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BSTRACT 

Rheoeasting is an emerging casting technique in which 

a liquid alloy is vigorously agitated during its partial 

solidification to yield a slurry comprising of non-dendritic 

solid particles uniformly suspended in the remaining liquid. 

Such a slurry is subsequently cast into desired shapes by 

conventional methods. Most of the investigations relating 

to this process deal with the structure and theological 

behaviour of alloy slurries and are primarily aimed at 

process development rather than product characterisation. 

A ciritical survey of the published literature reveals that 

the interrelationship of processing , microstructure and 

mechanical properties of rheocast products has not yet been 

clearly understood and therefore, 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 kl-Cu alloys in the composition range 

of 4.5 to 10 Wt./. copper. The ail- Cu system has been chosen 

for the study because of large amount of available information 

regarding its solidification characteristics and also because 

this system forms base for a large number of industrially 

important alloys in this composition range. 



Three alloys of nominal composition Al-4.5 Wt. 's. Cu 

;i-6 Wt.'/. Cu and Al-10 Wt.'/. Cu 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, have been examined. Tensile tests have been performed 

to evaluate the strength of castings and tensile fractured 

surfaces have been examined under Scanning Electron 

Microscope (SEM) to study the fracture behaviour. For 

a better understanding of the physical metallurgy of the 

mechanical properties, the rheocastings have been modeled as 

particulate composites containing ductile a-particles and 

brittle %+CuAil- eutectic. Two theoretical models for the 

strength of rheocast alloys- one for the case when eutectic 

is continuous and the other, for the case when x-particles 

join to form a continuous phase- have been proposed. The 

experimental data have been compared with theoretical 

predictions. The entire work reported in this thesis has been 

spread over six chapters. 

In Chapter 1, a critical review of the published 

literature has been presented. Various hypotheses concerning 

morphology, size and distribution of primary particles have 

been critically examined in the light of classical theories 

of nucleation and growth. Theories relating to the mechanical 

properties of composite materials have been presented. Lastly, 
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in the perspective of present understanding, the problem 

under investigation has been posed. 

Chapter II deals with the theoretical analysis of the 

mechanical properties of model 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 details of experimental set-up, alloy 

selection, choice of process parameters and experimental 

procedure have been presented., 

The results pertaining to microstructural features 

of the rheocast alloys have been presented and discussed in 

Chapter IV. The effects of process parameters on morphology$  

size and distribution of proeutectic a--phase have been 

examined on the basis of prevailing solidification condition. 

In Chapter V, mechanical properties of rheocastings 

have been presented and analysed on the basis of theoretical 

models developed in Chapter II. From the least square fit 

of experimental data the effects of average size of 

a-particles and porosity on the tensile strength have been 

evaluated. Strength values of rheocastings have been 

compared with those of conventional casting at equivalent 



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 Ey1-Cu alloys is governed. 

I1stly, conclusions based on the present investigation 

have been presented in Chapter VI. 

.V- 
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1.1 GENERAL 

Rheological studies of partially solid alloys have revealed(1, 2) 

that vigorous 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 application 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-casting. 

L►et us consider a hypothetical binary alloy system as 

shown in Fig.l.lIn the conventional casting of an alloy of 

composition Co, the alloy is heated above its liquidus temper-

ature Tb  and then poured into the mould from the temperature T. 

The solidification in the mould begins at TL  and ends at the 

solidus temperature T$. The solid forming during the solidifc- 

ation has normally a dendritic morphology, and a network of 

dendritic solid is formed a few degrees below TL. In the. 

rheocasting process, the melt is vigorously agitated with a 

mechanical stirrer as the temperature is lowered below I. Under 

this condition of solidification, the solid formed is 
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FIG•1,l RHEOCASTING OF AN ALLOY SOLIDIFYING 
OVER A WIDE TEMPERATURE RANGES 
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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 appropriate 

temperature TR, between the liquidus and the solidus tempera- 

tures, the stirring may be stopped and the slurry poured 

into the mould and cast. TR  is called the rheocasting 

tempeeature. 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 generally 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 tL  and t5, the time 

interval between the beginning and the end of solidification 

as illustrated in Fig..:._2•In this case, after stirring for 

an appropriate period of time, say tR, 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 during stirring, the viscosity of the slurry may be 

continuously measured and at the desired viscosity, the slurry 

may be cast. 

The principle of rheocasting 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 pouring. 

In addition,due#o higher viscosity of the slurry 

as compared to that of fully liquid metal, the 
convective heat-transfer 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) 
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(c) Rheocast ingots cut into pro-weighed slugs 
and reheated in the liquid-solid temperature 
range behave as soft solids and can be 
conveniently transferred to a die-casting 
machine. The shearing of the metal at the die-
gate reduces the viscosity to a reasonably 
low value so that the die is filled completely 
by the semi-solid alloy. This is achieved due 
to thixotropic character of the metal alloy 
slurries and therefore, this modified process 
is called *Thixocastingi. The advantage of thixo-
casting over and above those of rheocasting is 
that the slurry producer and the die-casting 
system need not form the part of the same 
industrial unit. Rheocast slugs may be produced 
and stored at one place and then supplied to the 
die-caster at convenienee(3 )• 

(d) Rheocasting process may be employed to bring about 
grain-refinement in castings without any grain-
refining agent (6,9,Ic )• This is achieved because 
rheocast slurries contain large number of uniformly 
distributed solid particles which may act as 
nuclei during subsequent solidification in the 
mould. The exploitation of rheocasting process 
for grain- refinement may be particularly, advantageous 
in the production of ingots required for further 
deformation-processing operations where the presence 
of nucieants might cause difficulties in fabrication. 

(e) Mixing in the semi-solid state by mechanical 
stirring yields flat solute concentration profile 
and the scale of segregation is also refined(6,li,12s 
34). Consequently, the homogenisation heat-treatment 
time for rheocastings is considerably reduced. 



7 

1.2 RHEOC4,STING PRACTICE 

Rheocasting is carried out either in batch type rheocasting 

units (2 ,8 ,13,14) or continuous rhoocasting units(3, 5) . In 

the batch type rheocasting, each time the solid metal is 

charged into a crucible placed inside a furnace and then 

melted or the molten metal is directly poured into a 
preheated crucible. The stirring is carried out by rotating 
a suitable impeller in the melt. 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 slurry• in some 

of the designs a vertical hollow cylinder foams the 

crucible and a concentric cylinder inside the crucible 
forms the rotor. The annular gap between the crucible and 
the .rotor carries the liquid metal. Some typical examples 
of bath tyke rheocasting units are shown in Fig,1.3. 

A typical continuous rheocasting unit has been 

shown in Pig alt4.It consists of two chambers - the upper 

chamber which acts as a reservoir of molten metal and the 

lower chamber where the stirring is carried out and is 

called the mixing chamber. The mixing chamber is similar in 

design as the concentric cylindrical arrangement of crucible 

and rotor described above. The metal continuously flows 

from the reservoir to the mixing chamber and the slurry is 

discharged from the bottom of the mixing chamber. The rotor 

functions as a valve on an exit port at the bottom of the 

mixing chamber. Both batch type and continuous type 

rheocasting units are considered equivalent but for the high 
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rate of slurry production in the continuous rheocaster. 

The feasibility studies concerning the application 

of the rheocasting process in the production of castings 

of commercial importance were probably initiated in 1971• 

Many investigators have evinced interest in this process 

and a variety of metals and alloys have since then been 

rheoeast. The most important alloy systems investigated 

are aluminium alloys (5,6,9,10  ,l327 ), ferrous alloys(341, 

12,23,28-38),coppor alloys(7, 8923► 329 339 359 36, 39, 40, 

41,42) , and nickel and. cobalt base superalloys (23,28 32, 

33,35,43 )* 

1.3 STRUCTURE OF RHF,OCAST SLURRI S 

A representative structure of the rheocast slurry obtained 

by quenching the slurry directly from a temperature within 

the liquidus and the solidus temperature is shown in Fig.A• 5a• 

The microstructure consists essentially of non-dendritic 

spheroidal particles, normally referred to as primary particles, 

uniformly distributed in a matrix of fine dent ritic structure. 

The fine dendritic matrix results from the rapid solidification 

of the liquid present at the rheocasting temperature and the 

primary particles are the solid particles which are formed 

during the stirring of the melt. In a normal solidification 

process, the solids formed are dendritic, Fig•1•Sb.Thc trans-

formation of the dendritic to the non-dendritic morphology 

by mechanical stirring has aroused considerable interest 
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(a)  

(b)  

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) 
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in the recent years and many attempts have been made to 

understand the underlying mechanism (5,,14 46.,44 ). ' Szrce Solid f:. 

fication is basically .a nucleation and growth process,i t will 

be appropriate to examine the morphology of primary particles 

on the basis of classical theories of nucleation and growth. 

1.3.1 Nucleation 

The classical theory of nucleation defines the conditions 

under which a stable nucleus is formed during liquid to solid 

transformation either by homogeneous or by heterogeneous 

nucleation process. In almost all the practical solidifcation 

processes, the nucleation is heterogeneous because of the 

presence of some preferential sites such as suspended impurii:ies, 

mould wall etc. which activate the nucleation process. From the 

energetics of the transformation it has been -shown(45) that 

both the critical size of the stable nucleus, r*, and the 

work of nucleation, QG*, decrease with the increase in the 

supercooling of the melt, AT, below its equilibrium freezing 

temperature. In the presence of potent nucleation sites, 

©G is small and the stable nuclei begin to form at very 

small undercoolings. 

The rate of heterogeneous nucleation, I, is given by 

the expression (45), 

D 	164 Y3T2 v2 
I = B1 ~-L- expL- "~""--~2 2 S f(6) 	..« (1.1) 

LM 	34H QT KT 

where the parameter B1 depends upon critical nucleus size, 
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surface energy, and the number of surface atoms of the 

nucleating substrate per unit volume of liquid. DL  is the 

liquid di: fusion coefficient, D is the liquid diffusion 

coefficient at equilibrium melting point TM, Y is the 

surface energy, Vs  is the molar volume, ©H is the enthalpy 

change, AT is the undercooling, K is Holtzman constant 

and T is ' absolute temperature. f(e) is the function' of 

contact angle determining the wetting between the crystal 

and the substrate and is given by f(Q) = 4(24cose) (l-coso )2• 
From equation 1.1, it is apparent that the rate of 

heterogeneous nucleation, I s  is very sensitive to the under-

cooling AT of the melt. The variation of I with AT has been 

shown in Fig.l.6.It is observed that the nucleation rate 

passes through a maxima and then drops off at higher under' 

coolings. This happens when the formation of large number of 

nuclei eventually reduces the available potent nucleation sites 

for the formation of now nucici(46). 

The application of dynamic stimulants, such as stirring, 

may enhance the nucleation activity by dynamic nucleation 

process. The dynamic nucleation is induced in two ways. 

Firstly, the solids already formed during the solidification 

may be fragmented and the smaller fragments of solid so 

formed may increase the effective nucleation sites. This 

mechanism has been widely used to explain the grain-multiplica-

tion under the influence of dynamic stimulants (49-52). Such 

a nucleation process does not require undercooling and 
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therefore, it is probably not a true nucleation event. 

The second way in which the dynamic nucleation may be 

induced is by causing changes in the conditions determining 

the true nucleation events. Some hypotheses a  such as a 

cavitation followed by internal evaporation (47) and 

generation 'f pressure waves by the collapse of cavities(48) 

have been invoked to oxplain the enhanced nucleation activity 

by dynamic stimulations. However, in absence of sufficient 

reliable data, the theories concerning true dynamic nucleation 

events remain uncertain. 

1.3.2 Growth 

Once a stable nucleus has formed, it grows by addition of 

atoms, one by one, on its surface. The kinetics of advance-

ment of the solid-liquid interface is generally described by 

the growth rate y Ry and all the theories (46) of crystal growth 

predict increase in R with the increase in QT. Tho classical 

kinetic law for continuous growth is given by (4.5): 

D  R=B2 -1--.LT, I  
LM 

where B2  is a constant and Tk  represents kinetic under-

cooling required to drive the interface. The validity of 

equation 1.2 especially at large undercooling is based on the 

assumption that DL  does not vary appreciably from D.;  with 

temperature. If DL  is strongly influenced by the temperature, 

R will ,pass through a maxima and then decrease with 4T,s, 
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as shown in Fig•1.7.;pother important consideration in the 

growth process is the removal of latent heat. If the latent 

heat is not removed to a cooler region 9  the interface tempera-

ture is raised and ATk  is diminished. 

1.3.3 Interface Stability 

The morphology of solids which form during solidification 

depends upon the prevailing growth conditions. To approaches-
the morphological stability approach due to Mullins and 

Sekerka (53) and the constitutional supercooling approach 

due to Chalmers( % )- are generally used to determine 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 general 

sinusoidal perturbations of the interface with respect to 

solute and heat-diffusion fields and the surface tension. 

The constitutional supercooling approach does not consider 

the kinetic factor, and for most of the solidification 

processes, both the approaches lead to similar results. 

Because of its simplicity, the latter approach is therefore 

extensively used to determine the interface stability conditions. 

Fig. 1. shows qualitatively the condition for instability 

•of a planar front according to constitutional supercooling 

theory• It is assumed that a solute rich layer is present in 

front of the growing interface in which the liquid composition 

is maximum at the interface and decreases with increasing 

distance from the interface into the liquid (Fig• I.8a ). As a 
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result, the equilibrium liquidus temperature increases with 

this distance because the lower the solute content the 

higher is the liquidus temperature. ?ig•lr.'$b shows a condition 

where the interface is exactly at the equilibrium liquidus 

temperature and every point in front of the interface is 

at 4 temperature above the liquidus. This represents the 

condition necessary for stable plane front solidification. 

If an instability causes a protuberance to form on the 

interface, it will find itself in a superheated environment 

and will melt back.Fig• 3.8c on the other hand shows that 

the liquid immediately in contact with and ahead of the 

interface is below its equilibrium liquidus temperature and 

is therefore supercooled even when the temperature gradient 

in the liquid is positive. such a supercooling arises from 

change in composition and not in temperature, and the liquid 

is said to be constitutionally supercooled. Any protuberance 

on the interface will find itself in a supercooled environ-

mont and will not disappear. Thus, the planar interface will 

be unstable if a zone of constitutional supercooling exists 

near the interface. From these theoretical considerations, 

the interface stability parameter which emerges from the 

constitutional supo"rcooling approach is the ratio of the 

temperature gradient in the liquid, GL , to the rate of 

interface growth, R. The critical GL/R ratio is given by (F4) , 

GL MC0 - (1k ) _ DL~ It  



where m is the slope of liquidus line, Co  is the initial 

liquid compsition and k is the partition coefficient. A 

higher GL/R ratio imparts greater interface stability. 

It has been 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 mixing. Such a situation is analogous to the solidification 

of a pure metal under zero temperature gradient in the 

liquid#  Fig.].•9•This condition has been considered to be 

conducive to the growth of solids with stable interface. 

1.3.4 Solidification in Rheocasting 
Due to stirring, both the composition and the temperature 

of the liquid become uniform in the ideal mixing condition 

as discussed in the preceding section. However, in practice 

even with vigorous agitation a boundary layer close to the 

wall of the crucible will exist. ens shown in Fig.l.X) the 

tempera ture at the crucible wall from where the heat 

is extracted is lower and rises steeply through the boundary 

layer reaching the uniform temperature in the bulk liquid' 

It is, ' thus, obvious that the solidification during 

rheocasting will begin heterogeneously first at the crucible 

wall and later on in the bulk of the liquid when the 

temperature of the liquid comes, below the liquidus 
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temperature- Any solid forming at the crucible wall is 

expected to be carried away to the bulk of the liquid by 

fluid dynamic forces whore it will find itself in an 

environment of relatively higher temperature. The solid 

particles greater than the critical size r*  at the prevailing 

temperature will survive while the others will melt. This 

process will continue as the melt is continuously cooled and 

stirred. 

So long as the solid particles are small $  they maintain 

their spherical shape duo to surface energy requirements. 

The morphology of the larger solids will depend upon the 

gnroth conditions prevailing in the bulk of the liquid as 

well as at the crucible wall. In the bulk of the liquid, a 

a particle will find similar environment around itself since 

the temperature and composition profiles are flat. The 

spherical particles will therefore grow isotropically with a 

stable interfr ce as envisaged in Section 1.3.3. The condition 

of interface stability at the crucible wall will be governed 

by the extent to which the constitutional supercooling occurs. 

The zone of constitutional supercooling will be limited by 

the thermal and diffusion boundary layers which decrease with 

increasing stirring rate. It follows then that the constitution- 

ally supercooled zone under the influence of stirring will be 

small and therefore $  the conditions for free dendritic growth 

are unlikely to exist. Another important factor to be 

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

the solid grows to • a finite size before the interface 

instability due to constitutional supercooling sets in. 

In unidirectional growth of solidifying bar, this critical 

size may be defined as tincubation distances required for 

interface instability. It is quite probable that solid 

particles forming at the crucible wall are washed away by the 

fluid motion before they acquire this incubation size and 

lat`ron grow isotropically in the bulk of the liquid, it 

follows therefore that during rheocasting, the primary 

particles will be non-dendritic and spheroidal. However, this 

is only possible when the cooling rate is slow and the stirr-

ing rate is high. At very high cooling rates, the temperature 

profile within the bulk of the liquid will no longer remain 

flat and may change to one represented by curve b in Fig.lt)O 

This is more likely to happen in rheocasting set-ups whore 

the thickness of the metal is small, such as in the annular 

space of the concentric cylinder design mentioned in Section 

1.2• Such a situation will lead to enhanced supercooling, 

both thermal and constitutional, resulting in interface 

instability in the bulk of the liquid as well as at the 

crucible wall. This also explains the observations of 

Flemings (56) that at high cooling rates, at least above a 

critical value, primary particles formed are dendritic 

instead of characteristic nom-dendritic spheroidal 

morphology. 
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In case of turbulent mixing, existence of neutral zones 

cannot be ruled out. Solid particles in such zones will not 

find the environment - condtic vc. to isotropic growth due to 

the presence of temperature and concentration gradients. 

