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ABSTRACT

I -
The present investigation has been carried out to situndy

the effecte of speed of rotation of the mould spnd pouring
temperature of the melt on the micrastructures snd properties

of pure aluminium and brass. A comparative atudy hae been made
between the products of centrifugal casting and that of the sand
(atatic) casting using the same materials in order to evaluate
the differences. Properties like hardnesa, density, percentage
porosity, tensile strength spd percentage elongation have been

investigated.

In case of centrifugal casting, all these properties
exist in their best conditiona when rotational speeds of the
mould varies between 1400 -~ 1800 rpum and 1800 — 2200 rpm for
brasa -and aluminium respectively. A superior quality of grain
refinement was also obtained under snch speed range. The affect
of pouring temperature of the melt which is a process variable
of dire importence, has shown a great effect on the structure
and properties of the cast products as wsll.Kﬂccurding te the
cbeervation, 8 ftoo high pouring temperature means a greater
tipe for solidification promoting coarser grains in the micro-
structure that in turn affects the physical properties of the
product adversely. Optimum pouring temperatures, on the other

hand, yields maximm grain refinement with better properties.

hifeets of heat-treatment on the microstructures of the

productse have also been carried cut in this study. Annealing



has shown a great influence on the microstructures ol the

centrifugally cast aluminium and brass.

Finally, attempts have been made to establish a corre-
lation between structures and phyeical properties of the
producte so obtmined with optimum rotational speed of the

mould and pouring temperature of the melt.



1a INTRODUCTION

How a daye the importance of Centrifugal Casting process
is getting priority becauee of it'e economic viability as well
ad it's capability of deii?ering high a#rength end inclusion
free products. Usual products of this proceas include cylin-
drical pipes, liners, pressure veasels, piston, ringa, steam
end gas reformer tubea, pyrolysis tubes, pulleys ete. The
centrifugal casting method imparts some essential qualities
in the products as high tensile strength, high density,conge-
quently low porosity end neceeeary hardness, In order to
obtain the optimum conditions for attaining these propertiss,

8 thorough study of centrifugally cast products under different
conditions of spead of rotation, solidification tima and pouring
temperature is imperative. With this end in view, investigation
has been carried out on microstructures and properties of
centrifugelly cast products. The materials under test were

commercially pure aluminium and brass.

Alcomparative 8tudy has been mede between the products of
centrirugﬁl caating and that of the sand casting uging the seme
materiala. Properties like hardness, density, percentage poroaity,
yleld Etrengtp, tensile strength and rercentage elongation have

been investigated and .compared with this method over that of

sand casting.

During the present investigation, microstructures ol the
products were also examined undar difTerent megnification using

optical microscope. Micro-examination of the specimen was



carriéd cut in the as-cast and mnnealed condition. Finally,
attempts have been made to establish a correlation between
structures and physical prapertiea of the products so cbtained
with optimum speed of retation of the mould and pouring tempe-

reture of the melt.



2. LITERATURE SURVEY

2.1 Introduction

&Mdarn day material science hes spread it's wings in vafious
~directions in order to cope with the inereasing new demanda of the
ever expanding civilization on Earth. But it did not take place

in a certain epan of time. Rather it took years perhaps -centuries
for the people on earth to realise that its only further and deeper
studies in this field can only help.cutting new grounds towards

. meeting the challenge of the future years! bne af the mgjor part

of the vaat world of material science and it's diffarent applied
sectors is the production of different objects using the concept

of Hetallurgy.JThis again has got different criteria apd suberiteria,
The criteria include Capting, Forging, Welding, Electroforming,
Fowder metallurgy etc.(gesting is dﬂ; method of producing different
objects from molten metals and alloyé,}it hag got a numher of
subcriteria as well and the onme that ias dealt with here is called
"Centrifugel Casting". Perhaps the most modern break-through in

the field of casting ims this one. It has tremendous potentiality

in the exploration and innovation of newer more dynamic type of

' products that remained far from being reslised or too expensive

to produce by other methods.

The principle of Centrifngal Casting is long eatablised,
dating originally from e patent taken out by A.G. Eckhardtqip) in *
1809, Fbliouing early development during the nineteenth GEnturf,
the process began after 1920 to be used for the manufacture of

cast iron pipes on a large scale and has since been extended to a



much wider range of shapes.and alloys. Gradually the demsnd of
ductile iren pipes started increasing. Large diameter ductile iron
pipes found a boost in production in JapanE during the early 60's.
In 11966 in particular, 300,000 tons of ductile iron pipe, from 3"
to 94" dia were ﬁrﬂduced which was 70% of the total production of

cagt iron pipe in Japan for that year.

