperatures calculated

from different techniques is given in Table 5.3.
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5.1.2 Inter metallic Phases

A co-eutectic phase was observed in the temperatunge of 553.6 to 536.2 °C for
the COM AISi7Mg alloy and from 552.4 to 540.0 °Q fbe MHD A356 alloy in the
cooling curve (Fig. 4.1.1(d)). This may be due he formation of a ternary and/or
quaternary eutectic phase such Bs,S and/or Fe-bearing intermetallies.
According to Backerud et &Ff% this corresponds to the formation of thi,S

phase.

However, in DSC results during heating, peak 3¢ (5. 4.1.4(b)) representing the
co-eutectic transformation was only visible for 8®M AISi7Mg alloy within the
temperature range of 559.4 to 563.3 °C, while amliog the peak was visible for the
COM AISi7TMg and MHD A356 alloys in the range of 5210 552.0 °C and from
540.9 to 552.8 °C respectively, which was simiathe range observed in the cooling

curves for these two alloys.

Another peak (peak 4) was also observed in theirgeaand cooling DSC
thermograms, which overlapped with the eutectikpmeathe DSC traces, which was
found. However, this peak was more prominent onlicgo During cooling the
transformation was found to be in the temperatarge of 564.0 to 565.6 °C, 556.0
to 560.0 °C and 558.2 to 559.9 °C for the NGM A COM AISi7Mg and
MHD A356 alloys, respectively.

Thermo-Calc® simulation shows that a ternary eidestintaining g5-AlFeS phase
may form at 571.3, 567.5 and 568.6 °C for the NGNiAMg, COM AISi7Mg and
MHD A356 alloys, respectively. Another ternary eafie containing ar-AlFeMgS

phase may form at 560.5, 561.2 and 561 °C for tG&INAISi7Mg, COM AISi7Mg
and MHD A356 alloys respectively. A quaternary etite containingz-AlFeMgS

andMg,S phases may also form at 556.2, 556.8 and 557 PEhé&ONGM AISi7Mg,
COM AISi7Mg and the MHD A356 alloys respectively.

According to the expected intermetallic phases ipted in Thermo-Calc®
simulations (see Fig. 4.1.6) th#AlFeS phase may be found in addition to the
Al primary phase and the AI-Si eutectic phase ih thtee alloys, whilst the
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n-AIMgFeS andMg,S phases may be additionally found in the COM AlSg/&hd
MHD A356 alloys.

The SEM results supported these results. The SEMltsefrom the as-received
NGM AISi7Mg alloy (Fig. 4.1.13, 4.1.14) showed tpeesence of a-AlMgFeS
phase. The as-cast NGM AISi7Mg samples (Fig. 4,142R24) showed the presence
of the plate-like structure of the Fe bagedlFeS phase.

Similarly the SEM results for the as-received CONSIEMg alloy showed the
presence of a-AIMgFeS phase (see Fig. 4.1.15), whilst in the as-castplsma
p-AlFeS phase (Fig. 4.1.26) and &AIMgFeS phase (Fig. 4.1.25. 4.1.27) were

observed.

However, the SEM observations for the as-receivddDMA356 alloy showed no
traces off-AlFeS and z-AIMgFeS phases. The SEM micrographs for the as-cast
MHD A356 alloy samples showed the presence of tlatepike f-AlFeS phase
(Fig. 4.1.28) andz-AIMgFeS phase (Fig. 4.1.30) as well as &mg,S phase
(Fig. 4.1.29). The intermetallic phases formedhia different alloys in this study are
tabulated in Table 5.4.

The presence of Ti containing particles in the exeived COM AISi7Mg alloy
(Figs. 4.1.16, 4.1.17) indicated grain refiner jgées were added to the alloy.
Similarly the presence of Sr particles in the a=ieed MHD A356 alloy samples
(see Figs. 4.1.31, 4.1.34) indicated modificatiohilst the excess amount &f in the
melt, resulted in the reduction/absence of recalese during the eutectic reaction.

To determine the solidification reaction corresgogdio peak 4 in the DSC trace,
SEM results were used. The SEM EDX results confirntee presence of a
m-AIMgFeS phase in all the as-received and as-cast alloggshanmay correspond to
peak 4 in the DSC traces. Peak 4 was observecatdr &loy on heating and cooling

in the DSC traces. However, tMg,S phase was not observed in the as-received or
the as-cast COM AISi7Mg samples, but observed onige as-cast MHD A356 alloy
sample. The reason for its absence in the as-etesample may be due to the

processing of the alloy i.e. the intensive stirrimdpich results in homogeneous
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distribution of solute atoms into the bulk melt uktismg in a very small or even

absence of intermetallic phases.

5.1.3 Solidification Behaviour

Simulation with Thermo-Calc® suggests a sequenalidification reactions, for all

the three alloys as given in Table 5.5.

Backerud et di®® has also studied the expected phases, their tatoperand their
sequence during solidification. To determine thgusece of phase transformations
due to solute enrichment, Backerud €t%l.used the Scheil equation and segregation
lines obtained from the distribution coefficienttbé elements, particularly Fe and Si,
to determine the sequence of phase formation. Tiseg an Al-Fe-Si system with
constant element level (Mn for an A356.2 alloy eys) (see Fig. 5.3) and predicted

the sequence of phases for an A356.2 alloy avéngn Table 5.6.