This will lead to the formation of solids of non-spheroidal 

morphology. In such situations however, when the volume 

fraction of solid in the slurry increases, the collision of 

solid particles may randomize the turbulent mixing field. - This 

will eventually provide isotropic growth environment for the 

formation of spheroidal particles. 

In .general, Spencer et al. (l) believe that the primary 

particles . formed during rhoocasting are dendrite fragments. 

However, their experimental observations reveal that the 

non-dendritic spheroidal primary particles are formed only 

when the melt is stirred right from the liquidus temperature. 

If the dendrites are allowed to form first and then, the melt 

is stirred, the characteristic non-dendritic spheroidal 

particles are not formed, instead deformed, bent and 

fractured dendrites result(l, ). Under these circumstances 

it is difficult to imagine as to why the formation of non-. 

dendritic spheroidal particles by mechanical fragmentation 

of dendrites is eliminated when the melt is stirred. Obviously, 

the dendrite fragmentation mechanism is contradictory to 

the observed experimental results. Such a mechanism is neither 

capable of justifying the necessity of stirring right from tho 

liquidus temperature to obtain spheroidal particles. Clearly 



therefore, the tenet that the primary spheroidal particles 

form by dendrite fragmentation is not tenable. 

The model of Vogel et al.(l6,44,57) predicts theoreti-

cally that the dendritic morphology will be favoured in 

rhoocasting, but their experimental observations reveal 

non-dendritic morphology. In order to resolve this anomaly, 

they have proposed a dendrite fragmentation mechanism. They 

consider that the dendrite arms first bond un:':er the action 

of fluid forces resulting in the fo xmation of high-angle 

grain-boundaries. These boundaries are completely wetted 

by the liquid metal eventually releasing a dendrite fragment 

by high angle grain-boundary remelting. Such a mechanism has, 

however,been * questioned( 5)• 

In many of the recent investigations (5,14 ,16, 22,58) it 

has been shown that the primary solid particles are i rosette-

shaped' in the beginning and latoron transform into spheroidal 

shape either by fragmentation or by coalescence. Some 

investigators (14) have identified these t rosette-shaped! 

particles as dendrites due to highly branched morphology. If 

the solid particles start their life as 'rosette-shaped 

particles it is wondered as to why the particles nucleated 

at later stages of solidification do not have similar morpho-

logy. This can happen only when the solidification proceeds 

only by the growth of the solids initially formed and no 

nuclei are formed later. Obviously, such a situation is 

difficult to conceive. It appears that proeise nature and 
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origin of such particles arc uncertain at present. Moreover, 

none of these investigations provide adequate experimental 

evidence that a particular mechanism is operative. 

Kievitts and Prabhakar(5) hypothesize that a dendrite 

has two growth fronts- the tip front and the root front. The 

tip front is assumed to be the most affected by the convection 

because of difficulty of the flowing fluid to penetrate to 

the root front. Thus, under the influence of vigorous agitation, 

growth of the tip front will be decelerated by the heat 

pulses in comparison with the growth rate of the root front 

and therefore, the interface protuberances will be sm. othened 

out. Such a mechanism appears feasible and is capable of 

explaining the non-dendritic morphology, but it does not 

account for the spherical shape. Moreover, it predicts the 

formation of large dendrites if the temperature profile in the 

liquid is evened out due to stirring. This model is therefore, 

not in tune with the classical concept of the influence of 

stirring on the growth morphology as a consequence of the 

elimination of the temperature and composition profiles of 

the liquid which is realized in practice. 

1.4 SIZE DISTRIBUTION OF PRIMARY PN;RTICLES 

Besides morphology, the size and distribution of primary 

solid particles in the rhoocast slu rry also depend upon the 

process variables employod. The effect of rheocasting 

temperature on the size of primary particles may be visualised 
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in teams of its effect on the underc.'oling. Decrease of 

the rheocasting temperature implies increase of maximum 

undercooling AT, during rhoocesting. In order to evaluate 

the effect of AT qualitatively, equation 1.1 and 1.2 may be 

rewritten as, 

I = Al exp(-B/AT2 ) 	 ... (1.c~. ) 
}t = 2©T 	 ... (1.5) 

where A1, A2 and B are assumed to be constants. Combining 

equations 1.4 and 1.5, 

 AT exp(B/©T2 ) 	 .•. (1.6) 

where is A1/A2. If the average size of solid particles 

formed be represented by the radius r ➢  and if N number of 

particles have formed in a unit volume of liquid in a given 

time, the volume of solid V,, per unit volume of the liquid 

metal is given by, 

VP = N 4 r3 	 ... (i.7) 

and therefore, 

r = C 4 yr)1~ 
VP 
	 ... (z.g) 

The average size of particles may also be given by, 

r= at1'2 	 ... (1.9) 

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

which depends upon cooling rate. Differentiation of equation 1.9 
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yields, 

d a -'1/2 	 (l•lo) dt - 2 t 	 ... 

Putting 	= R, equation 1.10 may be rewritten as, 

t = 	 ... (1.x.1) 

It follows therefore that, 

2 
N_ I x t .- 	x 	 ..• (i.12) 

4R` 
Substituting equation 1.12 in equation 1.8 and rearranging, 

R a2 
 ... (1.13) 

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

Scheil equation ( 9) for a binary alloy as, 
1 

AT 1- k Vp = 1~ ( TL I'T ) 	 ... (l. L~ ) 

where ATL is the difference in the melting temperature of 
the pure metal and the liquidus temperature of the alloy, 
and k is the solute partition coefficient. Combining equations 
1.5 and 1.14, 

1 
ATL 1 k 

VPR = 	1- 	TL+ T) 	AT 	 ... (1.15 ) 

Since r is dependent upon two parameters VpR and 

R( equation 1.13) , the variation of 'r with AT may be under-

stood in the light of equations 1.15 and 1.6• It is apparent 



from equation 1.15 that the parameter VpR will increase 

with increase in AT. close examination of equation 1.6 

reveals that the variation-  of I with AT is such that at 

small values of AT, i decreases and at large AT values, it 

increases with increasing AT. Thus, on the basis of equations 

1.6 , 1.13 and 1.15, it can be hypothesized that at higher 

rheocasting temperatures, i.e. when AT is small, increase 

in AT will result in increase in V,,R and decrease in 

signifying that r may increase, decrease or remain unaltered 

with decrease in rhoocasting temperature depending upon 

whether the rate of change of VpR with AT is respectively 

higher, lower or equal to that of + At lower rheocasting 

temperatures, i.e. when AT is high., increase in AT will 

increase Vpk as well as 1. resulting in the increase of r 
with decrease in the rheocasting temperature. On the basis 

of above arguments, the possible trends of variation of 

primary particle size with rheocasting temperature have been 

depicted schematically in Fig• 3. II.. Purthexmore:  at low 

rheocasting temperatures, collision of particles followed 

by coalescence may also occur. When .thiS phenomenon occurs, 

the increase in r will be at a significantly greater rate 

than that accountable by the diffusion controlled growth alone. 

In order to assess the influence of other process 

variables such as c cling rate and stirring speed on the 

particle size, equations 1.8 and 1.9 are re-examined. It can 

be shown that, 
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_ ( 35  )l/3~1)1/3~ a t1/2= alJTl12(1)112 .*. (1.16) N 

where C is the cooling rate. It is apparent from equation 

1.16 that for a constant rheocasting temperature (i.e. constant 

AT and Vp ) , r is dependent only on N which in turn depends 

on C. Thus, increasing the cooling rate will increase the value 

of N and therefore, r will decrease. 

The above observations are primarily based on the assump-

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, Nmax, the maximum value of N, will be dictated by the 

number of nucleation sites available. In the event of nucleation 

sites getting saturated, N will become constant, i.e. Nrna In 

such situations when max has reached, r will increase with 

decrease 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, Nmax may -increase 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 

rheocasting (Section 1.3.4) and therefore the question of 

their subsequent fragmentation does not arise• However, frag-

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



'2> 

Another possible mechanism by which N~ may be increased 

duo to stirring may be related to the removal of solid 

particles forming at the crucible wall or the stirrer* If 
the solid particles are transported from the crucible wall 

or the stirrer into the bulk cf the melt under fluid 
motion, fr :sh surfaces should be continuously exposed to 

subsequent nucleation. Under such a situation N 	is 
expected to increase. The rate of removal of solid will be 
higher at higher stirring rate and eonsec-uently Nmax should 

increase with stirring rate. It follows therefore that 

increase in stirring rate should decrease the size of the 
particles. In some cases the enhanced nucleation activity 

due to stirring may be completely masked by enhanced nucleat-

ion duo to increase in cooling rate. Under such circumstances, 
when the cooling rate is high, the stirring rate should not 
have an influence on particle size. 

The distribution of particle size is likely to be 

affected in a similar manner by the pr-cess variables as 

the average particle size. For a given cooling rate# 
increase in AT implies longer solidification time (equation 

I.6)• It is, therefore, apparent that particles nucleated 
earlier will avail longer time for growth than those nucleated 

later. Consequently, the particle size will vary from very 
large to very small signifying that the size distribution 
of particles will become broad as the rheocasting temperature 

is lowered. This will happen when 'r increases with decrease 



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 dominant. 

The effect of cooling rate on the size distribution 

may be understood on the basis of its, effect on the nucleation 

activity. Fig• 1.1 	- shows an idealized cooling curve 

during rheocasting. The time required to bring down the 

temperature from TL  to TR, is the characteristic time which 

is determined by the cooling rate according to the relation, 

TL-TR 4T t= c_'c ... (1.17) 

If the time t is divided in n number of small time intervals 

dt, so that t = ndt, the number of nuclei dN formed in any 

given time interval dt will be, 

dN = Al  exp[-B/(nd4T)2  ].dt 	 ... (1.18) 

where dAT is given by, /T = 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 cause corresponding increase in the value 

of dAT. On the basis of e.-_uation 1.18 the variation of dN 

with n may be then represented schematically for different 

cooling rates as shown in Fig.1.12b. 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 inc reasad and (b) the difference between 

the times available for growth of particles nucleated earlier 

and those nucleated later is narrowed down. 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 uniform. 

Stirring rate may affect the size distribution in 

two ways. One effect of stirring is to enhance the cooling 

rate. If it so happens, the stirring rate will influence 

the size distribution similarly as the cooling rate, that 

is increase in stirring rate will result in more uniform 

sized particles. However, in experiments where the cooling 

rate is precisely controlled, -the... stirring- rate d<Caa 

not have any effect on the cooling rate. The shear fields 

produced by stirring may fragment the larger particles to 

smaller ones. In this event also the particles will become 

more uniform in size. If the nucleation sites saturate,dN 

versus n curve is arbitrarily cut off and therefore 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 saturation will be eliminated* 

This may be another possible mechanism by which the stirring 

rate will influence the size distribution. 

The above mentioned possible trends of variation of 
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primary particle size and its distribution with the process 

parameters provide basis for the explanation of most of the 

published results (2,27,59 )... However, a comparison of the 

results of Ramati et al. (59)  and of Joly and Mehrabian(2) 

on Sn-157. Pb alloy shows that the results of these two 

investigations are not consistent. In the former investigation 

C .:rigid out in a range of high cooling rates, as expected, 

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 cooling 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 offered. It appears that the apparent 

anomaly in the results of Joly and Mehrabian is due to s me 

spurious effects. 

1.5 MECHANICAL PROPERTIES OF RHEOCAST PRODUCTS 

The ,  micro structure depicted in Fig•l. ga  represents the general 

nature of the microstructure normally obtainable in nccocast 

products. Such a microstructure in which spheroidal particles 

are uniformly distributed in a given matrix, suggests that 

the rhoocast products may be identified as particulate 

composites. It is therefore, imperative that the mechanical 

properties of rheocast products are examined on the basis 

of theories of composites• 



1.5.1 Mechanical Properties of Composite 
Materials -. General Concept 

Composite materials are broadly classified as fibre composites 

or particulate composites• The most widely studied composites 

are aligned fibre composites in which the fibres arc arranged 

unidirectionally. Such composites are further classified as 

being continuous if the fibres span the entire length of 

the material, or discontinuous if shorter fibres are used. 

When a continuous fibre composite is stressed in tension, 

the force is directly applied both to the matrix and to the 

fibre. The composite stress, Q'e, in terns of the stresses 

partitioned between the matrix and the fibre is then simply 

given by the rule of mixtures. 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 0 1, is given 

by the rule of mixtures as, 

Quc " Ouf Vf * Dum(i~Vf ) 
	 •.. (.1.19) 

when the failure strains of both the components are equal. 
In equation 1.19, Cu f and um are the tensile strengths. of 

fibre and matrix respectively and V f is the volume fraction 

of fibres• Usually the failure strains of the individual 

components of composites arc not equal• It has been shown 

by Kelly and Davies(60) that the largest strain tolerated 

by the composite when the fracture is incipient is the 

smallest fracture strain of any individual component. If the 
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fracture is governed by the smallest fracture strain (say, the 

fracture strain of fibres) , then the largest stress experienced 

by the matrix would be 0 ', which is the stress in the matrix 

corresponding to the fracture strain of the fibre. The 

composite strength is then given by, 

0u c  a cti f  V f  1 a rm (1- V f ) 	 .... (1.o) 

Equation 1.20  suggests that the full stress capacity 

of the matrix Is never utilized and the composite strength 

is basically fibre controlled. If the volume fraction of the 
t fibres is low so that Q f  Vf  <(0um-Gym )(1-Vf ), failure of 

fibres will not lead to the failure of the composite. The 

stress carried by the fibres will be transferred to the 

matrix and the composite will fail when the matrix fails. In 

such a case the fibres do not impart any strengthening effect 

and the composite strength is primarily matrix controlled. 

The composite strength is then given by, 

Cr e  = 0(1-Vf ) 	 .•. 

It follows therefore that any fibre strengthening effect can 

be realized only when the fibres exceed a critical volume 

fraction. 

In discontinuous fibre ccmposites the force is not 

applied directly t,-: the fibres, but it is transferred through 

the matrix. Fr a quantitative estimate of the load transfer, 

consider a single fibre of length f and ,diameter d, .:. 
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embedded in a matrix as shown in Figure 1.13a• The stress 

in the fibre builds up from the ends and reaches a maximum 

in the central region of the fibre (Figure lab. ; . The 

transfer of stress to the fibre may be evaluated by force 

balance on an element dx of the fibre at a distance x from 

the fibre end. On the basis of Figure 1* 3c; the equation 

for the elemental force balance may be written as, 

07 • d nd 	 dc' 2+ •dx•Z = (0 + 	)4 d2  •.•• (1.22) 

or, 	d4 = 	dx 	 ••• (1.23) 

whore Z is the fibre matrix interfacial shear stress. 

Integration of equation 1.23 from 0 = t  at x = 0 to a = of at 

x = x, yields, 

•.. (i.4) 

Thus, as x increases, the fibre experiences a larger stress 

with the limit being C' = C f. The critical value of x at 

which such a condition is satisfied is equal to Xc/2 
where f c  is the critical fibre length below which the .fibres 

cannot be fractured. Under this limiting condition., 

2T f c  
of - d 

the parameter 'c/d in cc1uation 1.25 is tezmed as critical 

aspect ratio. Depending upon the fibre length f , the average 

stress in the fibre, 'O , is then given by, 
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when f < ~~ 	 .. (1.26) 

- ~ 	 • s (1.27) d 	2of 	 c 

&f = Qu (i- 27 ) 	when f> f c 	... 
2~ 

From equations 1.26, 1.27 and 1.28, the tensile strength of 

discontinuous fibre composites may be written from the rule 

of mixtures as, 

Cuc = d Vf •1' CumO..V ) 	when f W 1C 	•w. (1-29) 

cc10 = II'ufVf~ C um(1-Vf ) 	when f(= Ic 	... (1.30) 

"u, c = Cuf{]• 2c)Vf+ O . (iv ) when I > t 	... (1.31) 
2~  f  c 

It follows, from the above equations that the strength 

of discontinuous fibre composites will approach to that of 

continuous fibre c,-mposites only when the fibre length is 

significantly larger than Ica For fibres shorter than f' full 

fibre reinforcement cannot be achieved. 

The transition from fibrous reinforcement to parti-

culate reinforcement occurs gradually as the length to 

diameter ratio (f/d) of fibres is diminished. In particulate 

type of reinforcement, the particles are considered to block, 

restrain or in some way control the phenomena responsible 

for either extensive plastic deformation or fracture. The 

models for particulate composites are based on the, nature 

of constraints the particles offer. If the particle constraint 
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is on dislocation motion, it has been shown (61) that for 

the non-defoxma )le particles, the yield strength of the 

composite, G, is given by, 

in Gp b 1/ 2 
ayC 

EG 
s 

C Dp 
.., (1.32) 

where Gm and' Gp are shear moduli of matrix and particle 

respectively, b is the Burger's vector of the piled up 

dislocations against the particle, C' is a constant and Dp 

is the interparticle spacing. Since Dp is decreased by 

decreasing the particle size and increasing the volume fraction 

of particles, it follows that 	may be increased by 

decreasing the particle size and increasing the volume 

fraction. However, when Dp is below a certain minimum 

(e.g. •," 0.5 An in case of WC- Co cerrnets) the strength drops 

off because of crack nucleation at weak particle-particle 

boundaries (61). 