During these time, the process involved melting in a meid lined
hot-blaat cupola and shaking ladles were used for desulfurizing.
Magnesium addition was dome by means of a pressure ladle. Moulds
consist of 8 light comting of resin send in fahricated or Cast
Bteel flasks. Centrifugal casting was done retractively.a long
trough moved relative té the pipe mould. Inoculation with Terrosi-
licon is.made during the ﬁouring operation. After casting, the pipes
were annealed in either horizontal or verticml furnaces to obtain

adequate ductility.

In Soviet Union>

about the same time ductile iron pipes were

cast centrifugally in water-cooled high strength ateel maulds. Theee
moulde were previously sprayed with a thin refractory Eﬁat coneiasting
of silica flour mixed with a small amount of bentonite and water.
After the pipe waa completely caet, the mould was kEPF rotating at

ita original speed until the pipe had cooled to 1500°F (815°C). The
piperwas then taken from the machipe and transferred to ap annealing

oven.

ngre recent research report4 shows that centrifugal atomizing

can produce deposlts, very similar to those produced by gas atomizing,

1
A

in the form of a large-diameter tube, and from thie tube, sheet is



also made. The experimental conditions ueed were such that it was
not posaible to attain a sufficiently low oxygen level withirn the
atomizing chamber to avoid the presence of some oxide filmst
Consequently, the porosity of thse dépasits was higher than expectad,
and the mechanical preoperties of the stripz were lower then those
of similﬁr conventional materials., Thie report came out in 1976,
Another research rePQrt5 came out in 1983 which devoted to work
carried out using the centrifugal spray procees under carefully
controlled conditions, in which oxygen access was scrupulously
avolded, It alsc includes a note on the developmenta by Aurora
Bteels Lid, Sheffield, who have applied the centrifugal aspray

rrocess to the commercisl production of tool steels.

Centrifugally cast stainless steel has become the material
most used for stemm reformer and Pyrolyeis tubeaehuring mid 80'a.
A cheaper alloy HE4O (0.4C - 25Cr - 20Ni), have a much higher creep
rupture strength than low-carbon material having similar chromium
and nickel contents, was used aa 8 cast material for relformar
applications. Extgnsive work hze been done to optimize the atructure

and high-tempersture mechanical properties of thase materials.

At the same time, in tube produection, tubular blanks sre
produced by the method of centrifugal casting which can be used,
after slight modifications, succesefully in the production of
consumatble alectrudes?. Extensive teste have been carried out in
the production conditions with the method of centrifugal casting
of consumahle eiectrndae for warious remelting processes. The
hollow billets produced by this method aro most suitable for remelting

tha consumable plaesmatron (RCP) because the presance of the through

F



cavity along the entire length of the billet in the case is the

constant condition.

Latest rePartE that is dated 1986 has revealed a new procesas

called Centrifugal Melt Spinning (C.M.S5.) process. The C.M.5.
process is a technique for the production of rapidly solidified
ribbon. The repoert also indicatee that & beneficial combination

of high ejection pressures (up to 269 EPa) and high lirear velo-
cltiee (up to ﬂﬂa'ma'q) yield good thermal contact betﬁean the melt

puddle and the cooling substrate. As a result, cooling rates up to

&

~ 108 kg™ are achieved, higher thar those generally reported

for other melt spinning techniques.

The Centrifugal Casting Method {C.C.M.) haa got a significant
booat because of resuiting rapid sclidification which is imperative
for the purpose.[?he purpose of rapid splidification is to achieve
high solidification rates by means of small crosa section and good
thermal contact with a cooling substrate. 1t has been well estab-
lished that high cooling ratea during soclidification can result

in uniform, refined micrnatructureaj)

The-G.G.H. used now a daye generally entails the use of a fixed
crucible. The molten alloy is peured into the mould and impingea
on a substrate so that the well spresd out over the entire length
of the mould cavity. With further flow of metal from the erucible,
piﬁe wall thicknees builde up gradually and uniformly, over the
entirs length of the pipe. The use of high rotational apeed of the
mould results in imprnvemenf of ths wetting pattern and hence in

better thermal contact betwesn the melt puddle and the rotating -~

b



mould. High mould velocities also result in uniform pipe wall

thickness.

