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ABSTRACT

Rheocasting is an emerging casting technique in which
a licquid alloy is vigorously agitated during its partial
solidification to yield a slurry comprising of non-dendritic
sclid particles uniformly suspended in the remaining licquid.
Such a slurry is subseguently cast into desired shapes by
conventional methods. Most of the investigations relating
to this process deal with the structuxe.and rheological
behaviour of alloy slurries and are primarily aimed at
process development rather than product characterisatione
A ciritical survéy of the published literature reveals that
the interrelationship of processing ; microstructure and
mechanical properties'of rheocast products has not yet been
clearly understood and thexefore, the need for a detailed
study of the microstructural features of rheocast products
and their role in modifying the mechanical properties cannot |

be overemphasized.

In view of the above, the present investigation has been
undertaken to study the microstructure and mechanical
properties of rheocast Al-Cu alloys in the composition range
of 4+5 to 10 Wt.'/s copper. The al-Cu system has been chosen
for the study because 0f large amount of available information
regarding its solidificafion characteristics and also because
this system forms base for a large number of industrially

important alloys in this composition rangee.
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Three alloys of nominal composition Al-4.5 Wt. /Cu,
sl~6 Wt./. Cu and A1-10 Wt.'ACu have been used for making
rheocastings. The microstructural features of rheocastings
such as, morphology, size and distribution of proeutectic
a~phase have been studied by optical microscopy and the effects
of rheocasting parameters, pouring temperature and stirring
speed, 5ave been examined. Tensile tests have been performed
to eQaluate the strength of castings and tensile fractured
surfaces have been examined under Scanning Electron
Microscope (SEM) to study the fracture bchaviour. For
a better understanding of the physical metallurgy of the
mechanical properties, the rheocastings have been modeled as
particulate ¢omposites éontaining ductile g=~particles and
brittle a+CuA12 eutectics Two theorctical models for the .
strength of rheocast alloys~ one for the case when eutectic
is continuous and the other, for the case when a~particles
join to form a continuous phase- have been proposeds The
experimental data have been compared with theoretical
predictionss The entire work reported iﬁ this thesis has been

spread over six chapterss

In Chapter I, a critical review of the published
liferature has been presenteds Various hypotheses concerning
morphology, size and distribution of primary particles have
been critically examined in the light of classical theories
of nucleation and growthes Thedries relating to the mechanical

properties of composite materials have been presented. Lastly,
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in the pcrspective of present understanding; the problem
under investigation has been posed.

Chapter II deals with the theoretical analysis of the
mechanical properties of medel rheocast alloys as conceived
in the present investigation. After defining the physical
state of constituent phases, two theoretical models on the
basis of the concept of particulate composites have been
developed - one, for the case when eutectic is continuous
and the other, when a-phase is continuous. A parametric model
has been developed to examine the effect of porosity on the
strength of real life castings.

In Chapter III, the detaills of experimental set-up, alloy
selection,; choice of process parameters and experimental
procedure have been presenteds

The results pertaining to microstructural features
of the rheocast alloys have beecn presented and discussed in
Chapter IVe The effects of process parameters on morphology,
size and distribution of proeutectic a~phasec have been
examined on the basis of prevailing solidification conditione

In Chapter V, mechanical properties of rheocastings
have becen presented and analysed on the basis of theoretical
models developed in Chapter II. From the least square fit
of prerimental data, the effects of averagc size of
a=particles and porosity on thg tensile strength have been
evaluated. Strength values of rheocastings have been

compared with thosc of conventional casting at ecuivalent
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porosity level. In the end of the chapter; results of
SEM fractographic observations have been presented to
throw light on the mechanism by which strengths of

rheocast &l-Cu alloys is governed.

H?stly, conclusions based on the present investigation

have been presented in Chapter VI
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‘elastic modulus

clastic modulus of fibre

force

fraction of solid particles

variation of force per unit arca with radius r
a function of contact angle

total force

temperature gradient in liquid

shear modulus of matrix

shear modulus of particle
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radius

racdius of pore on a planar scction
average fadius of primary particlcs
deformation mode integer

critical sizc of nucleus

cell radius

radius dcfining weakened zone

truc radius of pore

growth rate

a detcrmminant given by cquation 2.8
a dcterminant given by cquation 2.9

time
Y

- time at which solidification begins

time at which solidification cnds

timec after which slurry is cast
tempcrature

liquidus temperature

mclting temperaturc

pouring temperaturc for fully liquid metal
solidus tempcraturc

rheocasting (pouring) tgmpcrature
undgrcooling

kinctic undercooling

diffcrence between liquidus temperature of
alloy (T;) and meclting temperature of pure

component (Ty,)
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vo lume
vo lume
volume
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volume

fraction of eutectic
fraction 6f fibres

fraction of matrix

fraction of particle or pore

fraction of a-phase

work of pull~-out

work of debonding per unit area

work of debonding

distance

surface energy

parameter equal to 1/D4

average of l/;Di values

magnitude of weakening

total strain away from particle

yield strain away from particle

shear modulus term in equation 2430

strain
Lame'ts
Lame!'s

Lamets

haxdening exponent
constant
constant for particle

constant for matrix

Poissonts ratio

shear stress

vield stress in shear
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shear stress around a particle

observed density

theoretical density

strain

strain at which parabolic deformation begins

fracture strain

strain at which serrated flow begins

stress

composite
composite
composite
stress in

stress in

stress as a function of strain
stress at ffacture

stress at which scrratgd flow begins
eutectic

fibre

average stress in fibre

stress in

fibre at fracture strain of matrix

stress in matrix

stress in particle

average stress in particles of Di section size
on a planar section

strength of pore free material

strength of material containing PJ. porosity

tensile strength of composite

tensile strength of fibre

tensile strength of matrix

stress in

matrix at fracturc strain of fibre

vield strength of composite
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stress in a-phase
tensile strength of a~phasc

standard deviation of a~particle

size measurcmentse.



CHAPTER I
INTRODUCTION

1.1 GENERAL o

Rheological studies of partially solid alloys have revegied(l,z)
that vigorogs agitation of an alloy through its solidification’
range yields a slurry which may be exploited to develop new
metal forming processes or modify the existing processes.

One possible appliéation of such a slurry is in the production
of castings. The process of slurry production and its subsequent
casting into desired shapes by conventional methods has been

termed as Rheocasting Or_Stir-céSting.

Let us consider a hypothetical binary alloy system as
shown in Fig.l.l:In the conventional casting of an alloy of
composition Co, the alloy is heated above its liquidus temper-
ature T; and then poured into the mould from the temperature Tp.
The solidification in the mould begins at T; and ends at the
solidus temperature TS; The solid forming during the solidifc-
ation has normally a dendritic morphology, and a network of
dendritic solid is formed a few degrees below Tye In the
rheocasting process, the melt is Vigorouslf agitated with a
mechanical stirrer as the temperature is lowered below T+ Under

this condition of solidification, the solid formed is
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non~dendritic and spheroidal, and the formation of the
continuous network of solid can be postponed. The mixture

of these solids and the remaining liquid behaves as a slurry
of low viscosity suitable for making casting. At an apprOp;iate
temperature T, between the liquidus and the solidus tempera-

tures, the stirring may be stopped and the slurry poured
into the mould and cast. Tp is called the rheocasting

tempesature, The viscosity of the rheocast slurry is mani-
pulated by the process variables namely, cooling rate,
stirring rate and rheocasting temperature (alternatively,

the volume fraction of solid in the slurry).

The above procedure of rheocasting is éenerally adopted-
for alloys which solidfy over a wide temperature range., For
metals and alloys which solidify at a constant temperature,
the stirring may be carried out between t. and tS' the time
interval between the beginning and the end of solidification
as illustrated in Fig.l:2In this case, after stirring for
an appropriate period of time, say tps the stirring is
stopped and the resulting slurry is poured into the mould
and cast. Alternatively, it has been suggested (3) that the
metal or the alloy may be held at its freezing temperature
and durihg stirring, the viscosity of the slurry may be
continuously_measured and at the desired viscosity, the slurry

. may be cast.

The principle of rheccasting has aroused considerable

interest in recent years since it permits casting in the
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semi~solid state. Such a method of casting is believed to
offer following technological advantages over the conventional
methods:

(a) In die=-casting of high melting point alloys
using rheocast slurry, the life of machine
components, such as the die and the shot
chamber, is enhanced due to reduced thermal

. shock and erosion.This arises from the fact
that the rheocast slurry has a lower tempera-
ture and over 50% of the heat of fusion is
removed in the crucible itself before pourings

In addition,due tohigher viscosity of the slurry
as compared to that of fully liquid metal, the
convective heatetransfer during mould filling
is reduced. Theoretical predictions of heat-
flow studies confirm that the die-~surface
temperature and the surface temperature
gradient are lower than those in conventional
process (3,4).

(b) Since slurry is already partially solid before
entering into the mould, the resulting shrinkage
porosity in casting is less and whatever porosity
is present is uniformly distributed., High speed
motion picture photography has revealed(3) that,
fully liquid metal splashes and sprays more
than the partially solid slurries in the die
cavity. Slurries fill the mould with a smooth
fluid-front resulting in lower trapped porosity.
The break-down of dendritic network improves
'mass~feeding' and flow of liquid through inter-
dendritic channels., This reduces the tendency
of ‘'hot=-tearing' (5,6). The casting quality is thus
improved by the rheocasting process (7,8)



(c)

(@)

(e)

Rheocast ingots cut into pre-weighed slugs

and reheated in the liquid-solid temperature
range bchave as soft solids and can be
conveniently transferred to a die-casting
machinees The shearing of the metal at the die~
gate rcduccs the viscosity to a reasonébly

low value so that the die is filled completely
by the sgmi~solid alloye This is achieved due
to thixotropic character of the metal ailoy
slurries and thereforxe, this modified process
is called !Thixocasting's The advantage of thixo-

casting over and above thcese of rheocasting is

that the slurry producer and the die-casting
system need not form the part of the same
industrial unites Rheocast slugs may be produced
and stored at one place and then supplicd to the
die~caster at convenicnce(3).

Rheocasting process may be employed to bring about
grain=refinement in castings without any grain-
refining agent (5,9,X). This is achicved becausc
rheocast slurries contain large number of unifomly
distributed solid particles which may act as

nuclei during subscquent solidification in the

mould. The exploitation of rheocasting pfoccss

for grain-refinement may be particularly advantageous
in the production of ingots required for further
deformation~processing operations wherce the presence
of nucleants might cause difficulties in fabrication.

Mixing in the scmi=solid state by mechanical

stirring yields flat solute concentration profile

and the scale of segregation is also refined(6,11,12,
34 ). Consequently, the homogenisation heat=treatment
time for rheocastings is considerably reduceds



le 2 RHECCASTING PRACTICE

Rheocasting is carried out either in batch type rheocasting
units (2,8,13,14 ) or continuous rhecocasting units(3,5). In
the batch type rheocasting, cach time the solid metal is

charged into a crucible placed inside a furnacc and then
melted or the molten metal is directly poured into a
precheated cruciblee The stirring is carried out by rotating
a suitable impeller in the melte After stirring, the slurry

is either poured into the mould and cast or it is cast

in situ by spraying water over the walls of the crucible
or by inserting suitable chills within the slurrye In some
-of the designs a vertical hollow cylinder foxms the

crucible and a concentric cvlinder inside the crucible
foms the yotors The annular gep beEWeeﬂ the crucible and
the rotor carries the licquid metal. Some tyo;cal examples
of batkch type rheocasting units ars shown in Figels3.

A typical continuous rheocasting unit has been
shown in FigeldieIt consists of two chambers - the upper
chamber which acts as a rescrvoir of molten metal and the
lower chamber where the stirring is carried out and is
called the mixing chambere The mixing chamber is similar in
design as the concentric cylindrical arrangement of crucible
andvrotor described avovee The metal continuously flows
from the reservoir to the mixing chambcer and the slurry is
discharged from the bottom of the mixing chambere The rotor
functions as a valve on an exit port at the bottom of the
mixing chambere Both batch typc and continuous type

rheocasting units arc considered equivalent but for the high
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ratc of slurry production in thec ceontinuous rhcocasters

-The feasibility studies concerning the application
of the rhcocasting process in the production of castings
of commercial importance were probabl& initiated in 107l~‘
Many invéstigators have ¢vinced interest in this process
and a variety of metals and alloys have since then been
rheocaste The most important allby_systems investigated
are aluminium alloys (5,6;9,10,13+27), ferrous alloys(3,11,
12,23,28-38)scopper alloys(7, 8,23, 32, 33, 35, 36, 39, 40,
4,1,42), and nickel and cobalt base supcralloys (23,2832,
33435543 )e

1.3 STRUCTURE OF RHEOCAST SLURRIES

A representative structure of the rheocast slurry obtained

by quenching the slurry.dircctly from a temperature within

the liquidus and the solidus tcmperature is shown in Figek.5a.
The microstructurc consists essentially of non-dendritic
spheroidal particles, nomally referred to as primary particles,
uniformly distributed in a matrix of fine dendritic structurce
The fine dendritic matrix results from the rapid solidification
of thd liquid present at the rheocasting tcmperaturc and the
primary particles are the solid particles which arec fo med
during the stirring of the melt. In a normal solidification
process, the solids formed arc dendritic, Figels8b.The trans—
formation of thec dendritic to the non~dendritic morphology

by mechanical stirring has arouscd considerable interest
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FIG.1.5 REPRESENTATIVE MICROSTRUCTURE OF
Sn-15% Pb ALLOY OBTAINED BY (a)
RHEOCASTING SHOWING NON-DENDRITIC
MORPHOLOGY (b) CONVENTIONAL CASTING
SHOWING DENDRITIC MORPHOLOGY.( Ref.59)




in the recent years and many attempts have been made to
undcrstand the underlying mechanism ( ;34 /16,44 ). 'Since gelidt~ -
fication 1s basically a nucleztion and growth process,it will

be appropriatc to examine the morphology of primary particles

on the basis of classical theories of nucleation and growthe

le¢341 Nucleation

The classical thceory of nucleation defines the conditions
under which a stable nucleus is fomed during liquid to solid
transformation cither by homogeneous or by heterogencous
nucleation process.iln almost ali the practical solidifcat%on
processcs,; the nucleation is heterogenéous because of the
presence of some preferential sites such as suspended imparities,
mould~wall ctc. which activate the nucleation processe From the
energetics of the transformation it has been shown(45) that
both the critical size of the stable nucléus, £, and the

work of nucleation, AG*, decrecase wiih the incrcease .in the
supercooling of the melt, AT, below its equilibrium freeczing
toemperaturce In the presence of potent nucleation sites,

AG® is small and the stable nuclei begin to form at very

small undercoolingsse

The rate of heterogencous nucleation; I, is given by
the expression (45),

D, - 16% YBTri vg |
I =B; 5 cxp{_-— T f(G)] see (1.1)
LM 3AHAT< KT

where the paramcter B, dcpends upon critical nucleus size,
1
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surface encrgy, and the number of surface atoms of the
nuclecating substrate per unit volume of ligquid. DL is the
liquid diffusion cocfficient, DLM is the liquid diffusion
coefficient at eguilibrium melting point Ty, Y is the
surface energy, Vs is the molar volume, AH is the enthalpy
change; AT is the undercooling, K is Boltzman constant
and T is absolute temperaturce £(©) is the function of
contact angle detcrmining fhe wetting between the crystal

and the substrate and is given by £(@) = %(2+¢ose)(1-c050)2-

From ecuation 1.1; it is apparent that the rate of
heterogeneous nucleation, I, is very scnsitive to the under-
cooling AT of the melts The variation of I with AT has beon
shown in Figel.6It is obscrved that the nuclcation ratc
passes through a maxima and then drops off at higher under~'
coolings. This happens when the fomation of large number of
nuclei cventually reduces the available potent nuclecation sites

for the formation of new nuclei(46).

The application of dynamic stimulants, such as stirring,
hay enhance the nucleation activity by dynamic nucleation
processe The dynamic nucleation is induced in two wayse
Fitstly. the solids alrecady formed during the solidification
may be fragmented and the smaller fragments of solid so
formed may incréase the effective nugleation sitese This
mechanism has been widely used to explain the grain=multiplica-
tion under the influence of dynamic stimulants (49-52)e Such

a nucleation process does not require undercooling and
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therefore,'it is probably not a true nucleation evente
The second way in which the dynamic nucleation may be
induced is by causing changes in thc conditions detemining
the true nucleation eventss Some hypotheses, such as =
cavitation followed by intermal cvaporation (47) and
generation ©f pressure waves by the collapse of cavities(48)
have been invokedto explain the enhanced nucleation activity
by dynaaic stimulations« However; in absence of sufficient
reliable data, the theories concerming truc dynamic nucleation
events rcmain uncertaine
le342 Growth
Once a stable nucleus has formed, it grows by addition of
atoms; ong by onc, on its surfacee The kinctics of advance-
ment of the solid-liquid interface is generally described by
the growth rate, R, and all the thcorics (46) of cxrystal growth
predict increase in R with the increase in AT.The classical
kinetic law for continuous growth is given by (485):°

.

. ' L ‘
R =8B """"'QAT, . ¢oe (1.2)
2 DLM X. -

where B2 is a constant and_ATk represents kinetic under-
cooling recuired to drive the interface. The validity of
‘equation le2 especially at large undercooling is based on the
assumption‘that D; does not vary appreciably from DLM with
temperaturce If DL is strongly influenced by the témperature.

R will pass thyrough a maxima and then decrecasc with AT, ,
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as shown in Fige.7. another important consideration in the
growth process is the removal of latent hcate If the latent
heat is not removed to a cooler rcgion, the interface tempera-

ture is raisced and ATk is diminishcde

le3+3 Interfacc Stability

The morphology of solids which form during solidification
depends ubon the prevailing growth conditions. Two approaches-
the morphological stability approach due to Mullins and |
Sekerka (53) and the constitutional supercooling approach
due to Chalmers(f4)~ are generally used to detemminc the
conditions as to whether a crystal will grow with a planar
interface or the interface will break down. The morphological
Stability approach considers the time dependence of a gencral
sinusoidal perturbations of the interface with respect to
solute and heat-diffusion ficlds and.the surfacc tensione

The consiitutional supoerccoling approach does not consider
the kinctic factor, and for most of the solidification
processecs, both the apﬁkoaches lead to similar resultse
Becausc of its simplicity, the latter approach is therefore

extensively used to detcmmine the interface stability conditions.

F1911{88hOWS qualitatively the condition for instability
. of a planar front according to gonstitutional supercooling
theory; It is assumed that a solutc rich layer is present in
front of the growing interface in which the licuid composition
is maximum at the interface and decrcases with increasing

distance from the interface into the liquid (Figel.8a)sAs a
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result, the eQuilibrium licuidus temperature increcases with
this distance because the lower the solute content the
highcr is the liquidus tcmperaturee«i’ige la8k shows a condition
wvhere the interface is cxactly at the equilibrium licuidus
temperaturce and overy point in front of the interface is

at a temperature above the liguiduse This represents the
condition necessary for stable planc front solidificatione
If an instability causcs a protubcrance to form on the
interface, it will find itself in a superheated cnvirconment
and will melt backsFige«L8c on the other hand shows that

the liquid immediately in contact with and ahead of the
interfacc is below its cquilibrium ligquidus tempcraturc énd
is thercfore supcrcooled cven when the temperature gradient
in ‘the liquid is positives Such a supcercooling ariscs from
change in composition and not in temperéture, and the liquid
is said to be constitutionally supcrcooleds Any protubcrance
on the interface will find itself in a supercooled environ=-
ment and will not disappcare Thus, the planar interface will
be unstable if a zonc of constitutional supecrcooling exists
~ necar the interface. From these theoretical considerations,
the interface stability parameter which cmerges from the
constitutional supcrcooling approach is the ratio of the
temperature gradient in the liquid, G;, to the rate of

interface growth, Re The critical GL/ﬁ ratio is given by (84),

G, mCO(l~k)

o = ) ' x) (103)
R Dy %



where m is the slope of liquidus line, Co is the initial
liquid composition and k is the partition cocfficicnte. &

higher Gy /R ratio imparts greater interface stability.