In those cases whore the constrained matrix can develop 

stresses sufficient to deform the particles, ~yc is given by 

(61), 

G G b ]112
- m P 	 ... (1.33) 

C 

where C", is a constant. Equation 1.33 suggests that in case 

of deformable particles, composite yield strength is 

independent of the physical parameters of the particle such 

as volume fraction, size, interparticle spacing etc. 
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It has been shown by Drucker(61,62) that if Griffith 
type fracture criterion is assumed and if the .fracture of 
particles leads to the fracture of the composite, the 
composite fracture stress, uc, is given by, 

C tst 
Luc = T2 ... (i.34) 

where C '" is a ccnstant and d is the particle diameter• 

In brittle matrix ci::mposites containing ductile 
particles, such as glass containing metallic particles, the 

primary function of the particles is to limit the size of 
most severe flaws or cracks in the brittle matrix (61). As the 
volume fraction of a particular size of the particles is 
increased or at a given volume fraction, the particle size 
is decreased, the mean free path between the particles is 
reduced limiting the maximum size of the flaw. Quantitatively, 

the composite strength is given by, 
C.,: 

Cuc 	 1/2 I( 
P

_ lid 

where C't~'is a constant and V is the volume fraction of 
particles of size c3• Both equations 1.34 and 1.36 are based 
on Griffith type of fracture criteria and show similar functional 
relationship of C'uc with d• 

1.5. 2 Fracture Modes in Composites 
The fracture mode in composites is determined by the amount 
of work required to produce unit area of crack surface. This 



work is called the work of fracture and is a measure of 

the resistance to crack propagation. The work of fracture 

composite materials is extremely high, much higher than 

that accountable by adding the contributions of the matrix 

and the fibre. It is obvious that the enhanced work of 

fracture in composite materials is due to s::me interactions 

of the fibre and the matrix. Based. on these interactions, 

the major factors which have been identified to contribute 

to the work of fracture are: (a) plastic deformation of matrix 

or fibre as the crack is opened up, (b) pull-out of broken 

fibres from their sockets in the matrix on either side of the 

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

Plastic Deformation of'Fibre/Matrix 

The work dine in braking a brittle fibre or matrix is 

negligibly small and is usually ignored in computing the 

work of fracture. If the matrix is brittle and fibres are 

ductile, the total work, W, done in deforming the fibre to 

failure is given by (63), 

w auf .Vf.d 	 ... (1.36) 

If the interface fails in shear at a stress T o  much less than 

the failure stress of the fibre, Cuf y it has been shown (63) 

that, 

W = d V(- C. f ) 	G f dc 	 ... (1.37) 
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where the integral is evaluated over the true stress-

strain curve of the fibre from C~"f ' , stress in the fibre at 

the failure strain of the matrix, to 	for complete rupture• 

s signifies strain. It has been shown (63) that the work of 
fracture is always higher if the interface fails in shear. 
In either cases, it is apparent that the work of fracture 

will increase if the fibre diameter is increased. 

If the dompo site is ductile matrix-brittle fibre type, 
then also the situation is similar to the one described above, 

but the roles of the fibre and the matrix are reversed and 

the work of fracture is controlled by the ductile matrix. 

Equations similar to 1.36 and 1.37 will describe the net 

contribution to the work of fracture if subscript 'ft for 

fibre is replaced by rm+ for matrix and instead of fibre 
diameter the width of the matrix, between adjacent fibres, 
is taken into account. In this case also, the work of fracture 
will increase when the fibre diameter is increased because 
for a given volume fraction, increase in fibre diameter 

produces a corresponding increase in the width of the matrix 
between the adjacent fibres which must be worked to failure. 

Fibre Pull-Qut 

The pull-out and debonding modes of fracture, when a crack 

proceeding normal to a sot of fibres interacts with fibres, 

are schematically illustrated in Fig. 1.14. If the fracture 

of a composite occurs by breaking of the fibres, it is 
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found that all fibres with ends within a distance of ~c/2 

on either side of the break, pull-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 

cross-section in withdrawing all those fibres which pull out 

is given by, 

Vf c w=122(T)Qf`Xc ... (1.38) 

Equation 1.38 applies when />J. For the case when 

w W 24 X -C d 	 ... (1.39) 

On the basis of equations 1.38 and 1.39, the work of fracture 

in pull-out mode is plotted schematically in Fig. 1.15 against 

the fibre length. It is seen that the work of fracture 

increases with f as".'2 when K< ,kc and then decreases as i/X 

when I> k'c. In order to maximise the work of fracture the 

length of the fibre should be kept close to f clf and lec should 

be made large. Increasing /c 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 





of debonding with the elastic energy stored in the fibre 

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

given by, 

2 C7' 
WD = (E )0 f ,x 

f 
... (1.40) 

where Ef 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 

is increased. It has been shown (64) that the work of pull-out 

is usually greater than the work of debonding. However, if 

Wd, the work of debonding per unit area, satisfies the 

condition, 

a f d 
Wd 8 E 

the fibres break instead of debonding. 

... (1.41) 

1-7776 ~ 
Cavitation 

_yam J 

Cavitation is an important mechanism by which particulate 

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 these 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 either 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 well with the experimental observation. It 

has been shown that for rigid non-deformable particle, the 

interfacial tensile stress (tT) may be given by. 

1 
{ y } I/n /3 ~./ ( q+1) iii r ,,  

~' 	R 	... (1.42) 
y 	~'y 

where T is the yield stress in shear, - is the strain ratio 
y 

(total strain/yield strain) away from the particle, m,is 

called Taylor factor generally equgi to 3.1 and is the 

strain hardening exponent of the matrix. The cavity is formed 

at a critical strain ratio when the interfacial stress equals 

the interfacial strength. In this model, isolated particles 

have been assumed so that the interfacial stress is independent 

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 particle 

interaction, the modified equation for interfacial stress 

has been proposed as, 
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1/7 ... 3 	 r. 

.i)+(Y 
1

~ ) f 	... (1.43) 
./3Vp .~3 

where Vp is related to the interparticle spacing (D) and 

particle radius r, by the relation, 

48 

r Th3VP 3 ... (1.44) 

Since the size of the secondary zone i..creases with increasing 

plastic strain (i.e. strain-ratio I ), for a given volume 
Y 

fraction of particles the critical strain ratio, t -)crit' 

at which the s:.condary zones touch, may be obtained by 

considering that the secondary zone size is equal to Dp/2,where 

D is given by equation 1.44, Thus, the critical strain ratio 

above which the particles interact is given by, 

m 	(l+I 
= `..~~:....- 	2); 	8) 4 	 .. (1.45) ( 	) 	 (  T. crit Y J6 (~3 +1) .. m 3 V

P  

Once the cavities are formed, they grow with plastic 

deformation and ultimately link together to cause fracture. 

Fig. 1.16 represents a typical example of linkage of cavities 

formed at second phase particles. 



FIG.1.16 LINKAGE OF CAVITIES FORMED Al 
SECOND PHASE PARTICLES. (Ret. 67 ) 
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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 the evaluation of 

mechanical properties of rheocast Al-Cu alloys containing 

0 to 40% procutectic a phase. It has been shown that the 

fracture toughness is lowered by the presence of small amounts 

of ductile proeutectic a -phase in brittle a+Cu Al2  eutectic 

matrix. Increasing amount of a-phase increases the fracture 

toughness, but even with 340% of a-phase the fracture 

toughness is about the same as that of the eutectic. In the 

absence of theoretical analysis or experimental data for more 

than 40% of a-phase,, the role of the microstructure in 

modifying the mechanical properties remains uncertain. 

1.6 FORMUL I;T ION 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 clear advantage 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 rheocast 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. 

The 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, A.1-Cu alloys 

containing 4.5 to 10 Wt% cooper 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 
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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 a -phase in a matrix of 

' + Cu Alt  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 charqcter-

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, the 

basic 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 
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mechanical properties for the case when the particles 

do not interact. 

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

case when the particles interact. 

(iii) To develop a theoretical model for determining the 
quantitative effect of casting quality on the , 
mechanical properties in terms of total porosity. 

(iv) 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,  

•examine the effects of microstructure and porosity, 

and compare the theoretical predictions with the 

experimentally observed values. 

(vi) To study the fracture behaviour by SEM fractography 

to gain further insight into the inter-relationship 

of microstructure and mechanical properties. 



CHAPTER -II 

MECHANICAL PROPERTIES. T3EORETICAL ANALYSIS 

21 INTRODUCTION 

The major constituent phases present in hypoeutectic aluminium- 

copper alloys are the l- rich ca- solid solution and 

and a+cu.A1,. eutectic. 	(Though thQ eutectic is not a 
L 

phase in the strict sense, for the purpose of present analysis 

it will be referred to as a phase). Even in the single phase 

region, i•e. copper loss than 5.77., some eutectic is almost 

always present in the cast alloys because of the non- 

equilibrium nature of the solidification process. Rheocasting 

of these alloys permits dispersion of non-dendritic spheroidal 

particles of a-phase in a matrix of eutectic. The ce-phase is 

normally ductile and the eutectic is brittle at room temperature. 

Such a constitution of the rheocastings allows us to model them 

as brittle matrix-ductile dispersoid, particulate composites. 

In the present analysis therefore, the concept of particulate 

composites has been adapted to develop an understanding as to 

how the strength of apparently sound castings is governed by 

the microstructural modifications brought about by rhcocasting 

process• 
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in the development of a theoretical analysis for the type 

of composite mentioned above., it is pertinent to consider 

two situations. One, when a-phase is dispersed as discrete 

particles. This occurs when the volume fraction of a-particles 

is low. The second situation corresponds to the case when 

the volume fraction of a-particles is high and the particles 

join each other. In the fonner case the eutectic' remains 

continuous and the composite strength is govetried largely by 

.. eutectic., and in the latter case cc-phase becomes continuous 

and governs the composite strength. It is therefore 

imperative that the critical volume fraction of the a-phase 

at which discontinuous cc-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 cc-phase 

controlled. In order to determine this critical volume 

fraction of the cc-phase, ocuation 1.44 may be used which 

relates the particle size and the interparticle spacing 

between two neighbouring particles with volume fraction of:'. 

dispersed particles. By imposing the condition that. the 

interparticle spacing is zuro 9  the critical volume fraction. 

when the particles touch each other may be.obtained• 

Equation 1.44 shows that the a--phase_ will be continuous if 

it is in excess of 78.57 •. For the three. alloys Al-147. .Cu, 

Cu and Al-4.5/• Cu used in the present investiga.tion, 

the average measured. volume fractions of cc-particles are 

707. , 8'7 and 86*/. respectively. It follows therefore that 
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in the Al-' 107. Cu alloy, the eutectic is continuous and t  in 

A1_67- Cu and Hl-r4.5• Cu alloys the tz-phasc is continuous. 

In view of the above, two theoretical models for the 

compocita .st_rGngth.-- havc.beon ;pppored In :t c- €ollowing sections 

depending upon the physical state of constituent phases. 

One;  for the case when a-particles are discontinuous and. the 

eutectic is continuous and the other, for the case when 

cc-'particles are continuous and the eutectic is discontinuous.• 

• Besides microstructural parameters, the strength of the, cast 

alloys is also dependent strongly on porosity in castings. In 

the last section of this chapter therefore, a theoretical 

analysis for the strength of castings vis-a-vis porosity has 

also been prosonted• 

2.2 MODEL FOR COMPOSITE STRENGTH WHEN EUTECTIC IS CONTINUOUS 

2 particulate composite is a special case of discontinuous 

fibre composite when the length to diameter ratio of the fibre. 

• approaches unity. Thus - the approach used in the development 

of theory of discontinuous fibre composites may be adapted to 

develop theoretical models for particulate composites. From the 

published literature it appears that no such model exists till 

todate• In this analysis it is assumed that the matrix is the 

brittle eutectic and is continuous in which ductile spherical 

a-par_ticics are embedded. When such a composite is dofon cd, 

as with discontinuous fibre composites, the force is not directly 
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applied to the particles but is transferred through the 

• matrix. In the present work., first the case of load transfer 
- in a single particle model is considered and then the strength 

6 f _. the composite is predicted from the rule of mixtures. 
In order to simplify the mathematical treatment* following 
assumptions are mades 

i): The matrix is continuous and contains randomly 
distributed discrete particles. 

ii) Both the matrix and the particles are only elastically 
• deformed • 

iii) Particle-matrix interface is strong enough to . affect 
load transfer.. 

iv) Poisson i s effect is negligib1 . 

v) Both the matrix and the particles have equal shear 
moduli. 

Fig•2•l(a) shows a single spherical particle of diameter 
Dv embedded in the elastic matrix subjected to a tensile stress 
(gym• If a random plane intersects the particle perpendicular to 
tj- direction. of the applied stress q.the sectional. diameter of 
particle on the plane is denoted by Di such that, 

(2.1) 

The forces acting on an element of the particle have been 
shown in Fig• 2 l(b) . If ~ is shear stress at the particle'-

matrix interface, the elementa). force belance in the direction 
of the applied stress yields, 



Dl 

 

PARTICLE 

MATRIX 

01 

dO 

wine 
(b 

FIG.2.1 (a) SCHEMATIC REPRESENTATION OF A 
SINGLE PARTICLE COMPOSITE MODEL (b) 
ELEMENTAL FORCE BALANCE AT A SECTION 
OF THE PARTICLE. 
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;,.is Di. .S. sing - d0" .2 Di 	... ( 2• 2 ) 

Simplifying equation 2.2, 

e 2~A 	 .•. (2.3) 

From equatidn 2.1, it can be written that, 

dD 	 1/2 d = Dvco s8 =  ••:• (2.4) 

As, 

do- d0- d8 
dDi d6 0 U . ••• (2•:5) 

Combining equations 2.3, 2.4 and 2.5, 

dO = 2Tg ~D~ w Di 	s~Di 	 ... (2.6) 

The case of stress distribution around a spherical elastic 
particle embedded in an elastic matrix has been treated by 

Theocaris and Paipetis (68). Following the work of Sezawwa 

and,Miyazaki(69), they have shown that if the applied stress 

be D, the shear .stress distribution Z in the particle at the 

particle-matrix interface is given by, 

S dP (cos6 ) 

where GP is the particle shear modulus, P2(cos) is. a 

Legendre polynomial and, S and Sl are determinants, given by., 



X 9K +1OG 

4G2 m~~ - 3 24Gm 

8hP+7Gp 3X +2G 
.. 	21 2Gp ,......~....--- g m 

.•. 	(2.8) s- hP 3 hm fi 5Gm I 
2 3 	,. 

Shp t-7GP m 1 

P 6 

hP 9 +10Gm 
T 3: 3 -24 m y 

I $_P_.7GP 1 3 m+2Gm 

21 3 6 

8

in 
s1 = ... 	(2,9) 

_ ? P 
7 

3 
3G 

3 m 
' 	6G 3 m m 

5%P+7GP 1. Z 
4 p— ! a 1 

G has been used to denote. shear modulus $ subscript m and P 

apply to matrix and partic1 respectively• h is Lame's 

constant and is a material property given by, 

h  vE 
+ ~~•V 	1-2v 

• t• 	2.10) 

where V is Poisson t s ratio aid Z is elastic modulus. 

For the case when the matrix and the particle shear 

moduli arc equal, i.e. Gm Gpp it has been shown (68) that 

S = 6G $1 ... 	(2.11) 



Substituting the value of S from equation 2.11 in equation 
2.7 , 

Q• 
 3 • 	dA 	 ... (2.12)  

The Legendre polynomial P2(cos8) is given by, 

P2(cos9) = 2J 3 cos29 - 11 	 •.• (2.13) 

Differentiating equation 2.13, we get, 

dP„(co se ) 
LdQ 	= -3sinO cose 	 ... (2.14) 

From equation 2.1 and 2.14, it may be written that, 

dPdP (cos®) 	3D . 	1/ 
(co~~... - 	....w 	 2 	 ... (.i5) d6 	D21 ~- DV - Di 

v 

Substituting equation 2.15 in equation 2.12, 

D _ 	^ 112 
lA 	"a• 2 !_Dv - 	 ••• (2.16) 

v 

Taking % = Om from figure 2.1 and substituting magnitude of 

ZA from equation 2.16 in equation 2.6, and rearranging, we get, 
D. 

dO- = 20 2 dDi 	 ... (2. 17 ) 
D v 

Integrating equation 2.17 within the limits 0" = 0 at D. = 0 

and0"=0D at Dl=Di , 
3. 	

D. 
 

1 	v 
... (2.ig) 



Equation 2.18 gives the stress in the particle on a planar 

section Di as a function of the matrix stress and the ratio 

of Section size to true size of the particle. If the composite 

contains randomly distributed particles and if on the planar 

section the average size of particles be Di, the average 

stress carried by the particles may be written from equation 

2.18 as, 

CT 	(D~)2 
Di 	v 

... (2.i9) 

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

measurements made on the planar section. It has been shown (70) 

that 

Dv r 2 z 
	 ... (2.20) 

where the parameter Z is _ the reciprocal of the planar section 

size Di• Therefore, 

ZD_ 	 ••• (2.21) 
©a.=1 z 

where Nis the number of sectian sizes measured. 

Now, combining equation 2.19 and 2.20 , 

UD - m 2(D o i z)` 	 ... (2.22) 

Equation 2.22 gives the average stress carried by the particles 

of average size Di on a planar section. Writing stress in the 

particle as 0"p for Gj 

0"p =(Dz'2)2 	 ... (2.23) 
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Now, from the rule of mixtures, the composite stress 0' 

may be written as 

CSC =C V ta p̀ VP 	 •.. (2.24) 

where Vm and VP are the volume fractions of matrix and 
particle respectively. Substituting equation 2.23 in 
equation 2.24. 