In DSC traces for the alloys under consideratiowds noted that peak 4 was
observed during heating for all alloys, but peawas only observed in those of the
COM AISi7Mg alloy. This suggests that peak 4 cquoesls to the co-eutectic phase
which was present in the as-cast samples of allatlogys whilst the SEM EDX
analyses of the as-received samples, of all thilegsa show the presence of a
m-AIMgFeS phase, thereby implying that peak 4 correspondshéoz-AlMgFeS
phase. This could suggest that the transformatieaction 5 in Table 5.6, is
responsible for peak 3 and reaction 3b for peak the DSC traces (see Fig. 4.1.4).
However, on cooling, A-AlFeS phase was observed in each sample for all thgsallo
which suggests that reaction 3a occurred for al #tloys during cooling. The
m-AIMgFeS was found in the SEM investigations of the COM &g and the
MHD A356 alloys, but not in the NGM AISi7Mg alloyué to the lower Mg content.
The characteristic temperature with no clear evtdest anMg,S phase suggests that
reaction 5 was the last reaction to occur beforepdete solidification. This sequence
of reactions is listed in Table 5.6. It is the sasaguence predicted by the simulation
made by Thermo-Calc® software as given in Table. 3Mang et aP?” and
Taylor et af**?! mentioned that the-AIMgFeS phase was found independent of Mg
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levels and grew in close association with fhélFeSi phase. Also the volume
fraction of z-AIMgFeS phase does not change much with a change in Mgeeont
whilst theMg,S phase increases with an increase in Mg f&véf?!

5.1.4 Fraction Solid and Fraction Solid Sengitivity

Semi-solid processing makes use of a suitableidractolid range to control the
processing parameters and end product propertiastién solid varies from 0 to 1 in
the solidification range of an alloy. The effect fodiction solid on the processing
conditions is shown schematically in Fig. 5.4, whghows the forces required to
process the material may vary with fraction sotiohi pressure die casting to forging.
ThefsT graph is usually used to observe the behavioar cfange in fraction solid.
Different criteria to select a suitable fractionlidorange and corresponding
temperature for semi-solid processing has beenestiggd as discussed in Section 2.5.
However, a fraction solid sensitivity with respézttemperature is the most suggested
criterion, however, different upper limits of thisensitivity have been
suggested’ 2316617055 mentioned in Section 2.5. In this study uppmeits for the
fraction solid sensitivity value of 0.04%" and 0.0 have been used to compare the

three alloys.

The fs-T graphs show a similar trend for all three alloysadually changing from a

lower fraction solid towards a high fraction soliohtii a eutectic temperature is
reached. At the eutectic temperature, due to thdifsmation occurring at a constant
temperature, a sharp change in the curve is obs$emne the fraction solid reaches 1
without any significant variation in correspondingmperature. A fraction solid

difference occurred in the heating and cooling dataing solidification of the

primary phase for a given temperature, while a trafore difference occurred
during the eutectic solidification for a given ftiasm solid. This variation clearly

shows the effect of temperature lag in the caleutatduring heating and cooling.

The fraction solid sensitivity change over the fi@t range or over the solidification

range clearly shows the effect of characteristioperatures. The variation of fraction
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solid data is quite similar for COM AISi7Mg and MHEB56 alloys, for both cooling
and heating.

The highest fraction solid sensitivity criteria @03 for semi-solid processing gives
relatively higher upper limit values of fractionlisocompared to that for the 0.015
fraction solid sensitivity criteria, for both heagi and cooling data. On the other hand
the highest upper limit criteria for the 0.03 fiacat solid sensitivity for heating and
cooling gives a different processing temperaturetie lowest limit in comparison to
that of the 0.015 fraction solid sensitivity crigerThis is particularly true of a NGM
AISi7Mg alloy on heating however, temperature valdier cooling data are similar
for both the 0.03 and 0.015 criteria. In general lighest working fraction solid and
the lowest working temperature are higher for th&MN AISi7Mg alloy, ~5°C
greater/less than that for the COM AISi7Mg and MABE6 alloys.

The above discussion clearly shows the effect lofyalomposition on characteristic
temperatures, solidification range and correspandiraction solid at a given
temperature; hence a working range for one paaticailoy is not suitable for another

alloy, even if it is similar.

5.1.5 Response to Semi-solid Processing using the Cooling
Slope Technique

5.1.5.1 Comparison of NGM AISi7Mgand COM AISi7Mg Alloys

The data showed that the grain size for the COM7Alt§ was coarser with graphite
coating than with BN coating. However, data for ttiecularity and elongation
showed that the grains obtained for the BN coatwege less globular and less
equiaxed in nature compared to those with the gmamwoating. The non-equiaxed
nature increased with a decrease in inclinationleanghis phenomenon may be
explained by the number of nuclei in the melt whighs lower for the graphite
coating as a result of the formation of a solicklagn the cooling slope. This resulted
in a smaller shear force to shear the nuclei froensurface of the cooling slope due to

the lower inclination angle combined with less tengpure in the melt needed to start
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the nucleation multiplication by root melting amddgmentation. The melt poured into
the metallic mould from the cooling slope was maadjy cooler for the graphite than
for the BN coating and a solid skin formed on theufd wall, which reduced the
thermal conductivity. At the same time the impobke&her thermal gradient due to the
metallic mould favoured the growth of a non-equéxeorphology. There may be an
additional effect from the different chemical comspion of the alloys, which could
result in different superheats and undercoolingstf@® melt poured at the same
temperature, due to the difference in liquidus terajure. A similar grain size both
for the non-grain refined and non-modified NGM AlSig and grain refined COM
AISi7Mg alloy was observed under similar processingditions due to the different
nucleation mechanisms as discussed in Section th&reby, supporting the earlier
findingg®3289!