It has becen shown by Chalmers(55) that when the melt
is vigorously stirred, the diffusion boundary layer is
eliminated and the solute concentration and temperature
in the liquid become uniform as under the ideal conditions
of mixinge Such a situation is analogous to thc solidification
of a pufe metal under zero temperature gradient in the
liquid, Figede9»This condition has becen considercd to be

conducive to the growth of solids with stable interfaccs

le3el4 Solidification in Rheocasting

Duc to stirring, both the composition and the temperaturec
of the liguid become uniform in the ideal mixing eondition
as discussced in the prccedihg'section. However, in practicec
even with vigorous .agitatioh a boundary laycr close to the
wall of the crucible will cxiste As shown in Figel.Ojthc
tempera turce at the crucible wall from where the heat

is extracted is lower and rises steceply through the boundary
laycr reaching the uniform temperature in the bulk liquids
It is, thus, obvious that the solidification during
rheocasting will begin heterogencously first at the crucible
wall and later on in the bulk of the liquid when the

tomperature of the liquid comes bclow the liquidus
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temperaturce Any solid fomming at the crucible wall is
expected to be carried away to the bulk of the liquid by
fluid dynamic forces where it will find itsclf in an
environment of rclatively higher temperaturce The solid
particlcs greaﬁcr than the critical size r® at the prevailing
. temperature will survive while the others will melte This |
process will continue as the melt is continuously cooled and
stirrede

So long as the solid particles are small; they maintain
their spherical shape duc to surface encrgy reguircmentse
Tﬁé morphology of the larger solids will depend upon the
grwoth conditions prevailing in the bulk of the licuid as
well as at the crucible walle In the bulk of the liquid, a
a particle will find similar cnvironmment around itself since
the temperaturce and éomposition profiles arc flate The
spherical particles will thercfore grow isotropically with a
stable interface as envisaged in Section le3e3« The condition
of interface stability at thce crucible wall will be govemed
by the extent to which thce constitutional supcrcooling occurss
The zonc of constitutional supcrcooling will be limited by
the themal and diffusion boundary layers which decrcase with
increcasing stirring ratee It follows then that the constitution-
ally supercoolcd zone under the influence of stirring will be
small and therefore, the conditions for free dendritic growth
arc unlikely to existe Another important factor to be

-considered is that the build-up of the solute rich layer ahcad
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of the solid-liquid intcrface is gradual and therefore,

the solid grows to-a finite size before the interface
instability due to constitutional supcrcooling sets ine

In unidirectional growth of solidifying bar, this critical
size may be defined as Yincubation distance! required for
interface instability. It is quite probable that solid
particles forming at the erucible wall arc washed away by the
fluid motion beforc they acquirc this incubation sizc and
latoron grow isotropically in the bulk of the liquids It
follows thercfore that during rheocasting, the primary
particles will be non-dendritic and sphceroidal. However, th;s
is only possible when the cooling rate is slow and the sfirr-
ing rate is high. at véry high cooling rates, the temperature
profile within the bulk of the licuid will no longer remain
flat and may change to one rcpresented by curve b in F&gwlilo
This is more likély to happen in rheocasting sct-ups where
the thickness of the metal ié small, such as in thec annular
space of the concentric cylinder design mentioncd in Scction
ls2s Such a situation will iead to enhanced supcrcooling,
both thermal and constitutional, rcsulting in interface
~instability in the bulk of the liguid as well as at the
crucible wall. This also explains the obscrvations of
Flemings (56) that at high cooling ratcs, at least above a

. critical value, primary particles foxmed are dendritic
instead of charactcristic non-dendritic sphecroidal

morpho logye
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In casc of turbulent mixing, existence of neutral zones
cannot be ruled oute Solid particles in such zones will not
find the environment - conduveive to isotropic growth duc to
the presence of tomperature and concentration gradientse
This will lead to the fommation of solids of non-spheroidal
morphologys In such situations however,; when the volume
fraction of solid in the slurry increases, the collision of
solid particles may randomize the turbulent mixing ficlde. This
will cventually provide isotrxopic growth environment for the |

formation of spheroidal particlcse

In gcneral, Spencer ot ale«(l) belicve that the primaty
particlcs.fozmcd during rheocasting are dendrite fragmentse
However, their cxperiméntal observations reveal that the
non-dendritic spheroidal primary particles are formed only
when the melt is stirred right from the liquidus temperaturce
If the dendrites are allowed to formm first and then the melt
is stirred, the characteristic non-dendritic spheroidal
particles arc not formed, instead deformed, bent and
fractured dendrites result(l,2). Under these circumstances
it is difficult to imagine as to why the formation of non- .
dendritic sphcroidal particles by mechanical fragmentation
of dendrites is climinated vwhen the melt is stirred. Obviously,
the dendrite fragmentation mcchanism is contradictory to
the obscrved éxperimental resultse Such a mechanism is nciﬁher
capable of justifying the necessity of stirring right from tha

liquidus tempcraturc to obtain spheroidal particlese Clecarly



thercfore, the tonet that the primary spheroidal particles

form by dendrite fragmentation is not tcnablees

The model of Vogel et als(16,44,57) predicts theorotie
cally that the dendritic morphology will be favoured in
rheocasting, but their experimental observations reveal
rion=dendritic morphologys In order to rcsolve this anomaly,
they have proposcd a dendrite fragmentation mechanisme. They
éons;der thét the dendrite amms first bend under the action
of fluid forcés resuiting in thc fomation of high-angle
grain-boundaries. Thesc boundaries arc completely wetted
by the liqpid‘metal eventually releasing a dendrite fragment
by high éngle grain-boundary remgltings Such a mcchanism has,

however,bcen questioned(5)s

In many of the recent investigations (5,14,16,22,58) it
hes becen shown that the primary solid particles arc trosctto-
shaped!?! in £he beginning and lateron transform into spheroidal
shapc cither by fragméntation or by coalcscences Some
investigatoys (14) have identified thesc frosette-shaped?
particles as dendrites duc tO highly branched morphologys. If
the solid particles start their life as trosette-shaped!
particles it is wondered as to why the particles nucleated
at later stages of solidification do not have similar mofpho«
logye This can happcn only whcn.thc solidification procceds
only by the growth of the solids initially formed and no
nuclei are fomed laters Obviously, such a situation is

difficult to conccives It appears that pr¢cise nakture and
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origin of such particlces arc uncertain at presentes Morcover,
nonc of these investigations provide adcquate experimental

cvidence that a particular mechanism is opecrativee

Kievits and Prabhakar(5) hypdthosiZQ that a dendrite
has two growth fronts~ the tiﬁlfront and the root fronte The
tip front is assumcd to be the most affected by the convection
because of difficulty of the flowing fluid to pencetrate to
the root fronte Thus, under the influence of vigorous agitation,
growth of the tip front will be deccleratcd‘by the heat
pulses in comparison with the growth rate\of the root front
and thercfore, thc intcerface protuberances will be smiothaened
oute Such a mcchanism appears fcasible and is capable of
explaining the non-dendritic morphology, but it does not
account'ﬁor the spherical shapes Morcover, it prodicﬁs the
formation of large dendrites if the temperature profile in the.
liquid is evencd out due to stirringe This model is therefore,
not in tunec with the classical concept of the influcnée of
stirring on the growth morphology as a consequence of the
elimination of the temperaturce and composition profiles of

the liquid which is realized in practicoes

le4 SIZE DISTRIBUTION OF PRIMARY P&RTICLES

Besides morphology, the size and distribution of primary
s0lid particlces in the rheocast slurry also dcpend upon the
process variablcs cmploycde The cffect of rheocasting

temperature on the size of primary particles may be visualised
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in tems of its cffect on the undcrcoolinge Decrcasc of
the rheocasting tomperature implics increase of maximum
undercooling AT, during rheocastinge In order to ovaluaté
the cffect of AT qualitatively, equation le¢l and l.2 may be

- rewritten as,

I =&, cxp(-B/AT?) ese (1eg)

é =A2AT ) » . et s (1.5) .

~where Al’ A2 and B are assumed to be constants. Combining

equations le4 and 1.5,

1%,

= AAT CXP(B/AT2) evae (106)

where A is Al/Az. If the average sizc of solid particles
formed be represented by the radius ¥, and if N number of
particlcs have formed in a unit volume-of liquid in a given
time, the volume of sclid VP per unit volume of the liquid

mctal is given by,
VP =N%ﬁ}3 ' ees (1e7)

and thercfore, /
- V. 1/3
r = (%)1/3(1\3-2) | ces (108)

The average size of particles may also be given by,
} = a ‘tl/2 | . . cee (1.9)

where a is a constant and © is the time of solidification

which depends upon -cooling ratce. Diffecroentiation of eqpafion 1.9
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y-ields,
dr _a ,~1 '
a.E=-§t /2 o (1010)
4t
Putting 3t = R; equation 110 may bc rewritten as,
2 |
t =£§ | eee (1411)
It follows thercforc that,
’ . 2 » .
N:Ixt:g——:a-:‘ ‘ ces (1.122)
. AR(

Substituting cquaticn l.12 in equation le.8 and rearranging;
- 1/3 173 .
r= 041— ) (VLR x 2 eee (1e13)
B a2 P I -

The variation of Vp with AT may be given by the well known

Scheil ccuation (59) for a binary alloy as,

1
AT, T~k
VP = l"(m) eee (a14)

where ATL is the differcnce in the melting temperature of
the pure metal and the liquidus temperature of the alloy,
and k is the solute partition cocefficiente Combining equations

1¢5 and 1+14,

-1
_ - ar, ISX ‘
VpR = A2[l~ (KW‘I‘) ] AT ees (1e18)

Since ¥ is dependent upon two paramcters VPR and
%( equation 1s13), the variation of r with AT may be under-

stood in the light of cquations 1.15 and 1.6« It is apparcnt
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from cquation 1l.15 that thc parameter Vpﬁ will incrcase
with incrcase in AT« A closc examination of cquaticn 1le6
rcveals that the &ariation* of % with AT is such that at
small values of AT, % decrecascs and at large AT values, it
incrcases with incrcasing AT« Thus, on thg basis of equations
le6, 1lel3 and 1l.15, it can be hypothesized that at higher
rheocasting temperatures, ieece when AT is small, increase

in AT will result in increasc in Vpé and decrcase in §.~
signifying that T may incrcase, decreasc or'remain,unaltercd
with decreasc in rheocasting temperature depending upon
whether the rate of change of VpR with AT is respectively
higher, loweerr ecqual to that of %— At lower rheocasting
temperatures, iecs when AT is high, increasc in AT will
increase VpR as well as %. resulting in the incrcasc of T
with dccrease in the rheocasting temperaturce On the basis
of above arguments, the possiblc trends of variation of
pPrimary particle size with rheocasting temperaturc have been
depicted schamatically in Fig.1.1lse Furthemocre, at low
;heocésting temperatures, collision of parﬁiclds followed
by coalescence may also occure When .this phenomcnon occurs,

the increase in r will be at a significantly greater rate

than that accountable by the diffusion controlled growth alones

In orxder to asscss the influence of other proccss
variables such as ¢ ¢ling ratc and stirring speed on the
particle size, cquations 1.8 and 1.9 arc re-examinede It can

be shown that,
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where C is the cooling ratee It is apparent from ecuation
l.16 that for a constant rheocasting temperature (iece constant
AT and Vp), T is dependent only on N which in turmn depends
on Ce¢ Thus,; increasing the cooling rate will increase the value

of N and therefore; r will decreasee

The above observations are primarily based on the aséump-
tion that sufficient active sites are available for hetero-
geneous nucleation. In practical situations, it is likely that
the number of active nucleation sites are limited and there-

fore, N

max? the maximum value of N; will be dictated by the

number of nucleation sites availables In the event of nuclcation

sites getting saturated, N will become constant, iscs Noax® In

3

such situations when‘Nmax has reached, r will increase with
decrcase in rheocasting temperature as a result of increase
in VP (equation 1.8). However, the cooling rate is unlikely
to have any effect on r. |

In the rheocasting process; N

max May dnerease due to

stirring. The proposal of some investigators (13,16) that
dendrite fragmentation is responsible for the enhanced nucleat-
ion activity is not tenable since the conditions conducive

to the formation of dendrites are unlikely to prevail during
rheocasﬁing (Section le3e4) and thereforc the question of
their subsequent fragmentation does not arisce However, frag-

mentation of non-dendritic particles may not be ruled out.



another possible mechanism by which Nﬁax

duce te stirring may bec rclated to the removal of solid

may be increascd

particlcs forming at the cruciblec wall or the stirrers If
the so;id particlcs are transported from the crucible wall
or the stirrer into the bulk cf the melt under fluid

motion, fr&éh surfaces should be continuously exposcd to
subsequent nucleations Underxr such a situation Nmax is
expected to increasee«The rate of remeval of solid will be
higher at higher stirring raté and consecuently Nmax should
increasé with stirring ratee. It follows thercfore that
increase in stirring rate should decrecase the sizc of the
particlese In some cases the cnhanced nucleaticn activity
due to stirring may bc completely masked by cnhanced nuclcat-
ion duc to increasc in ceoling rates Under such circumstances;
when the cooling rate is high, the stirring rate should not

have an influence on particle sizee

The distribution of particle size is likely to bé

' affgctcd in a similar manncer by the process variables as

the average particle sizce For a given cooling rate,

increase in AT implies longer solidification time (cquation
le6)e It is, thercforec, apparcnt that particlces nuclcated
carlicr will avail longer time for growth than those nuclcated
latere Conscquently, the particle size will vary from very
large to very small signifying that the size distribution

of particles will become broad as the rheocasting temperaturc

is lowereds This will happen when r incrceascs with decrcasc
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in rheocasting temperature and for the case when r decreases
with decrease in rheocasting temperature, the reverse will
be true because in this case the transformation is primarily

nucleation dominante

The effect of cooling rate on the size distribution
may be understood on the basis of its effect on the nucleation
activity. Figelelga ' shows an idealized cooling curve
during rheocasting. The time required to bring down the
tgmperaturekfrom TL fo TR’ is the characteristic time which
is detemined by the cooling rate according tc the relation,

T,~T

L "R T
C “-:'é""‘ - o,. (1017)

>

+ =

If the time t is divided in n number of small time intervals
dt, so that t = ndt; the number of nuclei dN forxmed in any

given time interval dt will be,
dN = &, expE-B/(ndAT)2].dt eee (2.18)

where dAT is given by, AT = ndAT.

It is apparent from equation 1.17 that increasing the
cooling rate will result in shorter characteristic time and
therefore smaller value of n, and also,; the decrease in the
value of n will céuse corresponding increase in the value
of dAT. On the basis of ecuation 1«18 the variation of aN
with n may be then represented schematically for different
cooling rates as shown in Figel.1Zbs The curves reveal that

increasing the cooling rate has two distinct consequences=~
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{a) The number of nuclei formed during the early stages of
solidification are increasad and (b) the difference between
the times available for growth of particles nucleated earlier
and those nucleated later is narrowed downe It follows there=
fore,that at higher cooling rates both the number and the
size of the particles formed at different stages of solidi-
fication will not be widely different. Increasing the cooling

rate will therefore make the particle size more unifoxme

Stirring rate may affect the size distribution in
two ways-.One effect of stirring is to enhance the c&oling
ratee If it so happens, the stirring rate will influence
the size distribution similarly as the cooligg rate; that
is increase in stirring rate will result in more uniforxm
sized particlese However, in experiments wherc the cooling
rate is precisely controlled,-the stirring. rate dces
not have any ceffect on the cooling raﬁc. The shear fields
'produqed by stirring may fragment the larger particles to
smaller oness In this event also the particles will become
more uniform in sizee« If the nucleation sites saturate,dN
versus n curve is arbitrarily cut off and fheréfore the cooling
rate has no effect on the size distribution. However, if the
detachment of the particles occur at the crucible wall and at
the stirrer, the effect of the site saturaﬁion will be eliminateds
This may be aﬁother possible mechanism by which the stirring

rate will influence the size distributicne

The above mentioned possible trends of variation of
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prihary particle size and its distribution with the process
parameters provide basis for the explanation of most of the
published results (2,27,59)e Howe&er, a comparison of the
results of Ramati ct ale«(59) and of Joly and Mehrabian(Z2)

on Sn-15% Pb alloy shows that the results of these two
investigations are not consistent. In the fomer investigatiocon
¢ .ried out in a range of high cooling rates, as cxpected,

it has been observed that increasing the cooling rate makes
the particle size more uniform while in the latter investi-
gation, carried out in a range of slow cocling rates results
to the contrary have been observed. This discrepancy has also
been pointed out by Ramati et al., but no satisfactory
explanation has been offereds It appears that the apparcent
anomaly in the results of Joly and Mehrabian is due to s mc

spurious effcctse

1.5 MECHANICAL PROPERTIES OF RHECCAST PRCDUCTS

The microstructure depicted in FigsleBa represents the gencral
nature of the microstructure normally obtainable in rheocast.

" productss Such a microstructure in which sphercidal particles
are uniformly distribuﬁed in a given matrixe suggests that
the rheocast products may be identified as particulate
compositese It is thercforey, impcerative that the mechanical
properties of rheocast products are examined oﬁ the basis

of theorics of compositcse
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1+ 51 Mechanical Propertices of Composite
Materials: General Concept

Composite materials are broadly classified as fibre composites
or particulate compositese The most widely studied coméosi&es
are aligned fibre composites in which the fibres arc arranged
unidirectionallys Such composites are further classified as
being continuous if thc fibres span the entire length of

the material, or discontinuous if shorter fibres are uscdes
When a continucus fibre composite is stréssed in tension,

the force is directly épplied bo%h to the matrix and to the
fibre. The composite stress, 0&, in tems of the stresses
partitioned betwcen the matrix and the fibre is then simply
given by the rulce of mixturese If the applied stress is
parallel to the direction of fibre alignment, under the

assumption that the axial strains of fibre and matrix are

equal, the tensile strength of the composites Guc’ is given
by thc rule of mixtures as,
G, = O, Vg * o;um(i-vf) ses (1419)

vwhen the failure strains of both the components are ecual.
In equétion 1.19; Gﬁf and C;m are the tensile strengths of
fibre and‘matrix respectively and Vf is the volume fraction
of fibrese Usually the fallure strains of the individual
components of composjites arc not ecual. It has been shown'
by Kelly and Davies(60) that the largest strain tolerated
by the composite when the fracturc is incipient is the

smallest fracture strain of any individual componcnte If the
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fracturce is governed by the smallest fracture strain (say, the
fracture strain of fibres), then the largest stress experienced
by the matrix would bé 0&', which is the stress in the matrix
corresponding to the fracture strain of the fibre. The

composite strength is then given by,

o V. o+ 0;“ ' (l...vf ) . e (lo 20 )

ue © Ohf £
Equation 1.20 suggests that the full stress capacity
of the matrix is never utilized and the composite strength
is basically fibre controllede If the volume fraction of the
. . TP - . .
fibres is low so that O . V. ‘(Oum c. (1 Vf), failure of
fibres will not lead to the failure of the compositee The
stress carried by the fibres will be transferred to the
matrix and the composite will fail when the matrix fails. In
.such a casc the fibres do not impart any strengthening cffect

and the composite strength is primarily matrix controlleds

The composite strength is then given by,

-

O;C = Oam(l‘vf) sen (lu?l)

It follows thereforec that any fibre strengthening\effect can
be realized only when the fibres exceed a critical volume

fractione

In discontinuocus fibre composites the force is not
applied dircctly to the fibres, but it is-transferred through
the matrix. For a cquantitative estimate of the load transfer,

consider a singlc fibre of length { and diamcter &, -
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embedded in a matrix as shown in Figure 1-13§~The stress
in the fibre builds up from the eonds and rcaches a maximurn
in the central region of the fibre (Figure 1+3bs .. The
transfer of étrcss to the fibre may be evaluated by force
balance on an element dx of the fibre at a distance x from
the fibre ends On the basis of Figurc le3e¢, the couation

for the clemental force balance may be written as,

T .-Ea% gdedxe{ = (O + QO )LZ‘:- a? cee (1e22)
or, ag = ‘%I ax X (1.23)

where ( is the fibre matrix interfacial shear stresss
Integration of equation 1le23 from 0 =C at x =0 to O = Of at

"X = X, yields,
ﬂ“f "=%1'x | en (1e24)

Thus, as x increcases, the fibre experiences a larger stress
with the limit being € = G;fa The critical value of x at
which such a condition is satisfied is cqual to,[c/z
where [c is the critical fibre length below which the fibros
cannot be fractured. Under this limiting condition,
2C 4

—— c ‘ eoe (le2
Ouf = "“"""""‘d oo (1a25)
the parameter {_./d in cquation 1.25 is termed as critical
aspect ratio; Depending upon the fibre lcngth {, the average

stress in the fibre, 6}, is then given by,
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8, = &f wnen f< £, | eve (1.26)
. <f |
C:f = -a-—c = %O;Jf when x = KC LR _(1'27)
. f | |
o*t = 0, (1~ -éf ) whon £ £ ~se (1.28)

- From cquations 1«26, 1.27 and 1.28, the tensile strength of
discontinuous fibre composites may be written from the rule

of mixtures as,

U1 -
Cho =3 Ve t c;m(lzvi) when [{*gc eee (2.29)
_1 :
0:10 - Z’dufvf’ Oum(l"vf) wvhen f = lc eve (1a30)

C
|

x .
we = Opgll= 3§JVf+ Ooml1=Ve) when £ > £ <o (1431)

It follcws from the above equations that the'strength
of discontinuous fibre composites will approach to that of
continuous fibre composites only when the fibre length is
significantly larger than XC- For fibres shorter thén [c, full

fibre recinforeement cannot be achieveds

The transition from fibrous reinforcament to parti=-
culate reinforccment occurs gradﬁally as the length to
diameter ratio (l/d) of fibres is diminishede. Ih partiéulatc
type of reinforcement, the particles are considered to block,
restrain or in some way control the phenoncna responsible
for cither extensive plastic deformation or fractures The
models for particulate composifes are based on the nature

of constraints the particles offere If the particle constraint
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is on dislocation moticn; it has been shown (61) that for
the non-defomable particles, the yield strength of the

composite, O&c, is given by,

Gm.GP b - 1/2 '
0‘“ = [ ] ' sTea (1032)
¥e c'o,

where Gy and'Gp arc shear moduli of matrix and particle
respectively, b is the Burgert!s vector of the piled up
dislocations against the particlé, c' is a constant and DP

is the interparticle spacinge Since Dp is decreascd by
decreasing the particle size and increasing thce volume fraction
of particles, it follows that T

yc
decrecasing the particle size and increasing the volume

may be increased by

fraction. However, when bP is below a certain minimum
(cege =« 0«5 m in case of WC-Co cemets) the strength drops
off becausc of crack nuclcation at weak particle-particle

boundaries (61).

In those cases where the constrained matrix can develop
stresscs sufficient to deform the particles, € is given by

ye¢
(61),

1/2 '
-G G, b - '
er = ‘» m__P -J ass (1033)
ye - LT o |

" : ' |
where C  is a constant. Equaticn 1le.33 suggests that in case
of deformable particles, composite yield strength is
independent of the physical paramcters of the particle such

as volume fraction, size, interparticle spacing ctce
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It has been shown by Drucker(6l,62) that 1£ Griffith
type fracturc criterion is assumed anpd if the. fracturc of
‘particles leads to the fracture of the composite, the

composite fracturc stress, G;C, is given by,

~ e

c ,
c;lc 33172 cee {1o34)
where c'" is a ecnstant and @ is the particle diamecters

In brittle matrix composites containing ductile
particles, such aslglass containing metallic particles, the
primary function of the particles is to limit the size of
most sovere flaws or cracks in the brittle matrix (6l1). As the
volume fraction of a particular size of the particles is
increased or at a given volume fracﬁion, the particle size
is decrcased, the mean free path between the particles is
reduced limiting the maximum size of the flawe Quantitatively,

the composite strength is given by,

24

c

e = F lb 1/2
L(-‘;—' - l)d]
P
is a constant and VP is the volume fraction of

sen (1'35)

where ¢tV

particles of size d&. Both equations le34 and 1.38 are based

on Griffith type of fracturc criteria and show similar functional

relationship of th with Qe

le 5+ 2 Fracture Modes in Composites
The fracture mode in ccmposites is determined by the amount

of worklfequired to produce unit arca of crack surfaces This



work is called the work of fracturc and is a mcasurc of

the resistance to crack propagations The work of fracture

in composite materials is extremely high,; much higher than
that accountablc by adding the contributions of the matrix
and the fibree It is obvious that the enhanced work of
fracture in cémposite materials is due to scme interactions
of the fibre and the matrixe Based on these interactions,

the major factors which have been identified tc contribute

to the work of ffacture aret (a) plastic defomation of matrix
or fibre as the crack is opened up, (b) pull-out of broken
fibres from their sockets in the matrix on cither side of the

crack and (c) debonding of the fibre from the matrixe.