G-C=0-[ m+ 4VP~ni'z) s~ .,.. (2.25) 

Equation 2.25 gives the stress in the composite in terms of 

matrix stress and particle parameters. If Q reaches the 

fracture stress of the eutectic matrix, dum y and this 

condition leads to the fracture of the composite, the tensile 

strength 0 c may be written from equation 2.25 as, 

4Vp 
c = Oum[Vn + P(b 1)2 rt ••• (2.26) 

In equation 2.26 all the parameters are experimentally 

determinable and therefore, the estimate of the composite 

strength can be readily made. The application ,of this model 

to the rheocast hl-Cu alloys has been discussed in Chapter 5• 

2.3 MODEL FOR COMPOSITE STRENGTH WHEN a-PHASE 
IS CONTINUOUS 

For the case when a~-phase is continuous, the eutectic 

becomes discontinuous and therefore during the defozmation 

of the composite, the force is not applied directly to the 



eutectic but it is trcnsferred through the at-phase. Thus, the 

roles of a-phase and eutectic in the composite are reversed. 

The composite stress OC may be then written from equation 2.24 

by replacing subscripts cc for m (matrix) and e for P (particle) • 

Subscripts cc and e denote ac-phase and eutectic respectively. 

Thus, 

CfC =6ava +(TVe 	 ... (2.27) 

Since the geometrical features and the distribution of 

eutectic are not precisely defined, a unique estimate of 
O is not possible. However, because the stress in eutectic 
is transferred through the cc-phase, it may be assumed that, 

Oe = Kf ~a 	 • •• (2-28) 

where K' is a factor which determines the extent to which the 

stress is transferred to the eutectic• Combining equation 2.27 

and 2.28k 

OC = CccL h1a+ K'VeJ 
	

(. .. 2- 29 ) 

It is apparent from equation 2.29 that the composite stress 

is governed by the stress in the a--phase. 

In the tensile deformation of a strain-hardening 

material, the flow curve is generally parabolic in the plastic 

deformation range, and the stress-strain relationship may be 
represented by a generalized equation (71) , 

. 
LT_ {2 )r/2(o)B4(I T )(e-sb )112 	... (2.30) 

M 



where e is the total strain, eb is the strain at which 

the parabolic deformation begins, i.e. the z3ro of the 

parabola, Bo is a universal constant equal to 0.0280, 

p(0) is the she: r modulus at the zero point and r is 

called deformation mode integer which may have values 

1,2,3... during different stages of deformation, T is the 

temperature at Which deformation is taking place and TM 

is the im1ting point of the alloy, eb is generally nearly 

zero for most cases. Thus, putting sb = 0 and substituting 

equativ.n 2.30 for O;, in ecuation 2.29, 

0C = ()r/2(0) B (1- 	)e1'2CV~t KVe~ 	.v. (2.31) 
TM 

Equation 2.31 gives the tensile stross-strain behaviour 

of the composite having ductile a-phase continuous, The 

tensile strength of the composite Ou + may then be written 
in terms of the fracture strain e f as 

c 	(2)2 12(o)B0(l- T )ef~2[Va +KV`~ 	... (2.32) 

The application of equation 2.32 to rheocast 1U-Cu alloys 
has been discussed in Chapter 5. 

2.1.E ETCT OF POROSITY ON TENSIIZ STRENGTH 

The quantitative influence of porosity on the mechanical 

properties is governed by its shape, size, distribution 

and the volume fraction. The shape, size and distribution 

are usually xiot fully controllable during processing and 



70 

therefore it is a common practice to correlate the mechanical 

properties directly to the volume fraction or the total 

porosity (61,72,73 ). 

Stress inhomogeneity and reduction in effective cross 

sectional area arc the. two effects by which a material is 

weakened by the presence of pores. In rhoocast alloys $ the 

shrinkagcr porosity in castings is low because the metal 

is already partially solid bofo- it enters into the mould. 

Large porosity in such castings may result from trapped 

air either because of turbulence during mould filling or 

because of vortex formation during stirring. These pores 

are normally spherical in shape. In this section therefore, 

a theoretical analysis of the role of uniformly distributed 

spherical pores in material weakening has been presented so 

that the dotcrioration of t.Qnsilo strength due to porosity 

may be quantitatively estimated. 

Consider a specimen of cross--sectional area Ao  

subjected to a tensile force F. If the specimen contains 

randomly distributed spherical pores of average radius 

Rv, the number of pores per unit area, N A , on a planar soct-
V 

ion equals '` -2 9 where 14 is the volume fraction of pores. 
Pn 

The total number of pores on the cross- section of the 
3VVAo specimen i6 therefore equal tQ - 2 • 
2n  Rv 

Now, Jet the cxoss~soction of the specimen be divided 

into the same number of cells as the number of pores with 
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an average cell radius R such that each cell shares a 

pore of average radius rP. Fig. 2.2 depicts the structure 

of such a cell. 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 to define 

Rp precisely but in order to construct a workable model 

it is assumed that RF = n rr- The parameter n is greater 
1 

than one and depends largely upon the inherent character-

istics of the material. 

The load bearing capacity of the material decreases 

as one apptoachcs closer to the. hole- It is therefore 

assumed that the force f(r) carried by unit area of the 

material within the weakonod zone Vries exponentially 

according to the relation, 
r- r 

f(r) = Q K c` 1nK. 	l~ 

- • , (2.33) 

where % is the uniform stress outside the weakened zone 

and K is a weakening factor. The magnitude of K is limited 

to 0 IC 1. The form of cc;1uation 2.33 has been so selected 

that it satisfies the condition f(r) = K tam at r = r and 

f(r) = 0m at r = Rp (Fig•2*2(b) ). 

From equation 2.33 y the force d carri,-:d by an 

element dr within zone I' may be calculated as, 

df = 2~ r dr Q;TM K c"'  
P 	 ... (2.34) 
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Integration of equation 2.34 within the limits r = rp to 

r = R 	gives the total .force fI, carried by Zone A. Thus, 

	

= 2Th S r E(n-13 	K)+(n-1)2i K1' 2 In 	K ) (in K) 
... (2.35) 

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

(R2^. 2 ) 
Qm R(R2-n2r ) 
	

••• (2.36) 

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 coils on the cross section. Thus, 

r2 

F = 3VPAOCTm -~-(-K +(n_ 1) 2 (- K -1 [n  - 
(in k)2 Rv 	R2 	2 2 

	

+ 2Vp,Ao 4 2 - n - 2 	 ... (2.37) 
Rv 	RV 

r2 	R2 
I and 2 can be determined experimentally. For a random 

distribution however it can be shown that 2 = 3 and 
R2 ~  R2  
2 	]Putting mss. values in equation Y.37 and re- 
Rv 3V 
arranging we get, 

	

° , Q [ 2-2 	) 

	

~ 2(ii- I)24K 	- ]1 K) JvP 	... (2.38) 
(ln K) 

73 

It is now assumed that the material fails when Cr equals o, 



74 

the tensile strength of the pore free material, The 

tensile strength of the material conta:.ning pores is given 

by tap = 	and therefore equation 2.38 may be rewritten as, 
0 

~p = 1- 	2- 2 n- J K K K Y~ 2 ~ r~-1 2 K-- -----2» In K ].00 

•.. 

where P is the total porosity. 

If the coefficient of * po o s. ty tee is represented by a , 

equation 2.39 may be written as, 

cr* 
pP = 1.1- t y. p) 
0 

0641 (2.40) 

a represents the magnitude of weakening for each percent 

of porosity and depends upon n and X. Fig. 2.3 shows the 

isoweakening diagram which reveals that for the same weaken- 

ing, i.e. same ci value , 4 number of combinations of n and 
K values exist and therCfore, it is not possible to obtain 
the values of n and K Straightforward' even if the value of 
ca is experimentally known. Nevertheless, Fig•2.3 is signifi-
cant in that it illustrates that for a given value of n, the 
maximum weakening, i.e. ainax is fixed and is independent of 
K. 

The above analysis p=ui.dcs us with a two parameter 
formal equation for fitting the experimental data. This 
highly simplistic model equation predicts that the variation 
of tensile strength with poro&i i.s linear. The limiting 
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porosity level upto which this model is valid can be 

readily found out by imposing the condition 12I;  = R. 
G

2  
Since 2 = 3 and R2  = fr, the limiting porosity level P 

Rv 	RV 	p  
for the validity of the equation (.39)  may be given by, 

P 

 

_29 
C - n2 ••• (2.41) 

Ft r the case Rp  } R, the pore-pore interaction takes place 

and therefore for porosity greater than Pc, the model will 

not apply. The application of this model in case of rheocast 

alloys has been discussed in Chapter 5. 
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CHAPTER III 

EXPERIMENTAL WORK 

3.1 ALLOY SELECTION 

Aluminium-copper alloys in the composition range of 4.5 to 

10 weight percent copper form the base for a large number 

of industrially important alloys.The variation of copper 

content leads to the variation of cc-phase and eutectic 

amounts in the cast alloys. Depending upon the relative 

amounts of these constituent phases, the strength is either 

a -phase controlled or eutectic controlled. As illustrated in 

section. 2.1, for the Al-4.5% CU alloy the strength is a-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.l, it is apparent 

that in this composition range, the gap between the liquidus 

and the solidus temperatures is sufficiently wide;  the maximum 

being at M'6% Cu, which makes these alloys most suitable for 

processing by rheocasting method. On the 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.Each heat consisted of about 10 Kg of the melt 

which was 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 4Ox5Ox600 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 melting 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 125x125x26O mm 

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 open 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 mould could 

be conveniently placed right below the furnace. A 



Ta..11c 3.1 C►icical analyses of alloys in weight percent 

Alloys  
Elements 	 ° Al-4.5%Cu 	Al-6% Cu 	Al-10% Cu 

Copper 4.38 6.20 10.20 

iron 0.29 0.42 0.72 

Silicon 0.26 0.14 0.15 

Manganese 0.01 0.01 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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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 inserted through 

the whole in the muffle bottom. The stopper was held in 

place with the help of a lever as shown in Fig.3.2. The open 

end of the 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 which was connected to 

the shaft of the motor. The speed of the stirrer was varied 

by regulating the power input through an auto-transformer. A 

$ txobometer 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 



iron rod. The thermocouple encased 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, No►8694 potentiometer, with a 

Fahrenheit scale. 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 been converted and reported 

in the Kelvin scale. 

The pouring was carried out by removing the graphite 

stopper from the bottom ofthe crucible. The metal pouring 

out of the crucible was cast in an open-top laboratory scale 

split-mould made of steel. The size of the mould was 30x3Ox250 Arun. 

The mould was kept as close to the bottom of the furnace as 

possible leaving only necessary clearance between the top of 

the 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. 

3̂.4 SELECTION OF PROCESS VARIABLES 

Two parameters, speed of stirring and pouring temperature, 

were varied for making various 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 advantageoi s 

in producing uniformly distributed non-dondritic particulate 



structure characteristic of rheocasting.At the same time, 

if very high stirring rates are used, a vortex is formed 

within the melt which causes 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 A1.-10% Cu and Al-6% Cu alloys, stirring speeds of 

700 and 1000 rpm were employed. For the A1-4.5% 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 restriction 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, about 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-lO% Cu, Al-6% Cu and Al-4.5% Cu 

alloys were taken as 905K, 918K and 924K respectively from 

Figure 3.1.. 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 furnace. 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'y50K 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 AD' for measuring the length of the shrinkage-pipe formed. 

.3.6 METALLOC APHY 

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 polishing grade alumina 	:isjbn.. T1i • 

final polishing was done by electrolytic method on 'B'LYPOVIST' 

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 

extent. The electropolishing time varied between 10 to 20 s 

for different samples. After polishing, all the samples were 

etched with Keller's 'reagent for about 105, washed, dried and 

finally examined under 1METAVERTI optical microscope.Typical 

microstructural features of all the samples were photographed. 

The micrographs have been presented and discussed in Chapter 4. 

The stereological measurements of the rnicrostructural 

features were carried out to determine the volume fraction, 



size and distribution of procutectic (%-particles in the 

rheocast samples. The volume fraction of a-particles was 

measured b_7 rpoint-counting' method. A grid containing 36 

points was inserted into the eye-piece of the microscope. 

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 was satisfied. The number of grid-points falling 

on a-particl_s were counted at random locations. Ibr each 

sample 25 such observations were taken.The volume fraction 

was then calculated from the relation, 
2 

N.  
... (3.1) 

25 x 36 

where V?  is the volume fraction and Ni  is the number of grid-

points falling on a-particles in any particular 

observation. 

The size of cc-particles was measured with a micro- 

scale inserted into the eye-piece of the microscope. The 

microscale was first calibrated with a given standard at 

the magnification at which the measurements were made. 

Cne division of the microscale measured 5.4 Nm of the 

object at a magnification of 2.:. One hundred a-particles were 

randomly measured on each sample and the average size (D) 

and standard deviation (C" ) were calculated using standard 

statistical procedures (74) • The results of the stereological 



measurements are presented and discussed in Chap-ccr 4• 

3.7 PCPCSITY AND SKPJNKAGE-PIP.r, DIEASURN ; 7TS 

Since the estimation of porosity was aimed at determining 

its influence on the mechanical properties, all the samples 

used for mechanical testing were evaluated for porosity 

level. The porosity value of each casting was determined 

by taking the average of porosity level of all the samples 

taken from that casting. For determining the porosity $  first 

the density of each sample was measured by usual weight-

loss method. From the observed density (ao ) , porosity 

values ("/.P) were calculated according to the relation, 

	

'1. 	_ th o • x l.i.v 	 ^ 
P  th 

where Pth  is the theoretical density of the alloy • Theoretical 

density was calculated from the known densities of o uilib- 

rium constituent phases of each alloy. The calculated theo-

retical densities of A1-4.5'/. Cu, Al-67. Cu and Al-10 /. Cu 

alloys are respectively 2839 kgm-30  2885 Kgmm3  and 3008 Kgm-3. 

The formation of shrinkage-pipe in ingots is inevitable 

due to shrinkage of liquid metal during solidifcation. The 

portion of the ingot which contains the shrinkage-pipe is 

normally chopped off before deformation processing operations 

and therefore, the actual yield of the metal is lowered. 
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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 anticipated. 

From the published literature ;  it appears that no investi-

gation relating to this aspect of rheocasting has so far 

been carried out. Though this did not fall within the scope 

of the present investigation, it was felt desirable to make 

some preliminary observations in this regard. The ingot 

casting yield was calculated according to the relation, 

ti 

casting yield (/•) = L  L  x 100 	 •.. (3.3) 

where is the length of shrinkage-pipe and L is the . total 

length of the cast ingot. Some obscry Lions for A1-!+.5/. Cu 

alloy have been given in table 3.2, Though no .systematic 

variation of the casting yield with process parameters has 

been observed, as compared to conventional casting , higher 

yiold in case of rheocastings is evident. The absence of 

any direct correlation of casting yield with process 

parameters is probably due to random porosity behaviour 

which is known to compensate for the volumetric shrinkage. 

Nevertheless, these preliminary observations do indicate 

that another potential application of the rhooeasting process 

may be in the production of ingots reçuirod for wrought end-

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

SI.No 	JStirring Speed t Pouring Temperature 'Casting Yield 
(r.p.m) 	 (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 tests were carried out for the 

evaluation of mechanical properties. Hardness indentations 

were made on same samples which were used for stereological 

measurements. Before testing, the surface was first finished 

with 4/0 grade emery paper and then lightly polished on 

blazer-cloth using polishing grade alumina-suspension. . 

Hardness measurements were carried out on a Vicker-Brinell 

hardness testing machine using Vicker's xale with 5 kg of load. 

On each sample, five observations were taken the average 

of which constituted one reading. 

The impact tests were carried out on an impact testing 

machine using a standard Izod impact notched specimen. 

One sample from the section AB and two from Section BC were 

machined out and the average Izod value of the three 

specimens were determined which constituted one reading. 

During the initial trials for Al-b)'. 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 these observations, hardness and impact tests 

were subsequently abandoned for Al-67. Cu and Al-4.5'/. Cu 

alloy. 

Tensile tests were performed on •a motorized Hounsfield 

tensometer. The dimensions of the test piece have been shown 

in Fig. 3.4. All the specimens used for tensile tests were 

machined out from section AB of the ingot (figure 3.3). 



Table 3.3 Effect of Processing Condition on 
Hardness and Impact Strength of 
Al-10% Cu Alloy 

Sl.No. Stirring 	i Pouring Tempera-1Izod Impact 	Hardness 
Speed 	i ture (K) 	;value (Nm) 	j (VEN) 
(r.p.m.) 

M 

900 2 77 
896 2 85 

894 2 83 

892 2 88 

886 2 80 

880 2 83 

900 2 87 

898 2 83 

894 2 82 

892 2 85 

886 2 83 

950 2 81 

1. 700 
2. 700 

	

3., 	700 

	

4. 	700 
5, 700 
6, 700 

	

7. 	1000 

	

e. 	1000 
9. 1000 

10. 1000 
11. 1000 
12. Conventional 

Casting 



ALL DIMENSIONS iN mm 

FIG.3.L. DIMENSIONS OF THE SPECIMEN USED 
FOR TENSILE TEST. 
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crepe ral? y three specimens were tested and the average of 

the three constituted one reading. All tests were carried 

out on a load-scale of 0-500 kg with matching beam. Botla 

ultimate tensile strength (UTS) and percent elongation 

. were determined. All the strength values were obtained 

ire Kg mm 2  and have been reported after conversion to 

MNm 2  unit. During the tensile test, load extension curves 

were also recorded on an automatic recording unit attached.  

to the tensometer• The results of the tensile tests have bee?i 

presented and discussed in Chapter 5. 

3.9 SXM ACGAPHIC STUDIES 

In order to gain an insight into the fracture behaviour, 

specimens fractured in the tensile tests were examined under 

Philips 501 Scanning Electron Microscope (SEM)with a maximum 

rated resolution of 70 A0. A small sample frorn 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 plane. 

The sample was then glued carefully in the specimen holder 

of the SEM by silver paste. The fractured surface was 

scanned thoroughly and the features of interest were 

photographed. The results of the fractographzc studies have 

been presented in Chapter 5. 