2.2 Solidification of pure metal and alloy

(;hre metals melt and freeze at a pingle temperature, the
zelting point (or freezing point); above this temperature they
are completely liquid, and below completely solid {(under equili-
brium conditions). IF a thermocouple is placed in a e¢rucible of
" pure molten metal and the metal allowed to eolidify slowly, =
cooling curve such as that of Figure 1{a) ie obtained., It is
observed that the metal cools quite quickly to its freezing point.
At the freezing point the temperature remains constant briefly
i.e. & hold occure while the metal loses its heat of fusiqn. Only
after the metal is completely so0lid can rurfher cooling oécur.
This type of cooling curve is obtained only if solid Toreign
particles, deacribed as hétercgennua nuclel, are present irp the
liquid metal and the rate of cooling is relatively slow. When thsere
i3 no suitable solid matter present, a liguid experiencea difficulty
in atarting to cryataliise and may cool 1-10 deg9 below its resal
freezing-point; i.e. nucleation under-cooling. Nuclei or 'seed’
crystals then form , followed by their growth which is the second
atage of freezing and the temperature mey rise to the true freezing

point, The type of cooling curve in this caee is shown bty Figure
'1(b).

When heat is abstracted rapidly, selidification (i.e. growth)
occura at a temperature intermediate betwsen that of nueleation

under-cooling and the equilibrium freezing ﬁoint;)This gives rise



to solidification under-cooling which is significant in centri-
fugal csstingeend in die castings. @t leads to fipe structure
due to a decrease in diffusion rates. Most commercially ‘pure’
metale contain impurities which may have significant secondary

effects on solidification.

@urmg solidification, heat evolution raieses the temperature
at fhe solid-liquid interface, but protruding solid fingers may
extend into a cooler, undercooled region and their growth is
accelerated. Hedial arms are formed which send out sacondary arma
at right angles to them. This is rePaéted until a fir-tree type

of crystal 1s produced, known as a dendrite (Figure 2.

The dendrites grow_out wards until contact is made with neigh-
bouring grnwths; this contact éurface becomes the boundary of the
erystal or grain. The dendrite arms then become thickend until
fipnally & so0lid crystal remains with no indication of the dendritie
growth, except where shrinkage occure, with the formatien of

interdendritic porosity.

Pure metsls melt and freeze at a single temperature. Alloys,
in moat cases, do not. For a given 8lloy, there is a particular
temperature (the liquidus temperature), above which 1t is all
liﬁuid. There is another, lower temperaturs (the solidus tempera-
ture), below which it is all solid. Between these two temperatures
ia a region where liquid and solid coexist. Such an alloy, in )
this temperature range, has some cansistgncy because of the so0lid

material existing, hut little or mo atrength, because of the-liquid

intersperesed with the solid. It hmg the consistency of"mush" and

~



for this reason the portion of a solidifying casting whose tempe-
rature lies betwean the liquidus and solidus is often termed the
"mushy zone"gjn gketeh of the liquidus and solidua temperaturea

of a typical alley is shown in Figure 3(&).

when a molten alloy such as alloy'a'ef Figure 3(a) is slowly
cooled, freezing begins at TL but is not complete until a lowef
temperature, Tg is reached. The cooling curve of an alloy of this .
type would be very different from that of a pure metal. If a ?
crucible of the mlloy were cooled-slowly and temparature measured
ag a function of time, the rate of cooling would be rather rapid
until the liquidus temperature, TL was reached. At this temperature, ]
a8 solidification began mnd continued over a range of  temperatures,
" the cooling rate would be slowed down, but not arrested. Relow

the s0lidus the metal would be completely frozen, and more rapid

cooling would mgain take place, shown in Pigure 3(b).

2.279 Solidification of Commercially Pure Aluminium

Commercially pure Aluminium contains impurities 1ike silicon
which have a significant secondary effects on solidification. En
practice,dissolved .or insoluble impurities in aluminium are fre-
quently expelled by the growing crystals to the grain boundaries
and are also trapped in between the arms of the dendrites. The
distribution of these impuritiea betrays the dendritic growth.
Microstructure of commercially pure aluminium is shown in Figure 4,
Hers ;t is Been that impurities like 5i are expelled by the oo -

Bluminium dendrite to the Erain boundarias.

f
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It should bhe noted here that

1} Bince each grain starts from & nucleus the finsl crystal
gize is dependent on the number of effective he terogeneous

nuclei.