5.1.5.2 Comparison of the NGM AIS‘7Mg, COM AISi7TMg and MHD
A356 Alloys

The data shows that the grain size for the BN abat®ling slope was finer for the
COM AISi7TMg and NGM AISi7Mg alloys but coarser ftihe MHD A356 alloy.
However, in each case the grain size of these alegs finer than that for the as-
received, thus showing the effectiveness of thecgss. Different chemical
compositions may also affect the resulting grare silue to the different liquidus
temperature and the relative degree of superheaa fmelt poured into the mould
from the cooling slope. It was observed that urglerilar conditions the grain size
was similar for non-grain refined non-modified NGKISi7Mg, grain refined
COM AISi7Mg and semi-solid precursor MHD A356 akoye. an effect of grain
refinement was not observed. This is in accordaadée finding of Eastd#, who
reported that grain refining was not effective beld superheat of 60 °C and Wang et
al® who stated that the wall nucleation was the premirmechanism in the melt

with superheats less than ~65 °C.
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5.2 EFFECT OF CONTACT TIME

In all previous studies, as mentioned in Sectioh &xd compared in Table 2.1, a
contact length on the cooling slope was used as@epsing parameter. In this study a
newly devised contact time was used instead toyamathe effect of contact

established between the flowing melt and the cgadilope. This adopted parameter

has never before been reported or discussed isanissolid processing literature.

Significance of Contact Time

The results of this study confirmed our hypothdbat a contact time is a better
process controlling parameter. At contact time8.60 s and 0.13 s and an inclination
angle of 60°, the grain size remained unaffecteé lshange in pouring temperature
from 680 °C to 640°C. Similarly at a contact tinfedd4 s and a pouring temperature
of 660°C, the grain size remained unaffected witange in inclination angles from

20° to 60°. However, it should be noted that besithe contact time other factors
also contribute to the final microstructure such iaslination angle, pouring

temperature, the nature of cooling slope surface et

The use of contact time has the following advardamer that of the contact length:

(i) The poured melt flows on the cooling slope withestain flow velocity.
During the flow, heat is extracted from the meltcéntact length does not
provide a uniform parameter for the amount of hedtacted if the melt
flow velocity has changed on the same inclinatiogle.

(i) For the same inclination angle, a change in lerdgies not take into
account a change in velocity, which changes wittrease in length.
However, contact time is independent of changelaw fvelocity due to
gravitational force.

(i)  The contact length at an inclination has no cotiglawith the contact
length at another inclination angle. Similarly timelt flow also changes
with change in inclination angle, which also canrm¢ correlated.
However, for a contact time the melt contact witk tooling slope can be
correlated and generalized as a similar heat didra¢cs expected under

similar processing conditions.
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(iv)  On the basis of contact time the nucleation dereity heat removal can
easily be described and compared to the contagthen

(v)  The heat extraction of the melt and the melt cdntewe combine to
obtain the total heat removed from the melt.

(vi)  With keeping the contact time constant we can gasiestigate the effect

of inclination, resulting shear force and degreerafercooling in the melt.

5.3DETERMINATION OF GRAIN CHARACTERISTICS

Grain Size

Grain size is one of the most basic characterigtiguantifying a microstructure. In
this study the samples of all three alloys wereda®eal using Barker’s etch and the
microstructure observed under polarized light usiigambda) filter. Using image
analysis software, grains or globules with simitalour intensity were selected
manually and the equivalent diameter i.e. the diamef a circle with the same area
as the feature (see Fig. 3.18(d%}, was used to estimate its size. Mathematicaily it

given by:

%
ax Area) (Eq. 5.7)

Equivalent diameter :( p
As the NGM AISiSi7Mg alloy is a non-grain refinethn modified alloy, the resultant
eutectic structure formed around the primary gveas coarse and acicular in nature
(see Fig. 5.5(a)). The silicon plates make it pcatly impossible to differentiate the
grains and determine if they are connected to eatier or are separate and
Dahle et al**® showed that an Al-Si eutectic phase in Al-Si algyows from the
primary phase in non-modified alloys, but grows epdndently in the melt in
modified alloy$®, hence making it more difficult to analyse the matructure in a

non-modified Al-Si alloy containing eutectic.

The anodizing of the polished samples helps wighddétermination of the grain sizes.
In anodizing instead of being etched, the primangge is oxidized and the colour

remains the same for both macro- or micro-exanomatHowever, small variations
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may be observed in gray values if part of the graistrained during grinding and
polishing or bent during processing. The area withsame colour tint and intensity
should indicate a single grain (see Fig. 5.5(bQvpled it is not in the same
crystallographic orientation as its neighbour/se Tdrain size was measured as an

equivalent diameter, which was derived from theakthe grain.

Although the linear intercept metHd@?** and secondary arm spachd in cast
metals with dendritic microstructure are the mashmon methods to characterise the
grain, the anodizing technique was selected, alrbar intercept method is based on

counting grain boundaries which creates erroneesisits.

However, in semi-solid processing the primary ggairansform from a dendritic to
rosette and finally globular morphology due to fitecessing conditions, such as a
high shear force imposed by stirriig3. On sectioning, due to the presence of grains
having varying morphologies from equiaxed to raseétt fully globular, a globular
structure is frequently observed which contrastih&b which would be expected for a
dendritic morphology which should display a cleaorphology pattern (see
Fig. 5.6)72°2%5:248 This transformation has aroused questions atheuvalidity of the
normal grain measuring methods in semi-solid preegslloys®>2*"! Figure 5.7*¢
clearly shows how sectioning of the sample cancaftee grain size in the linear
intercept method in a semi-solid processed mateBiahilarly, in normal grain size
evaluation methods over etching can easily charge rhicrostructure as was
observed during the selection of a suitable etcheagent (see Fig. 5.8).