CHAPTER -IV 

RESULTS AND DISCUSSION: MICROSTRUCTURE 

4.1 INTRODUCTION 

The rheocasting process adopted for the present investigation 

allows the solidification to complete in two stages. The first 

stage is the primary solidification stage in the 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 the mould. The overall 

rheocast microstructure is therefore governed by the effects of 

both the stages of solidification. In case of rheocastings }the 

procutectic 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 

particles ),In this chapter, , the results of the optical microscopic 

study of overall cast microstructure of rheocast Al-Cu alloys 

have been presented and discussed with a particular emphasis on 

the shape and size distribution of the proeutectic a- 

phase. 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 

the 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 pertaining 

to Al-10x6 Cu, hl-6% Cu and .Z1_4.5% Cu alloys have been 

presented in sections 4.2, 4.3 and 4.4 respectively. In 

section 4.5, the three sets of results have been compared 

and discussed to elicit relevant information on the role of 

copper content in influencing the rheocast microstructures. 

4.2 RESULTS: MICROSTRUCTURE OF Al-l0% Cv.ALLOY 

The optical micrographs of various castings of Al-lO Cu 

alloy have been shown in Figs.4.1 to.4.6. Figure 4.1 shows 

the microstructure of conventional casting whereas Fig.4.2 to 

4.6 depict the microstructures of rheocastings. A comparison 

of conventionally cast and rheocast microstructures clearly 

reveals that the morphology of proeutectic a-phase is 

significantly modified by the rheocasting process and its 

variables, namely the pouring temperature and the stirring 

speed. The microstructure of conventional casting in Fig.4.l 

shows the dendrites of proeutectic ca-phase whereas the 

microstructure of rheocastings in Figs.4.2 to 4.6 are 
characterised mostly by the non-c1.andritic morphology of 

n 	 ~. 	, r 	., -ph 	~ though t~zc ;:Gra tivri o f c<.:~~- z '-,~ 	tr .~. lianitcd 
Lxtcnt is also cvidcnt in s,:v :ral samples• Further comparison 
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FIG.4.1 MICROSTRUCTURE OF CONVENTIONALLY 
CAST AL-l0°!0 Cu ALLOY POURED FROM 
950 K. Mag. X200 
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FIG. 4.2 MICROSTRUCTURE OF RHEOCAST Al-10 
Cu ALLOY STIRRED AT 700 R.P.M. AND 
POURED FROM (a.) 900 K (b) 896 K 
Mag. X 200 



(a)  

(b)  

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. 
Mug. X200 
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(a)  

(b)  

FIG.4•4 MICROSTRUCTURE OF RHEOCAST At-10% 
Cu ALLOY STIRRED AT 700 R P M AND 
POURED FROM (a) 886 K (b) 880 K 
Mag. X 200 



(a)  

I 

(b)  

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 
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FIG.4.6 MICROSTRUCTURE OF RHEOCAST Al. -10 
Cu ALLOY STIRRED AT 1000 R.P.M. AND 
POURED FROM (a) 894 K (b) 892 K. 
Mug. X 200 
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of microstructures of rheocastings made at 701 r.p.m. 

(Figs•4•.2 to 4.4) and at 10CG r.p.m. (Figs.4.•2 to 4•b) 

reveals that the tendency of dendrite formation is higher 

at lO+.0 r•p•m• especially at higher pouring temperatures. 

The variation of average a-particle size (D) with 

pouring temperature at two stirring rates 7C0 r.p.m. and 

1CCC r.p.m. has been shown in Figs.4.$ and 4.9 respectively. 
ti 

It iS observed that D increases with the increase in pouring 

temperature at both .stirring speeds. However, a comparison 

of Figs. 4.8 and 4.9 reveals that the speed of stirring does 

not have any significant effect on D. 

Figures 4.1 and 4.11 represent the typical frequency 

distribution curves of measured a-particle size for rheo- 

castings made at 700 r.p.m. whereas Figs•4.12 and 4,13 are 

for rheocastings made at 1000. r• ?.m. These curves clearly 

show that though stirring ,rate has no significant effect* 

the size distribution is broader at higher pouring temperature 

than that at lower pouring temperature. The variation of size 

distribution with pouring temperature as indicated by 

standard deviation (v ) and the coefficient of variation 

_ (C' A) has been shown in Figs.4.14 and 4.15• It is observed 

that both CG and /D increase with increase in pouring 

temperature. 
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4.3 RESULTS# MICROSTRUCTURE OF Al-6`/. Cu ZiLWY 

The optical. micrographs of various castings of Al-6'/.cu 
alloy have been shown in F.igs•4.16 to 4.21• Figure 4.16 

shows the microstructure of conventional casting - .whereas 

Figs. 4.17 to 4.21 depict the microstructure of rheocasting 

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 process. The microstructure of conventional 

casting in Fig•4.16 shows the dendrites of c-phase whereas 

the microstructures of rheocastings in Figs.4•I7 to 4.21 are 

characterised mostly by the non-dendritic morphology of 

a-phase, though the formation of dendrites to a limited 

extent is also evident in several samples. These observations 

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

Generally, it is not possible to distinguish between 

the two types of particles - primary and secondary ones, by. 

conventional nmetallography when their sizes are of the same 

order of magnitude. However, at lower pouring temperatures 

where some of the primary particles are of abnormally large 

size, such as the type of p4rticles marked 'Pt in Fig./+.18(b) 

and 4.21 9  these primary particles are clearly identified 

from the rest of the particles. The microstructure of 

water-quenched slurry shown in Fig•4.21(b) confirms that 

abnormally large particles 'P'  observed in the rheocast 
samples are primary particles. 
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(a)  

(b)  

FlG.4.18 MICROSTRUCTURE OF RHEOCAST A1-6 O/ 

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)  

FIG.4.20 MICROSTRUCTURE 0 F RHEOCAST AL-6 0/0 

Cu ALLOY STIRRED AT 700 R.P.M. AND 
POURED FROM 890 K. Mag.(a) X100 
(b) X200 

119 





The variation of a-particle size (D) with pouring 

temperature at the two stirring speeds of 7CC r.p.m. and. 

IOCC r.p.m. has been shown in Figs•4.22 and 4.23 respectively. 

It is observed that at both stirring speeds remains nearly 

unaltered at higher pouring temperatures. Below - 89C K the 

size of some of the particles increases abruptly to a large 

value. Such a situation correspond, to the duplex micro- 

structure depicted in Fig•4.18(b) and 4.21(a) where the 

abnormally large particles have been marked as p Though 

the average size of such particles is much higher s  the 

average size of rest of the particles (small particles) is 

nearly of the same order of magnituCe as that at higher 

pouring temperatures. A comparison of Figs.4.2'2 and 4.23 
further reveals that the particle size is smaller for higher 

stirring rate at all pouring temperatures.. This effect of 

stirring rate is more pronounced at lower pouring 'temperatures 

than at higher pouring temperatures. 

Figures 4. 24 and 4.2 r, represent the typical 

frequency distribution curves of measured tt-particle size 

for rheocasting made at lLCO r.p.m. whereas Figs•4.26 and 

4.27 are for rheocastings made at 7 ,.0 r.p.m. These curves 

reveal that at stirring rate of lUCO r.p.m.,, the size 

distribution is similar at lower as well as higher pouring 

temperatures, but in case of 703 r.p.m. the size distribution 

is broader at lower pouring temperature. Figures 4.28 and 

4.29 are intended to show the effect of pouring temperature 
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on size distribution as indicated by the standard devia- 

tion (Cr ) and the coefficient of variation (O' If)). It is 

observed that O' and cr /D are not significantly influenced 

by pouring temperature except that at lower temperatures 

and lower stirring speedy the standard deviation 0 is higher. 

4.4 RESULTS: MICROSTRUCTURE OF Al-4.5'/• Cu ALLOY 

The optical micrographs of various castings of 

Al-4.5% Cu alloy have been shown in Fig•4•30 to 4.37• 
Figure 4.30 shows the microstructure of conventional casting 

whereas Figs•4.31 to 4.37 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 process. The microstructure of conventional 

casting in Fig•4.30 shows the dendrites of ct-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 samples. At lower temperatures some of the primary 

particles such as the type marked I P I  in Fig•4.34  are clearly 

identified from rest of the particles. These observations-

are similar to the observations made in case of A1-67. Cu alloy 
rheocastings. Figure 4.35 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 



(b) 

a 	Y  

FIG.4.30 MICROSTRUCTURE OF CONVENTIONALLY 
CAST Al - 4.5 % Cu ALLOY POURED FROM 
960 K. Mag.(a) X100 (b) X200 
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(a) 

(b) 

FIG.4.31 MICROSTRUCTU=RE OF RHEOCAST Al 4.5 °la 
Cu ALLOY STIRRED AT 1000 R.P.M. AND 
POURED FROM 919 K: Mag. (a) X 100 
(b) X 200 
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(a) 

(b) 

FIG.4.32 MICROSTRUCTURE OF RHEOCAST 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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(a) 

t 	 . 	 Y 

(b) 

FIG. x+.33 MICROSTRUCTURE OF RHEOCAST At-4.5% 
Cu ALLOY STIRRED AT 1000 R.P.M. AND 
POURED FROM (a-) 914 K (b) 911 K. 
Mag. X 200 
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(b) 

FIG4.34 MICROSTRUCTURE OF RHEOCAST A14.5°/o 
Cu ALLOY STIRRED AT 1000 R.P.M. AND 
POURED FROM (a) 908 K,Mag.X50 
905 K,McigX100 
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FIG.4.35 MICROSTRUCTURE SHOWING THE EVI-
DENCE OF BOUNDARIES ( SHOWN BY 
ARROW) WITHIN LARGE PRIMARY PAR-
TICLES (F) SHOWN IN FIG 4.3 (b).- 
Mag.()X200 (b) X500, 
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MICROSTR UCTURE OF RHEPCAST At--45 : FlG.~4.36   
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POURED FROM (a) 922 K(b) 919 K. :  
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(b 

FIG. 4.37, MICROSTRUCTURE OF RHEOCAST AL4.5 % 
Cu ALLOY STIRRED AT 700 R.P.M. AND 

• POURED FROM (a) 914 	(b) 911K. 
Mag. X 200 
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provide an evidence that these particles have formed by 

particle coalescence. 

Figures 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 

micrographs two important effects of the process parameters 

are worthnoting. Firstly, the Bend ritic'morphology and the 

extent of segregation are more marked at higher pouring 

temperatures (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 (Z) with 

pouring temperature at various stirring speeds has been 

shown in Figs.4.38 to 4.41. At all stirring speeds, it is 

observed that D s smaller at higher pouring temperatures and 

larger at lower pouring temperatures. However, at lower 

stirring speeds, the rate of increase of ].with decrease in 

pouring temperature is much greater than that observed at 

higher stirring speeds. In the duplex structure, the variation 

of 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 temperature and at a lower pouring temperature. It is 

observed that at higher pouring temperature, the stirring rate 

has no significant effect on L. However, at lower pouring 

temperature, ib decreases with increase in stirring rate. 

Figure 4.43 to 4.46 show typical frequency distribution 

curves of measured (,-particle size for rheocastings made 

at 700,r.p.m. and 1000 r.p.m. Figures 4.47 to 4.50 are intended 

to show the effect of pouring temperature at various stirring 

speeds on the size distribution of o( -particles as indicated 

by the standard deviation (& ) and the coefficient of 

variation (O %D). In general, it is observed that the variation 

of &i similar to the variation of 12 with pouring temperature. 

At stirring rates of 500 r.p.m. and 700 r.p.m., d' 'increases 

.. with the decrease in pouring temperature. At stirring rates 

of 1000 and 1200 r.p.m., 0' remains unaltered at higher 

pouring temperatures but increases with decrease in pouring 

temperature at lower pouring temperatures. It is further 

observed that.at low stirring speeds of 500 r.p.m. and 700 r.p.m., 

&/D. 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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T/5 does not vary significantly with pouring temperature. 

• Figure 4.51 is intended to show the effect of stirring 

rate on 0 at a higher pouring temperature 922K and at 

a lower pouring temperature 911 K. It is observed that at 

922K the stirring rate has no significant effect on 0" , but 

at 911K it decreases with increasing stirring rate. Figure 4.52 

shows the variation of 0"/ ? with stirring rate at 922K and 

911K. The effect of stirring rate at 922K is insignificant but 

at 911K, (f / D appears to decrease slightly with increase 

in stizring rate. 

4.5 DISCUSSION: MICROSTRUCTURE OF RHEOCAST Al-Cu ALLOYS 

The three sets of results on the microstructural features of 

rheocast 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 characteristic dendritic morphology of proeutecticv(-phase 

obtainable in conventional casting is transformed into non-

dendritic spheroidal morphology by rheocasting process. However, 

I 	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 samples 

may be attributed either to the conditions prevailing during 

the primary solidification or during the 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 quite evident, it is difficult to bring out 

as to whether this tendency is due to primary solidification 

or secondary solidification as the particles formed during 

primary solidification and during secondary solidification 

are not distinguishable from each other. Since the formation 

of dandrite is more marked at higher pouring temperature 

where the extent of solidification in the mould is more;it 

is reasonable to assume that the subsequent solidification 

in the mould is primarily responsible for this effect. 

In a stirred melt when solid particles are continuously 

forming the 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 

disruption by the fluid forces. This contact time may be 

sufficient to result in the formation of bonds between the 

particles by sintering which eventually leads to the formation 

of a few particles much larger in size than the particles 

from which they form. The contact time between the particles 

is increased at lower temperatures because of higher solid 

content in the melt.This phenomenon of particle coalescence 

and sintering results in the formation of abnormally large 

primary particles marked 'P' in Figs.4.18(b), 4.21(a) and 

4.34. A further evidence of particle coalescence is obtained 

from Fig.4.35 which shows the boundaries within the large 

parimary particles. Apaydin et al(14) have also observed 

such boundaries in case of Al-Mg alloys. Though their findings 
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remain inconclusive, they consider that such boundaries are 

formed by particle coalescence. Ichikawa and Miwa(27) have 

also expressed the possibility of particle coalescence during 

stirring. Even in unstirred melts, Oblak and Rand(28) have 

shown that the primary 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 known 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.10 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 

dendritic growth even when the melt is vigorously agitated. 

It has also been observed by Flemings(56) that at higher 

cooling rates, at least above a certain minimum, dendritic or 

semi-dendritic particles instead of characteristic spheroidal ones 

are formed in case of rheocastings 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% Cu alloy it is evident that the large 

primary particles 'P' have formed only in case of low 

Copper alloys, i.e. Al-6% Cu and Al-4.5% Cu alloys. The 



159 

absence of such particles in case of Al-107. Cu alloy may 

be attributed to the effect of copper content on the growth 

kinetics of cr-phase. Chien and Kattamis (75) have shown 

that the growth rate of a-phase in Al-Cu alloys decreases 

with the increase in copper content. It is,. therefore, not 

unreasonable to assume that when the copper content is high, 

the neck formation between the colliding particles will be 

at a slower rate leading to the formation of weaker inter-

particle bond. Such a bond can be easily broken by the 

fluid forces"preventing the particles from coalescence. 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 formed by coalescence in Al-23'x• Cu 

alloy (13) and Al-107. Cu alloy and the occurrence of such 

particles in Al-6%. Cu alloy and A1-4.5 Cu alloys provide 

adequate evidence in support of the role of copper content 

in particle coalescence phenomenon. At this stage, it is 

also pertinent to examine the effect of stirring rate on 

the pparticle coalescence phenomenon. When a lower stirring 

rate is employed, the fluid 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 

time. It follows then that at lower stirring rate, particle 

coalescence will be favoured even when the solid fraction 

in the slurry is not high. However, this can happen only 



when the growth rate is high, i.e. 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 

particle coalescence will take place and it will not be 

possible to identify the particles formed by coalescence. 

In contrast to this, when higher stirring rates are 

employed, the fluid forces are strong, neutral zones extend 

over to a limited region and colliding particles remain 

in contact only for a short time. 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 easily identified in the 

rnicrostrueture. This explains the results of Al-4.57. Cu 

alloy that large primary particles 'P'  are formed only 

at 1000 r.p.m. For 1200 r•p•m. even for pouring temperature 

of 908K, the duplex structure has not been observed. This 

is because the particle coalescence is postponed to much 

higher solid fraction , at this stirring rate. Therefore, , it 

is likely that the duplex structure in case 1200 r•p•m. will 

form only when the temperature is brought below 908K. 

In the normal solidification of a single phase binary 

alloy, the segregation of the solute results as a consequence 

to the non-equiljbrium nature of the solidification. In a 

stirred melt, the segregation equation in terms of liquid 

composition is given by (L.5), 
t 

CL  = Co(1-fs)r k  ' l J 	 ... (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 

solid particles formed and 7,r is effective partition 

coefficient. The effect of stirring rate on segregation is 

related through its effect on ki. If ;:.f for a low stirring 

speed be designated as (k r )LS and for a high stirring 

speed (k I )HS' the segregation equation during the primary 

solidification 4.1 may be rewritten as, 

(,CL ) LS = Co (l- f 5 ) 	 ...  (4.2) 

E (
r 

(CL ) 	= Co (].- s ) 	
~c )HS- ~. ~ 	

... H5  

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

is amount of solid has formed at a low stirring speed and 

at a high stirring speed respectively. Combining equations 

4.2 and 4.3, 

( CL )LS 	~ ~ ~ r ) LS- (ly i 'HS ..J 

C~~S 
= {1-fs) 	... X4.4) 

It is known (45) that under constant growth rate condition, 

:o is minimum when the -stirring is maximum, and therefore, 

it may be assumed that (k ' )L$ is greater than . (K r )H$. it 

follows then that r 	)LS-(kr )HSJ is a positive quantity 

and since (1-f5 ) is less 'than unity, (CL )LS/(CL )HS is also 

Tess than unity, i.e• (CL )LS I (CL )HS. The final solidi-

fication of the liquid having composition (CL)LS or 
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obtained after primary solidification s occurs in the mould 

(secondary solidification) Since the composition of the 

liquid obtained at low stirring speedy (CL)LS; is lower than 

that at higher stirring speed, (CL )H$9 lesser amount of 

segregation product is expected to form after final solidifica-

tion in the mould. This is what exactly has been observed 

in the present case. 