Plastic Deformation of Fibre/Matrix

The work done in breaking a brittle fibre or matrix is
negligibly small and is usually ignored in computing the
woxrk cof fracturee If the matrix is brittle and fibres are
ductile; the £otal work; Wy done in defoming the fibre to
failure is given by (63),

W = O-;lf.Vf-d ‘see (1‘36)

i

If the interface fails in shear at a stress (, much less than

the failure stress of the fibre, 0., it has been shown (63)

that.
o)y
, o
" z% VG O [T ae see (1e37)
1
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where the integral is evaluated over the truc stress-

strain curve of the fibre from G%', stress in the fibre at
the failure strain of the matrix,‘to C&)for complcte rupturce
¢ signifies strain. It has been shown (63) that the work of
fracture is always higher if the interface fails in Shcar.‘
In either cases; it is apparcent tha£ the work of fracturc

will incrcase if the fibre diameter is incrcascde

If the e&omposite is ductile matrix-brittle fibrce type,
then also the situation is similar to the one described above,
but the roles of the fibre and the matrix arc reverscd and
the work of fracture is controlled by the ductile matrixe
Equations similar to 1«36 and 137 will describe the net
contribution to the work of fracturc iflsubscript r£1 for
fibre is replaced by tm1 for matrix and instead of fibre
diameter the width of the matrix, betwecen adjacenﬁ fibres,
is taken into accounte In this casce also, the work of fracturc
will increase when the fibre diameter is increcased because
for a given volume fraction,; increceasc in fibre diamecter
produées a corrcsponding-increase in the width of the matrix

between the adjacent fibres whiéh must be worked to failures

Fibre Pull-Cut

The pull-out and debonding modes of fracturc, when a crack
proceeding nomal to a sct of fibres intcracts with fibres,
are schematically illustfated in Fige l.l4e If the fracture

of a composite occurs by brcaking of the fibres, it is
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found that all fibres with ends within a distance of 10/2

on either side of the break, pulle-out of the matrix instead
of fracturing leaving behind a socket in the matrix. Consider=-
able amount of work is done by the applied stress during

the fibre pull-out provided that the shear forces between

the fibre and the matrix are maintained during the extraction.
It has been shown (64) that the work done per unit area of
crcss-section in withdrawing all those fibres which pull out

is given by,
v, f _
£, °cy\~ ;
W = E(T)oufikc e e (1038)
Equation 1.38 applies when i')fc. For the case when f([c,

Ve 2
Wm-ézn-(dx e e (1.39)

On the basis of equations 1.38 and 1,39, the work of fracture
in pull-out mode is plotted schematically in Fige 1.15 against
the fibre length., It is seen that the work of fracture
increases with £ asi[z when £ < IE and then decreases as 1/
when I;) ké. In order to maximise the work of fracture the
length of the fibre should be kept close to ié, and ic should
be made large. Increasing Xc implies increasing the fibre
diameter (equation 1.25). Thus, the work of fracture will

increase with increase in fibre diameter.

Debonding
Theoretical estimate of the work of debonding has been made

by Outwater and Murphy (64,65) by equating the energy
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of debonding with the elastic energy stored in the fibre

after debonding. The total work of debonding, Wn, has been

given by,
2 O
_ ’a”,“uf :
WD - 24 (-"""Ef )%f.x e oo (1040)

where Eg is the fibre elastic constant and x is the length
over which the fibre is debonded. Equation 1.40 also suggests
that the work of fracture is increased if fibre diameter
1s increased. It has been shown (64) that the work of}pull-odt
is usually greatef than the work of debonding. However, if
wd, the work of débonding per unit area, satisfies the
condition, - N

d;f d

2’——-—-—.

W
8 Ef

a cee (1.41)

the fibres break instead of debonding.

177762

‘Cavitation

Cavitation is an important mechanism by which partié;z;te
composites are known to fracture. In cavitation mechanism,
cracks or holes are nucleated by particle‘fragmentation or
particle decohesion from the matrix which grow with plastic
deformation and ultimately the fracture of the composite
results when thesé growing holes link together by local
necking of the interVening material. It has been generally

observed that particles of large aspect ratio nucleate holes

by multiple internal fragmentation while the equiaxed or
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spherical particles almost always nucleate holes by inter-
facial separation. The models concerning the interfacial
separation are based on elther energy criteria, local
stress criteria or local strain criteria., A model due to
Argon et al (66) based on local stress criteria has been
found to agree welliwith the experimental observation. It
has been shown that for rigid non-deformable particle, the
" interfacial tensile stress (0 ) may be given by,.

1
v I/n  __ /6(n+l) 7pF%

c=1 [(‘7—) + /3 (T (1.42)

<l
".m’—.. oa

Y

where T is the yield stress in shear, 7~ is the strain ratio
(total straxn/yield strain) away from the particle, m,is
'called Taylor factor generally equgl to 3.1 and n is the
strain hardening exponent of the matrix, The cavity is formed
at a critical strain ratio when the interfacial stress equals
the interfacial strengﬁh. In this model, isolated particles
have been assumed so that the interfacial stress is independeht
of the volume fraction of the particles, This can happen

only when the volume fraction is low. At higher fractions

the particles will interact when the secondary plastic

zones around the particles begin to touch each other, In such
a situation, the interfacial stress is greater.than that
predicted by equation 1.42 Taking into account the particlé
interaction, the modified equation for interfacial stress

has been proposed as,
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where V, is related to the interparticle spacing (I%) and

particle radius r, by the relation,

D '
Y S

2o 12|
p

eoe (1.44)

wlwo ¢

Since the size of the secondary zone i.creases with increasing
plastic strain (i.e. strain-ratio X ), for a given volume
fraction of particles the critical strain ratio, (%_)c¥it'

at which the s:condary zones touch, may be obtainedyby
considering that the secondary zone size is equal to Db/z,wherc
D_is given by equation 1.44, Thus, the critical strain ratio -

P
above which the particles interact is given by,

[ S U S A TR &-8->. ve. (1.45)
7y crit }/g(n+l)l. mr;3vb 3 i

Once the cavities are formed, they grow with plastic
deformation and ultimately link together to cause fracture,
Pig..l.lé represents a typical example of linkage of cavities

formed at second phase particles.
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FIG.116  LINKAGE OF CAVITIES FORMED AT
'SECOND PHASE PARTICLES.(Ret.67)




1.5.3 Application to Rheocast Products

In a large number of publications (6,12,19,20,21,25,34, 35,

- 36, 37, 43), the mechanical properties of rheocast and
thixocast products have been reported. Most of the results

are preliminary in that they are intended primarily to

compare the mechanical properties of these products with

those of conventional products. It appears that no detailed
study has been undertaken to quantify the mechanical properties

in terms of microstructural parameters.

Though in a limited way; Vogel et al.(16) have applied
the concept of particulate composites in thé evaluation of
mechanical properties of rheocast Al-Cu alloys containing
O to 40% procutectic g-phase. It has been shown that the
fracture toughness is lowered by the presence of sﬁall amounts
of ductile procutectic &-phase in brittle g+Cu Al, eutectic
matrix. Increasing amount of g-phase increases the fracture
toughness, but even with ..40% of «-phase the fracture
toughness is about the same as that of the eutectic. In £he
absence of theoretical analysis or experimental data for more
than 40% of «-phase, the role of the microstructure in

modifying the mechanical properties remains uncertain.

1.6 FORMULATION OF PROBLEM
Critical review of the published literature reveals that
inspite of the generation of a large volume of data on rheocast-~

ing, the fundamental aspects relating to the mechanism of
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formation of rheocast microstructure and its role in
influencing the mechanical properties have not been clearly
understood, Though it is possible to produce quality castings
with rheocast slurries, none of the investigations have been
able to establish any clearvadvantage of the rheocasting
process over the conventional processes especially in terms
of the mechanical properties of castings. Nevertheless, the

' process is of considerable academic interest from physical

- metallurgy point of view for a number of reasons. The one
which has attracted our attention most is the unconventional
microstructure of rheocaét products. The role of such a
microstructure in modifying the mechanical properties has
neither been clearly understood nor it has been investigated
systematically. This aspect of study is of cardinal importance
for low melting point alloys where the major consideration

in the application of the rheocasting process lies in its
ability to produce castings of improved mechanical properties.
Thg present research has therefore been planned to enhance .
our understanding of the inter-relationship of processing,

microstructure and mechanical properties of rheocast products.

In order to achieve the above objective, Al-Cu alloys
| containing 4.5 to 10 Wt% cowper have been selected for the
present investigation. The choice of Al=Cu alloy system has
been prompted by the fact that a large amount of information
regarding its solidification characteristics is available

and also, this system forms a base for a large number of



56

industrially important alloys in this composition range.
Three major factors have been considered in the design of the

detailed plan of the present work:

(a) Rheocasting of Al-Cu alloys permits dispersion
of proeutectic ductile x-phase in a matrix of
@ 4+ Cu Al, brittle eutectic. The particulate
nature of the microstructure offers an opportunity
to model the rheocast products as particulate
composites.

(b) Stereological studies of rheocast microstructures
have so far been carried out mostly on rapidly cooled
slurry samples to characterise the primary solid
particles. However, the mechanical properties of
castings are governed by the overall cast micro=-
structure rather than primary particles only and
therefore overall microstructure should be éharqcter-
ised for correlating the mechanical properties with
the microstructure,

(c) Mechanical properties of cast metals are generally
strong functions of casting quality and therefore
the effect of casting quality must be quantified
and its contribution eliminated to understand the
role of microstructure in modifying the mechanical
properties.

On the basis of the above mentioned considerations, thé

1

basiic elements of the investigational plan have been formulated

as follows:

(i) To develop a theoretical model for a brittle matrix
ductile dispersoid particulate composite to under-
stand the effect of particle parameters on the



mechanical properties for the case when the particles
do not interact,

(1i) To develop a theoretical model as above but for the

case when the particies interact.

(iii) To develop a theoretical model for determining the

(iv)

quantitative effect of casting quality on the
mechgnical properties in terms of total porosity.

To make castings with rheocast slurries and carry
out stereological studies of the cast microstructure
to understand the effect of the process variables

on the microstructure of rheocastings.,

(v) To measure the mechanical properties of the castings,

(v

h

‘examine the effects of microstructure and porosity,

and compare the theoretical predictions with the
experimentally observed values.

To study the fracture behaviour by SEM fractography
to gain further insight into the inter-relationship
of microstructure and mechanical properties,



CHAPTER =1I
MECHANICAL PROPERTIES; THEORETICAL ANALYSIS

241 INTRODUCTION

The ma}or constituent phascs present in hypocutectic aluminium-
copper alloys are the Al-rich a=solid solution and -

and a+CuA12 cntectic. (Thouch the cutectic is not a

phase in the strict scense; for the purposc Of present analysis
it will be referred to as a phase). Even in the single phase
region, isce coppcr less than 5.77., some cutectic is almost
always preseht in the cast alloys because of the non-
eguilibrium naturc of the solidification processe Rheocasting
of thesc alloys pemmits dispersion of non-dendritic sphceroidal
particles of a~phasec in a matrix of eutectic- The &~phasec is
normally ductile and the eutectic is brittle at room tamperaturce
Such a constitution of the rhecocastings allows us to model them
as brittle matrix-ductile dispersoid particulate compositese

In the prﬁscnt analysis thci@fcfé; the concept of particulate
composites has been adapted bd aevelop an understanding as to
how the strength of apparcntly sound castings is gOVerned'by
the microstructural modifications brought about by rheocasting

PrxoCCsss
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In the development of a theorgtical analysis for the type

- of composite mentioned above, it is pertinent to consider

tﬁo situationse One, when a~phase is disﬁersed as discretc
particloé¢ This occurs whon the volume fraction of a»particles
is lows The second Situation'corresponds to the case whenA
“the volume fraction of geparticles is high and the particles
join cach other. In the fomer case fhe eutectic remains
 continuous and the composite strength is governed largely by
leutcctic; and in the latter case ajphase'becomes continuous

' énd governs the compésite strength. It is therefore
imperative that the critical volume fraction of tﬁe a-phase
~at which discontinuous a-phase becomes continuous is deter-
mined so that it becomes known as to whether for a particular
rheocast alloy, the strength is eutectic~controlled or a-~phase
" controlled. In order to detcmine this critical volume-
fraction of the a~phase, ccuation 1;44vhay be used which
relates the particle size'énd the interparticle spacingj
between two nclghbourlnc partlcles with volume fraction of

: dlspersod partlclcs- By 1mposxng the” condltlen that thc |
'1nte:part1cle spac1ng is Zerosy the crltlcal volume fractlon,
whonvthé particlés touch cach other may be.bbtained.

Equat;on 144 shows that the x=-phasc will be contlnuous lf
it is in excess of 78 5/' . For the three alloys Al~104k Cus
iAl~6 /o Cu and Al-a 5/ Cu used in the prcspnt 1nvcstigatlon,
the average mcasured volumc fractions of a-partlcles are

70% , 827/ and - 86 %7 respect1VQly- It follows therefore that
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in the A1;107k Cu alloy, the cutectic is continuous and, in
'.Al~67- Cu and al-4e5)/s Cu alloys the u-phasc is continuouses
'In view of thc above, two theoretical models for the

Gompogite.5§xéaq§nfhaYC-bcgnapgopoga@ in the: following scctions
. depending upon the physical state ofvconstituent phases} '
dne;for the casc when_m-pa:ticles are discontinuous and thé
eutectic isAcontinuous and the‘ather, for the caée when |

i a#particles are continuous and th¢ cutectic is discontihuous;
‘ Besides microstructufal‘panameters, the strength of the cast
~alloys is also dependent strohgly on porosity in castiﬁésséln
the last section of this chaoter thercfore, a theorctlcal
analysis for the strength of castings vis~a-vis por031ty has

also been prescntede

:.2.2 MODEL FOR COMPOSITE STRENGTH WHEN EUTECTIC 1§ QONTINUbds'

| A particulate composite is a special case of discéntinubgs'

: fibre composite when the length to diameter ratio of thégfiﬁie
' ‘approacheé'unitym-Thus-thc#approach used in the deVeiopﬁéntw
‘“of theory of dlscontlnuous flbrc composites may be adapted to

| dev;lop theoretlcal models for'partlculate compositese From the .
_,published literature it apgears that no such model exists till
todate. In~£his‘analy5is it is assumed that the matrix is the

- brittle eutectlc and is contlnuous 1n whlch ductlle sphezlcal
'.a~part1clcs are embcddgd. When such a comp051tc is dpformod,

as with dlscontlnuous flbre compos1tes, the forcc is not dzrectly



iappliéd to the particles buﬁ is transferred through the
‘matrixe In the present work, first thc caée:of load transfer
~in é Singlé particle model is considered and then the sirength
Qof the compOSLte is predlcted from the rulc of mixturess
nIn order to- simplify thp mathematlcal troatment follow;ng
assumptlons are madet ' |
i) The matrmx is continuous and contains randomly
~'dlstr1buted dlscrete partlclcs-
ii) Both the matrix and the partlcles are only elastlcally
defbrmedo
 4ii) Particle~matrix lnterface is strong cnough to affect
- load transfero__ '

iv) PoiSSins effect is negligiblé‘

'v)'Both the matrix and the partlclcs have equal shear
modullo ‘

Figazo (a) shows a single spherical partlcle of dlametcr

:'D embcdded in the elastic matrlx subjectcd to a tcn51lc strcgs

“0;0 If-a random-plane intersects the particle perpendlcular-to

‘ the dlrectlon-of thc applled struss,the sectional. dlamcter of

A;partlcle on the planc is dcnotud by D such that,

D, ‘;«--Dv,sine S f{"'--v-..qv.f(evi)‘
The ﬁorces actlng on an element of the partlcle have been
shownvln Figep+1(b)e If T is shear stress at the particle—
matrix interface, the elemental force balance in the diregtibn

.of thé applica stiess'Yields; .



MATRIX

FiG.21 (a) SCHEMATIC REPRESENTATION OF A
~ SINGLE PARTICLE COMPOSITE MODEL (b)
ELEMENTAL FORCE BALANCE AT A SECTION
OF THE PARTICLE.

. V ‘ ,- ‘
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T.sB D fxao in@ = 40" ok D2 - ( é)
'e. io 2 oSln = ‘4 i case 2.
Simplifying ecquation 2.2,

gg = 20 o - Cere (203)

From cquation 2.1; it can be written that,

dap - 1/2 '
i _ _ 2. ,
T Sl DVCOSQ = EDV D’Ej | o (2.4)
As,
dg_ _ 4o g8 . A oe
_ aﬁ; - ge ° ab, | "“§2’5)

Combining equations 2¢3; 2.4 and 245,

. 42 »
a0 = 2g[[pZ - p27] ap; cos (2:6)

The casc af stress distribution around a spherical elasti¢
particle embedded in an elastic metrix has been treated by
Theocaris and Paipetis (68}s Following the work of Sezawa :
- and-Miyazaki(69), they havc shown that if the applicd stress
be O, the shear stress distribution re in the particle at the
. pa:ticlcrﬁatrix intérfacc is given bys
o s, aP,{cose) | | o
1 ‘n
T - oL 25, g Hg ] e
_ whoré GP is thé particle shear modulus, Pz(coée) is. a

Legendre polYnomial and, S and 8§; are determinants~giveh by,
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apply to matrix and particle rospcctively- A is Lamets

shp+7GP
thP

4Gy

2G

Wl

WU

oA _+10G
m m
3
BKm*ZGm
6
3hm+53

%

1
6

'24Gm

8G

-1

s (208)

ves (2‘9) .

been used to denote shear modulus, subscript m and P

constant and is a material property given by,

where Vv is Poissont's ratio and E is clastic moduluse

For the casc vhen the matrix and the particle shear

VE

A

= Ten(i=av)

1

'o o (2010)

moduli arc equal, isce Gy & Gp, it has been shown (68§) that

S = 6Gp 5

ewoe (2.11)
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Substituting the value of S from equation 211 in cquation
2¢7
apP, (cos8)

_ o aBy(cose -
re = 3. dg *ee (4612)

The Legendre polynomial Pz(cose) is given by,

Pé(cose) = %[:3 cos?e ~ 17] cee (2413)

e

Differentiating cquation 213; we get,

dP,(cose)
ae

= =35in® cose eoe (2414)

From equation 2«1 and 2.14, it may be written that,

dP.(cose) 3D, - 1/2 '
= e e— 2 _ p2 ~
——-aar—— - D2 EDV Dl] soe (5015)

v

Substituting ecuation 2+15 in equation 2¢1 2,

D, ~ . 1/2
(g =-0 = |.pg - pf] cene (2016)
v

Taking = O, from figure 2.1 and substituting magnitudc of

Te from ccuation 216 in cquation 2.6, and rearranging; we gct,

D, |
a0 = 20 -—% ap, cae (2017)
DV

Integrating equation 2+17 within the limits O = O at Diz o

D

and O = G“i at Di='Di’

By |
0. = 0 (==) . evs (2e18)
Di m DV . 8
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Equation 218 gives the stress in the particle on a planar
section D; as a function of the matrix stress and the ratio

of gection size to true size of the particlee If the composite
containg randomly distributcd particles and if on the planar

scction the average sizc of particles be D the average

i9

stress carried by the particles may be written from eguation

20 18 as,

-~

5 -0 (k)2 . (2019)
o- = — L 2.19
Di m D

The true size of particles, Dv’ may be determined from the

measurements made on the plénar scction. It has been shown (70)

that _
3
D :-—: .o (2'20)
v °Z

where the parameter 2 is the reciprocal of the planar section

size Di- Therxcfore,

- No )
Z = .:.L. Z %—- cea (2021)
Oi=1

()

where Nois the number of scetion sizes measurcede.

Now, combining cquation_é-lQ and 220,

Oy = O‘m nQ(Di Z) | ese (2.22)

i
- Equation 2.22 gives the average stress carried by the particles
of avcrage size bi on a planar scctione Writing stress in the

pérticle as O% for Obi,

o, =0 :—*E—Q-(Bi'z)Q coe (2.23)
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Now, from the rulc of mixtures,; thc composite stress O;

may be written asy

ch = O—m Vm + Up VP . sse (2.2[4.)

where Vm and VP are the volumc fractions of matrix and
particle respectively. Substituting equation 2.23 in

equation 2«24,

4V, _ |
_ bV o = o
o, = O’m[Vm * = (D, 2) ] eve (2.25)

Equation 2.25 gives the stress in the composite in tecrms of
matrix strcss and particle parameterss If Q& reaches the
fracture stress of the cutectic matrix, Obm’ and this
condition.leads to the fracturce of the composité, the tensile
strength Gac may be written from cquation 2.25 as,

LV |

- o —Pr= o2 oy
Ope = OpnL vy * = (D;2)< ] eee (2426)

In equation 2+26 all the paramcters are experimentally
detecrminable and thercfore, the estimate of the composite
strength can be recadily mades The application.of this model

to the rheocast Al=Cu alloys has been discusscd in Chapter Se-

2«3 MODEL FOR COMPOSITE STRENGTH WHEN g~PHASE
IS CONTINUOUS

For the casc when a=phase is continuous, the cutcctic
becomes discontinuous and thercfore during the dcformation

of the composite,; the forxrce is not applicd direcctly to the
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cutectic but it is tronsferred through the a-phase. Thus, the
roles of a~phase and eutectic in the composite are reversede
The cohposite stress 0& may be then written from equation 224
by replacing subscripts ¢ for m (matrix) and e for P (particle).
Subscripts a and e denote a=phase and eutectic respectivelye

Thus,

e

= OV, + OV, o (2427)
Since the gecmetrical features and the distribution of
eutectic are not precisely defined; a unicque estimate of

Oé is not possiblee However, because the stress in eutectic

is transferred through the a~phasc; it may be assumed that,
o, =K O, cee (2¢28)

1
where K is a factor which determines the extent to which the
stress is transferred to the cutectics Cembining equation 2. 27

and 2+285
— t
UC = O&CLVCX“L K Ve] s (2.29)

" It is apparent from eduation'2-29 that the composite stress
is governed by the stress in the a-phasce

In the tensile deformation of a strain-hardening
material, the flow curve is generally.parabolic in the plastic
defomation range, and the stress-strain relationship may be
represented by a generalized equation (71),

o = (82018 (1~ %)(mb)l/‘? ver (2430)
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where € is the total straing &y is thc strain at which

the parabolic deformation begins, isc. the zero of the
parabola, BO is a universal constant equal to 0.0280,

1{0) is the shear modulus at the zcro point and r is
called defomation mode integer which may have values
1,2,3--;~ during differcnt stages of defommation; T is the
tomperaturc at which deformation is teking place and TM
is thg inglting point of the alloy, N is gencrolly nearly
zoro for most cases. Thus; putting eb = 0 and substituting

cquaticn 230 for O& in ccuation 2429,
- (82 - Iyl vee (o4
og = (£)7%p(0) B, (1 TM)e. Lv,+ Kve'_] es (2431)

Equation 231 gives the tconsile stress-~strain bechaviour
of the composite having ductile a-phasc continuous, The
tensile strength of the composite Oah may then be written

in tecms of the fracture strain Ec aS;
T

- (22 N '
ch = (3)£ u(O)BO(l TM)E:E/ EV“ + K VGJ s (2.32)

The application of cquation 232 to rheocast Al-Cu alloys

has been discussced in Chapter 5Se

2+l, EFFECT OF POROSITY ON TENSILE STRENGTH |

The quantitative influcence of porosity on the mechanical
properties is governed by its shape;, size; distribution
and the volumec fracﬁion. The shape, size and distribution

arc uswally not fully controllablce during processing and
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thercfore it is a common practice to correlatce the mechanical
" propertics directly tc the volume fraction or the total -~

porosity (61,72,73).