Niroumand and Xi&*"**°! were the first to report that the smaller roundtipkes
which are usually considered as single gfaih$'?*? may be a part of an
agglomerate in 3D (also termed as pseudo partigidspseudo clustét?>%) as can
be seen in Fig. 5.9, where a 3D view obtained fgmrial sectioning of a sample
shows the connectivity of the globules. This aggation may result from the slow
cooling of the stirred semi-solid mé¥! or from the drop in shear fofcd
(see Fig. 5.10). Smeulders et?aY showed by isothermal stirring of transparent
organic material that primary dendrite arms trarmsfd to a round shape by ripening
and coarsening resulting in a pseudo-particle witbunches of grapes” morphology
and misorientation of <10°. This phenomenon hasnbeanulated by the

thermal/solutal advection model proposed by Miffis
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Furthermore, Falak and Niroumdfid found that pseudo-particles can also form on
the wall of the crucible and with an increase irrisg may be more spherical, detach
earlier from the wall and be transported into thékbwhere due to long shearing time
and solidification time they become coarser. Tlaeeit is possible to find pseudo-
particles in the microstructure even when theyleast expected.

In addition to the complexity of the microstructunesemi-solid alloys as mentioned
above, single particles in 3D may also result iauyg®-particles in 2D view due to
sectioning as shown schematically in Fig. 571

Considering these problems with the semi-solidyaditructure different researchers
worked on methods and techniques to clearly idertie separate grains from
pseudo-particles connected together in a pseudteclu Colour microscopy
particularly anodizing using Barker's reagent h&saaly been used to identify the
dendrites in aluminium alloys by Backerud ef'&l. Inspired by these findings, the
anodizing technique was used in this study asgdestconnected to each other reflect
the same colour (see Fig. 5.11) and recently #ubrtique was successfully used to
guantify the semi-solid microstructure by Nafisdato-workers in grain refined and
modified Al-Si alloy$>'%?%®! The steps involved in measurement of grain

characteristics are shown in Fig. 5.12.

5.4 EVOLUTION OF MICROSTRUCTURE

The grain characteristics such as grain size aath ghape depend on the nucleation
events and their subsequent growth during solatifbie). Processing parameters, such
as pouring temperature, inclination angle and adrtieme, sample thickness, mould

material, coating material, and the alloy are thietiolling parameters.
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5.4.1 Nucleation and Growth on Cooling Slope

No Grain Refiner Addition - NGM AISi7TMg Alloy

The NGM AISi7Mg alloy contains no grain refiner modification additions and on
pouring onto the cooling slope an insufficient gkt to equiaxed transition
(CET)?*") may occur and consequently the constitutional tomtding plays a key
role on the cooling slope. The melt behaves irfahlewing manner:

If the pouring temperature of the melt is low, therow thermal gradient on the
cooling slope leads to high constitutional undefiogs and promotes the formation
of highly branched dendrites which grow at an arggeinst the melt flow on the
cooling slope surface. If the inclination anglelasge enough, the resulting melt
velocities and shear force may be sufficient toakrend fragment the highly
branched dendrites. These dendritic fragments eatramsported into the bulk melt
and ultimately into the mould where they can camgito grow resulting in a small
grain size (see Fig. 5.13 (a)). On the other hahdnathe inclination angle is low, the
insufficient shear force results in the formatidrvery few nuclei by fragmentation in
the bulk melt before entering the mould which ressui a larger grain size (see Fig.
5.13(b)).

With an increase in contact time there is a politgilmf an increase in the formation
of nuclei by fragmentation, due to the longer contsith the slope. In addition, the
melt temperature decreases with an increase inacbritme, which limits the
remelting of the existing fragmented nuclei in thelt, hence increasing the nuclei
number density flowing into the mould. It thus alewours the preservation of the
formed nuclei once in the mould and therefore tssnla smaller grain size (see Fig.
5.13(c)).

If the pouring temperature of the melt is high,nttee high thermal gradient on the
cooling slope leads to low constitutional underoggd and promotes the formation of
thick, coarse dendrites on the cooling slope setféicthe inclination angle is large,
the resulting shear force although high will stibt be sufficient to break and
fragment these dendrites. This results in the foionaof very few nuclei in the bulk
melt before entering the mould and thus a largaingsize (see Figs. 5.14(a) and
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5.14(b)). When the inclination angle is low, thsufficient shear force also results in
formation of very few nuclei in the bulk melt bedoentering the mould. However
with longer contact time, subsequent thermal anustituitional undercooling in the

mould may become dominant and can result in smghain size and near globular
structure morphology due to the relatively cold tnreling poured into the mould (see
Fig. 5.14(c)).

In circumstances where no or only a few nucleifarened in the bulk melt and the
heat extracted from the melt is limited, there asbenefit in using the cooling slope
technique with respect to obtaining a desirable rositucture for semi-solid

processing.

Grain Refiner Addition - COM AISi7TMgand MHD A356 Alloys

The grain refined and modified COM AISi7TMg and MH356 alloys, when poured

onto the cooling slope, exhibited the following beiour:

If the pouring temperature of the melt is low, therow thermal gradient on the
cooling slope leads to high constitutional undefiogs and promotes the formation
of highly branched dendrites which grow at an aragainst the melt flow on the
cooling slope surface. If the inclination angldasye enough, the shear force may be
sufficient to break and fragment the highly bramtldendrites. In addition to these
fragments heterogeneous boride particles are aissept in the bulk melt which
promote a columnar to equiaxed transition (CET)thé pouring temperature is
excessively high, then the detached fragments ¢asurgive and even nucleation on
boride particles may not occur on the slope. Is tase, the cooling slope will only
decrease the superheat, which favours heterogeneocigation on the boride
particles in the mould. On the other hand when itigtination angle is low, the
insufficient shear force results in the formatiohvery few nuclei in the form of
fragments. Nevertheless, nuclei are still presertheé bulk melt before entering the
mould but they are primarily in the form of boridéds a consequence grain sizes are
similar under both regimes (see Fig. 5.15).
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An increase in the contact time results in a desea the superheat of the melt
favouring the formation of nuclei in the bulk melh the cooling slope. This also

restricts the remelting of any existing nucleitie tmelt.