For the Al-lO% Cu and Al-6% Cu alloys marked influence 

of processing condition on segregation has not been observed. 

In fact, Fig.3.l 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-106 Cu 

and Al-6 % Cu alloys lie in the two phase region where 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 range of variation of 

segregation with processing condition. 

The effect of processing condition on particle size and 

its distribution has been found to be different for different 

alloy composition. Decreasing the pouring temperature has been 

found to decrease D., 6 and d/Tl in case of Al-10% Cu alloy, 

whereas in the case of A1-6% Cu alloy, D,Q" and C /D have not 

been found to vary significantly with pouring temperature except 

at very low pouring temperatures where the particle coalescence 

leads to sudden increase in the size of some of primary 

particles. In case of the Al-4.5% Cu alloy, B, 0' and 0 ~D 
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have been found to increase with decrease in pouring 

temperature at low stirring speeds. At higher stirring 

speeds, the dependence of B, 0'- and a/f on pouring temperature 

is similar to the observations for A1-6% 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 4l-4,5% Cu, increasing the stirring rate has 

been found 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 equation 

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

•4 	exp(B/AT2) 	 S.. \(4•5) 

T 
VR 421TL+ 	AT 	 ,... (4.6) 

1/3 	,. 1/3 
r = '2 	(v R x  

There R is growth rate,., I is nucleation rate,, AT gives the 

temperature by whih the temperature of the melt is brought 

below the i:Iquidu.s temperature,, ATL  is 'the difference between 

the .lIquldus temperature of the alloy and the melting tefrtpera- 

e of pure component,, k is equilibrium partition coefficient,, 
ft 

X is average particle size,, VP  is the volume fraction o.f 
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solid formed, and A , A2  and a are constants. A close 

examination of equation 4.5 reveals that the variation 

of R/T with AT passes through a minima which occurs at 

AT = .. -, This value of AT may be designated as L1 min. 
When AT is lowered below 	in, I increases but the para- 
meter VPR 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 VpR according to equation 

4.7. 
The observed experimental result for high copper 

alloy (Al-10% Cu alloy) that the particle size increases 

with the increase in pouring temperature (decrease in QT) 

suggests that for this alloy 4 min  is high and the pouring 

temperatures varied lie in the range having AT less than 

A  Tmin where  increases when DT decreases. If AT is suffi-

ciently away from LITmin, z will become overbearing because 

of the exponential term and more than co,ipensate the 

decrease in VPR. 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 decr:Dases with increase in pouring 

temperature (decrease in QT) suggests that Amin  is lower for 

this.alloy and therefore the range in which the pouring 

temperatures have been varied lies for QT greater than Amin 
where both and VPR decrease with decrease in QT. 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 QT less than d min, but 

sufficiently near it so that increase in i is almost 

compensated by decrease in VPk and therefore the particle 

size is independent of pouring temperature. Frcm the fore-

going it is apparent that the copper content has a distinct 

influence on Tmin  which increases with increase in copper 

content. Since for high copper content (A1-10% Cu) the 

particle size has been found to decrease and for low 

copper content (Al-4.5% Cu) the particle size has been 

found to increase with decrease in pouring temperature, the 

change in the value of d min  with copper content further 

implies that at higher copper content the transformation is 

nucleation dominant and at lower copper content the trans-

formation is growth dominant. This is in accordance with the 

observations of Chien and Kattamis (75) that the growth 

rate of a-phase increases as the copper content is lowered. 

It appears therefore that for intermediate copper content 

(Al-6% Cu) the growth and nucleation effects are equivalent 

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, Nnax,  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 not be pronounced because 

of already prevailing high nucleation activity. Consequently, 

no effect of stirritg, rate on particle size is anticipated 

as observed- in case of Al-10% Cu alloy. For the low copper 

alloys, therefore,where growth conditions, both 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 

in__case -'of low pouring temperatures where the effect of 

secondary solidification 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 explains the results of the 

low copper alloys on the dependence of a -particle size on 

processing conditions. 

When a transformation proceeds with the growth 

process dominating, the growth of 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 be large and 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 

temperature. From the foregoing, it is apparent that in 

case of 1~l-10/ Cu alloy, where the nucleation effect is 

dominant, O and O/ will decrease with pouring temperature; 

in case of hl-6% Cu alloy, where the growth and nucleation 

effects are equivalent, & and 0`/D will not change with 

pouring temperature and; in case of Al-4.5% Cu alloy, 

where the growth effect is dominant, O and CT /D will increase 

with decrease in pouring temperature. However, in case of 

Al-4.5% Cu alloy, 0""and T/b 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 become 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 case of Al-10% Cu alloy and it lowers the 

values of QF and fr -/D in case of lower copper alloys, is 

therefore in accordance with the general expectations. 



CHAPTER V 

RESULTS AND DISCUSSION*. CHANICAL PROPERTIES 

5.1 INTRODUCTION 

In this chapter, results pertaining to tensile properties 

of rheocast Al- l0'/• Cu , Al-6'/• Cu and Al-4.5/. Cu alloys 

have been presented and discussed in the light of theo• 

retical models developed in Chapter 2. The results for the 

Al-107. Cu alloy have been presented in Section 5.2 whereas 

those for the Al-67. Cu and A1-4.57. Cu alloys have been 

presented in Section 5.3. After eliminating the contribution 

o f porosity, the strength levels of rheocastings have 

been compared with those of conventional castings, and the 

role of rheocast microstructure in modifying the mechanical 

properties has been assessed: In order to gain an insight 

into the mechanism by which the mechanical properties are 

governed, SEM fractographic observations of tensile fractured 

surfaces have also been made and results have, been presented 

and discussed in Section 5.5• 

5.2 MECHANICAL PROPERTIES OF RHEOCAST Al- 107. Cu ALLOY 

Tensile strengths of various castings of Al-lO'/. Cu alloy 

have been presented in table 5.1. All the castings tested 

168 
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Table 5.1- Effect of processing condition on 
mechanical properties of Al-10/. Cu alloy 

S•No Stirring Pouring Porosity Tensile Strength 	`/. Elonga- 
speed Tempera- /. m 2 	tion 
r•p•m. tore K 

1• 700 900 11.0 172 0 
2: 700 896 3.8 170 0 
3. 700 894 3.•8 164 0 
4• 700 892 7.9 170 0 
5. 700 886 10.3 166 o 
6, 700 880 4.1 184 0 
7.  1000 goo 3.2 211 0 
8.  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 0 

12• 1000 886 4.5 172 0 
13. Conventional casting 6.3 216 0 



170 

are extremely brittle and do not show any permanent 

elongation within the accuracy of measurements 1 typical 

tensile load extension curve showing the brittle nature 

of the material has been depicted in Fig. 5.1. Table 5.1 shows 

that no direct correlation exists between the tensile strength 

and the processing condition. 

The measured ,volume fraction of a-particles in the 

Al-10'• Cu alloy is 707. . It has been shown in Section 2.1 

that the critical amount of a-phase above which the particles 

touch each other is 78.F7 • Since for the Al-10'/. Cu alloy 

the volume fraction of cx-particles is less than this critical 

value, a-particles are assumed to be present as discrete 

particles and the a + CuAl2  eutectic phase is continuous. 

The theoretical analysis presented in Section 2.2 for such 

a composite shows that the tensile strength , OUC , may be 

described in terms of contributions of the matrix (i.e. 

eutectic) and a-particles from the rule of mixtures. The 

governing equation 226 may then be rewritten as, 

4 V0 
c r  - 0 m + 	m(Di  Z)2 	 ... (5.1) 

h 

where mum  is the tensile strength of the eutectic, V and 

VP  are volume fractions of matrix and a-particles respectively, 

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

and Z is the average of reciprocal of measured Di  values. 

The first term in the righ hand side of eouation 5.1 gives 

the contribution of the matrix and the second term gives 
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EXTENSION ---+~- 

FIG. 5.1 SCHEMATIC REPRESENTATION OF 
TENSILE LOAD-EXTENSION CURVE 
FOR Al -10 %.Cu ALLOY. 
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the contribution of particles. If a typical value of 

2E0 Mm.  2  is assumed for 0 m  (76) s  equation 5.1 may be 

rewritten as 

Luc  = 75i•70.92(D1Z) 2 
	

••• (5.2) 

From the measured value of DiZ for various castings 

the tensile strength may be calculated on the basis of 

equation 5.2. The' calculated strength values have been 

compared with the experimental values in Fig. 5.2.  It is 

observed that the experimental values are lower than the 

theoretical values. This discrepancy between the two sets 

of strength values may be attributed to the porosity in 

castings. 

-In order to evaluate the effect of porosity, equatirn 

2.40  may be rewritten as, 

... (5.3) 

where pis the tensile strength of the materia. containing 

P"/. porosity, Cr. is the tensile strength of pore-free 

material and a is a factor which gives the magnitude of 

damage caused by the presence of pores. ins, shown in 

equation 2.39, a depends upon two parameters n and K , 

where n defines the zone of stress inhomogeneity around 

the pores and K is a weakening factor. The parameters n 

and K are constants for a particular material and pore 
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geometry. For a theoretical estimate of , the values of 

n and K must be known a priori. Since in the present case 

values of n and K arc not known, the magnitude of a cannot 

be evaluated directly. 

In order to circumvent the difficulty in quantifying 

the effect of porosity, an empirical correlation has been 

proposed which relates the tensile strength with micro-

structural parameters and the porosity. The form of co rrclar 

tion equation has been assumed as, 

Cr.  c  = t;+B(b 1;)2-C(7.  P) 	 .... (5.4) 

where za 9B and C are constants. The first two terms in the 

right_ hand side of equation 5.4 has been selected to take 

into account the effect of microstructure according to 

equation 5.1. Since a linear dependence of strength on 

porosity has been predicted theoretically (equation 5!3), the 

last term. in ec{uation 5.4 has been included to impart a 

linear and negative contribution of porosity to the strength- 

Since in the rheocasting process only a-particles 

vary with the processing condition, the contribution of 

eutectic may be assumed to be constant equal to 0 mV , 1.0. 

75 MNm-`• The correlation equation 5.4 may then be rewritten 

as, 

Quc = 75;•B(f 	)'--C(7. P) 	 ... (5.5) 
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From the least square fit of the experimental 

data in equation 5.5, the coefficients B and C have been 

evaluated as 67.97 and 4.71 respectively. Thus, the 

proposed correlation equation may be finally written as, 

Cr = 75 -i 67.97(baa)`-4.71C1~P) 	... (5.6) 

A comparison of equations 5.2 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 front the analysis of experimental 

data (equation 5.6) • Equation 5.6. may then be used to 

evaluate the tensile strengths of rheocastings with varying 

microstructure and porosity. For various rheocastings the 

strength values calculated according to equation 5.6 have 

been compared with experimental values in Fig. 5.3. It is 

observed that the agreement between the calculated and 

experimental values is generally good within +107. deviation. 

In table 5.1 the tensile strength of conventional 

casting has also been given for a comparison with rheocasting. 

The porosity level in the conventional casting is 6.3'/. • For 

making an assessment as to how the strength of cone-itional 

casting compares with those of rheocastings due to micro-

structural modifications brought about by rheocasting process, 

the strength values of rheocastings have been calculated 

using equation 5.6 for a porosity level of 6.37• and have been 

plotted in Fig.5.4 against the particle parameter (D1Z)4. The 
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TENSILE STRENGTH (EXP. ) a  MN m 2 2  

FIG. Sri COMPARISON BETWEEN EXPERIMENTAL AND.. 
CALCULATED (ACCORDING TO EQUATION 5I6) 
TENSILE STRENGTH VALVES OF RHEOCAST Ale* 
10%/ Cu. ALLOY, . 
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strength ltvcl of conventional casting has also been 

indicated in this figure. It is observed that for the 

DiZ values obtained in the present investigation, all 

the rheocastings have loWer strength than the conventional 

casting at equivalent porosity level. Figure 5.4 also 

shows that at higher DiZ values, the rheocastings approach 

the strength level o conventional casting. It follows 

therefore that in order to maximise the strength of 

rheocastings, the process variables should be so selected 

that the DiZ is maximum' 

In section 4.2, results pertaining to the variation 

o f Di  (or D) with process parameters have been presented' 

However, the relationship between DiZ and process parameters 

is not precisely known. Intuitively, it is felt that 

DMZ might be dependent upon the size distribution and 

therefore, a plot between Did and 0" /D has been made in 

Pig.5.5. It is observed that DZ increases with increase 

in Q"/D . It follows then that in order to maximise 

0' /D should be maximised • In Section 4.2 , it has been shown 

that (T /D is not significantly affected by the stirring 

speed, but it increases with increase in pouring tempera-

ture d Thus, higher the pouring temperature, higher is the 

DiZ value and consequently higher is the tensile strength. 

This observation is significant in that it suggests that 

for the processing condition where the effect of primary 

solidification is minimum and maximum opportunity is available 
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FIG. 5.5 DEPENDENCE OF ®i 2 ON CLEF 'ICIENT OF 
VARIATION OF *-a-PART(CLE SIZE 



for dendritic solidifcation in the mould, the strength 

is maximum. Such a processing condition approaches the 

condition of conventional casting. It may, ther,,forc, 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-10'/. Cu alloy. 

The published literature does not provide any 

information on the subject to enable comparison with the 

present findings. However, it is pertinent to examine the 

model of Evans of al(78) for the fracture -toughness of 

__brittle_ matrix-ductile particle composites. It has been 

proposed that the role of ductile particles is to restrain 

the crack propagation through the brittle matrix. The 

mechanism by which such a restraint is affected is believ. 

to be compressive stresses which ligaments of unbroken 

particles joining the crack faces exert to restrain the 

displacement of crack faces. It Has been su:- gested that 

for the above mechanism to be operative, particles of 

cylindrical morphology should be used instead of spheroidal 

particles. When spheroidal particles are employed, the crack 

in the matrix simply bypasses the particles and no crack-

particle interaction results. It appears therefore that the 

low strengths of rheocastings containing spheroidal particles. 

is related to. the inability of a-particles to restrain 

crag: propagation through the eutectic matrix. 
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5.3 MECHANICAL PROPERTIES OF Al-6d/. Cu Al-4.5 Cu ALLOYS 
Tensile strength and percent elongation of various castings 

of Al-6'/. Cu and Al-4.57. Cu alloy have been presented in 
tables 5.2 and 5.3 respectively. In contrast to the 

Al-107. Cu alloy, significant permanent elongation has been 

observed in the present case. Figures 5.6 and 5.7 show 

the typical tensile load extension curves for Al-6'/. Cu 
and A1-4.5/. Cu alloys. These curves show significant 

plastic deformation associated with serrations in the flow 

curves. From tables 5.2 and 5.3 it is apparent that no 

direct correlation exists between the tensile strength and 

the- processing condition. 

The measured volume fractions of a-particles in 

Al-67. Cu and Al-4.57.  Cu alloys arc 82% and 86'/. respectively. 
These volume fractions are greater than the critical volume 

fraction at which the particles touch each other. Thus, 

in these alloys cc-particles arc expected to be continuous. 

The strength, 0 '  of such a type of composite material 

has been given theoretically by equation 2.29 9 which. may be re-

written as, 

uc 	a  EVa  + K f ve  1 	... (5.6) 

where Cr-  is the tensile strength of a-phase, Vc  and Ve  

are volume fractions of cc-phase and outectic respectively 

and K ris a factor which determines the extent to which the 
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Table 5.2- Effect of processing condition on mechanical 
properties of A1-6} Cu alloy 

S • No •j Stirring spoed t Pouring 
r•p•m. 	Temperature  

Porosity! Tensile 	7• Elonga- 
/• 	Strength ! 	tion 

1• 700 905 3.6 151 3.1  
20 700 898 3.3 175 3.8 
3. 700 890 4.3 163 3.9 
44 700 886 9.4 136 3.8 
5. 1000 903 4.1 156 3.5 
6 • _ 1000 898 4.1 	- 154 3.9 
7.  1000 895 3.0 180 4.6 
8.  1000 890 4.5 152 3.4 
9 • 1000 886 2.7 186 5..4 

10. Conventional casting 3.5 173 5.0 



Table 5.3- Effect of processing conditionon mechanical 
properties of A1-4.5/. Cu alloy 

S.No. Stirring Pouring 	I Porosity 	Tensile i 7. Elonga.- 
Speed Temperature . 	Strength! tion 
r-p.m• 	K 	 Mm- 

1. Soo 922 2.3 156 5.9 
2. 500 916 4.9 161 4.9 
3. 500 914 6.0 123 9.3 
4 • 500 911 6.8 126 9.5 
5. 700 922 1.2 170 5.7 
6. 700 919 4.8 132 7.2 
7. 700 916 5.9 116 10.6 
8' 700 914 4.5 147 8.1 
9.-- - 700 911 7.1 138 5.0 

10. 1000 922  5.5 130 4.3 
11. 1000 919 7.8 126 4.6 
12 • 1000 916 1.3 162 5.9 
13.  1000 914 1.4 165 5.7 
14.  1000 911 4.1 140 7.1 
15.  1000 908 6.3 136 9.2 
16.  1000 905 4.1 149 10.4 
17. 1200 919 12.0 92 3.4 
18. 1200 916 7.0 131 7.7 
19. 1200 914 8.8 99 5.2 
20 • 1200 911 3.1 148 5. 5 
21• 1400 908 11.5 92 4.7 
22• Conventional casting 1.5 152 1.5 

G 



0 
0 

184 

EXTENSION --~- 

FIG.5.6 SCHEMATIC REPRESENTATION OF TEN- 
SILE LOAD-EXTENSION CURVE FOR 
AI-6% Cu ALLOY. 
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EXTENSION -- 

FI6.5J SCHEMATIC REPRESENTATION OF TEN 
StLE LOAD-EXTENSION CURVE FOR 
Al -43 % Cu ALLOY. 
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stress is transferred from the a-phase to the disconti-

nuous eutectic, and depends upon the morphology and 

distribution of eutectic' Generally, the morphology and 

distribution of eutoctic formed in such alloys are not 

regular and therefore, it is not possible to characterise 

them on the basis of metallographic observations. It 

follows then that K is not an experimentally determinable 

parameter and 'therefore, direct application of oc;uation 5.6 

in predicting the tensile strength is not feasible 

In order to assess as to whether the type of equation 5.6 

may be used to analyse the observed experimental results 

the general expression for the composite stress as a function 

of strain (e) may be written from e uation 2.31 as, 

... (5.7) 

If the stress corresponding to the start of serrated 

flow is given by 06(£5 ) , it may be written that, 

O(c5 ) = A ss '2r Va;. KVe J 	... (5•8) 

where es is the strain at which the serrated flow begins, as 

observed in the load-extension curves. Similarly, the 

composite stress at fracture 0"C(£ f ) = 	as a function of 

fracture strain (E f ) is given by, 

C~( ef ) = A I el/2r Va j. Kl V0 J 	... (5.9) 



Combining equations 5.8 and 5.9 

_ ~1 112 	
... (F.10) 

Oct Es) 	s 

On the basis of the experimentally observed values of 

sf 9 Es Oc(cf) and Cc es ) g a plot may be made between 

o~(Ef ) 	Ez 1/2 	 , and 	• Such a plot for Al-o. /• Cu and 
O ( s )~ 	ttt  ITS s 
Ai-4.5 /• Cu alloy has been shown in Figs•5•$ and 5.9 

respectively and the experimental points arc well distri-

buted around the line with the slope: of one ancd there-

fore the validity of equation 5.10 -is confirmed. 