Stress inhomogencity and roduction in effective cross
sectional area arc the -two cffcoets by which a matcrial is
weakened by the presence of porese In rheocast alloys,; the
shrinkage porosity in castings is low becausc the mectal
is alrcady partially s61id before it enters into the mould.
Large porosity in.such castings may_resultlfrom trapped
air cither becausc of turbulence during mould filling or
because of vortex foxmation durxing stirringe Thesc pores
arc nomally spherical in shape. In this scction thefefore,
a theoretiéal analysis of the role of uniformly distributed
spherical pores in material weakening has been presented so
that the dgtcrioration of tensile strength duc to porosity

may be quantitatively cstimateds

Consider a specimen of cross~scctional arca AO
subjected ta a tensile foree Fe If the specimen contains
randomly distributed sphoerical pores of average radius

Rv’ the numgcr of pores per unit arca, Np, on a planar soct-
v . : .
ion equals #-2—2, where VP is the volume fraction of porcse
e" RS |
The total number of porces on the cross-scection of the
3Vph
(@]

on RZ

Now, let the cross-scoction of the specimen be divided

_specimen ig thercfore equal te

into the same number of cclls as the number of pores with
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an averagc cell radius R such that cach cell sharcs a
pore of average radius'rb- Fig.2.2 depicts the structure
of such a cclle It has been assumed that beyond a distance
of Rp the damage by the pore has no influence and the
material is bearing as much load as it would have done
without the pore. It is generally not possible te definc
Rp precisely but in order to construct a workablce model

it is assumced that RP = n ;p- Ihe paramctci n is greater

© than one and depends largely upon the inhercnt charactoer-

istics of thc matcriale

The load bearing capacity of thec material decrcascs
as one appiroaches closer to the hole. It is thercfore
assumed that the force £{r) carried by unit arca of the
material within the weakened zonc varics exponentially

according to the relation,

, r-r
O-an; "'""‘ER ~r

f(r) = o K o

v

ces (2.33)

whoere Oﬁ is the uniform stress cutside the weakened zone

and K is a weakening factore The magnitude of K is limited
to 0" K < l. The form of ccuation 2«33 has becn so sclected
that it satisfies the condition £f(r) = K Om at r = Iy and
f(r) = O at r = Rp.(ﬁigyg.g(b)).

4

From cquation 2¢33, the foree df carricd by an

element dr within zonc & may be calculated as,
r-r
df = 2% r dr O K ¢ 2 X B

’ . . 0,.‘ (203[4.)
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Intcgration of cquation 2+34 within the limits r = I to

r = Rp gives the total forxce £ carried by Zonec A. Thus,

2 2, K=1
£, = 2B O 17 [ (a- 1)( )+(n 1) Q(ln K)2 = K)j
ver (2035)

The force fB‘ carried by zone B of the cell is given by,

= O %(R®~n2r?) _ voe (2436)

The total force F applied to the specimen is obtained by
“adding equations 2.35 and 2«36, and multiplying by the

total number of cells on the cross sectione Thus,

2
-l '
= 3V 2-[ (a1 (% >+<n 1)2(-K )]
+ 3-VPAOG“ (-—-—-—- ~ n? -R-) voe (2-37)
Ry R
2 B
r R2
—% and == can bc determined cxperimentally. For a random
Rv R 2
dlstribut:z.on however it can be shown that -—g % and
2 R
2- =&~ . Putting thesg values in equation %.37 and re-
Ry 3V
arranging we get,
_5:_ _ - .2_ - K 1
» = Q. O'En‘ 2(n=1)(3= K)
- 2 1.y
2(n—-1) (( =3 - ln K)]VP ces (2:38)

It is now assumcd that the material fails when O”m equals 0’(’3.
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the tensile strength of the porc frec material, The
tensile strength of the material containing pores is given

by O;r= % and thereforc cquation 2.38 may be rewritten as,
o

x . .
P _ TR <3 . 1y2¢K=1 1. y=miE
o (1n K)
! vee (2439)
where P is the total porosity. ve

If the coefficient of porosity tcym is represented by o,
equation 2439 may be written as,
q;:-l < e ' ( 40)
a: = -a,(/, p). ese \2ely .
o represents the magnitude of weakening for cach percent
of porosity and depends upen n and X. Fige2+3 shows the
idowoakening diagram which reveals that for thc same weaken-
ing, iece same d valuc , & number of combinations of h and
K values exist and therafore, it 1is no£ possible to obtain
the values of n and K straightforward even if thc valuc of
& is experimgntally knowns Nevertheless; Fige2e3 is signifi-
c¢ant in that it illustrates that for a given valué of n, the

maximum weakening,; isce

Qmax is fixed and is indcpendent of

Ke

The above analysis provides ue with a two paramcter
formal cquation forxr fitting the oxperimental datae This
highly simplistic model equation predicts that the variaticn

of tensile strongth with porosity is lineare The limiting
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porosity level upto which this model is valid can be
readilyzfound out by imposing the condition R, = Re
r 2
i -"B"_'g -R-a-—:g._.- v 3 4 -~
Since R% % and Rs 3VP, the limiting porosity level PC

for the validity of the cquation (2+39) may be given by,

~ 390 |
P, = 5 e (2041)

n

Fbr‘fhe case Rp:>R, the pore-pore interaction tékes place
and therefore for porosity greater than PC, the model will

" not applys The application of this model in casc of rheocast

alloys has been discussed in Chapter 5e
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CHAPTER IIT
EXPERIMENTAL WORK

3.1 ALIOY SELECTiON

Aluminium-copper alloys in the commosition range of 4.5 to

10 weight percent copper fo;m the base for a large number

of industrially important alloys.The variation of copper
content leads to the variation of «~phase and eutectic
amounts in the cast alloys. Depending ubon the relative
amounts of these constituent phases, the strength is either

o ~phase controlled or eutectic controlled. As illustréted in
section. 2,1, for the,Al-4.5%'Cu alloy the strength is -phase
controlled and for the Al-10% Cu alloy it is eutectic controlled.
For a systematic investigation on the basis of concepts of
composite material, the need for investigating different

alloy compositions in the‘range of 4.5 to 10% Cu cannot be
overemphasized, Furthermore, from the binary equilibrium phase
diagram of Al-Cu alloy system shown in Fig.3.1l, it is apparent
tﬁat in this composition range, the gap bétween the liquidﬁs
and the solidus temperatures is sufficiently wide, the maximum
being at ~+6% Cu, which makes these alloys most suitable for
processing by ﬁheocasting method. On tﬁe basis of above

considerations, three alloys, Al-10% Cu, Al-6% Cu and Al-4,5% Cu
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have been selected for the present investigation,

3.2 ALLOY PREPARATION

The alloys used in the present work were made by melting
required amounts of aluminium and copper in a coke fired
pit-furnace.Bach heat consisted of about 10 Xg of the melt
which Qas thoroughly stirred with a rod to ensure uniformity
in composition. The melt was finally degassed with a Foseco
degasser and sand cast into bars of approximately 40x50x600 mm
size, Small pieces of about 0.5 Kg were cut out from these
bars for making the test castings. The'average compositions

of the alloys made have been shown in table 3.1.

3.3 RHEOCASTING SET-UP

A batch type rheocasting set-up fabricated for this work

has been schematically shown in figure 3.2. It mainly
comprises of a mélting unit, stirring and pouring devices.
The melting unit consists of a furnace which was constructed
by winding a 18 SWG Kanthal wire over a muffle of 125x125x260 wm
size, the total resistance of the wire being 30 ohms. The |
muffle has its one end open and the other end closed with

a hole in its centre. The 6pen end of the muffle formed the
top of the furnace which was mounted on a steel frame with
sufficient clearance from the floor so that the mouldAbould

be conveniently placed right below the furnace. A
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Tasle 3.1 Cahaunical analyées of alloys in weight percent

A}

b s v e &t

\\~Alloys

Elements . % Al-4.5%Cu ' Al1-6% Cu i A1-10% Cu
Copper 4438 6,20 10.20

Iron | 0.29 0.42 0.72 :
Silicon | 0.26 T 0,14 0.15
Manganese 0.00  o.,01 0.02
Magnesium | - - | -
Titanium 0.01 0.01 0.02

Zinc ' 0.07 _ 0.03‘ 0.09

Aluminium Balance . Balance Balance
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CSET-UP.




82

Pt/Pt~13% Rh thermocouple placed close to the muffle wall
was connected to a temperature controller, with a temperature
range of 0-1600°C, to maintain the temperature of the

furnace at desired level during melting., The current input

to the furnace was regulated with an auto-transformer.

for melting,a graphite crucible with a 10 mm hole in
its bottom was placed inside the furnace. The hole of the
crucible was plugged with a graphite stopper insertéd through
the whole in the muffle bottom. The stopper was held in
place witb the help of a lever as shown in Fig.3.2. The open
end of thé muffle was kept covered with a thick asbestos

sheet during melting.

The stirring of the melt was carried out with a stirrer
having 1 HP motor with a maximum rated speed of 4000 rpm,The
motor of the stirrer was held with a rigid grip right over the
furnace, A flat four blade impeller of 50 mm diameter, machined
out from a 3 mm thick mild-steel plate, was fastened at one
end of a steel rod, the other end of whic¢h was connected to
the shaft of the motor. The speed of the stirrer was varied
by.;egulating the power input through an auto-transformer. A
Strobometey capable of measuring speeds upto 18000 rpm was

used for measuring the speed of the stirrer.

For measuring the temperature of the melt, a
chromel/alumel thermocouple was used. The protective sheath

for. the thermocouple was made by drilling hole in a cast
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iron rod. The thermocouple encasad in the protective sheath
was introduced inside the melt and the tip of the thermo-
couple was held just above the impeller for measuring the
melt temperature during'stirring. The temperature was read
directly on a Leeds-Northrup, NM®. 8694 potentiometer, with a
Fahrenheit-SCéle. The graduation on the temperature scale

was of 10°F, but the galvanometer of the potentiometer
permitted readings accurate to 2.5°F.'The original temperature
readings in Fahrenheit scale have peen converted and reported

in the Kelvin scale,

The pouring was carried out by removing the graphite
stopper from the bottom of the crucible. The metal pouring
out of the crucible was cast in an open—t@p laboratory scale
split-mould made of steel. The size of the mould was 30x30x250 mm.
The mould was kept as close to the bottom of the furnace as
possible leaving only necessary clearance between £he top of
thé mould and'the bottom of the furnace for easy and unobstruct-
ed removal of the stopper. The ingot was finally cooled by

spraying water over the mould,

3.4 SELECTION OF PROCESS VARIABLES

- Two parameters, speed of stirring and pouring temperature,

were varied for making wvarious rheocastings. A close examination
of some of the published works on Al-alloys (13,14) revealed
that stirring rate below 300 rpm might not be advantageous

in producing uniformly distributed non-dendritic particulate
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structure characteristic of rheocasting.At the same time,

if very high stirring rates afe used, a vortex is formed
within the melt which cguses excessive entrapment of air_
resulting in very high porosity in the castings, It was
therefore decided to make castings at moderate stirring speeds.
For the Al~10% Cu and Al-6% Cu alloys, stirring speeds of

700 and 1000 rpm were employed. For the Al~4,5% Cu alloy, it
was intended to investigate in greater detail because it is the
most widely used Al-Cu alloy of industrial importance. For

this alloy therefore, stirring speeds of 500, 700,1000 and

1200 rpm. were employed, No restrictioq on the pouring
temperature was imposed except that the temperature was lowered
only to the extent upto which it was possible to make rheo-
castings without choking the hole of the crucible. No attempt
was made to optimise the process parameters as the objectiVe

" of the experimental work was to produce castings with varied
microstructure and porosity, so that sufficient data could be
generated for determining'their quantitative effects on the

mechanical properties.

3.5 CASTING PROCEDURE

For making rheocastings, éhout 0.5 Kg of thealloy was melted
in the graphite crucible inside the furnace maintained at
1030 K, After melting, the furnace was switched off and the
melt was allowed to cool, While the melt cooled, the impeller‘

of the stirrer was kept just above the melt for preheating.The
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temperature of the melt was continuously measured with the
Chromel/alumel thermocouple. When.the temperature came down

to the liquidus temperature of the alloy, the impeller was
introduced into the melt and the motor of the stirrer was
secured tightly in the fixed grip just above the furnace.

The liquidus temperatures of Al-10% Cu, Al-6% Cu and Al-4.5% Cu
alloys were taken as 905K, 918K and 924K respectively from
Pigure 3.l. The stirring was then started and continued through
the solidification range of the alloy. At the desired tempera-
ture, the stirring was stopped and the stopper was removed. The
metal was cast by collecting the melt directly into the

ingot mould kept below the furpnace. In order to examine the
structure of the slurry, some samples of the slurry were sucked
out with a Corning glass tube fitted with a horn-bulb, and

quenched in water,

Some castings were also made without stirring which were
poured from -~50K above the liquidus temperature. These
castings were termed as conventional castings and were used

for comparison of properties with those of rheocastings.

Fig.3.3 represents a schematic diagram of a typical
ingot cast by the above procedure and the scheme of sectioning of
of the ingot for making different measurements. During some of
"the preliminary trial'experiments, the microstructures at
all the sections, AA', BB' and CC' were examined. However, no

apparent difference in the microstructures at these three
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sections were discernible and therefore, for all subsequent
castings only the microstructures at. section AA' were

examined. The specimens for mechanical properties evaluation
were machined out from AB and BC portions of the ingot. The

top portion above the section CC' was resectioned longitudinally

at DD' for measuring the length of the shrinkage-pipe formed.

3,6 METALLOGRAPHY

The lowest portion of the ingot at Section AA' (Fig.3.3)

was prepared for metallographic examination using standard
metallographic procedure,The cloth polishing was carried out
on a blazer-cloth using pblishing grade alumina-suspaﬁsion-.Ih@~
final polishing was done by eiectrolytic method on 'BLYPOVIST'
electropolishing machine using standard electrolyte consisting
of a mixture of 30% nitric acid and 70% methanol. During
electropolishing the surface of the sample was continuously
:observed through the microscope attached to the electro-
polishing machine till the polishing progressed to the desired
extents The electfopolishing time varied between 10 to 2C s
for different sampless After polishing,; all the sanples wére
etched with Kellerts reagent for about 10S8,; washed, dried and
finally examined under !METAVERT! optical microscope.Typical
microstructural featu;es of all the samples were photographede.

The micrograghs have been presented and discussed in Chapter 4 ¢

The stereological measurements of the microstructural

features were carried out to detemine the volume fraction,
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size and distribution of procutectic a=-particlces in the
rheocast samplese The volume fraction of a-particlcs was
measured by tpoint~counting! methode A grid containing 36
points was inserted into the cye-piccce of the microscopce
The magnification of the microscope was so adjusted that
maximum resolution could be obtained and at the same time
the condition of not more than one grid-point in one
particle vas satisfied. The number of grid~points falling
on «=particlcs were counted at random locations. For cach
sample 28 such observations wcre takeneThe volumc fraction

. was then calculated from the relation,

Vg = 4= | ces (3e1)

where V, is the volume fraction and Ni is the number of grid-
points falling on «=~particles in any particular

obscrvationes

The sizc of u-barticlcs was mcasured with a micro-
scale inserted into the eye=piecc of the microscopee. The
microscale was first calibrated with a given standar& at
the magnification at which the measurcments werc mades
Cne division of the microscale mcasured 5«4 Mm of the
.objcct at a magnification of 2.C. One hundred a~-particles were
randomly measured on each sample and the average size (5)
and standard‘deviation (C”) were calculated using standard

statistical proccdures (74). The results of the stereological
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measurements are prescntced and discussed in Chaptcer Le

3.7 PCRCSITY AND SHRINKAGE-PIPE MEASUREMENTS
Since the estimation of porosity was aimed at determining
its influence on thec mechanical propertics, all the samplecs
used for mcechanical testing were cvaluated for porosity
levele The porosity value of eacﬁ casting was determined
by taking the average of porosity level of all the samples
taken from that castinge For detemmining the porosity. first
the densit§ of cach samplc was mcasured by usual weight-
loss mcthods From the observed density (PO), porosity
values (/+P) were calculated according to the relation,

% P =p-t—h‘.-):f-9- x 10 ‘ eoe (3e2)

th ‘

where pth is the theorctical density of the alloys Theorctical
density was calculated from thce known densitics of ccuilibe
rium constituent phascs of cach alloys. The calculated theo-
rctical densities of Al-4s57e Cu, al-6% Cu and Al-1C% Cu

alloys arc respectively 2839 kgm.B, 2885 Kgm'Bvand 3CC8 Kgm'sq

The formation of shrinkage~pipe in ingots is inevitable
duc to shrinkage of licuid metal during solidifcations The
portion of the ingot which contains the shrinkagcvpipe is
ndrmally chopped o0ff before defomation processing oporations

and thercfore, the actual yield of the metal is lowcrede
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.

In rheocasting since the metal entering into the ingot

‘mould is already partially solid; a smaller shrinkage~pipe
and therefore higher yield of the ingot metal is anticipateds
From the published literaturc; it appears that no investi-
gation relaﬁing t0 this aspcet of rheocasting has so far
been carried oute Though this did not fall within the scope
of~the present investigation,; it was felt desirable to make
some preliminary obscrvationg in this regarde The ingot

casting yield was calculated accoxding to the relation,

casting yield ('£) = EL%TK x 100 eee (3.3)
vhere { is the length of shrinkage-pipe and L is the total
length of the cast ingot. Some obscrvztions for Al-4e5% Cu
alloy have been given in table 3«2e Though no systematic
variation of the casting yield with process parameters has
been observed; as comparcd te conventional c¢asting , higher
yield'in casec of rheocastings is cvidente The absence of

any direct correlation of casting yield with process
parameters is probabiy duc to random porosity behaviour
which is kXnown to compensate for the volumetric shrinkages
Nevertheless; thesc picliminary oBservations do indicate

that another potential application of the rheocasting process
may be in the production of ingots required for wrought end-

products duc to higher yicld of the ingot metal.
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- Table 3.2 Effect of Processing Condition on -
Casting Yield of Al-4.5% Cu Alloy

A —.

Sl.No | stirring Speed { Pouring Temperature !Casting Yield
i (r.p.m) i (K) { (%)
1. - 700 922 94,7
2, 700 919 93,1
3. 700 914 98.6
4. " 700 | 911 93.1
5, 1000 919 98-6
6. | 1000 916 95.0
7. . 1000 | 914 93,3
8. 1000 911 96. 4
9, 1000 908 | 94.8
10. | 1000 905 92.5
11. Conventional 960 86.8

Casting '

12, Conventional 960 88.0

Casting
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3«8 MECHANICAL PROPERTIES MEASUREMENTS

Hardness,; impact and tensile tcst§ were carried out for the
evaluation of mechanical properticse Hardness indentations
were made on same samples which werce used for stereological
measurementss Before tgsting, the surface was first finished
with 4/0 grade emery ‘paper and then lightly polished on
blazer-cloth using polishing grade alumina~suspension. e
Hardness measurements were carried out on a Vicker-Brinell
hardness testing machige using Vickertsscale with 5 kg of loads
On each samplc, five observations were taken the average

of which constituted one readings

The impact tests were carried out on an impact testing
machine using a.standard Izod impact notched specimene
One sample from the section AB and two from Section BC were
machined out and the average Izod value of the three
specimens were determmined which constituted one readings
During the initial trials for A1~107. Cu alloy, it was
observed that both hardness and Izod impact values were
insensitive to processing conditions as shown in table 3.3.
In view of thesc observations, hardness and impact tests
were subscquently abandoned for Al-6%. Cu and Al-4.5"% Cu

- alloye

Tensile tests were performed on a motorized Hounsfield
"tensometere The dimensions of the test piece have been shown
in Fige.3.4. All the spccimens used for tensile tests were

machined out from section AB of the ingot (figure 3+3).
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Takle 3,3 Effect of Processing Condition on
Hardness and Impact Strength of
Al-10% Cu Alloy

=~

H

: ]
S1.No, | Stirring Pouring Tempera-;Izod Impact

i | Hardness
Speed i ture (K) {Value (Nm) | (VHN)
(r.pem.) | :
1, 700 900 2 77
2. 700 896 2 85
3. 700 ' 894 2 83
4. 700 892 2 88
5. 700 886 2 80
6, 700 - 880 2 83
7o 1000 ) 900 2 87
8. 1000 898 2 83
9. 1000 894 2 82
10, 1000 892 2 85
11, 1000 886 2 83
12, Conventional 950 . 2 81

Casting
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Geperally three specimens were tested and the average of
the three constituted one reading. All tests were carried
cut on a load~scale of 0~500 kg with matching beam. Both
ultimate tensile strength (UTS) and percent elongation

were detemined. All the strength values were obtained

in Kg mm“2 and have been reported after conversion to
MNm”2 unite During the tensile test, load extension curves

were also recorded on an automatic recording unit attached
to the tensometere The results of the tensile tests have beeh

presented and discussed in Chapter 5e

3.9 SEM FRACTOGRAFPHIC STUDIES

In order to gain an’insight into the fracture behaviour,
speciméhs fractured in the tensgile tes%s were examined under
Philips 501 Scanning Electron Microscope {(SEM)with a maximum
rated resolution of 70 A°. A small sample from the fractured
specimen was carefully cut'to avoid any damage to the
fractured surface. The surface opposite to the fractured
surface to be examined was wheel-ground to make it planes
The sample was then glued carefﬁlly in the specimen holder
of the SEM by silver pastes The fractured surface was
scanned ﬁﬁoroughly and the features of interest were
photographed. The resultis of the fractographic studies have

been presented in Chapter Se



CHAPTER ~1IV

RESULTS AND DISCUSSION«MICROSTRUCTURE

4« 1 INTRODUCTION

The rheocasting process adopted for the present investigation
allows the solidification to complete in two stagese The first
stage is the primary solidification stage in fhe crucible when
the melt is vigorously stirred and,; the second stage is of
secondary solidification which takes place after the primary
solidification product is poured into ihe mould. The overall
rheocast ﬁicrostructure is therefore governed by the effects of‘
bothvthé stages of solidifications In case of rheocastings,the
proeutectic a-phase consists of two types of particles -

one, those which nucleate during primary solidification (during
stirring) in the crucible and grow during the primary as well

as the secondary solidification in the mould (primary particles),
and the other; those which nucleate and grow independently
during secondary solidification in the mould (secondary
barticles).ln this chapter,. the results o6f the optical microscopic
" study of overall cast microstructure of rheocast Al-Cu alloys
have been presented and discussed with a particulaf emphasis on
the shape and size distribution of the proeutectic a-

phasees The results have been analysed on the basis of
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possible conditions prevailing during the two stages of
solidification and an attempt has been made to characterise
ﬁhe rheocast microstructures vis-a-vis process parameters.
The basis of selection of process parameters for different
'alloys has been indicated in Section 3.4, Results peftaining
to Al-10% Cu,ALl-6% Cu and Al-4.5% Cu alloys have been
presented in sections 4.2, 4.3 and 4.4 réspectively. In
section 4.5; the three sets.of results bave'been cbmpéred
and discussed to elicit relevant information on the role of

copper content in influencing the rheocast microstructures.