If the pouring temperature of the melt is high,nttee high thermal gradient on the
cooling slope leads to low constitutional underoggd and promotes the formation of
thick, coarse dendrites on the cooling slope setféicthe inclination angle is large,

the resulting shear force although higher willlstibt be sufficient to break and
fragment these dendrites. This results in the foionaof very few nuclei in the form

of fragments. Nevertheless, nuclei are still presethe bulk melt before entering the
mould but they are primarily in the form of actiberide&*®. These heterogeneous
particles promote the columnar to equiaxed transi(iCET). When the inclination

angle is low, the insufficient shear force resiuitshe formation of very few nuclei in

the form of fragments. Nevertheless, nuclei ark mtesent in the bulk melt before
entering the mould but again they are primarilytie form of borides. These
heterogeneous particles promote the columnar téexeeg transition (CET) which

results in grain sizes and shape similar to theseiqusly described in this section.

Cooling Slope Coating

The coating on the cooling slope provides a rougtiase with cracks, fishers and
particle sizes which can promote nucleation. lbatentrols the thermal gradient
which affects the morphology of the nucleated grain the cooling slope surface.
Graphite being more conductive extracts more heanh fthe melt, resulting in an
increase in thermal gradient, which favours thenfation of thick dendritic trunks on
the surface. Therefore, the boron nitride (BN) twatis more favourable for the
formation of the highly branched dendrites, suiafolr easy fragmentation, resulting
in a higher number of pre-existing nuclei in theltnieing poured into the mould,

resulting in finer grain size (see Fig. 5.16).

The coating has manifold effects on the melt bg@agred onto the cooling slope and
the resulting grain population in the nféft**® A coating with higher conductivity
and smooth surface can extract more heat than &ingowith lower thermal

conductivity and a rough surfacg 2!
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The roughness is a comparative factor with respethe melt in consideration (see
Fig. 5.17). It is measured by the apex anglewhich is composed of the peak to peak
distance &) and peak to valley heighR{).The smaller the apex angle, the rougher
the coating and the lower the heat transfer due reduced contact between the melt
and the mould surface. The presence of insulatinghdhe grooves/valleys, formed
due to the roughness of the coating, further resltice heat transfer coefficient. The
surface roughness also depends on the contact ahgle melt with the surface. If
the contact angle is less than the apex angleeotdating, the heat transfer will be
greater (see Fig 5.18). As soon as a solid layésrimed on the coated surface, the
contact between the coating and the solid furtrecrehses due to solidification

shrinkagé*1°64261]

The heat transfer through the coated mould suréEgends on the alloy thermal
properties, wetting of the mould surface and thémoaductivity of the mould wall.

In addition to the thermal conductivity, the ineezé heat transfer coefficient depends
on the mould coating, gas layer, and thermal difftys of the melf*¢%5%
Kim et al®® reported that the interfacial heat transfer coifit increases with
increase in pouring temperature in the case of rnbe-coated mould, whilst it
remained approximately unchanged in the case wteremould was coated. The
graphite coating is more effective in removing #ffect of superheat i.e. no change in
interface heat transfer coefficient with increasesuperheat. Similar trends have been
observed during solidification, where the interféeat transfer coefficient is further
decreased and remained ineffective with respedtitial pouring temperature in the
case of the coating. The boron nitride (BN) coat;gised as an insulating coating
and the interface heat transfer of BN is less thahof the graphite coating.

5.4.2 Nucleation, Growth and Coarsening in the Mould

In the mould, constitutional undercooling is donéth by thermal undercooling
imposed by thermal gradients, controlling the graorphology for a given number
of pre-existing nuclei created on the cooling slope
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In the sand mould heat extraction is low due to ldwe heat transfer coefficient,
which reduces the thermal gradient in the bulk mehis lower thermal gradient
favours a non-dendritic morphology of the pre-emgtand newly formed nuclei in
the mould. The final grain size in the sand mouldl depend upon the number of
active nuclei available for growth. In the caseaomelt with a higher superheat
poured from the cooling slope, only the growth tdbée pre-existing nuclei will

occur. If the melt poured from the cooling slopdoi in superheat, no remelting of
newly formed nuclei in the mould will occur therefancreasing the number of active
nuclei in the melt. In addition, the longer soliddtion times inherent to the sand
mould promotes coarsening of the grains which @sult in the formation of a

globular microstructure (see Fig. 5.19(a)).

In the metallic mould a higher heat transfer coeffit results in a higher thermal
gradient in the melt. The higher thermal gradiam ghermal undercooling result in
higher growth rates. These conditions favour thetainility of the growth front as
described by Mullins and Sekefaand dendritic growth occurs (see Fig. 5.19(b)).

When a melt with higher superheat flows from theliog slope into the metallic
mould, the high thermal gradient imposed by the Ichoesults in columnar grains at
the mould walls. Depending on the pre-existing eutl the bulk melt a CET may
occur. The high thermal undercooling will promotdeandritic microstructure.

When a melt with low superheat flows into the mofrlm the cooling slope, the
lower superheat results in undercooling of the buldt. This will readily facilitate
the columnar to equiaxed transition (CET) especiallthe presence of grain refiner
particles. The survival of the pre-existing nudteim the cooling slope will assist the
CET. Again the high thermal undercoolings will praten a dendritic structure.
However, at high nucleation densities dendriteshasufficient space to develop and
a fine globular structure may be observed.