In order to examine the effect of a-particle size 

on the tensile strength, an empirical correlation has 

been proposed which relates the tensile strength with 

moan diameter of cc-particles and porosity. The form of 

the correlation has been assumed as, 

CTuc = A + BD1 	- C('/. P) 	 ... (5.11) 

where A, B and C are constants and D is the average 

particle size. The first two terms in the right hand 

side of equation 5.11 take into account the effect of 

microstructure. This form of contribution of microstructure 

showing dependence of strength on the inverse square 

root of particle, size is similar to the well known 

Hall-Petch relation which is commonly used to relate 

187 
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FIG. .8 RELATIONSHIP BETWEEN c (C ) /ca(€s) 
AND (C j / € )~t2 ACCORDING TO EQUATION 
5.10 FOR RHEOCASI AL-' 6 % Cu ALLOY. 
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FIG. 5.9 RELATIONSHIP BETWEEN art (€) I ±  ( €~) AND  

(C 1€ )1/2 ACCORDING TO EQUATION 5.10 FOR 
RHEOCAST A1&5% Cu ALLOY& 
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the tensile flow stress with the grain size. In most 

metals and alloys this type of relationship has  

extensively been used to describe empirically the 

dependence of fracture strength or tensile strength on 

particle size (64377). The third term in the right hand 

side of equation 5.11 tales into account the effect of 

porosity and has the similar form as used in equation 

5.4 for the Al-10'/. Cu alloy 

From the least square fit of the experimental data 

in equation 5.11, the coefficients A,B and C have boon 

evaluated for the Al-67. Cu and Al-4.57. Cu alloys from 

which tho final correlation equations have been found 

out respectively as, 

%(A167.  Cu) -- 194.8 + 421:D]_1/2-.7.08('/.P)... (5.12) 
-i/2 

Cu.) = 159.3 . 81[ DJ 	- 6.15( '/.P) 
... (5.13) 

For various rheocastings the strength values calculated 

according to equations 5.12 and 5.13 have been compared 

with the experimental values in Figs • 5.1G and 5.11 for 

Al-6 '• Cu and A1-4.5'/• Cu alloys respectively. It is 

observed that the agreement between the calculated and 

experimental strength values is generally good within +107• 

deviation. In Figs. 5.l0 and 5.119  the strength values of 

rhoocasti.ngs 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 observed that 

such a microstructure has no pronounced effect on the 

str`:ngth. 

In tables 54-2 and 5.3 the tensile strength of conven-

tional casting has also been given for comparison with 

rheocastings• The porosity level in the conventional casting 

of Al-67. Cu alloy is 3.57• and for the Al-4.5% Cu alloy 

it is 1.57. - For making an assessment as to how the 

strength of conventional casting compares with those of 

rhoocastings due to microstxuctural modifications brought 

about by ncoocasting process the strength values of rheo-

castings due to microstructural modifications brought 

about by rheocasting process the strngth values of rheo-

castings have boon calculated using equations 5.12 and 5.13 

for porosity levels of 3.57, and 1.57•  for the A1-6'/.Cu 

and Al-4.5'/. Cualloys respectively, and have been plotted -1/ 2  
against Cr)  I 	in Pigs. 5.12 and 5.13. The strength levels 

of conventional casting have also been indicated in these 

figures. It is _ apparent from these figures that the a-particle 

size does not have any pronounced effect on the strength. 

Though the strength of rhoocastings is slightly higher than 

that of conventional casting the difference is negligibly 

small. However, these curves do suggest that if the process 

parameters are so selected that very fine a-particle size 

is obtained, some improvement in strength may be possible. 

In order to achieve this objective, from the results presented 
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FIG. 5.13  VARIATION OF TENSILE STRENGTH WITH a( -
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in Sectionstf. 3 and 4-4.  high stirring speed and high 

pouring temperature might be considered as appropriate 

processing condition. However, Fig.4•42 shows that the rate 

of decr ase of cc-particle size decreases as the stirring 

speed is increased and if the pouring temperature is high, 

the effect of stirring speed is insignificant. Thus, it 

appears that considerable refinement of a-particle size 

is unlikely to be achieved by rheocasting process and 

therefore, a significant improvement in the strength 

through the microstructural modification, brought about 

by the rheocasting process is a remote possibility. 

5.4 FRACTURE BEHAVIOUR 

The fracture behaviour of various castings has boon studied 

by Scanning Electron Microscopy (SEM). Figures 5.14 to 

5o17 show the morphology of procutoctic a-phase as revealed 

by SENT examination of tensile fractured surfaces at the 

shrinkage porosity in the specimen. From the comparison of 

these fractographs it is apparent that cc-particles in case 

of :al- 107. Cu alloy do not form a continuous phase 

(Fig• 5.14) , whereas in case of i l-6% Cu and A1-4.57. Cu 

alloys, a-particles join each other to form a continuous 

phase (Figs. 5.15 and 5.16) • The joined cc-particles in 

Pigs. 5.15 and 5.16 foam a chain and exhibit a morphology 

having a close resemblence with that of a dendrite. In 



FIG. 5.14 SEM FRACTOGRAPH OF RHEOCAST Al-10 
Cu ALLOY SHOWING 'DISCONTINUOUS o(- 
PHASE. Mag.-X 832 
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FIG. 5.15 SEM FRACTOGRAPH OF RHEOCAST-  At-6 % 
Cu ALLOY SHOWING JOINED AND CONTI 
NUOUS '-PHASE PARTICLES. Mag. X448 



199 

FIG. 5.16 SEM FRACTOGRAPH OF RHEOCAST* AL-1..5 
Cu ALLY' SHOWING JOINED AND CONTI- 
NUOUS a-PHASE PARTICLES.- Mog. X 352 
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FIG.5.17 SEM FRACTOGRAPH OF CONVENTIONALLY 
CAST AI-4.5% Cu ALLOY SHOWING DEN- 
DRITIC MORPHOLOGY OF o(-PHASE. 
Mug. X 640 



201 

.Fig.5.17, a typical dendrite of a-phase as observed in 

conventionally cast specimen has been shown. A comparison 

of Pigs. 5.15 and • 5.16 with =?ig. 5..17 suggests that the 

characteristic directionality of dendritic morphology and 

the distinct primary and secondary branches are not present 

in Figs. 5.15 and F. i6 , and therefore 9  the cx-phase in 

Figs. 5.15 and 5.16 is not dendritic but has formed by 

joining of a-particles forming a continuous phase. These 

observations lend support to the theoretical predictions 

pres anted in Section -.1 that the a-phase is a discontinuous 

phase in Al-l07. Cu alloy and is a continuous phase in Al-6*'.Cu 

and Al-4.57. Cu alloys. 

Fig.5.1 depicts 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-Cu Zl2  interface in the eutoctic matrix by cleavage mode 

(marked C in the fractograph). In certain places the fracture 

has propagated from below the CuAl„ plate to above it and 
• L 

thus retaining a part of CuAl2  marked D. Wherever the fracture 
G 

path has moved through the ct-phaso;  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 observed in abundance 

and Fig.5.lg is representative of a selected region of the 

fractured surface where the cx-phase has been found to 

f ractu re. 

A• close examination of areas where CuAl2  plates are 
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FIG. 5.18 SEM FRACTOGRAPH OF RHEOCAST Al-10 % 
Cu ALLOY SHOWING CLEAVAGE OF EUTEC--
TIC AND RUPTURE OF of --PHASE . 
Mag. X 416 
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perpendicular to the fractured surface shows extensive 

secondary cracking of the a- CuAl 2. interface in the eutectic, 

Fig.5.19• Similar mode of cracking of the eutectic along 

a-C~z Al2 interface has also been reported earlier (79) • 
Figure 5.20 represents the general appearance of the 

fractured surface in which large number of dimples are 

observed. These dimples do not appear to have formed as a 

result of extensive plastic deformation since the AI-10%Cu 

alloy has been found to fail in a brittle manner (Section 5.2). 

The most probable origin of such dimples appears to be 

decohesion and pull-out of a-particles as observed in case 

of short fibres in fibre-rei_7 fibrced composites. Further 

examination of an area inside a dimple reveals that a-phase 
of the eutectic has also been scooped out alongwith primary 

a-particles le wing behind only the CuAl2 (Fig. 5.21). Since 
the eutectic a is mechanically trapped between CuAl2 phase, 
small cracks in CuAl2 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 a-phase of the eutectic on primary a-particles 

has probably prevented the pull-out of all the a-particles 

and in such cases the crack has propagated through the 

a-particles r,as indicated by R in Fig-5-18. Figures F.20 and 

5.21 therefore provide an evidence that the a-particles have 

generally been pulled out and consequently dimples have 

formed. 



FIG.5.19 SEM FRACTOGRAPH OF RHEOCAST At-10 O/o 
.- Cu ALLY SHOWING SECONDARY CRACKING 
IN EUTECTIC ALONG dCuA.l2 INTERFACE. 
Mag4 X 1875 





FIG.5.21 SEM FRACTOGRAPH OF RHEOCAST A1-10 
Cu ALLOY SHOWING CRACKS IN CuAl2 DUE 
TO PULL-OUT OF -PHASE .OF EUTECTIC. 
Mug. X1875 



07 

The above observations load to the conclusion that 

the fracture in case of Al-10% Cu alloy has occurred V 

primarily by cleavage along ca-CuAl2 interface of the 

eutectic and pull-out of a-phase. It is known (80) that 

the pull-out of particles is favoured if the particles are 

spherical in shape. It follows therefore 9 that the pro-

eutectic a-phase has not been effective in restraining the 

fracture prcicess• It is obvious from the foregoing that 

the morphological modifications of a-phase brought about 

by the rheocasting process will favour pull-out of the 

a-phase and they ford strength higher than that of 

conventional casting exhibiting dendritic morphology is 

unlikely to be achieved. This conclusion based on the 

fractographic observations is in agreement with the experi- 

mental results presented in Section 5.2• 

The fracture mode in case of lower copper alloys, 

Ai-6. Cu and Al-4.57• Cu, has been found to be different 

from the one observed in ,c~.se of Al-10'7. Cu alloy. The 

general appearance of the fractured. surface presented in 

Figs-5. 	and 5.23 consists of rupture of ca-phase by 

mlcxovoid nucleation and coalescence k(marked R), and 

cleavage of the eutectic (marked C').. Figure 5+:23 for 

the Al-4.57. Cu alloy d.epict.s additional feature of ledge 

like cleavage facets (marked L) which has been .observed 

only in the selected regions of the fractured :surfaces• 



FIG.5.22 SEM FRACTOGRAPH OF RHEOCAST Al-6 
Cu ALLOY SHOWING CLEAVAGE OF EUTEC- 
TIC AND RUPTURE OF oC -PHASE . 
Mag. X352 

r~ 
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FIG: 5.23 SEM FRACTOGRAPH OF' RHEOCAST AL-4.5 % 
Cu ALLOY SHOWING CLEAVAGE OF EUT EC. 
TIC ..'AND RUPTURE OF.' 	'PHASE. 
Mag. X-352 
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A close examination of areas where the CuAl„ is z  

perpendicular to the fractured surface, Fig. 5.24 and 

5.25, reveals that the secondary cracks in the eutectic 

have not followed the preicrcntial path of ct-CuAl2  interface 

as in the case of Al-10'/. Cu alloy because of extensive 

plastic strain at lower stress 1..v.ls in these alloys which 

has caused crack propagation mostly through the a-phase 

by microvoid nucleation and coalescence. The existing 

stress level in such cases is not sufficient to cause 

secondary cracking along cc- 	2 CuAl interface. The fracture 

of the a-phase has been observed to occur at the neck 

formed by joining of particles (shown by arrows in Fig• 5.26) • 

The above observations suggest that in case of lower 

copper alloys, Al-b% Cu and Al-4.57. Cu, the fracture has 

taken place both by cleavage: of eutectic area and fracture 

of the procutectic cc-phase. The experimental results 

presented in Section 5.3 show significant plastic deformation 

in these alloys and .appear to be associated with the 	i 

deformation and fracture of cc-phase as evident from fracto-

graphic observations. 

On the basis of results of the fractographic study 

presented in the preceding paragraphs, it may be concluded 

that as the copper content in the alloys is lowered from 

107. to 4.57.,  the fracture process becomes dominated by 

the rupture of cx-phasc by7 microvoid nucleation and coales-

cence. While mostly cleavage: of eutectic and a limited 



FIG.5.24 SEM FRACTOGRAPH OF RHEOCAST AE-% 
Cu ALLOY SHOWING NO PREFEREN::T*.AL 
SECONDARY CRACKING OF EUTECTIC 
ALONG -CuAl2 INTERFACE Mug. X2375 
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:1 



FIG. 5.25 SEM FR CTOGRAPW OF R .E'I(Ast 1 4_.-5. , %o 
Cu ALLOY SHOWING NO PREFEREt411AL  
SECOt4DARY CRACKING OF EUTECTIC 
ALONG tC -CuAi2 INTERFACE.  
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FIG. 5.26 SEM FRACTOGRAPH OF RHEOCAST At-4.5 0/0 

Cu ALLOY SHOWING - FRACTURE OF oC 

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

21 
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extent of rupture of a-phase heave been observed in crze 
s ..... 	 vwly vi~v+~ ili V(,1►7 ~i 

of Al-107• Cu alloy, only a limited extent of eutectic 

cleavage and a large extent of rupture of a-phase have 

been observed in case of the lower copper alloys. It is 

apparent therefore that in case of the 10~/. Cu alloy the 

strength is governed primarily by the fracture of the 

eutectic whereas the fracture of a-phase governs the 

strength in lower copper alloys. This conclusion shows 

that the assumptions made in the development of theoretical 

models on the basis of composite theories (Section 2.1) 

that the strength is eutectic controlled in case of A1-l0'/.0 

alloy and a-phase controlled in case of Al-6*/.Cu and 

Al-4-57. Cu alloys, are confirmed by the fractographic 

observations. 



CHAPTER VI 

CONCLUSIONS 

1. 	The characteristic dendritic morphology of proeutectic 

ct-phase obtainable in conventional casting is significantly 

modified and transformed into non-dendritic spheroidal 

particles by rheocasting process.. 

2• 	Lower copper content, lower pouring temperature and 

lower stirring speed provide favourable condition for 

coalescence of a-particles and sintering, leading to the 

formation of some abnormally large primary particles in the 

rheocast microstructure. 

3• 	The variation of a-particle size with processing 

condition depends upon alloy composition. The average a-particle 

size increases, remains unaltered and decreases with increas-

ing pouring temperature for Al-10'/. Cu 9  Al-6'j. Cu and 

Al-4.57. Cu alloys respectively. Stirring speed has not been 

found to have any significant effect in case Al-10 /. Cu alloy. 

In case of Al-67. Cu and A1-4.5'/. Cu alloys, particle size 

decreases with increasing speed. The distribution of caw 

particle size varies similarly with process parameters as 

the average a-particle size. 
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4. 	The amount of cc-phase is a critical factor which 

determines the mechanism by which the strength of rheocast 

Al-Cu alloys is governed. For cx-phase less than 78.57• (in 

Al-10~/. Cu alloy) , the strength is primarily determined by 

the eutectic and for a• -phase greater than 78.57. (in 

Al-6"f• Cu and Al.4.57. Cu alloys), the contribution 

cc-phase to the strength is dominating. 

5• 	Rheocast Al- 147. Cu alloy has lower strength than the 

conventionally cast alloy at equivalent porosity level. The 

strength of rheocastings depends upon a particle parameter 

Dig which varies with processing condition. To maximise DiZ 

and so the 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 process. 

6• 	Strength of rheocast Al-6 /. Cu and Al-4.57. Cu alloys 

is of the same order of magnitude as the strength of conven-

tional casting at equivalent porosity level. cc-particles 

join each other to form a continuous chain and the strength 

is primarily contributed by the a-phase and therefore, these 

castings show appreciable elongation. No significant effect 

of a-particle size or morphology on strength has been observed. 