4.2 RESULTS: MICROSIRUCTURE OF Al~10% Cu ALLOY

The opticél miCrographs of various castings of Al-10% Cu
alloy have been shown in Figs.4.l to 4.6. Figure 4.1 shows
the microst:ucture of conventional casﬁing whereas Fig.4.2 to
4.6'depict the microstruetures of rheocastings. A comparison
of conventionally cast and rheocast microstructures clearly
reveaisvtbat the morphology of proeutectic ,dsphase is
significantly modified by.the rheocas&ing processrand its
variables, namely the pouring temperature and the stirring
B speed. The microétructure of conventional césting in Fig.4.1l
"éhows the dendrites of proeutectic - g-phase whereas the

microstructure of rheocastings in Figs.4.2 to 4.6 are
characterised mostly by the non~dendritic morphology: of
@-phase, though the formation of dundiritnes e a2 linmitod

cxtont is also ¢vidont in savsral samples. Further comparison
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FIG.4.1 MICROSTRUCTURE OF CONVENTIONALLY
CAST Al-10% Cu ALLOY POURED FROM
950 K. Mag. X 200




FIG. 4.2 MICROSTRUCTURE OF RHEOCAST AIl-10 %

Cu ALLOY STIRRED AT 700 R.P.M. AND

POURED FROM (a) 900 K (b) 896 K
Mag. X 200

99




FIG. 4.3 MICROSTRUCTURE OF RHEOCAST Al-10 %

Cu ALLOY STIRRED AT 700 R.P.M. AND

POURED FROM (a) 894 K (b) 892 K.
Mag. X 200
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FIG.4.4 MICROSTRUCTURE OF RHEOCAST Al-10%%

Cu ALLOY STIRRED AT 700 R P M AND

POURED FROM (a) 886 K (b) 880 K
Mag. X 200




 FIG.4.5 MICROSTRUCTURE OF RHEOCAST AL-10 %

Cu ALLOY STIRRED AT 1000 R.P.M. AND

POURED FROM (a) 900 K (b) 898 K.
~ Mag. X200

102
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FIG.4.6 MICROSTRUCTURE OF RHEOCAST Al-10 %

Cu ALLOY STIRRED AT 1000 R.P.M. AND

POURED FROM (c).894 K (b) 892 K.
Mag. X 200
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FIG.4.7 MICROSTRUCTURE OF RHEOCAST Al-10 %

- Cu ALLOY SLURRY STIRRED AT 1000 R.P.
M. AND WATER -QUENCHED, 898 K,
(a) Mag. X200 (b) Mag. X500
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of microstructures of rhecocastings made at 7CC r.peme
(Figselie? to 4e4) and at 10OCO repeme (Figselie2 to 4+5)
reveals that the tendency of dendrite fomation is higher

¢

at 10lC repems especially at higher pouring temperaturcss

The variation of average a-particle size (D) with
pouring temperature at two stirring rates 7CC r.pemes and
-1CC0 fopoma has been shown in Figsele8 and 4.9 respectively.
It is obscrved that D incréasés with the increasc in pouring
temperature at both stirring speeds. However; a comparison |
Oof Figse 4.8 and 49 revealé that the speed of stirring does

not have any significant effect on D.

Figures a-luland 4+11 represent the ﬁypical frecuency
distribution curves of measured a-pértiéle size for rheo-
castings made at 700 repeme whereas Figse4.12 and 413 are
for rheocastings made at 10CC r.oeme These curves clearly
show that though'éfirring-fate has no sigqificant effecty
-the size distribution is broader at higher pouring temperature
than that at lower pouring temperaturee The variation of size
distribution with pduring temperature as indicated by
standaxd deviatioﬁ (U‘) and the coefficient of variation
(@'/5) has been shown in Figs-h-lh and 4+15. It is observed
that both & and /D increase Qith increase in pouring

temperature.
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l4+3 RESULTSt MICROSTRUCTURE OF Al-6‘/ Cu ALLOY

The optical.micrographs-of various castings of Al~67..Cu
alloy have been shown in Figse4.16 to 4.21. Figure 416
shows the microgtructure of conventional casting ' whereas
Figse 4.17 to 421 depict the microstructure of rheocastings
From the comparison of the conventionally cast and rheocast

- microstructures it is evident that the morphology of
proeutectic a~phase is significantly modified by the
rheocasting processs The microstructure of conventional
casting in Fige«4.16 shows the dendrites of «~-phase whereas
the microétructures of rheocastings in Figse.4.17 to 4.21 are
characterised mostly by the non~dendritic moxphology of
w~phase, though the formation of dendrites ;:o 8 limited
extent is also evident in several samples. These observationsl

are similar to those observed for Al-1C/s Cu alloy.

Generally, it is not possible to distinguish betweén
the two types of particles = primary and seqondary ones,‘by
vconventional metallography when their sizeé are of the same
order of magnitude. However; at lower pouring temperatures
where some of the primary particles aie of abnomally large
size, such as the type of particles marked 'P! in Fige4.18(b)
and L4e2l, these primary particles are clearly identified
from the rest of the particles. The microstructure of
water-quenched slurry shown in Fig.4.21{(b) confimms that
abnormally large particles 'p' observed in the rheocast

samples are primary particlese
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FIG. 416 MICROSTRUCTURE OF CONVENTIONALLY
CAST Al-6 % Cu ALLOY POURED FROM
950 K. Mag.{(a) X50 (b) X100
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FIG.417 MICROSTRUCTURE OF RHEOCAST Al-6 %

Cu ALLOY STIRRED AT 1000 R.P.M. AND

POURED FROM (a) 903 K (b) 898 K.
Mag. X100
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(b)

F1G.418 MICROSTRUCTURE OF RHEOCAST Al-6 %
~ Cu ALLOY STIRRED AT 1000 R.P. M. AND
POURED FROM (a) 895 K (b) 886 K.
Mag. X100 |
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(a)

(b)

F16.419 MICROSTRUCTURE OF RHEOCAST Al-6 %

Cu ALLQOY STIRRED AT 700 R.P.M. AND

POURED FROM .(a) 905 K (b) 898 K.

Mag. X100
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F1G.4.20 MICROSTRUCTURE OF RHEOCAST Al-6 %

Cu ALLOY STIRRED AT 700 R.P.M. AND
POURED FROM 890 K. Mag.(a) X100
(b) X200
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FIG.4.21 MICROSTRUCTURE OF RHEQCAST Al-6 %
- Cu ALLOY STIRRED AT 700 R.P.M. AND
POURED FROM 886 K. (a) STRUCTURE OF

CAST'INGOT (b) STRUCTURE OF WATER-
QUENCHED SLURRY. Mdg X100




The variation of a-?article size (D) with pouring
temperature at the two stirring speeds of 7¢O repem. and
10CC repems has been shown in Pigse4+22 and 4:23 respectivelye.
It is observed that at both stirring spceds b remains nearyy
unaltered at higher pouring temperaturese Below ~- 890 K the
size of some of the particles increases abruptly to a large
values Such a situation corresponds to the duplex micro-
. structure depicted in Fig-ﬁ-lB(b) and 4.21{(a) where the
abnomally 1argé particles have been maiked as '»'. Though'\;
the average size of such particles is much higher; the
average size of rest of the particles (small particles) is
nearly of the same order of magnitude as that at higher
pouring teomperaturese A comparison of Figs.4.22 and 4«23
further reveéls that the particle size is smaller for higher
.‘sfi;ripg rate at all pouriﬁg temperaturese This effect of
stirrihg’rate is more pronounced at lower pouring temperatures

than at higher pouring temperaturess

Figures 424 and L4.20 reoresent the typical

frequency distribution curves of measured q-particle size

for rheocasting made at 1iCO repe.me whereas Figsel.26 and
4+27 are for rheocastings made at 7.C repem. These curves
reveal that at stirring rate:of lOCQ‘r.p.m,, the size
distribution is similar at lower as well as higher pouring
.témperatures, but in case of 700 repsm. the size distribution
is broader at lower pouring temperatures Figures 4.28 and

44e29 are intended to show the effect of pouring temperature
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on size distribution as indicated by the standard devia-
tion (O ) and the coefficient of variation (0 /D). It is
observed that O and 0 /D are not significantly influenced
by pouring temperature except that at lower temperatures

and lower stirring speed, the standard deviation O is highere-

L+l RESULTS: MICROSTRUCTURE OF Al=f+5' Cu ALLOY

'The optical micrographs of various castings of
Al=4+5"% Cu alloy have been shown in Fige4+30 to Le37.
Figure 4+30 shows the microstructure of conventional casting
whereas Figse«f4+31 to 437 depict the typical microstructures
of rheocastings. A comparison of conventionally cast and
rheocast microstructures clearly reveals that significant
modification in the cast microstructure may be obtained by
the rheocasting processs The microstructure of conventional
casting in Fige4 30 shows the dendrites of a-phase while the
microstructures of rheocast samples are characterised by
mostly the non-dendritic morphology of a-phase, though the
dendritic morphology is also evident to a limited extent in
several samplese. At lower tenmperatures some of the primary
particles such as the type marked 1P! in FigeLs34 are clearly
identified from rest of the particles. These observations-
are similar to the observations made in case of Al-6"/4 Cu alloy
rheocastingss Figure 435 shows selected regions within some
of the large 'P! particles and it may be observed that some

boundaries are present within these particles. These boundaries
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(b)

FIG.4.30 MICROSTRUCTURE OF CONVENTIONALLY

Cu ALLOY POURED FROM

360 K. Mag.(a) X100 (b) X 200

%o

-4.5

CAST Al
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(b)

FIG.4.31 MICROSTRUCTURE OF RHEOCAST Al-45 %
Cu ALLOY STIRRED AT 1000 R.P.M. AND
POURED FROM 919 K- Mag. (a) X 100
(b) X 200 . | -




()

FIG.4.32 MICROSTRUCTURE OF RHEOQCAST Al-4.5%
Cu ALLOY STIRRED AT 1000 R.P.M. AND
POURED FROM 916 K. Mag.(a) X 100
(b)" X200 . .
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FIG. 4.33 MICROSTRUCTURE OF RHEOCAST Al- 45%
Cu ALLOY STIRRED AT 1000 R.P.M. AND .
'POURED FROM (a) 914 K (b) 91 K.
Mag. X 200
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(a)

16.4.34 MICROSTRUCTURE OF RHEOCAST At-4.5%

Cu ALLOY ‘STIRRED AT 1000 R.P.M. AND
POURED FROM (a) 908 K,Mag.X50 !
905 K, Mag: X 100
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(b)

FIG.4.35 MICROSTRUCTURE SHOWING THE EVI-
DENCE OF BOUNDARIES ( SHOWN BY
ARROW ) WITHIN LARGE PRIMARY PAR-
TICLES (P) SHOWN IN FIG 4.34(b).
Mag.(a) X200 (b) X500 |
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(b)

!,5‘1'6.4':35.'chmsmucrURE OF RHEQCAST AL-45% |
i Cu ALLOY STIRRED AT 700 R.P.M. AND ~
" POURED FROM (a) 922 K (b ) 919 K.

Mag.X200 |
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F16.4.37 MICROSTRUCTURE OF RHEGCAST Al- &5%

. Cu ALLOY STIRRED AT 700 R.P.M. AND.
'POURED FROM (a) 914K (b} 911 K.
Mag. X 200 |
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provide an evidence that these particles have formed Ly

particle coalescence.

Fiqures 4.31 to 4.34 and Figs. 4.36 to 4.37 represent
the microstructures of rheocastings stirred at 1000 r.p.m.and
700 r.p.m. respectively. From a close examination of these |
mibrographs two important effects of the process parameters
are worthnoting, Firstly, the dendritic morphology and the
extent of segregation are more marked at higher pouring
temperaﬁures (compare Fig{4.31(a) with Fig.4.34(b) and
Fig.4.36(a) with Fig.4;37(b)). The extent of segregation has
been identified from the abundance of black region in the
microstructures. The segregation is markedly low at lower~
stirring speed especially at lower pouring temperature (compare

Fig.4.33(b) with Fig.4.37(b)).

The variation of average :/~particle size (D) with
pouring temperature at various stirring speeds has been
shown in Figs.4.38 to 4.41. At all stirring speedé. it is
observed that D is smaller at higher pouring temperatu:és ahd
- larger at lower pouring temperatures. However, at lower
stirring speeds, the rate of increase of D with decrease in
pouring temperature is much greater than that observed at
higher stirring speeds. In the duplex structure, the variation
Qf the size of large particles 'P' and the rest of the .

particles as shown in Fig.4.40 is qualitatively similar to the

trends observed in case Al-6% Cu alloy. However, in the
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present case such a trend has been observed only for stirring

at 1000 r.p.m.

Figure 4.42 is intended to show the effect of stirring
rate on D Two temperatures 922K and 911K have been arbitrarily
chosen to examine the effect of stirring rate at a higher'
pouring tembérature and at a lower pouring temperatute. It is
observed that at higher pouring temperature, the stirring.rate
has no significant éffect on D, However, at lower pouring

temperature, D decreases with increase in stirring rate.

Figure 4.43 to 4,46 show typical frequency distribution
curves of measured L ~particle size for rheocastings made
at 700 r.p.m. and 1000 r.p.m. Figures4.47 to 4.50 are intended
to show the effect of pouring temperature at various stirring
speeds on the size distribution of cK-particles as indicated
by the standard deviation (O ) and the coefficient of
variation (6‘/5). In general, it is observed that the variation
of é‘is similar to the variation of R with pouring temperature.
At stirring rates of 500 r.p.m. and 700 x.p;m.,'é"increases
with the decrease in pouring temperature. At stirring rates
‘of 1000 and 1200 r.p.m., O remains unaltered at higher
pouring temperatures but increases with decrease in pouring
temperature at lower pouring temperatures., It is fu;ther
observed that at low stirring speeds of 500 r.p.m. and 700 r.p.m.,
6'/5.increases with the decrease in pouring temperature, but

at higher stirring speeds of 1000 r.p.m. and 1200 r,.p.m.,
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fJ' /D does not vary significantly with pouring temperature.

Figure 4,51 is intended to show the effect of stirring
rate on O at a higher pouring temperature 922K and at
a lower pouring temperaiure 911 K, It is observed that at
922K the stirring rate has no significant effect on o, but
at 911K it decreases with increasing stirring rate. Figure 4.52
showé the variation of C’/f) with stirring rate at 922K and
911K, The effect of stirring rate at 922K is insignificantbut-
at 911K, O /D appears to decrease slightly with increase |

in stirring rate.

4.5 DISCUSSION: MICROSTRUCTURE OF RHEOCAST Al-Cu ALLOYS

The three sets of fesults on the microstructural features of
gheocasﬁ Al-10% Cu, Al-6% Cu and Al-4.5% Cu alloys presented |
in sections 4.2, 4.3 and 4.4 respectively clearly show that

the characte;istic dendritic morphology of proeutectic;<;phase
obtainable in conventional casting is transformed into non-
dendritic spheroidal morphology by rheocasting process. However,
some dendrites have been observed in the rheocast samples
especially at higher pouring temperatures and higher stirring
rates. The formation of these dendrites in rheocast sampleé

- may be attributed either to the conditions prevailing during
the primary solidification or during £he secondary solidification
in the mould. A typical water quenched slurry structure has

been shown in Fig.4.7. Though the tendency of dendrite
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formation is cuite evident, it is difficult to bring out

as to whether this tendency is dﬁe to primary solidification
or secchdary solidification as the particles formed during
primary solidification and during secondary solidification
-are not distinguishable from each other, Since the formation
of dendrite is more marked at higher pdufing temperature |
where the extent of soclidification in the mould is more.it
is reasonable to assume that the subsecuent solidification

in the mould is primarily responéible for this effect.

In a stirred melt when solid particles are continuously
forming thé particles always pass through such zones where
the shear forces are weak and the colliding particles may
remain in contact with each other for a longer time without

" @isruption by the fluid forces. This contact time may be
sufficient to result in the formation of bonds between the
particles by sintering whicQ eventually leads tovthe formation
of a few particles much iarger in size than the particles
from which they fbrm. The contact time between the particles .
is increased at lower temperatures because of higher solid |

) c&ntent in the melt.This phenomenon of pafticle coalescence
.and sintering results in the formation of abnormally large
primary particles marked 'P' in Figs.4.18(b), 4.21(a) ana
4,34, A further evidence of particle coalescence is obtained
from Fig.4,.35 which shows the boundaries within the large
pParimary particles. Apaydin etlal(l4) have also observed

such boundaries in case of Al-Mg alloys. Though their findings
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remain inconclusive, they consider that such ﬁoundaries are
formed by particle coalescence, Ichikawa and Miwa(27) have
also expressed the possibility of particle coalescence during
stirfing. Even in unstirred melts, Oblak and Rand(28) have
shown that the priméry particles grow by particle~coalescence
mechanism in the liquid-solid region., From the foregoing, it‘
appears that large primary particles are formed by particle.

coalescence mechanism.

It is well kno&n that stirring increases the cooling
rate of the melt where the cooling rate is not precisely .
controlled and the melt is allowed to cool naturally as in
the present investigation. In Fig.l.lo'it has been shown that
- a thermal gradient within the bulk of the liquid might exist
when the cooling rate is high which is expected to favour
dend:itic growth even when the melt is vigorously agitated.
It has also been observed by Flemings(56) that at higher
cooling rates, at least abdve a certain minimum, dendritic or
semi-dendritic particles instead of.chéracteristic spheroidal ones
are formed in caée of‘rheécastings of aluminium, bronze and steels.
It appears, therefore that the larger extent of dendrite forma=- |
tion at higher stirring rate is the manifestation of increase

in cooling rate,

From the comparison of the results of Al=10% Cu,
Al-6% Cu and Al-4,5% Gu alloy it is evident that the large
primary particles 'P' have formed only in ¢ase of low

copper alloys, i.e. Al-6% Cu and Al-4.5% Cu alloys. The
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absence of such particles in case of Al-10Y7» Cu alloy may
be attributed to the effect of copper content on the growth
'kinetics of @-phases Chien and Kattamis (75) have shown
that the growth rate of a~phase in Al-Cu alloys dec?eases
witﬁ the increase in copper contente It is,,thereﬁore, not
unreasonable to assume that when the copper content is high,
the neck fommation between the colliding particles will be
at a slower rate leading to the formation of weaker inter-
particle bonds Such a bond can be easlily broken by the

fluid forces preventing the particies from coalescences In
contrast to this, the faster neck growth in low copper
alloys will result in stronger bonds not easily disrupted
by fluid forces and thus; the particles coalesce.The absence
of any large particles fommed by coalescence in Al-20%. Cu
alloy (13) and Al-107/. Cu alloy and the occurrence of such
particles in Al-67/. Cu alloy and Al-4.5% Cu alloys provide
adequate evidence in support of the role of copper content
in particle coalescence phenomenone At this stage, it is
also pertinent to examine the effect of stirring rate on
the pparticle coalescence phenomenons When a lowef stirring
rate is employed, the fluld forces are weaker, neutral

zones within the liquid extend over to a larger region and
the particles remain in contact with each other for a longer
timee It follows then that at lower stirring rate, particle
coalescence will be favoured even when the solid fractiqn

in the slurry is not highe However, this can happen only
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when the growth rate is high, iee. in case of lower copper
alloys such as Al-4.5/+ Cu alloy. A possible consequence

of these facts is that at low stirring rates large scale
paxticle coalescence will take place and it will not be
possible to identify the particles formed by coalescences

In contrast to this, when higher stirring rates are
employed, the fluid forces are strong; neutral zones extend
o&er to 2 limited region and colliding particles remain

in contact only for a short times Thus, with increasing
stirring rate; the minimum solid fraction required for
successful coalescence is increased and only a few coalesced
particles are formed which are casily identified in the
microstructure. This explains the results of al-4.57. Cu
._.alloy that large primary particles 'P! are formed only

at 1000 repeme For 1200 repeme even for pouring temperature
of 9C8K, the duplex structure has not been observed. This

is because the particle coalescence is postponed to much
highér golid fraction at this stirring rate. Therefore; it
is likely that the duplex structure in case 1200 rapems will

form only when the temperature is brought below 9C8Ke.