Although the findings from the microstructures ietsand and metallic moulds are
counter intuitive they may be explained by the a&bosasoning. It is clear from the
results though that the effect of the sand moulg b®beneficial in the process and
its result is somewhat analogous with results fignmcedures used to obtain lower

thermal gradients in the NRC prodéss
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The above explanations help us understand the atiorleand growth mechanisms on

the cooling slope thereby elucidating the resulicamed and presented in Chapter 4

of this study.
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5.5 Tables
Table 5.1: Composition of an AA-standard A356.®(wt%)'5"
Alloy Elements

Si Fe Cu Mn Mg Zn Ti
A356.2 65-75 0.12 0.10  0.05 0.30-0.45  0.05 0.20

Table 5.2: Comparison of growth temperatures fag phimary phase during the
solidification of the alloys. () shows the valwedculated using the formula presented

by [229].
Method Cooling DSC Heat Flow Thermo-Calc® EmPiricaI Relationship
Curve (T) | Traces (heating) | Simulations (T) | %% (<)
(©)
NGM AlISi7Mg | 615.5 618.4 616.0 615.9 (615.6)
COM AISi7Mg | 616.2 620.6 615.5 611.6 (614.3)
MHD A356 611.3 619.8 614.0 610.3 (611.9)

Table 5.3: Comparison of eutectic temperature duttie solidification of the alloys.

Method Cooling Curve (T) DSC Heat Flow Traces | Thermo-Calc®
(On Cooling) () Simulations ()

NGM AISi7Mg 577.8 574.0 575.8

COM AISi7TMg 563.7 567.1 573.8

MHD A356 564.9 567.6 574.8

Table 5.4: The intermetallic phases present iratlogs.

Alloys SEM Micrographs | Thermo-Calc® Béackerud et df>®
Simulation

NGM AISi7TMg | -AlFeS 5-AIFeS 5-AlFeS

7- AIMgFeS 7- AMgFeS 7- AMgFeS
Mgzg

COM AISi7TMg | -AlFeS S-AlFeS S-AlFeS
7- AIMgFeS 7- AIMgFeS 7- AIMgFeS
Mgzg Mgzg Mgzg

MHD A356 | f-AlFeS S-AlFeS S-AlFeS
7- AIMgFeS 7- AIMgFeS 7- AIMgFeS
Mgzg Mgzg Mgzg
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Table 5.5: Reaction sequence predicted by Thermc®Caimulation.

Discussion

Reaction Reaction Temperature (T)
No.
NGM COM MHD
AlSi7TMg AISi7TMg A356
1 Liquid 616.0 616.5 614.0
2 Liquid —» Al 616.0 616.5 614.0
3 Liqud —» Al + Si 575.8 573.8 574.8
4 Liqud —» Al + Si + B-AlsFeSi 571.3 567.5 568.6
5 Liquid — Al + Si + B-AlsFeSi + m-AlgMgsFeSis - - -
6 Liguid —» Al + Si + m-AlgMgsFeSis 560.5 561.2 561.0
7 Liquid —» Al + Si + m-AlgMgsFeSis + Mg,Si 556.2 556.8 557.0

Table 5.6: The sequence of solidification reactipreposed by Backerud et for
A356.2 alloy and corresponding peaks from DSC saseobserved in this study.

Reaction Reaction"™” Suggested DSC
No. Temperature
(c) s peaks
1 Development of dendritic network 615 1
2a Liqud —» Al + Si 2
2b Liquid — Al + B-AlsFeSi
3a Liguid —» Al + Si + B-AlsFeSi 575 4
3b Liquid + B-AlsFeSi —» Al + Si + m-AlgMgsFeSis 567 4
4 Liqud —» Al + Si + Mg,Si 555
5 Liqud —» Al + Si + m-AlgMgsFeSis + Mg,Si 554 3
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5.6 Figures
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Fig. 5.1: Schematic illustration of: (a) phasegdsm for Al-Si binary systel#!;
(b) Al rich end of Al-Mg binary phase diagr&#§!; and (c) effect of grain refinement
on recalescence @],
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Fig. 5.2: The schematic of: (a) a 7 wt% Si secsbowing the effect of increase in

Mg content on the solidification sequence and etquephases. Dotted lines show
the different Mg contef£®; (b) effect of modification on eutectic temperature
undercooling,4T, and recalescencel® ®91; (c) effect of Sr addition on eutectic

undercooling 4T, for Al-7%Si and A356 allo¥®; and (d) effect of Sr on the

recalescence!®, for an A356 alloy2l,
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Fig. 5.3: Figures showing: (a) simplified phasegdsan of the Al-Fe-Si system with
0 % Mn content; (b) segregation lines calculatedetiog to the Scheil equation for an
Al-Si alloy system; and, (c) simplified phase diagrahowing the compositional limits
of an A356.2 alloy (shaded area) and calculatiorseduence of solidification and
expected phases for the alf§§.
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Suitabliity

Thixoforming X  die casting

) 250
Fllling path /
wall thickness
Deformation: solid Solid-liquid liquid
VISCOSITY

Fig. 5.4: Geometric differentiation of the forgintdpixoforming and
vacuum pressure die casting based on viscosityhwdepends on the
fraction solid in the materiaf°l.

(@)

(b)

Fig. 5.5: Micrographs from this study; (a) withcarodizing and
polarized light; and (b) anodized and under poéatiight.
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<«—— Cutting Direction

B Bl

(@)

(b)

Fig. 5.6 : Schematic of: (a) a 3D view of a der&rit(b) a 2D
section, showing shortcomings of 2D vi&l.

Fig. 5.7: Schematic diagram showing a relation &lgfween 2D sectioned
view and the linear intercept measurement techniatie) morphological
evolution; (f-h) counting lines; and (i-k) countiod graing4®l,
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(@)

Fig. 5.8: Effect of etching time using Poulton‘sl@nt on the
microstructure: (a) 28 s; and (b) 52 s at the sanagnification.