7. 	Fracture behaviour is strongly influenced by copper 

content in the alloys. As the copper content is lowered, the 
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extent of rupture of a--phase by- -microvoid nucleation and 

coalescence is increased. 

8. In Al-1C7. Cu a11oy , where the strength is primarily 

determined by the eutectic, brittle fracture has been 

observed. The fracture is mostly due to cleavage of eutectic 

and pull-out of cx-particles•. 

9. In Al-6% Cu and A1-4.5e/• Cu alloys, where the strength 

is primarily a-phase eontrolicd, ductile fracture has been 

observed. The fracture is mostly due to fracture of a-phase 

by microvoid nucleation and coalescence, and cleavage of 

eutectic. The fracture of ca--phase occurs preferentially at 

the neck formed by joining of •x-particles• 

10• 	Fractographic observations confirm that any significant 

improvement in the strength of cast Al-Cu alloys in the 

composition range of 4.5 to 147. Cu is not likely through 

micrcastructurdl modifications by rheocasting process. 
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Microstructure and Mechanical Properties of Rheocast 
Al-10 wt.% Cu Alloy *) 
Prlyo R. Praaad*, Subrato Ray*, Jawahor L GoIndhor'* and Madan L Kapoor 

(• Department of Metallurgical Engineering and ** Department of Mechanical and Industrial Engineering, University of 
Roorkee, Roorkee-247672. India) 

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 tower tensile strength than that of conventional casting. It has 
been explained on the basis of the observed higher porosity in certain rheocast samples and the breakdown of dendritic 
network of a-phase in general. SEM fractographic observations have led 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 
brittle eutectic matrix than the dispersed spheroidal particles obtained by rheocasting. 

Geftge and mechonische Efgonachaften von rheocasted Al-10 Masao-% Cu-Logiorungon 

Der Einflu8 der Abgleatemperatur and der Ruhrgeschwindigkeit auf das Gefiige and die mechanischen Elgenschaften 
von durch Rheocasting (Gief3en mit teilerstarrter Schmeize) hergestellten Barren einer Ai-10 Masse-% Cu-Legierung 
wurden untersucht. Morphologie, GrOSe and Verteiiung der proeutektischen a-Phase werden durch die AbgieStempera-
tur and die Ruhrgeschwindigkeit deutiich modifiziert. Die mittlere GrdBe and Abweichung von der Kugelgestalt (charak-
teristisch durch das Verhaitnis Lange/Durchmesser) steigen mit zunehmender AbgieStemperatur. Die Rheocastings 
besitzen eine niedrigere Zugfestigkeit ats konventionelle Abgusse, was durch die beobachtete hi here Porositat and des 
Zusammenbrechen des Dendritennetzwerks der a-Phase erklart wird. REM-Fraktographie fuhrt zu dem SchluB, dab des 
Dendritennetzwerk der duktilen a-Phase in konventionellen Abgussen der Ri6ausbreitung in der sprbden eutektischen 
Matrix besser widersteht als die sphdrischen Tellchen, die beam Rheocasting erhalten warden. 

A new metal casting process - "Rheocasting" - has been 
developed') to 4) In which a liquid alloy is vigorously agitat-
ed during its partial solidification to yield a slurry compris-
ing of rton-dendritic solid particles uniformly suspended in 
the remaining liquid. When the slurry has sufficient fluidity 
depending on the extent of sotidformed 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 alloy, it 
has been claimed that there is an improvement in casting 
quality and the die-life enhances through this process5) to 
q)  

Moat of the publications relating to rheocasting deal with 
the characterisation of structure and properties of alloy 
slurries and their dependence on process variables'o) to 14). 
However, success of rheocasting process in industry 
largely depends upon its ability to produce castings of 
improved mechanical properties. This is especially true for 
low melting point alloys where longer die life is not the 
primary requirement. Various rheocast and thixocast cop-
per alloys, aluminium alloys, cobalt-base alloys and steels 
have been reported 9)15)17)'8) to possess mechanical prop-
ortles comparable with or superior to those of conven-
tional castings. However, results to the contrary for some 
of the above mentioned alloys have, also been pub-
ti8hedIe)'S)2o)2l). From these accounts it appears that the 
mechanical behaviour of rheocastings has neither been 

) This work forms a part of Ph. D. thesis work of P. R. Presad.  

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 ahUminium-rich primary a-solid solution in a 
brittle matrix of a + Cu AI2  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. 

Experimontnt Methods 

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 At-10 wt.% Cu alloy prepared from 
commercial purity aluminium was melted 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 melt was allowed to cool naturally. 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 impeller was introduced and 
the melt was agitated vigorously during its primary solidifi-
cation. The speed of the stirrer was measured with a stro- 
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bometer. The average cooling rate during primary solidifi-
cation was 0.05 Ks -1. 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 slurry structure just before casting, some samples 
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were sucked out from the top of the crucible with a Corning 
glass tube fitted with a horn-bulb, and quenched in water. 

Metallography 

Suitable metallographic samples were cut from each cast-
ing and then electropoiished for optical microscopic stud-
ies. a-particle size and its distribution in each sample 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 Izod 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 fracture. 

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 a-phase 
(hereinafter called a-particles) are significantly modified 

Fig. 1. Schematic of rheocasting set-up. 

Fig. 2 a to d. Optical micrographs depicting microstructure of (a) 
conventional casting, (b) rheocasting at 700 rpm and 900 K, 
(c) rheocasting at 1000 rpm and 900 K and (d) slurry stirred at 
1000 rpm and quenched in water from 900 K 
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Fig. 8a. 700 .rpm. 
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Fig. 3b. 1000 rpm. 

Fig. 3a and b. Variation of a-particle 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 a-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 
of agitation enhances the extent of dendritic solidification 
as revealed by fig. 2b and c. A higher pouring temperature 
also acts in a similar fashion. in an effort to preserve the 
structure, the slurry has been quenched and the resulting 
microstructure for a sample with an agitation speed of 
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Pig. 4a and b. Typical frequency distribution curves for a-particle 
size for alloy rheocast for two stirring speeds. 

1000 r.p.m. is shown in fig. 2d. The tendency of dendrite for-
mation in the slurry 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 a large 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 furnace. Flemings13) has 
concluded on the basis of his experimental o1}servation 
that when the cooling rate exceeds a particular value 
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Fig. 5a and b. Effect of pouring temperature on standard devia-
tion (a) and coefficient of variation (alX) of a-particle size for rtleo-
castings for two stirring speeds. 

0 

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

S1. Stirrer Pouring lid 3X IJTS Elongation izod 	Hardness 
No. speed, Tamp. pm MNm-2 % Impact value, YHN 

r.p.m. K Nm 

1 700 900 1.6 66.6 172 0 2 	77 
2 700 896 1.6 51.8 170 0 2 	85 
3 700 894 1.6 69.3 164 0 2 	83 
4 700 892 1.8 56.2 170 0 2 	88 
8 700 886 1.4 56.8 168 0 2 	80 
8 700 880 1.4 49.5 184 0 2 	83 
7 1000 900. 1.9 71.6 211 0 2 	87 
8 1000 898 1.6 69.6 201 0 2 	83 
9 1000 894 1.6 59.2 194 0 2 	82 

10 1000 892 1.4 55.2 196 0 2 	85 
11 1000 886 1.7 47.6 172 0 2 	83 
12 - 950 - - 216 0 2 	81 
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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-
perature at two stirring rates at 700 and 1000 r.p.m. has 
been revealed by figs. 3a and b. The largest particles 
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 (7) and P.S.S. (X) 
respectively in figs. 3a and b following the size distribution 
analysis reported in literature12). Both X and PSL (TO have 
been found to decrease with decreasing temperature. 
However, stirring rate does not seem to have any marked 
effect on k and PSL (). 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 (!1d) 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 a-
particles are given in figs. 4a and b. The effect of pouring 
temperature on standard deviation (a) and coefficient of 
variation (alX), calculated from the size distribution data, 
has been shown in figs. 5a and b. It is observed that both a 
and nIX decrease with decrease in pouring temperature. 
For all pouring temperature values of a and alf are slightly 
higher for higher stirring rate. This observation is contrary 
to the general olyservationsf)12) in case of water-
quenched slurries. This is again attributed to the effect of 
secondary solidification discussed in preceding para-
graphs. The influence of stirring rate is reflected in slightly 
lower value of PSS (X) for higher stirring rate (compare 
figs. 3a and b). This results in broader size distribution 
curve for higher stirring rate yielding higher values of a and 
atX. 

Mechanical Properties 

Results of mechanical tests are summarized in table 1. No 
change in hardness, Izod value and elongation has been 
observed within the limits of experimental accuracy. All 
Castings,. whether rheo- or conventional, were found to be 
extremely 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 to assess its role in the variation in tensile strength 
with casting condition. High porosity ranging from 3.8 to 
11 % was observed for rheocastings at 700 r.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 casting quality can be improved by rheocasting 
employing high stirring rate. This observation is quite in line 
with the results of radiographic examination on steels and 
copper base alloys reported in literature20) and it has been 
attributed to semi-solid state and rheological properties of 
slurries. 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- I for 700 r.p.m. as compared to 142 to 
186 gs-' for 1000 r.p.m. implying higher viscosity 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. 6. Effect of a-particle size on tensile strength and hardness 
of rheocastings at 1000 rpm. 

The absence of any regular trend In the mechanical prop-
erties of rbeocast 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 a-particle size was made as shown in fig. 6. The gen-
eral trend shows an increase in tensile strength with the 
increase in particle size. Incidentally, larger particle sizes 
have been observed in samples with higher length to diam-
ete r ratio resulting from the slurries cast at higher pouring 
temperature. For large particles with more of dendrites, 
the tensile strength is comparable to that of conventional 
casting which is 216 MNm-2. It is generally expected that 
finer size of ductile particles dispersed in brittle matrix will 
increase the strength by limiting the size of most severe 
flaw in the matrix when the inter-particle distance is of the 
order of critical crack size. This phenomenon has been 
demonstrated by Nason23) for spherical tungsten particles 
dispersed in glass. However, in the present investigation, 
for castings showing smaller particle size and with greater 
sphericity of a-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 
criticall crack size for the eutectic matrix. For castings hav-
ing larger particle size and elongated shape, the strength 
values are higher. These castings have been obtained by 
pouring from relatively higher temperature resulting in lar-
ger extent of dendritic growth in the mould resulting in 
elongated e-particles as evident in fig. 2c. 

On the basis of a model, Evans et a122) have anticipated 
that a composite of cylindrical ductile particles dispersed 
in brittle 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 possible by pull-outs or failure of 
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Fig. 7a to f. SEM fractographs showing (a) extensive cracking of a-CuAl2 interface, (b) pull-out of a-particles, (c) ductile failure of 
eutectic a-lamellae grown over proeutectic a-particles, (d) failure of a-lamellae not originating from proeutectic a-particles, (a) fracture— 
of a-particles and exposed dendrite arms, (f) a-particle restraining a crack. 

ductile particles. The present observations of higher 
strength for elongated a-particle composites are in agree-
ment 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-CuAi2 interface in the eutectic matrix as 
shown in fig. 7a.. Invariably in all the samples it has been 
observed that a-CuAl2_ 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 elongation. A 
further examination into some of the voids left after the 
pull-out of ductile particles shows that the outectic 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. 7c, while in 
some 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. 

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 can be 
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 surface shows that the 
crack could not propagate through and through without 
breaking the ductile &-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. 

Concluolono 

(4) The morphology, size and distribution of proeutectic a-
phase are significantly modified by rheocasting process 
and its variables' namely, the pouring temperature an i the 
stirring speed. Both  and a1R have been found fa 
increase with increase in pouring temperature. Higher 
values of olX and !!d ratio have been observed for stirring 
at 1000 r.p.m. as compared to 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 r.p.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 alloy 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 resulting in higher tensile 
strength in conventionally cast alloy. 
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Microstructure of Rheocast Hypoeutectic Al-Cu Alloys* 
Priya Ranjan Prasad", Subrata Ray', Jawahar Lai Galndhar", and Madan Lai Kapoor" 

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

Microstructural features of rheocast hypoeutectic Al-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 particles have been observed in case of the 10% Cu alloy even at 880 K. The differ 
ence in the microstructural features of these rheocast alloys 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-Legierungen 

Die Gefugemorphologle von rheocasted (GieBen mit teilerstarrter Schmelze) untereutektischer Al-Cu-Legierungen mit 
6 and 10 % Cu wurden verglichen. Die Durchschnittsgrcl3e der proeutektischen a-Teilchen in der 6% Cu-Legierung  steigt 
mit abnehmender Gietttemperatur, and einige abnormal gro(3e a-Teilchen, die sich wahrscheinlich durch „Teilchen-Koa-
leszenz" bilden, wurden bis 886 K beobachtet. In der 10 % Cu-Legierung wurden yedoch keine soichen Teilchen gefun-
den, auch nicht bei 880 K. Der Unterschied in der Gefugeausbildung dieser rheocasted Legierungen wird mit dem Ein-
fluS des Cu-Gehaltes auf die Wachstumsgeschwindigkeit der aTei(chen erklart. 

Rheocasting is an emerging solidification processing tech-
nique based on vigorous agitation of a solidifying melt by 
mechanical stirring which yields a partially solidified alloy 
slurry suitable for subsequent casting by conventional 
methods. The structure of the slurry is unique in that it con-
tains non-dendritic spheroidal solid particles suspended in 
the remaining liquid1 )2). The size and distribution of these 
particles have been related to process variables primarily 
the cooling rate and the degree of agitation3)4)5) 

The isothermal coarsening of these particles in solid-liquid 
temperature range has been shown6) to occur by. both dif-
fusion controlled growth and particles-coalescence in 
absence of stirring. Even during stirring, the solid particles 
have been thought to grow by particle-coalescence or 
growth-twinning mechanism7). However, the published 
literature does not throw any light as to the factors respon-
sible for promoting a particular growth behaviour. The sig-
nificance of the mechanism of growth does not lie only in 
determining the progress of solidification during slurry 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-
lications). 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 with. a 
graphite stopper. The furnace was then switched off and 
the melt was allowed to cool in the furnace. The melt tern- 

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

perature was continuously measured with a sheeted chro-
mei-alumel 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-1. 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 slurry 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-particles in each 
sample were determined by standard techniques of quan-
titative metallography. 

Figures 1 and 2 reveal typical microstructures of rheocast 
Al-6%Cu and AI-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 particles). 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 AI-6%Cu alloy, some of the 
primary particles, marked Pin fig. lc, are easily identified at 
886K because of their characteristic size and morphology. 

The variation of average size of &-particles with pouring 
temperature has been shown in figs. 3 and .4 for Ah8%Cu 
and A1•10%Cu alloys, respectively. in case of Al-6%Cu alloy, 
the average particle size remains unaltered until the pour.  
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Fig. to to d. Optical micrographs of rheocast Al-6%Cu alloy: stirring rate 700 rpm, pouring temperature (a) 905 K. (b) 898 K, (c) stlrri++g 
rate 1000 rpm, pouring temperature 886 K and (d) slurry water-quenched from 886 K. 
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Fig. 2a and b. Optical micrographs of rheocast AI-10%Cu alloy: stirring rate 700 rpm, pouring temperature (a) 896 K and (b) 880 K. 
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dig. 3. Effect of pouring temperature on the average size of a- Fig. 4. Effect of pouring temperature on the average size of a- 
patliCtes in rtteocast AI-6%Cu alloy ingots. 	 particles in rheocast At-1O%Cu alloy ingots. 
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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 particles 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 sample, 
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 controlled 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 colliding 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 also 
speaks in favour of coalescence mechanism for the forma-
tion of large primary particles. 
For AI-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 AI-10%Cu alloy rheo-
castings is attributed to the difference in copper content of 
the two alloys. It is known10) that the growth rate of proeu-
tectic a-phase in AI-Cu alloys 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 interparticle bond. Such a 
bond could be easily broken by the hydrodynamic forces 
preventing the particles 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 AI-
20%Cu alloys) and the occurrence of such particles In AI-
4,5%Cu alloy") provide further evidence in support of the 
role of copper content on the microstructural features of 
rheocast AI-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, following 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 AI-10%Cu alloy. 

2. Higher stirring rate decreases the average size of the 
a-particles in case of the 6%Cu alloy but has no marked In-
fluence in case of the 10%Cu alloy. 

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

Utoreturo 
D. B. SPENCER, R. MEHRABIAN, and M. C. FLEMINGS, Met. 
Trans. 3 (1972) 1925. 
R. MEHRABIAN and M. C. FLEMINGS, New Trends in Materials. 
Processing ASM, Metals Park (1976) 98. 
P. A. JOLY and R. MEHRABIAN, J. Mater. SCI. 11 (1976)1393. 
S. D. E. RAMATI, G. J. ABBASCHIAN, and R. MEHRABIAN, Met. 
Trans. 98 (1978) 241. 
A. VOGEL. Metal Science 12 (1978) 576. 
J. M. OBLAK and W. H. RAND, .Met. Trans. 78 (1976) 699. 
N. APAYDIN, K. V. PRABHAKAR, and R. D. DOHERTY, Mater. 
Sci. Eng. 48 (1980) 145. 
P. R. PRASAD, S. RAY, J. L. GAINDHAR, and M. L. KAPOOR, Z 
Metallkde. 73 (1982) 420. 
P. R. PRASAD, S. RAY, J. L. GAINDHAR, and M. L. KAPOOR, to 
be published. 
K. H. CHIEN and T. Z. KATTAMIS, Z. Metallkdo. 01 (1970) 475. 

(Eingegangen am 23. Mgrz 1982) 

1)  

2)  

3)  

4)  

5)  

e) 
7) 

e) 

9) 

30) 

ar 


	177762.pdf
	Title
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	References
	Appendix