In the normal solidification of a single phase binary
alloy; the segregation of the solute results as a consequence
to the non-equilibrium nature of the solidificatione In a
stirred melt, the segregation equation in terms of liquid

composition is given by (45),

) )
CL -"—b CO(l"'fs)[:k ..l] es e (4.1)
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where CL is the bulk liquid composition, Co is the

initial composition of the alloy, fs is the fraction of
so0lid particles fomed and k' is effective partition
coefficiente The effect of stirring rate on segregation is
~related through its effect on k. If k' for a low stirring
speed be designated as (k')LS and for a high stirring
speed (k')HS, the segregation equat;on during the prinary
solidification 41 may be rewritten as,

Coe"), -1 -
(Cp)pg = Col1-£,) 15t es (4e2)

("), -1 | '
CO(l"‘fs)E HS j : : se e (!+03)

il

(€ )ys

whexre (CL)LS and (CL)HS are bulk liquid composition after

£, amount of solid has fommed at a low stirring speed and

at a high stirring speed respectivelys Combining equations

he2 and 4e3, .
: -, 1

| L), =00 ) ]

LS Lg HS

mv'—ﬁ (1-?5) - ‘ “or (Loly)

(cL)

It is known (45) that under constant growth rate conditim,
x' is minimum when the -stirring is maximum, and therefore,
it may be assumed that 0&')Ls'is greater than,(K')HSg It
follows then that [J(c')g=(k'); ] is a positive quantity
and since (1-£.) is less than unity, (Cp) o/(Cplyq is also
less than unity, ises (Cpliq ¢ (CL)HS. The final solidi~

fication of the liquid having composition (Cp);q or (Cplye
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obtained after primary solidification, occurs in the mould
(secondary solidification). Since the composition of the

liquid obtained at low stirring speed, (C is lower than

| LlLs?
that at higher stirring speed, (CL)HS’ lesser amount of
segregation product is expected to form after final solidificarA
tion in the mould. This is what exactly'has been observed

in the present case.’

Fof the A1-10% Cu and Al-6% Cu alloys marked influence
of processing condition on segregation has not been observed,
In fact, Fig.3.1 shows that Al-4.5% Cu lies in the single phase
region of the phase diagram and any segregation forming the
second phase is easily identified. In contrast to this, Al=10% Cu
and Al=6% Cu alloys lie in the two phase region whe;e'any
 variation in the segregation effect due to processing condition
is difficult to detect visually unless a quantitative estimate
is made with an accuracy within the rénge of variation of
segregation with processing condition.

The effect of processing cormdition on particle size and
its disﬁribution'has been found to be different for different
al;oy composition. Decreasing tﬁe pouring ﬁemperature has been
féﬁnd to décfease 5, 0 and 375 in case of Al~10% Cu alloy,
whereas in the case of al-6% Cu alloy, 5,0 and T /D have not
been found to vary signifiéantly with pouring temperature except
at very low pouring temperatures where the particle coalescence
leads to sudden inérease in the size of some of primary

particles. In case of the Al~4.5% Cu alloy, B, 0 and /5
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have been found to increase with decrease in pouring
temperature at low stirring épeeds. At higher stirring

speeds, the dependence of D, 0" and d"/s on pouring temperature
is similax to the observations for Al-6% Cu alloy.

Stirring rate has not been found to have any effect on
particle size and its distribution in case of high copper
alloy, i.e. Al=10% Cu alloy. For the lower copper alloys, i.e.
Al-6% Cu and Al-4.5% Cu, increasing the stirring rate has
been fouﬁd to decrease the “-particle size and its distri-
bution.

The dependence of particle size and its distribution on
process parameters may be examined with reference to eguation

1.6, 1.15 and 1.13. These equations may be rewritten as,

% = A AT exp(B/AT) ves (4.5)
L P T lik ) o

, 1/3 = 1/3 :

- y -3._. ! s ;. ._R-“. ' o Y Be B

r= ‘( 2:) ‘-( VPR x I) e \( 4, 7)

Ra

where R is growth rate, I is nucleation rate, AT,gives the
temperatufe b&~whidh'the temperature of the melt is brought
below the liquidus temperaturea«ATL is the difference between

- the liquidus temperature of the alloy and Ehe me1ting tempera-—
ture of pure component, X is equilibrium partition coefficient,

T is average particlc size, Yp.is the volume fraction of



solid formed, and A , A, and a are constants. A close
examination of equation 4.5 reveals that the variation
of R/I with AT passes through a minima which occurs at
AT = B, This value of AT may be designated as ATmin'

When AT is lowered below Ammi ’ % increases but the para-

n
meter Vbﬁ decreases as can be seen from equation 4.6. The
change in particle size with decreasing AT will depend

upon the relative effects of % and Vbﬁ according to equation
4.7, |

| The observed experimental result for high copper

alloy (Al-10% Cu alloy) that the particle size incrcases
with the increase in pouring temperature (decrease in AT)

suggests that for this alloy AT& is high and the pouring

in
temperatures varied lie in the range having 4T less than

AThig where % increases when AT decreases. If AT is suffi-

ciently away from ATmin‘ % will become overbearing because
of the exponential term and more than couapensate the .
decrease in ka. Thus, particle size as given by equation 4.7
will increase with the increase in pouring temperature,
However, in the lower copper alloy (Al=4.5% Cu), the observa=-
tion that particle size decrcases with increase in pouring

temperature (decrease in AT) suggests that;ATh n is lower for

i
this. alloy and therefore the range in which the pouring

temperatures have been varied lies for AT greater than ATmin

where both % and Vbﬁ decrease with decrease in AT. Thus,

the particle size will decrease with increase in pouring
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temperature., For the intermediate copper content (Al~6% Cu),
the observation that the particle size does not change with
pouring temperature, suggests that pouring temperatures
employed lie in the range of AT less thanéﬂThin, but
sufficiently near it so that increasc in R is almost

I
compensated by decrease in VR and therefore the particle
size is independent of pouring temperature. Frum the fore-
going it is apparent that the copper content has a distinct

influence on AIhi which increases with increase in copper

n
content. Since for high copper content (Al-10% Cu) the
particle size has been found to decrease and for low

copper content (Al-4,5% Cu) the particle size has been
folnd to increase with decrease in pouring tempe:ature. the

__change in the value of AT , with copper content further

in
implies that at higher copper content the transformation is
nucleation dominant and at lower copper content the trans-
formation is growth dominant, This %s -in accorxdance with theo
observations of Chien and Kattamis (75) that the growth

rate of «a-phase increéses as the copper content is lowered.
It appears therefore that for intermediate copper content
(Al-6% Cu) the growth and nucleation effects are équivalent

so that the pouring temperature has no effect on particle

size.
The effect of stirring rate on’particle size is related

’

to the increase in the maximum number of nuclei, Nmax' either

because of the increase in cooling rate or removal of solid

particles from the surfaces of the crucible wall and stirrer
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by the fluid forces, This implies that the effect of
increasing the stirring rate is to make the transformation
more nucleation dominant. In case the alloy composition
favours nucleation dominant transformation, the effect of
stirring on nucleation events may notbe pronounced because
of already prevailing bigh nucleation activity. Consequently,
no effect of stirring.rate on particle size is anticipated
as observed in case of Al-10% Cu alloy. For the low copper
alloys, therefore,where growtﬁ conditions, bbth diffusion
controlled and particle coalescence are significant, the
increase in stirring rate, increases the dominance of
nucleation events and consequently the particle size is
decreased. However, such an effect is likely to be observed
secondary sclidification is insignificant. At higher
pouring temperatures, the primary solidification proceeds
only to a limited extent and any effect of stirring rate is
unlikely to be observed. This ekplainsvthe results of the
low copper alloys on ﬁhe dependence of a-particle‘siZe on‘

processing conditions,

When a transformation proceeds with tﬁe growth
process dominating, the growth o£ particles forming during
the early stages of solidification will result in the
formation of particles much bigger in size than the
particles forming during the later stages.of solidification.

Such a situation is expected to give rise to a broad size
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distribution. On the other hand, if the transformation
proceeds with the nucleation events dominating, the difference
between the sizes of particles forming during different
stages of solidification will not beilarge asd'therefore,

. the size distribution will become narrow. For the case when
both the growth and nucleation effects are equivalent, the
size distribution is not expected to change with the pouring
temperétu;e. From the forégoing, it is apparent that in

case of Al-10% Cu alloy, where the nucleation effec£ is
dominant, O and o/ D will decrease with pouring temperature;
in case of Al-6% Cﬁ alloy, where the growth and nucleation
effects are equivalent, 6‘and.d‘/ﬁ will not change with
‘§6a;55§‘£éﬁperature and; in case of Al-4.5% Cu alloy,

where the growth effect is dominant, O and O /D will increase
with decrease in pouring temperaturef However, in case of
Al=4,5% Cu élloy, 0" and dV/5 have not been found to . -+

vary with the pouring temperature at higher_stirring speeds.
This clearly shows that the nucleation effect has'been
enhanced at higher stirring rate so that the growth and
nucleation effects becomé equivalent. Since increasing

the stirring rate has the effect of enhancing the nucleation
dominance during the solidification, the present observation
that stirring rate has no significant influence on size |
distribution in caée of Al-10% Cu alloy and it lowers the
values of O and 0" /D in case of lower copper alloys, is

therefore in accordance with the general expectations.
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CHAPTER V

RESULTS AND DISCUSSION: MECHANICAL PROPERTIES

51 INTRODUCTION

In this chapter, results pertaining to tensile properties
of rheocast Al=10"/. Cu, Al-6"/e Cu and Al-4+57/s Cu alloys
have béen presented and discussed in the light of theo-~
retical models developed in Chapter .. The results for‘the
.Al-10°/- Cu alloy have been presented in Section 5.2 whereas
those for the Al-6"/ Cu and Al=4+5% Cu alloys have been
presented in Section 8e3. After eliminating thevcontribution
"6E'b5}b§ity, the strength levels of rheocastings have

been compared with those of conventional castings, and the

" role of rhe@cagt microstructure in modifying the mechanical
properties has been assesseds In order to gain an insight
info the mechanism by which the mechanical properties are
governed, SEM fractographic observatiops of tensile fractured
surfaces have alsc been made and results have been presented

and discussed in Section 5a 5.

5«2 MECHANICAL PROPERTIES OF RHEOCAST Al~107/ Cu ALLOY
Tensile strengths of various castings of Al-10°% Cu alloy

have been presented in table 5.1l. All the castings tested
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‘Table 5.1~ Effect of processing condition on
mechanical properties of Al-10°/e Cu alloy

Stirring|Pouring Po?osity’Tensile Strength ?}h Elonga=-
speed Tempcra- /e M 2 tion
LeDeiMe ture K '

SeNo

1. 700 900 11.0 172 0
2 700 896 3.8 170 0
3. 700 894 3.8 164 0
b 700 892 749 | 170 0
5. 700 - 886 10+ % 166 )
6. 700 880 Lol 18k 0
7. 1000 900 3e2 211 o}
g 1000 898 1.5 201 0
9. 1000 896 20.7 113 0
10. 1000 894 0.6 194 0
11« 1000 892 1.7 196 o
1z. 1000 886 LeB 172 o
13.  Conventional casting 6.3 216 o
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are extremely brittle and cdo not show any pemmanent
elongation within the accuracy of measurementi A typical
tensile load extension curve showing the brittle nature

of the material has been depicted in FigeS5s1ls Table Es1l showvs
that no direct correlation exists between the tensile strength

and the processing conditions

The measured volume fraction of a¥pafticles in the
Al-10%. Cu alloy is 70% . It has been shown in Section 2.1
that the critical amount of a—phaée above which the particles
touch each other is 78.57. + Since for the Al1-10% Cu alloy
the volume fraction of a-particles is less than this critical
valpe, a~particles are assumed to be present as discrete

particles and the a * CuAl2

The theoretical analysis presented in Section 2.2 for such

eutectic phase is continuouss

a composite shows that the tensile strength , OLC, may be
described in temms of contributions of the matrix (iec.
eutectic) and a¥particles from the rule of mixtures. The
governing eduation Z.26 may then be rewritten as,

< 4 Vﬁoam = 52
0:10 = O_I_Jm Vm + nz (Di Z) LI ) (501)

‘ N
where 0;m is the tensile strength of the eutectic; Vv, and

Vp are volume fractions of matrix and a-particlcs respectively,

Di is the average size of a-perticles on a planar section,

and Z is the average of reciprocal of mecasured Di valuess
The first term in the righ hand sidc of equation 5.1 gives

the contribution of the matrix and the sccond temrm gives
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the contribution of particlese. If a typical value of
250 MNm'z is assumed for Oam (76); equation 5.1 may be

rewritten as,
| - .. - - 2 .
O, = 75%70.92(D;2) eos (502)

From the measured value of 512 for various castings
the tensile strength may be calculated on the basis of
equation E«2. The calculated strength vaiues have becen
compared with the experimental values in Fig.8e2. It is
observed thét the experimental wvalues are lower than the
theoretical valuess This discrepancy between the two sets
cf.stréngth values may be attributed to the poruvsity in

castingse

— In order to evaluate the effect of porosity, equatiam

2+40 may be rewritten as,

0, =G, = 0, a (/.P) s (543)

*
where 0; is the tensile strength of the material containing
P%. porosity, O, is the tensile strength of pore-free
material and & is a factor which gives the magnitude of

damage caused by the prescnce of pores. As, shown in
equation 2439, @ depends upon two parameters ; and i 9
where ; defines the zone of stress inhomogenéity around
the pores and K is a weakening factors. The parameters ;

and K arc constants for a particular matcrial and porc
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geometry. For a theorctical cstimate of «, the values of

. *
n and K must be known a priori. Since in the prescnt case
* ] [ ]

valucs of n and K arc not known, thec magnitude of « cannot

be evaluated directlye

In order to circumvent the difficulty in quantifying
the cffect of porosity, an cmpirical corrclation has been
proposed which relates the tensile strongth with micro-
structural parameters and the porositye The form of corrclar

tion cquation has becen assumed as,

ch =A+B(bi.2)2"C(./o P) . ’ ses (504)

where 4,B and C arc constantse The first two terms in the
right hand side of cquation 5.4 has been selccted to take
into account the cffcct of microstructurc according to
equation 5.1l. Since a lincar dependence of strength on
porosify has been prgdicied theorctically (ecquation 5¢3), the
last tem in equatioh Sely has been included to impart a

linear and negative contribution of porosity to the strengthe.

" since in the rhedcasting proccss only'a-particles
vary with the processing condition,; the contribution of
cutectic may be assumed to be constant ecual to O;mVﬁ, iecCe

75 MNm €. The corrclation ccuation 5.4 may then be rewritten

asy

GUC = 75"'B(bi-2)d"C(7- P) sen (5.5)
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From the least scuarc fit of the experimental
data in equation 5.5, the cocfficients B and C have been
evaluated as 67.97 and 4+71 respectively. Thus, the

proposed correlation equation may be finally written as,

0o = 75 % 67.97(D;2)%~4.71(*4P) eer (5:6)

A comparison of ecuations 8.2 and 5.6 reveals that
the microstructural contribution to the strength as predicted
theoretically by equation 5¢2 is closely in agreement with
the contribution obtained from the analysis of experimental
data (equation 5.6). Equation 5.6 may then be used to
evaluate the tehsilé strenéths of rheocastings with varying
microstrugture and porositye For various rheocastings the
“strength values calculated according to equation 5.6 have
been compared with experimental values in FigeZe3e It is
observed ﬁhat the agreement between the calculated and

experimental values is gencrally good within *107/. deviatione

In table 5.1 the_tensile strength of conventional
césting has also been given for a comparison with rheocasting;
The porosity level in the conventional casting is 6e3°4 . For
making an assessment as to how the strength of conventional
casting compares with thosc of rheocastings due to micro-
structural modifications brought about by rheocasting process,
the strength values of rhceocastings have been calcﬁlated
using equation 5o6 for a porosity level of 6.3%. and have been

plotted in Fig. 8«4 against the particle paramcter (bii)zo The
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strength level of conventional casting has also been
indicated in this figures It is observed that for the

D;2 values obtained in the present investigation, all
the rheocastings have lower strength than the conventional
casting at equivalent porosity levele Figurc 5e¢4 also
shows that at higher Biﬁ values, the rheocastings ap?roach
the strength level of convention;l casting. It follows
therefore that in order to maximisc the strength of

rheocastings,; the process variables should be so selected

that the 512 is maximumes

In section 4e2, results pertaining to the variation
of 51 (or D) with process parameters have been prescnteds
However, the relationship between 512 and process parameters
is not preciscly known. Intuitively, it is fclt that
ﬁiﬁ might be dcpendent upon the size distribution and
thercfore, a plot between D;Z and 8’/5 has been made in
Fige£e5s It is observeé that 5i§ increases with incrcasc
in 6’/5 + It follows then that in order to maximise bié’
6‘/5'should be maximised- In Scction 442, it has been shown
that 6’/5 is not significantly affected by the stirring
specd, but it increases with increase in pouring tempera-
turee« Thus; higher the pouring tamperature, higher is the
biﬁ value and conscquently higher is the tensile strengthe
This obscrvation is significant in that it suggests that

for the processing condition where the effect of primary

solidification is minimum and maximum opportunity ig available



179

1.7

‘06-

1.5¢

‘-"‘"

"5 % . o5 | 0.6

/B » |
FIG.5.5 DEPENDENCE OF DiZ ON COEFFICIENT OF
VARIATION OF ‘o -PARTICLE SIZE (o-7D).




180

for dendritic solidifcation in the mould,; the strcnéth

is maximume Such a proccssing condition approaches the
condition of conventional castinge It may, thercforc, be
inferred that tensile strength higher than that of
conventional casting cannot be obtained through the micro-
structural modifications brought about the rheocasting

process when applied to cast Al-107. Cu alloye

The published literature does not provide any
information on the subjcct to enable comparison with the
present findingse However, it is portinent to cxamine the
model of Evans ct al(78) for the fracturc toughncss of
_brittle matriz—ductilc particle composites. It has bcen
proposcd that the rolc of ductile particles is to rostraiﬁ
the crack propagation through the brittle matrix. The
mcchanism by which such a restraint is affected is believdi
to be compressive stressces which ligaments of unbrokcn
particles joining the crack faces exert to restrain the
displacement of crack faccs. It Ras beon su.gested that
for the above‘mcchanism to be 6perative, particles of |
cylindrical morphblogy should be used instecad of spheroidal
particless When spheroidal particles are employed, the crack
in the matrix simply bypasses the particles and no crack-
particle interaction rcesults. It appears thercfore that the
low strengths df rheocastings containing spheroidal particles.
is related to the inability of u-particles to restrain

crack preopagation through the eutectic matrixe
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5¢3 MECHANICAL PROPERTIES OF Al-67. Cu al-4.54 Cu ALLOYS
Tensile strength and percent elongation of various castings
of Al-6°/L Cu and Al-4e5%+ Cu alloy have been presonted in
tablcs 52 and Ee3 respectively. In contrast to the

Al-107. Cu alloy,; significant pemmancnt clongation has been
obscrved in the prescnt casee. PFigurcs 5.5 and 57 show |
the typical tensile load.cxtgnsion curves fér Al-6°/ Cu
"and Al-4.5%% Cu alloyss. These curves shdw significant
plastic defomation associated with serrations in the flow
curvess From tables 5.2 énd 5¢3 it is apparent that no
direct correclation exists between the tensile strength and

the processing conditione

The measured volume fractions of a-particles in
Al-6’/« Cu and Al-4.5%/. Cu alloys arc 8§27 and 867%. respectively.
These volume fractions are grcater than the critical volume
fraction at which the particles touch ecach othcrs Thus,
in these alloys a-particles arc expectced to be continucuss
The strength, Oac; of such a type of compositce material
has been given theoretically by equation 229, which may be rc-

written as,

O = Oy EVa + K Vv, ] eee (5.6)

whore 0&1 is the tensilc strongth of a-phase, Va and Vé
are volume fractions of w-phasc and cutectic respectively

and K'is a factor which detemines the extent to which the
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Table Be2~ Effect of processing condition on mcchaniczl
propertics of Al-6% Cu alloy

SeNG+ Stirring spced|Pouring | Porosity| Tensile  °/ Elonga-
TeDels iTemperaturel /e strength | tion
| K s MNm_“

le 700 90E 3.6 151 3.1
2. ~ 700 898 3e3 175 3-8
3. 700 890 Le3 163 3.9
e 700 886 9.4 136 3.8
5o 1000 903 4a1 156 3.5
6o 1000 898 Lel - 184 3.9
Te 1000 895 3.0 180 Leb
8. 1000 890 Le5 152 Bel4
9. 1000 886 2«7 186 Bely

5«0

10. Conventional casting 3¢5 173
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Table 5¢3~ Effect of processing condition on mechanical
propertics of Al=Le57/s Cu alloy

i

SeNoes| Stirring | Pouring Porosity | Tensile 57. Elonga-
Speed Temperature Yo t Strength| tion
TePelle K ' MNm.Z i
1. 500 922 23 156 549
20 500 916 4.9 161 49
%, 500 914 640 - 123 - 9.3
Lo 500 911 6.8 126 9e5
5. 700 922 le2 170 5«7
6. 700 919 L. 132 7e2
7. 700 916 5.9 116 1046
. 8- 700 914 Le5 47 8el
Qe- - - -T00 911 7el 138 50
10. 1000 " 922 545 130 Le3
11. 1000 919 748 126 Leb
12. 1000 916 1.3 162 59
13. 1000 914 1ol 165 Be7
1. 1000 911 L4el 140 Tel
15. 1000 908 6+3 136 - 9.2
16 1000 905 _ Lel 149 10.4
17+ 1200 919 12.0 92 Fely
18« 1200 016 740 131 . 77
19. 1200 914 8.8 99 5e2
20. 1200 911 3.1 148 . Be5
21. 1200 908 11.5 , 92 Le7

22+ Conventional casting l.5 | 152 , 1.5
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FIG.5.7 SCHEMATIC REPRESENTATION OF TEN-

SILE LOAD-EXTENSION CURVE FOR
Al-4.5 % Cu ALLOY.
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strecss is transferrcd from the «~phase to the disconti-
nuous cutectic, and depends upon the morphology and
distribution of cutectices Gencrally, thc morpnology and
distribution of eutectic formed in such alloys arc not
regular and thercfore, it is not possible to charactcrisc
them on thc basis of metallogrephic obscrvationse It
follows then that K is not an experimentally detcrminable
parameter and thercfore, dircct application of equation 546

in predicting thc tensilc Strcngth is not fcasibles

In order to asscss as to whether the tvpe of ecuation 5.6
may be used to analysc the observed cxperimental results
the-gencral cxXpression for the composite stress as a function

of strain (&) may be written from ccuation 231 as,

. _ v 1/o s '
OC(a) = A g / L\&%-KVG:] eee (5.7)

If the stress corresnonding to the start of serrated

flow is given by G&(Ss)y it may be written that,
- a 1/2 . %
OE:(SS) = A ES EV“'I' K VCJ e e (5-8)

where e, is the strain at which the scrrated flow begins, as
obscrved in the load-cxtension curvese Similarly, the
composite stress ot fracturce Oé(sf) = O], as a function of

fracture strain (eg) is given by,

O.(eg) = A‘S%/z,:va + K vcj. ces (5.9)
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Combining ccquations E.8 and 5.9,

(5.10)

~ 1/2
el [ ]
Oé(ss)

On the basis of the experimentally observed valucs of
0’(8f) and Oé(ss)s a plot may bc made botwoen

1/2
St~ and {~ ] . Such a plot for Al*éUL Cu and
2éfi é/’ Cu alloy has been shown in Figs«5.8 and 5.9
rcspectively and the experimental points arc well distri-
buted around the iinc with the_slope of onec and there-

fore the validity of cquation 5.10-is confimmed.