(A}

B}

Fig. 5.9: Figures showing an AutoCAD generated 3Bwvof a
pseudo-cluster shown from two different angle tdilek structure
complexity?*?lin semi-solid processed alloys.

Chapter 5 Discussion 313



coarsening of agglomerate,
increase of rigidity

Fig. 5.10: Schematic model describing the fastslod processes in a
semi-solid material’s structure after shear ratemgh down jumg®l.

(b)

OO@@@

FE prbnsed aed poserserd

(€)

Fig. 5.11: Schematic showing: (a) a pseudo-pagtiaied pseudo-clust&s!;

(b) Anodized sample under polarized light showirlgbgles connected to
single grain, as shown in ciré®; and, (c) schematic of sectioning of sample
across a grain giving pseudo-particles which exHhie same colour under

polarized light®®l,
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(@)

(b)

Fig. 5.12: The steps involved in the measuremengrain characteristics :
(a) optical micrograph of an anodized sample umpadarized light; (b) selection
and encircling of objects/grains to measure thénpeter; and, (c) measurement
of area with filling of the grain borders.
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Grain Size 98
(um)

(a) ——
Circularity 0.77
Elongation 1.08
Grain Size 166

(b) (um)

Circularity 0.58
Elongation 1.05
Grain Size 105
(um)

(c) Circularity 0.71
Elongation 1.07

Fig. 5.13: The effect of low pouring temperaturel dow thermal gradient on
microstructure as tabulated in Tables 4.3.1-4.8 @esented in section 4.3.2:
(a) high shear force due to high inclination angigults in smaller grain size; (b)
low shear force due to lower inclination angle fessin larger grain size due to
fewer fragments; and, (c) increase in contact twigich results in more

fragments and a smaller grain size.
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Grain Size 181
(Hm)

Circularity 0.67
Elongation 1.11
Grain Size 145
(Hm)

Circularity 0.61
Elongation 1.12
Grain Size 91
(Hm)

Circularity 0.86
Elongation 1.05

Fig. 5.14: The effect of high pouring temperaturel ahermal gradient on
microstructure as tabulated in tables 4.3.1.-4aB@® presented in section 4.3.2:
(a) large shear force but due to the formation adrse thick dendrites, few
fragment are created resulting in large grain dizgsmall shear force results in
similar grain size to (a); and, (c) with increascantact time a reduction in grain
size was observed which could be possibly due tgeta undercooling

experienced.
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Grain Size 199

(um)

(a) —

Circularity 0.46
Elongation 1.44
Grain Size 200

(b) (um)
Circularity 0.48
5 Elongation 1.50

500 pm
—

Fig. 5.15: The grain size of the commercial grafined modified MHD A356
alloy remained unaffected for a lower pouring terapgére with a change in shear
force due to the CET induced by the grain refinpagticles. However, a slight
increase in circularity and elongation was obserfegdower inclination angle,

showing the effect of imposed gradient on the ghowt

Chapter 5 Discussion
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(b)

Coating Graphite | Boron Coating Graphite | Boron

(@) Nitride (b) (€ Nitride (d)
Grain Size (um) | 179 158 Grain Size (um) | 199 144
Circularity 0.49 0.51 Circularity 0.46 0.54
Elongation 1.45 1.48 Elongation 1.44 1.45

Fig. 5.16: The BN coating results in a finer graire for the non-grain refined
non-modified NGM AISi7Mg alloy (b) than that foredhgraphite (a). A similar
trend was also observed for the commercial graimed and modified COM
AlISi7Mg alloy ((c) and (d)) (see Section 4.6).

Chapter 5

Discussion
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(@)

Apex angle@ _ S,

(b)

Liquid metal

Advancing
contact
angle

(c)

Fig. 5.17: Schematic representation of: (a) surfarodile of the coating®’!; (b)
surface roughness parametBsS,, and apex angle?%®; and, (c) case (i); the
contact angle of liquid metal is less than the apeyle and the metal filled the
valley removing the air resulting in a higher thatroonductivity, case (ii); the
contact angle of liquid metal was higher than agegle of the coating resulting
in partial filling of the cavity, and air entrappedslill reduce the thermal
conductivity[?58l,
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S+L

Distance

(c)

Fig. 5.18: Schematic representation of: (a) eftgfatooling rate on microstructufe’;
(b) effect of mould material and the solidificatitme °; (c) solid layer formed during
solidification and contact with mould surface ahérmal gradient profilé'®; and (d)
liquid metal and mould surface contact and heat fiehaviouf*.
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Mould Sand Metallic Mould Sand Metallic
@ (b) @ (b)

Grain Size (um) | 95 124 Grain Size (um) | 183 155
Circularity 0.75 0.66 Circularity 0.50 0.50
Elongation 1.11 1.41 Elongation 1.46 1.39

Fig. 5.19: A finer grain size for non-grain refinadn-modified NGM AISi7Mg
alloy in sand mould as opposed to the metallic och@ain be obtained depending
on the processing conditions suitable for nucleaaod growth (a and b) (see
section 4.5). However for commercial COM AISi7Mdpglthe grain size for the
sand mould was coarser for the given experimewtaditions ((c) and (d)).
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Chapter 6

Conclusion

In this study a non-grain refined non-modified A+Mg alloy, the NGM AISi7Mg

alloy, was analysed with respect to its solidificatbehaviour and resulting phase
formations. Its suitability for semi-solid procesgiin terms of the change in fraction
solid in its solidification temperature range amsl fraction solid sensitivity were
investigated. The alloy was processed using thdingbslope technique, which
facilitated the formation of semi-solid charactecs The effect of different

processing parameters such as pouring temperatargact time, and inclination
angle, sample thickness, mould material (sand aethljn coating (graphite and/or

boron nitride (BN)), and water and/or air coolingsastudied.