In order tc exomine the effect of «-particle size
on the tensile strength, an empirical corrclation has
been proposed which relates the tenéile strength with
mcan diamcter of a=-particles and porositys The fom of

the corrclation has becn assumed as,
e 1/2 ) |
O =A +B[D] - (% P) eee (5011)

where A, B and C are constants and D is the average
particle sizce The first two temis in the right hand

side of cquation 5.1l take into account the effect of
microstructurce This fom of contribution of microstructurc
showing dependence of strangth on the inverse scuarc

root of particlclsize is similar to the well known

Hall~Petch rclation which is commonly used to rclate
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the tensile flow streoss with the grain sizee In most
metals and allovs this type of relationship has -
extensively been used to describe empirically fhe
‘dependence of fracture strength or tensile strength on
particle size (64,77)e The third temm in the right hand
side of cquation 5.11 takes into account the cffect of
porosity and has thc similar form as uscd in equation

5«4 for thc Al-10°/ Cu alloy-

‘From thec least squarc fit of the cxperimental data
in cquation 5.11, the cocfficients A,B and C have been
cvaluated for the Al~6% Cu and Al-4.5°4 Cu alloys from
which thc final corrclation cquations have been found
out rcspectively as, |

1/

— o~1/2 o
0, (RA1=6%. Cu) = 194.8 + 42[CD] - 7408(*feP)ees (5.12)

O‘uc(Al~l;.-5"/- Cu) = 159.3 + 81E13]-l/2~ 6415("/P)
ees (£.13)

For various rhcocastings the stroength valuces calculated
accqrding to cquations 5¢12 and 5413 have been compared
with the cxperimental values in Figse5.10 and 5.11 for
| Al=6%7e Cu and Al-4.5°%k Cu alloys respectivclye It is
obscrved that thc‘agrcement betwccn the calculated and
experimental strength values is generally good within 107
deviation. In Figs.5+.10 and 5.11, the strength valucs of
rheocastings containing duplex structure has also been

shown which have been calculated on the basis of both large
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primary particles and small particles. It is obscrved that
such a microstructurc has no pronounccd effecet on the

strengthe

In tables 5.2 and Se3 the tonsile strength of conven-
tional casting has also bcen given for comparison with.
rheocastingse The porosity lcevel in the conventional casting
of Al=6’/+ Cu alloy is 3.57. and for thg Al-4.5% Cu alloy
it is 1le57/. « For making an asscssment as to how the
strength of conventional casting comparcs with thosc of
rheocastings duc to microstructural modifications brought
about by rhcocasting procoss the strength values of rhco=
castings duc to microstructural modifications brought |
about by rheocasting process the strongth valucs Qf,rheq—
castings have been calculated using cquations 5.12 and 5413
.for porosity levels of 3+5% and 157 for the Al-67.Cu
and al-4.5% Cu alloysrcspgctivcly, and have becn plotted
against :5]-1/2 in FigseB5.12 and B.13. The strongth levels
of conventional casting have also becn indicated in thesc
figurcse It is apparent from theée figures that the a-particle
size does not have any pronounced cffect on the strcngth-
Though thec strengthvof rhoocéstings is slightly higher than
that of conventional casting’thc differcnce is negliéibly
émail- However, these curves do suggost that if Ehe nrocess
parameters are so sclocted that very fine g-particle size
is obtained, some improvement in strength may be possibles

In order to achicve this objective, from the results presented
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in Scctionsl&e? and ke, high stirring specd and high
pourlng tbmpcraturc mlght bb con51dbred as appropriate
processing condltlon. Howevbr, Fig.4+42 shows that the rate
of decrease of a-particlc sizc decrcascs as the stirring
"specd is incrcased and if the pouring temperaturc is high,
the effect of stirring speed is insignificante Thus, it
appears that considerable refinement of a-particle size

is unlikely to be achieved by rheocasting process and
thereforc;, a significant imprbvcment in the strehgth‘A
through thc microstructural modification; brought about

by the rheocasting process is a remote possibility.

5«4 FRACTURE BEHAVIOUR

The fracture bechaviour of various castings has been studied
'by Scanning Electron Microscopy (SEM)s Figures 5«1l to

5tl7 show the morphology of proeutoétic a=phasc as revealed
by SEM examinatioh of tensile fracturced surfacés at the
shrinkage porosity in thc specimen. From the comparison of
~ these fractographs it is apparent that a~particles in case
of Al-10%. Cu alloy do not form a continuous phase
*(Fige5.14), whercas in casc of al-6° Cu and Al-4.57. Cu
alloys, a-particles join cach other to fom a continuous
phasc (Figse5.15 and 5.16)« The joinéd a-particles in
Figs«E.1l5 and E.16 form a chain and cxhibit a morphology‘

having a close resemblence with that of a dendrites. In
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FIG.514 SEM FRACTOGRAPH OF RHEOCAST Al-10%
Cu ALLOY SHOWING DISCONTINUOUS o -
'PHASE. Mag. X 832
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FIG. 515 SEM FRACTOGRAPH OF RHEOCAST Al-6%
| Cu ALLOY SHOWING JOINED AND CONTI -
NUOUS o« -PHASE PARTICLES. Mag. X448
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FIG. 516 SEM FRACTOGRAPH OF RHEOCAST Al-4.5 %
Cu ALLOY SHOWING JOINED AND CONTI-
NUOUS « -PHASE PARTICLES Mag X 352
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F1G.5.17 SEM FRACTOGRAPH OF CONVENTIONALLY

- CAST Al-45% Cu ALLOY SHOWING DEN-
DRITIC MORPHOLOGY OF of -PHASE.
Mag. X 640 |
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Pige5.17, a typical dendrite of a-phase as observed in
conventionally cast specimen has been shown. A comparison
of Figse«Be.1l5 and' 5.16 with Fige.&.17 suggests that the
characteristic directionality of dendritic morphologyv and
the distinct primary and secondary branches are not present
in Figs.5.1f% and 5.16, and therzfore, the u~phase in
Figss+5.15 and 5.16 is not dendritic but has fomed by
joining of u~particles foming a continuous phasee. These
observations lend support to the theoretical predictions
presznted in Section Z.1 that the g=phascec is a discontinuous
phase in Al-10%. Cu alloy and is a continuous phase in Al-6%.Cu
and Al=4+E%. Cu alloyss

Fige 5418 denicts the features in a selected region of
the fractured surface of the rheocast A1-10%. Cu alloy. It
is observed that the fracture has occurred mostly along

a~CuA12 interface in the eutectic matrix by cleavage mode
(marked € in the fractograph)- In certain places the fracture
has propagated from below the CuA12 plate to above it and

thus retaining a part of CuAl2 marked D. Wherever the fracture
path has mOVed~through the g~phase,; the fracture has taken
place by nucleation of microvoids and their coalescence (marked
R in the fractograph). The fracture of a~phase by microvoid
nucleation and coalescence has not been cbservad in abundance
and Fig.5.18 is represcntative of a selected region of the
fractured surface where the a-phase has been found to

fracturce

A close examination of arcas where CuAl2 plates are
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_FIG. 518 SEM FRACTOGRAPH OF RHEOCAST Al-10 %
Cu ALLOY SHOWING CLEAVAGE OF EUTEC-
TIC AND RUPTURE OF - PHASE
Mag X 416




203

perpendicular to the fractured surface shows extensive
secondary cracking of the a-CuAlé interface in the eutectic,
Fige5¢19. Similar mode of cracking of the eutectic along
a=Cu Alé interface has also been reported earlier (79).
Figure F£e20 represents the general appearance of the
fractured surface in which large number of dimples are
observed. These dimples do nof appear to have fommed as a
result 6f extensive plastic deformation since the Al-10%%Cu
alloy has been found to fail in a brittle manner (Section 5.2).
The most probable origin of such dimples appecars to be |
decchesion and pull-out cf a~particles as observed in case
of short fibres in fibre~rein forced composites. Further
examination of an arca inside a dimple reveals that a-phase
of the eutectic has also been scooped out alongwith primary

-

a-particles leaving behind only the CuAl2 (Fige Be21). Since

the eutectic @ is mechanically trapped betwecen Cual phase,

2

small cracks in CuA12 have appeared during the pull-out.

v

Such a situation has been found to be at places where the
a~phase of the eutectic has grown over the primary
a=particles during secondary solidification. The extent of ‘
growth of «~phase of the ceutectic on primary a~particles

has probably prevented thc pull-out of all the ag~particles
and in such cases the crack has propagaﬁed through the
a~pérticlesdas indicated by R in Fig.5.18e Figures F.20 and
5.21 therefore prévide an evidence that the a~particles have
generally been pulled out and consecucntly dimples have

formede.
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FIG.5.19 SEM FRACTOGRAPH OF RHEOCAST Al-10 %%
~Cu ALLOY SHOWING SECONDARY CRACKING
lN EUTECTlC ALONG ok - CuAlz INTERFACE
Mag X1875 ., 3
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FIG.5.20 SEM FRACTOGRAPH OF RHEOCAST Al-10 %

Cu ALLOY SHOWING DIMPLES FORMED BY
PULL-OUT OF o« -PARTICLES. Mag. X104
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FIG.5.21 SEM FRACTOGRAPH OF RHEOCAST Al-10 %
- Cu "ALLOY SHOWING CRACKS IN CuAly DUE
TO PULL-OUT OF &-PHASE 'OF EUTECTIC.

~ Mag. X1875 -
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The above obscrvations lead to the conclusion that
the fracture in casc of Al-10°4 Cu alloy has occurred
primarily by cleavage along aTCuAl2 interface of the
eutectic and pull-out of afphase- It is known (805 that
the pull-out of particles is favoured if the particles arc
spherical in shape. It follows therefore,; that the pro~
eutectic a-phase has not been effective in restraining the
fracture processe It is obvious from the foregoing that
the morphological modifications of u=~pvhase brought about
by the rheocasting process will favour pull-out of the
x=-phase and ther:forc,; strength higher than that of
conventional casting exhibiting dendritic morphology is
unlikely to be achieved. This conclusion based on the
fractographic obscrvations is in agreement with the experi=-

mental results presented in Section 5e2e

The fracture mode in case of lower copper allovs,

Al—é - Cu énd Al~4 5/ Cu, has been found to be different

from the one observed in case of Al-lO,/ Cu alloys The
general appuarancc of the fracturcd surface presented in
Flgs-R.C( and £.23 consists of rupture of a=phase by
microvoid nucleation and coalescence (marked R), and
cleavage of the cutectic {marked C)s Figurc 523 for

the Al-#+5/. Cu alloy‘depicts additional f@éturezof ledge
like cleavage facets (marked L) which has been observed

only in the selected regions of the fractured surfaces
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‘n
FIG.5.22 SEM FRACTOGRAPH OF RHEOCAST Al-6 %
Cu ALLOY SHOWING CLEAVAGE OF EUTEC-
TIC AND RUPTURE OF o -PHASE.
Mag. X352
M
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FIG 523 SEM FRACTOGRAPH OF RHEOCAST Al- 1.5%
' Cu ALLOY SHOWlNG CLEAVAGE OF EUTEC“’W
3 TIC. AND RUPTURE OF ok - ‘PHASE. " . .~

Mag X352 |
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A closc examination of arcas where the CuAl2 is
pcrpendicuiar‘to the fractured surface, Fig.5e24 and
B+ 25, rcveals that theo scecondary cracks in the cutccetic
have not followed the preferential path of a-CuAlé intcrfacc
as in the casc of Al-10%. Cu alloy beccausc of cxtensive
plastic strain at lower strcss luv;ls in thesc alloys which
has causcd crack propagation mostly through the «-vhasc
by microvoid nucleation and coalescence. The existing
stress loevel in such cascs is not sufficient to causc
sceondary cracking along a-CuAlé interfacce The fracturce

cf the a=~phasc has been obscrved to occur at the neck

formed by joining of particlcs (shown by arrows in Fige5.26)s

The above obscrvations suggest that in casc of lower
copper alloys; Al=6"4 Cu and Al-4.57 Cu, the fracturc has
taken Place both by clcavage of cutectic arca andJ;racturc
Aof‘the proeutcctic‘a-phasc- Thcvexperimcntal rcsults
presented in.§¢ction Ee3 show significant plastic dcformation
in thesc alloys and,appcar to be associated with the
deformation aq@_fracturc of a=-phasc as cvident from fracto-

Y

graphic ohscrvationse

On the basis of rcsults of the fractographic study
presented in the preceding paragraphs, it may be concluded
that as the copper content in the alloys is lowered from
10°/e to 4e57e, thc fracturc prbccss becomcé dominated by
the rupturce of a~phasc by microvqid nuclecation and coalcs=

cences While mostly clcavage of cutectic and a limitcd
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FIG.524 SEM FRACTOGRAPH OF RHEOCAST Al-(6 Yo
Cu ALLOY SHOWING NO PREFERENTIAL -
SECONDARY CRACKING OF EUTECTIC

F
~ ALONG o -CuAly INTERFACE. Mag.X2375 ' |
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F-"lG 525 SEM FRACTOGRAPH OF RHE@CAST AL 45 %
, .. Cu ALLOY SHOWING NO PREFERENHAL
~ SECONDARY CRACKING OF EU?ECT”IC
"!'ALONG o(-CuAlz INTERFACE Mag. X25”




FIG.5.26 SEM FRACTOGRAPH OF RHEOCAST Al-45 %
- Cu ALLOY SHOWING FRACTURE OF « -

 PARTICLES AT THE NECK,FORMED BY
" JOINING OF PARTICLES. Mag. X 700

213




extent of rupture of a~phasc have been observed in ¢asc

of Al—io?ﬁ Cu alloy, only a limited extent of cutectic
clecavage and a large cxtent of rupture of a~phase have
becen obscrved in casc of the lower copper alloyse It is
apparcent thercfore that in case of the 107. Cu alloy the
strength isAgoverned primarily by the £fracturc of the
eu§ectic whereas the fracture of a~phase govcfns the
strength in lower copper alloys. This conclusion shows
that.the assumptions made in the development éf theorétical
models on the basis of composite theories (Section 2s1)
that the strength is cutectic controlled in case of A1~10%.Cu
alloy and a-phasc controlled in case of Al-6%.Cu and
Al=4e5%s Cu alloys,; arc confirmed by the fractographic

obscrvationse
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CONCLUSIONS

1. The characteristic dendritic morphology of proeutectic
a~phasec obtainable in conventional castiﬁg is significantly
modified and transformed into non~dendritic spheroidal
particles by rheocasting process.

~

o Iower copper content, lower pouring temperature and
lower stirring specd provide favourable condition for
coalescence of «a-particles and sintering, leading to the
formation of some abnormmally lérge primary particles in the

rheocast microstructure.

3 The variation of «~particle sigze with processing

condition depends upon alloy compositions The average a=particle
size increases, remains unaltered and decreases with increas+
ing pouring temperature for Al~10"/4 Cu, Al-6'/.‘Cu and

Al-4.5%. Cu alloys respectivelys Stirring speed has not been
‘found to have any significént effect in case Al-10%7. Cu alloy.
In casc of Al-6% Cu and Al-4«5°% Cu alloys, particle size
decreases with increasing speed. The distribution of u=

particle size varies similarly‘with process parameters as

the average a~-particle sizce



Le The amount of a-phase is a critical factor which
detemines the mechanism by which the strength of rheocast
Al~Cu alloys is govereds For a~phase less than 78.57. (in
Al-107/. Cu alloy), the strength is primarily detemined by
the cutectic and for a~phase greater than 78«57+ (in
Al=67. Cu and Al.4.5%. Cu alloys), the contribution

a-phase to the strength is dominatinge

S Rheocast‘Al~lovﬂ Cu alloy has lower strength than the
conventionally cast alloy at equivalent porosity levele The
strength of rheocastings depends upon a particle parameter
512 which varics with processing condition. To maximise ﬁii
and solﬁhe strength, the appropriate processing condition

approaches to that of conventional casting and therefore,

rheocastings with higher strength than conventional casting
cannot be produced through microstructural modification by

rheocasting processe

6 Strenéth of rheocast Al~67. Cu and Al-4.5°%% Cu alloys
is of the same orxder of magnitude as the strength of conven-
tional casting at equivalent porosity levele g~particles
join cach other to fom a continuous chain and>the strength
is primarily contributed by the a~phase and thercfore; these
castings show appreciable elongation. No significant ecffect

of g~particle size or morphology on strength has been obscrveds

7 Fracture behaviour is strongly influenced by copper

content in the alloyss As thc copper content is lowered, the
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)

extent of rupture of a~phasc by micm

coalescence is increascde

8 In A1-10%/. Cu alloy, whcre the strength is primarily
determined by the eutectic, brittle fracturec has been
observede The fracturc is mostly due to cleavage of eutectic

and pull-out of «~particless

Qe In al-6%4 Cu and al-4.5% Cu alloys; wherc the strength
is primarily a~phase controllcd, ductile fracturc has been
obscrvede The fracture is mostly due to fracture of a-phase
by microvoid nucleatioh andﬂcoalescence, and clcavage of
eutectics The fracture of a-phasc occurs preferentially at

the neck fomed by joinihg of «a~particles.

10. Fractographic observations confimm that any significant
improvement in the strength of cast Al-Cu alloys in the
composition range of L5 to 107ﬁ Cu is not likely through

microstructural modifications by rheocasting processes

)
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Microstructure and Mechanical Properties of Rheocast
Al-10 wt.% Cu Alloy *) |
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The effect of the pouring temperature and the speed of the stirrer on the microstructure and mechanical properties of
rheocast Al-10 wt.% Cu alloy ingots has been investigated. The morphology, size and distribution of proeutectic a-phase
are significantly modified by the pouring temperature and the stirring rate. The average size of the a-particles and the
non-sphericity in shape characterised by length to diameter ratio has been found to increase with higher pouring tem-’
perature. All rheocastings have been found to possess lower tensile strength than that of conventional casting. It has
beén explained on the basls of the observed higher porosity in certain rheocast samples and the breakdown ot dendritic

. network of g-phase in general. SEM fractographic observations have ied to the conclusion that the dendritic network of

ductile a-phase obtained by conventional casting is more effective in restraining the crack propagation through the
prittle eutectic matrix than the dispersed spheroidal particles obtained by rheocasting.

Getiige und mechenische Eigonschaften von rheocasted Al-10 Mass0-% Cu-Leglorungon

Der Einflug der AbgleBtemperatur und der Rithrgeschwindigkeit auf das Geflige und die mechanischen Eigenschaften
von durch Rheocasting (GieBen mit teilerstarner Schmaize) hergesteiiten Barren einer Al-10 Masse-% Cu-Legierung
wurden untersucht. Morphotogie, Grog8e und Verteilung der prosutektischen a-Phase werden durch die Abgiestempera-
tur und die Riihrgeschwindigkeit deutlich moditiziert. Die mittlere GréBe und Abweichung von der Kugelgestalt (charak-
teristisch durch das Verhilitnis Linge/Durchmesser) steigen mit zunehmender AbgieBtemperatur. Die Rheocastings
pesitzen eine niedrigere Zugfestigkeit als konventionelie Abglisse, was durch die beobachtete hdhere Porositét und das
Zusammanbrechen des Dendritennatzwerks der a-Phase erkldrt wird. REM-Fraktographie fiihrt zu dem SchiuB, da8 das
Dendritennetzwerk der duktilen a-Phase in konventionellen Abgiissen der RiBausbreitung in der sprdden eutaktischen

Matrix besser widerstaht als die sphérischen Teilchen, die beim Rheocasting erhalten werden.

A new metal casting process - "Rheocasting” — has been
daeveloped?) t° 4) in which a liquid alloy is vigorously agitat-
ad during its partial solidification to yield a slurry compris-
ing of non-dendritic solid particles uniformly suspended in
the remaining liquid. When the slurry has sufficient fluidity
depending on the extent of solid formed and the speed of
agitation, it can be subsequently cast into desired shapes
by conventional methods, such as die casting. Because of
lower pouring temperature, semi-solid state and higher
viscosity of the slurry as compared to fully liquid atloy, it
has been claimed that there is an improvement in casting
quality and the die-life enhances through this processs) '
9), ‘ ’

Most of the publications relating to rheocasting deai with
the characterisation of structure and properties of alloy
slurries and their dependence on process variables'0) 1 14),
However, success of rheocasting process in industry
{argely depends upon its ability to produce castings of
improved mechanical properties. This is aspecially true for
low melting point alioys where longer die life is not the
primary requirement. Various rheocast and thixocast cop-
per alloys, atuminium alloys, cobalt-base alloys and steels
have been reported 9)15)17)18) to possess mechanical prop-
orties comparable with or superior to those of conven-
tional castings. However, results to the contrary for some

of the above mentioned alloys have aiso been pub- .

lishad'¢)19)20)21), From these accourits it appears that the
mechanical behaviour of rheocastings has neither been

')Tnlawofktom\onpaﬂo!Ph.D.moshwomofP.R.Hnm.

clearly understood nor its dependence on the processing
condition has been systematically investigated so far.

Rheocasting of hypoeutectic Al-Cu alloys permits disper-
sion of ductile aluminium-rich primary g-solid solution in &
brittle matrix of @ + Cu Al, eutectic. Such duplex struc-
tures can significantly modify the mechanical properties
depending upon the extent to which the ductile dispersed
phase is able to arrest the propagation of crack through
the brittle matrix. in the present investigation, therefore, an
Al-10 wt.% Cu casting alloy has been selected in an attempt
to examine the influence of rheocasting process variables
on the microstructure and mechanical properties of the
resulting products. '

Expasrimontal Methodo

. Apparatus and Procedure

The details of experimental set-up used in the present
investigation is schematically shown in fig. 1. For each cast-
ing about 500 gm of Al-10 wt.% Cu alloy prepared from’
commaercial purity aluminium was meited in the graphite
crucible having a 12 mm dia hole at the bottom plugged
with a graphite stopper. The furnace was then switched off
and the meit was allowed to cool naturaily. The melt tem-.
perature was continuously measured with a sheathed
chromel-alumel thermocouple using a temperature poten-
tiometer. When temperature came down to the liquidus,
the stirrer having a four blade impelier was introduced and
the melt was agitated vigorously during its primary solidifi-
cation. The speed of the stitrrer was measured with a stro-
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bometer. The average cooling rate during primary solidifi-
cation was 0.05 Ks . At the desired pouring temperature,
stirring was stopped, the graphite stopper removed and
the slurry was cast into a 30 X 30 X 250 mm ingot mould
made of steel. The flow rate of the slurry was determined
by measuring the total time taken by the slurry to pour out
through the bottom hole of the crucible. in order to study
the siurry structure just before casting, some samples

STIRRER

10 TO
TEMPERATURE TEMPERATURE
POTENTIOMETER CONTROLLER

// ) EURNACE
7
CRUCIBLE &1/
- 2 N
STOPPER
MOULD
fig. 1. Schematic of rheocasting set-up.

Fig.2atod. Optlical micrographs depicting microstructure of{a)
conventional casting, (b) rheocasting at 700 rpm and 800 K,
{c) rheocasting al 1000 rpm and 900 K and (d) sturry stirred at
1000 rpm and quenched in water from 800 K.

were sucked out from the top of the crucible with a Corning
glass tube fitted with a horn-bulb, and quenched in water.

Metallography

Suitabie metallographic samples were cut from each cast-
ing and then electropolished for optical microscopic stud-
les. a-particle size and its distribution in each sampla were
determined by standard techniques of quantitative metal-
lography.

Porosity and Mechanical Properties

The density for each casting was determined by usual
weight loss method from which the porosity was calculat-
ed. Tensile test, hardness and impact tests were carried
out to determine the mechanical properties. Tensile tests

. were carried out on a Hounsfield Tensometer and impact

test on an 1zod impact testing machine. Hardness values
were measured on a Vicker-Brinell hardness testing
machine using Vicker's scale with 5 kg of load. Fractured
tensile and impact specimens were examined under SEM
to study the mode of fracturs. ‘ -

Results and Discussion

Microstructure

From the optical micrographs of conventional casting and
rheocastings depicted in fig. 2, it is apparent that the mor-
phology, size and distribution of proeutectic «-phase
(hereinafter called a-particles) are significantly modified
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Fig. 3a. 700 rpm.
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Fig. 3b. 1000 rpm.

Fig. 3aand b. Vadation of a-particte size with pouring tempera-
ture for two stirring speeds.
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by rheocasting process and its variables namely, the pour-
ing temperature and the speed of agitation. The conven-
tionally cast sample (fig. 2a) shows dendrites of o~phase
whereas the rheocast samples are marked by a very small
extent of dendritic solidification observed only in certain
samples. in the rheocasting process followed here, the
slurry has been cast in the permanent mould and so it is
possible that the extent of dendritic solidification
observed could have been taken place either during the
formation of slurry or during the solidification in the mould
or both. it has been generally observed that ahigher speed
ot agitation enhances the extent of dendritic solidification
as revealed by fig. 2b and ¢. A higher pouring temperature
also acts in a similar fashion. In an effort to preserve the
structure, the slurry has been quenched and the resuiting
microstructure for a sample with an agitation speed of

L ’
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Fig. 4b. 1000 rpm.

Fig.4aandb. Typical frequency distribution curves for o~patticle
size for alioy rheocast for two stirring speeds.

2. Metalikde.
.t

1000r.p.m. is shown in fig. 2d. The tendency of dendrite for-
mation in the sturry can be clearly identified in this micro-
structure. The smaller particle size of this quenched struc-
ture indicates that the slurry structure has been preserved
to alarge extent. This tendency of dendrite formation at a
higher agitation speed can be explained in terms of higher
cooling rate of the slurry in the fumace. Flemings'3) has
conciuded on the basis of his experimental »'1servation
that when the cooling rate exceeds a particular value
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Fig.5aandb. Effect of pouring temperature on standard devia-
tion (o) and caefficient of variation (o/X) of a-particie size for rheo-
castings for two stirring speeds.

Tablo 1. Effect of process variables on the shape and size of a-particies, and mechanical properties. .

Sl Stirrer: Pouring d X uTS Elongation  Izod Hardness
No. ' speed, Temp. wm MNm-2 % fmpact valuo, VHN
r.p.m, K ) Nm
1 700 900 1.6 66.6 172 0 2 7
2 700 896 1.6 51.8 170 0 2 85
3 700 894 168 §9.3 164 0 P 83
4 700 892 1.6 56.2 170 0 2 88
8 700 886 14 56.8 168 0 ‘2 80
8 700 880 .14 495 184 0 2 83
7 1000 800 . 1.9 76 211 0 2 87
8 1000 898 1.6 69.6 201 0 2 83
9 1000 894 16 569.2 194 0 2 82
10 1000 892 14 55.2 106 0 2 85

" 1000 886 1.7 476 172 0 2 83
12 - 216 0 2 a1

8950 - -
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under a given condition, the dendritic mode of solidifica-
tion appears in the slurry and enhances with further
increase in cooling rate. The higher pouring temperature
may promote a tendency of dendritic coarsening of proeu-
tectic a-phase in the mould.

The variation of average particle size (X) with pouring tem-
pcrature at two stirring rates at 700 and 1000 r.p.m. has
been revealed by figs. 3a and b. The largest particies
measured in top twenty five percent and the smallest par-
ticles measured in last twenty five percent of cumulative
curve has been designated as PSL (X) and P.SS. (X)
respectively in figs. 3a and b following the size distribution
analysis reported in literature'2). Both X and PSL (X) have
been found to decrease with decreasing temperature.
However, stirring rate does not seem to have any marked
effect on X and PSL (X). These observations suggest.that
the effect of stirring rate on the particle size during primary
solidification is completely marred by the large extent of
growth of particles during secondary solidification. Higher
pouring temperature offers greater opportunity for subse-
quent growth and hence leads to an increase in average
particle size. Growth during secondary solidification pro-
motes non-sphericity characterised by length to diameter
ratio (//d) as shown in table 1. An increase in the pouring
temperature promotes greater non-sphericity but does
not show any significant influence on PSS (X).

Typical curves showing measured size distribution of o~
particles are given in figs. 4a and b. The effect of pouring
temperature on standard deviation () and coefficient of
variation (o/X), calculated from the size distribution data,
has been shown in figs. Sa and b. 1t is observed that both ¢
and o/X decrease with decrease in pouring temperature.
For alt pouring temperature values of g and o/X are slightly
higher for higher stirring rate. This observation is contrary
to the general observations’')'2) in case of water-
quenched sturrigs. This is again attributed to the effect of
secondary sofidification discussed in preceding para-
graphs. The influence of stirring rate is reflected in slightly
lower value of PSS (X) for higher stirring rate (compate
figs. 3a and b). This results in broader size distribution
cu)r(ve for higher stirring rate yielding higher values of g and
alX.

Mechanical Properties

Results of mechanical tests are summarized in table 1. No
change in hardness, izod vaiue and elongation has been
observed within the limits of experimental accuracy. All
castings, whether rhec- or conventional, were found to be
extramely brittle as reflected in tensile and impact tests.
Significant variation in tensile strength with casting condi-
tion was observed, but surprisingly all rheocastings
showed lower tensile strength compared to the conven-
tional casting: ‘

Casting quality was evaluated on.the basis of porosity in
order o assess its role in the variation in tensile strength
with casting condition. High porosity ranging from 3.8 fo
11 % was. observed for rheocastings at 700 n.p.m. The

porosity values for castings at 1000 r.p.m. ranged from 0.6:

to 4.5 % as-against 6 % for conventional casting indicating
that the casling quality can be improved by rheocasting
employing high stirring rate. This observation is quite in fine
with the results of radiographic examination on steels and
copper base alloys reported in literature2) and it has been
attributed to semi-solid state and rheological properties of
siurries. At low stirring rates and consequent high viscosity
of the slurry sound castings may not be produced as the

last portions to solidify may not properly flow to compen-
sate for solidification shrinkage. This probably accounts for
higher porosity for castings at 700 r.p.m. Slurry flow-rate
measured through the 12 mm diameter hole at the bottom
of crucible also indicates somewhat lower values ranging
from 125 to 173 gs-! for 700 r.p.m. as compared to 142 to
186 gs~' for 1000 r.p.m. implying higher viscusity at lower
stirring rate. in many cases hole of the. crucible got
choked and, therefore, only a few data on flow rate could
be obtained.
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Fig. 8. Effect of o-particle size on tensile stréngih and hardness
of rheocastings at 1000 rpm.

The absence of any regular trend in the mechanical prop-
erties of rheocast alloys stirred at 700 r.p.m. may be attrib-
uted to random porosity behaviour. For casting at
1000 r.p.m. showing low porosity, a plot of tensile strength
versus g-particle size was made as shownin fig. 6. The gen-
eral trend shows an increase in tensile strength with the
increase in particle size. Incidentally, larger particle sizés
have been observedin sampies with higher iength to diam-
efer ratio resulting from the slurries cast at higher pouring
temperature. For large particles with more of dendrites,
the tensile sirength is comparabie to that of conventional
casting which is 216 MNm~2, It is generally expected that
finer size of ductite particles dispersed in brittle matrix will
increase the strength by limiting the size of most severe
flaw in the matrix when the inter-particie distance is of the
order of critical track size. This phenomenon has been
demonstrated by Nason2?) for spherical tungsten particles
dispersed in glass. However, in the present investigation,
for castings showing smaller particle size and with greater
sphericity of g-particles, lower strength values have been
observed suggesting that the above mechanism of
strengthening is not applicable in the present case prob-
ably because the interparticle spacing is greater than the
critical crack size for the eutectic matrix. For castings hav-
ing larger particle sizer and elongated shape, the strength
values are higher. These castings have been obtained by
pouring from reldtively higher temperature resulting in lar-
per extent of dendritic growth in the mould resulting in
elongated a-particles as svident in fig. 2¢.

On the basis of a model, Evans et al.2?) have anticipated
that a composite of cylindrical ductile particles dispersed
in brittie matrix will have higher strength compared to that
of a composite containing spherical particles. The cylindri-
cal ductile particles restrain the extension of crack and its
further propagation is possibie by pull-outs or failure of
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Fig. Tato t SEM fractographs showiﬁg (a) extensive cracking of a-CuAl, interface, (b) puli-out of a-particies, (c) ductile failure of
eutectic o-lamellae grown over proeutectic a-particles, (d) failure of a-lameliae not originating from proeutectic a-particles, (8) fracturé ™"
of a-particles and exposed dendrite arms, (f) a-particle restraining a crack.

ductile particies. The present observations of higher
strength for elongated a-particie composites are in agree-
mant with their expectations.

Examination of the fractured surface under SEM reveals
that the crack has generally been initiated either at the in-
clusion or at the a-CuAl, interface in the eutectic matrix as
shown in fig. 7a. Invariably in all the samples it has been
abserved that o-CuAl, interface has cracked extensively.
In the samples with nearly spheroidal particles the cracks
have propagated by easily pulling out the ductile particles
from its path as shown in fig. 7b. The restraining effect of
these particles has been insignificant as reflected by low-
er strength and absence of any appreciable eiongation. A
further examination into- some of the voids left after the
pull-out of ductile particles shows that the eutectic a-
lamellae adjacent to the void have failed in a ductile man-
ner indicating that these a-lamellae have grown over
proeutectic ductile particles, as shown-in fig. 7¢, while in
somae other voids the lamellae did not show any ductile fai-
lure as shown in fig. 7d probably because these lamellae
did not originate from the proeutectic particles but termi-
nated there due to impingement effect. However, in both
these types of voids- we notice that some small cracks
have initiated and are arrested in these lamellae.

e

The composites containing the elongated particles did not
show many voids caused by the pull-out. The role of the
elongated ductile particles in restraining the cracks canbe
clearly seen in fig. 7f. As a result these samples have
shown higher strength although no appreciable elongation
has been observed. ’

The samples cast conventionally to solidify the a-phase in
a dendritic network have shown the highest strength and
the examination of the fractured surfacé shows that the
crack could not propagate through and through without
breaking the ductile a-phase as shown in fig. 7e. The net-
work could obviously restrain the cracks much more effec-
tively compared to the spherical and even the elongated
particles. :

Concluslono:

(1) The morphology. size and distribution of proeutectic a-
phase are significantly modified by rheocasting process
and its variables namely, the pouring temperature and the
stirring speed. Both X and ofX have been found fo
increase with increase in pouring temperature. Higher
values of o/X and #/d ratio have been observed for stirring
at 1000 r.p.m. as compared 1o those at 700 r.p.m. Stirring
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rate has, however, no marked influence on the observed
average particle size (X).

(2) High porosity ranging from 3.8 to 11 % was observed for
rheocasting at 700 r.p.m. but rheocastings at 1000 rp.m.
showed low porosity from .6 to 4.5 % as against 6 % for con-
ventional casting. This confirms that the soundness of
casting may be improved by rheocasting process employ-
Ing higher stirring rate.

(3) Rheocast Al-10 wt.% Cu alioy has generally lower tensile
strength than the conventionally cast alloy either due to
higher porosity obtained in certain rheocast alloy or due to
breakdown of dendritic network of proeutectic a-phase.
SEM fractographic studies have revealed that the dendrit-
ic network is more effective in restraining crack propaga-
tion through the brittle eutectic resuiting in higher tensile
strength in conventionally cast alioy.
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Microstructure of Rheocast Hypoeutectic Al-Cu Alloys®
Priya Ranjan Prasad*, Subrata Ray", Jawahar Lal Gaindhar**, and Madan Lal Kapoor*

(* Department of Metallurgical Engineering and ** Department of Mech. and Industrial Engineering, University of Roor-
kee, Roorkee-247672, india)

Microstructural features of rheocast hypoeutectic Ai-Cu alloy containing 6.% and 10 % Cu, have been compared. The
average size of the proeutectic a-phase particles in the 6 % Cu alloy has been found to increase with decrease in pouring
temperature and some abnormally large a-particles, believed to be .formed by 'particle coalescence’, have been
observed at 886 K. However, no such particies have been observed in case of the 10% Cu alioy even at 880K, The differ-
ence in the microstructural features of these rheocast ailloys has been explained on the basis of the influence of copper
content on the growth rate of a-phase particles. ¢

Gefiige von rheocasted untereutektischen Al-Cu-Leglerungen

Die Gefigemorphologie von rheocasted (GieBen mit teilerstarrter Schmelze) untereutektischer Al-Cu-Legisrungen mit
-6 und 10 % Cu wurden verglichen. Die DurchschnittsgréBe der proeutektischen a-Teilchen in der 6% Cu-Legierung steigt
mit abnehmender GieBtemperatur, und einige abnarmal groBe a-Teilchen, die sich wahrscheiniich durch ,Jeilchen-Koa-
leszenz” bilden, wurden bis 886 K beobachtet. In der 10 % Cu-Legierung wurden jedoch keine soichen Teilchen gefun-
den, auch nicht bei 880 K. Der Unterschied in der Gefiligeausbildung dieser rheocasted Legierungen wird mit dem Ein-

fluB des Cu-Gehaites auf die Wachstumsgeaschwindigkeit der e-Tellchen erklart.

Rheocasting is an emerging solidification processing tech-
nique based on vigorous agitation of a solidifying meit by
machanicai stirring which yields a partialy solidified alioy
slurry suitable for subsequent casting by conventional
methads. The structure of the slurry is unique in that it con-
tains non-dendritic spheroidal solid particles suspended in
the remaining liquid")?). The size and distribution of these
particles have been related to process variables primarily
the cooling rate and the degree of agitation3)4)9).

The isothermal coarsening of these particles in solid-liquid
temperature range has been shown®) to occur by both dif-
fusion controlled growth and particles-coalescence in
ahsence of stirring. Even during stirring, the solid particles
_. have besen thought to grow by particle-coalescence or
- growth-twinning mechanism?).- However, the published

literature does not throw any light as to the factors respon-

. sible for promoting a particular growth behaviour. The sig-
niticance of the mechanism of growth does nat lie only in

determining the progress of solidification during sturty pro-

duction or subsequent casting in the mould, but the size,
distribution, and morphology of the particles in cast struc-
ture is also governed by the prevailing growth mechanism,
in this paper, the microstructural features of rheocast
hypoeutectic Al-Cu alloys have been presented with a
view to identify the possible growth mechanisms respon-
sible for observed rheocast microstructures.

Experimental Work

The experimental set-up has been shown in an earlier pub-
tication?). Two hypoeutectic Al-Cu alloys with 6 wt.% and
10 wt.% Cu were used in the present investigation. For each
casting about 500 g of the alloy was melted in the.graphite
crucible having a 12 mm hole at the bottom plugged witha
graphite stopper. The furnace was then switched off and
the melt was allowad to cool in the furnace. The melt tem-

* This work torms a part of Ph. D. Thesis work‘ of P. R. Prasad.

perature was continuously measured with-a sheated chro-
mei-alume! thermocouple using a temperature potentio-
meter. When temperature came down to the liquidus, the
stirrer having a four blade impeller was introduced and the
melt was agitated vigorously during its primary solidifica:
tion. The speed of the stirrer was measured with a strobo-
meter. The average cooling rate during primary solidifica-
tion was 0.5 Ks-'. At the desired pouring temperature, stir-

ring was stopped, the graphite stopper removed, and the

slurry was cast into a 30 X 30 X 250 mm ingot mould made
of steel. In order to study the sturry structure just before
casting, some samples were sucked out from the top of
the crucible with a Corning glass tube fitted with a horn-
bulb, and quenched in water. Suitable samples were cut
from each casting for optical microscopic studies and the
size and distribution of proeutectic a-particies in each
sample were determined by standard techniques of guan-
titative metallography.

Figures 1and 2 reveal typical microstructures of rheocast
Al-6%Cu and A-10%Cu alloy ingots respectively. The
proeutectic a-phase particles observed in these micro- -
graphs consist of two types of particles-one, those which
nucleate during primary solidification, but grow both dur-
ing primary as well as subsequent solidification in the
mould (primary particles); and the other, those which nu-
cleate and grow independently in the mould during final
solidification (secondary particies). It is generally not pos-
sible to identify the two types of particles by conventional
metallography when their sizes are of the same order of
magnitude. However, in case of Al-6%Cu alloy, some ofthe .
primary particles, marked Pin fig. 1c, are easily identified at
886 K because of their characteristic size and morphology.

The variation of average size of a-particies with pouring :
temperature has been shown in figs. 3 and 4 for Al-6%Cu
and Ai-10%Cu alloys, respectively. in case of Al-6%Cu alloy, -

the average particle size remains unaitered until the pour~ .. - B
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Fig. latod. Optical micrographs of rheocast At-6%Cu alloy: stirring rate 700 rpm, pouring temperature (a) 905K, (b) 898K, (c) stirring
rate 1000 rpm, pouring temperature 886 K and (d) siurry water-quenched from 886 K.
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Ing temperature is lowered to 886 K when a sudden
increase in the size of some of the primary particles is
observed as indicated in fig. 3. However, the size of
secondary particies remains nearly the same as the aver-
age particle size observed at higher pouring temperatures.
Such a situation corresponds to the microstructure depict-
ed in fig. 1c. Microstructure of waterquenched sampie,

shown in fig. 1d, confirmed that the large particles are the

primary particles and not those formed in the mould. The
average particle size is lower for higher stirring rate at all
pouring temperatures.

The sudden increase in the size of primary particles be-
tween 890 and 886 K cannot be explained simply on the
basis of diffusion controlied growth. The most probable
mechanism accountable for such an abnormal-growth
appears to be the coalescence and sintering of particles.
Obviously, the probability of coalescence is increased at
lower pouring temperature (alternatively, higher fraction of
solid particles in the slurry) as observed in the present
‘case, During stirring, solid particles moving within the
slurry always pass through such zones where the hydrody-
namic forces are weak and insufficient to disrupt the inter-
particle bond formed after the collision of the particles.
The growth of the neck formed between the coliiding par-
ticles, indicated by arrow in fig. 1c, eventually leads to the

formation of particles much bigger in size than the par-

ticles from which they form. The evidence of “special
boundaries” observed?)?) within the primary particles aiso
speaks in favour of coalescence mechanism for the forma-
tion of large primary particles.

For Al-10%Cu alloy, it is observed in fig. 4 that the average
particle size increases with the increase in pouring tem-
perature and the stirring rate has no marked influence on
the average size of the particles. Even at 880 K, no large
primary particles formed by coalescence are observed,
fig. 3b. This discrepancy between the observed micro-
structural features of Al-6%Cu and Al-10%Cu alloy rheo-
castings is attributed to the difference in copper content of
the two alloys. It is known'©) that the growth rate of proeu-
tectic a-phase in Al-Cu alioys decreases with increase in
copper content. Obviously then, the neck formation be-
tween the colliding particles will be at a slower rate for the
10%Cu alloy leading to a weaker interparticie bond. Such a
bond could be easily broken by the hydrodynamic forces
preventing the particies from coalescence. In contrast to

this, the faster neck growth in 6%Cu alloy will result in

stronger bonds not easily disrupted by hydrodynamic

forces and thus the particles coalesce. The absence of

large primary particles formed by coalescence in Al

20%Cu alloy®) and the occurrence of such particles in Al- -
4,5%Cu alloy®) provide further evidence in support of the

role of copper content on the microstructural features of

rheocast Al-Cu alloys outlined above.

Conclusions

On the basis of the results of the present investigation on
the microstructural features of rheocast hypoeutectic Al-
Cu alloys, foliowing conclusions may be drawn:

1. With the decrease in pouring temperature, the average
size of the proeutectic a-phase particles increases in case
of Al-6%Cu alloy and decreases in case of Al-10%Cu alloy.

2. Higher stirring rate decreases the average size of the
a-particles in case of the 8%Cu alloy but has no marked in-
fluence in case of the 10%Cu alloy.

3. Lower copper content provides favourable condition
for particle coale@sence and sintering, leading to the forma-
tion of some abnormally large a-particies at lower pouring
temperature. ' '
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