A grain refined modified Al-7Si-Mg alloy (COM AISMg) and commercially
produced semi-solid precursor material from a 8I-Fg alloy (MHD A356) were
also examined and compared with the NGM AISi7M@\allvith respect to the
solidification range, solidification sequence arbulting phases, effect of mould

material, coating material and cooling.

Considering the effect of variation in chemical gasition in the alloys, the alloys

were characterised and the following conclusionsevmeade:

* A slight variation in chemical composition promitkgn affects the
solidification characteristic temperatures, natang amount of intermetallic
phases and hence the solidification sequence.

* The change in solidification characteristic tempanmas, particularly liquidus
temperature, prominently affects the response ef thelt to nucleation
mechanisms and nucleation density when using the-selid processing
cooling slope technique.
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» The working range both the fraction solid and #m@perature, each alloy does
not correspond to the other similar alloys for tlewvest processing
temperature limit and the highest workable fractisolid, suitable for
thixoforming. The fraction solid and correspondiegiperature are drastically
affected by a small change in fraction solid oviee solidification range,

which is affected by the change in chemical compmosbf the alloy.

A contact time in stead of contact length was usdtis study and these conclusions
are inferred from our findings:
» Contact time correlates well with the relative umdeling imposed by the
cooling slope in the superheated melt for giverination angle.
» Contact time generalizes the total amount of hemaeted from a melt poured
on to the cooling slope technique at each inclomaéingle.

» Contact time also incorporates the effect of thé fitav velocity.

From the grain characterisation in the semi-solidcpssed microstructure, the

following conclusions were made:

 To analyse grains with various grain morphologies from dendritic to
rosette to globular, a 2D section can result inemai$ing grain morphologies.

» Optical microscopy of anodized samples using podariight and Lambda.)
filter is a useful technique to distinguish all #wens connected to one grain in
3D.

* The anodizing technique is a more effective teammighan other grain
characterizing techniques, as these are often pgtiee degree of etching of

the sample.

The nucleation mechanisms on the cooling sloperiedefrom the grain characteristic
data obtained by changing different processingaées, resulted in the following

conclusions:

* When pouring a low temperature melt on the coosilape, the “Big Bang”
mechanism was found to be dominant in the caséhefnbn-grain refined

non-modified AlSi7Mg alloy.
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* When pouring a high temperature melt at the coddinge, the “wall crystal”
mechanism was found to be dominant in the caseonfgnain refined non-
modified AISi7Mg alloy.

* When pouring a low temperature melt at a high mation angle with higher
contact time, the columnar to equiaxed transitiGRT) mechanism promoted
by the presence of heterogeneous grains grairegérticles was dominant in
the case of commercial AlSi7Mg alloy.

The growth mechanisms in the mould inferred frora train characteristic data
obtained by changing different processing varigblesabled the following

conclusions to be drawn:

* Inthe sand mould a melt with low superheat resaltsslow and homogeneous
temperature gradient which favoured the equiaxexvtdr of nuclei into a
finer equiaxed grain size.

* In the sand mould a melt with high superheat resualremelting of existing
free nuclei resulting in a coarser equiaxed grain.

* In the metallic mould, a melt with low superheasuies in a finer structure
display a less dendritic morphology due to the isgzbthermal gradient.

* In the metallic mould, a melt with high superhezdults in a relatively coarser
structure with slightly higher degree of non-detidrmorphology due to the
imposed thermal gradient.
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Chapter 7

Future Work

In this study the ability of a non-grain refined non-modified AlSi7Mg alloy, processed
using the cooling slope technique, to produce a non-dendritic equiaxed microstructure
suitable for semi-solid processing was evaluated. In this regard the effect of
processing parameters, such as pouring temperature, inclination angle, contact time,
mould material, sample thickness and coating materials, on the microstructure
obtained in a sand/metal mould at room temperature, has been studied. To evaluate
fully the suitability of the non-grain refined non-modified AlSi7Mg alloy and the
cooling slope technique for semi-solid processing (Rheocasting and Thixoforming)
further work isrequired. Thiswork includes:

1. Asdiscussed in Section 11.2, the working temperature range and respective
fraction solid was calculated for the non-grain refined non-modified AISi7Mg
alloy. The response of the material obtained using the cooling slope should be
studied to evaluate the suitability of the alloy and the processing conditions for
subsequent thixoforming by analysing effect of different heating rates, holding
times in semi-solid range, semi-solid processing temperatures and feeding
behaviour in the die.

2. To sudy the response towards rheocasting, the melt obtained from the cooling
slope should be held or cooled in a controlled manner to different fraction
solids and subsequent processing in the semi-solid state should be made to
evaluate the suitability of the non-grain refined non-modified AlSi7Mg alloy
slurry obtained from the cooling slope.

3. The nuclei formation and multiplication phenomena, as discussed in Section
5.3, and their relative contribution in the cooling slope technique is still not
clear. To study the nucleation and growth mechanism, more rapidly quenched
samples obtained by holding the melt from the cooling slope in the semi-solid
range for different temperatures and times should be studied.
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4. Investigation of the effect of a cooling slope on an AlCu4 alloy as a large
thermal undercooling for this composition will result in a highly dendritic
structure. The results with respect to the microstructure can thus be compared
with the Al-Si alloys used in this study.

5. Modelling and simulation of the nucleation mechanism on the cooling slope
should be conducted to correlate the grain morphologies.

6. The evaluation of the mechanical properties of the rheocast and thixoformed
material and the material obtained with that of the non-grain refined non-
modified AlSi7Mg alloy poured at room temperature using the cooling slope,
thus enabling its evaluation for its suitability in commercial applications.
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