2) Orientation of the atomic pattero or crystal lattice is

constant in a given crystal but varies from grain to grain.

2.22 3olification of Braas

Brass is essentiaily an alloy of copper and zine, but for
special purposes small proportions of other metals are sometimes
added to obtain inecreased atrength, hardnses or resistance to
corrosion. The industrially important alloye of the copper-c¢ine
syatem contain zinc ‘varying from O to 50% and are particularly
important in view of their wide-range of mechaniecal properties,

their ease of working, their colour and resiatence to atmospheric

and marine corrosion.

The equilihrium diagraem of copper-zinc system ie shown in
Figure 5. It must be remembered that the changes of phases which
is shown in aquilibrium disgram rarely reach completion during

normal rates of cooling. The main features of the system are:

Compoeitions between F and ¢ s0lidify as o -solid solution,
usually cored. Compositions G to H commence by forming < &and
finally forn some @ 80lid solution of compoeition H due to
peritectic reaction. On cooling to room temperature the mmount of
the @ conatituent decreasea according to the solubllity linee

GM and HN. Compositions betweer H and J form of -cryatale which,

by
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at 905°C, react with liquid of composition J to form @r—n}ystals.
On cooling, o -crystala are precipitated from the ( when
golubility line HN is passed. Compositions between J and K solidify
as © ; alloys containing less than 46.6% zinc precipitate some

o —nrysthls; while alloye with more than 50% zine prﬁciﬁitate

¥ —crystals on cooling to room temperature. The range of composi-

tion for the three phases is shown in Table~1.

It 18 interesting to note that the solubility of zinc in o< -
solid solution incremses upto 39% es the temperature falla to
45500 which ig contrary to general behaviour; then decreases down

to Toom temperature.

4

Between 455°C and 470°C the @' -phage tranaforms to A low
ri
temperature modification known &s @ « Thies transformation is
due to the zine atoms changing from a random teo an orderad

arrangement on the lattice.

The properties of a braess will depend on the volumes of the
phases present and Figure 6 serves to show the general connection

betweon the phases present in the structure and the properties.

The tensile gtrength and the elangatian increase in the <
region, the duetility reaching a maximm st %0% zine. The presence
of E’-phgse causes A considerable drop in elongetion, but
rapidly increasee the tensile strength up to a maximum, when the
alloy conteins all B . The strengths fall rapidly at the apperance
of the weak and brittle i? constituent. The resistance to shock
decresses while the hardness increases by the presgence of @ phase,

and the alloy becomes hard and extremely brittle when ~ —phase
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appears. Conseguently the presence of the ¥ constituent is
avoided. The only commercial alley likely to contain Y is one
containing 50% zinc and used as a brazing solder because of its
low melting point. In brazing, however, some .of the zinec is lost

by volatilisation and some diffusee into the mctala being united,

The @ -phase is much harder than o ~phase at Toom temperature
and will withstand only a small amount of cold deformation. It
begine to soften suddenly at 470°C (i.e. disordered change) and at
BO0°C is very much easier to work than ¢ -phase. Thus it is

advantageous to hot work @’-phase.

Annealed oo -brasses withstand a remarkable degree of defor-
mation by cold work without the slightest sign of fracture. The
impact resistance of £ -brass at 350 to 650%C isa extremely poor,-
but the resistance to creep at elevated temperature is superior to
that of nC—~@ -brasaes. Consequently there is no appreciable
advantage in hot working of ~brase, except thet when bresking

down large ingots into strip, the handling coste are reduced and

repeated annealing is unnecassery.

’ 2.2% Nucleation and growth

(:Hucleation is the appearence at points in the liquid of centers
upon which further atoms can be deposited for the growth of seclid
crystals. Rucleation occurs in twoe ways - (1) Homogenous &nd

(2} Heterogenouas nucleation.

Homogenoue nucleation ie the occurrence of ordered groups of

atoms forming small zonee of higher than average density. Thesa
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embryonic crystale are ephamerél and unstable, but some reach a
critical aize at which they hecome stable and grow. Ths smaller
the critical size of the mucleuws, "the higher the probability of
homogenous nucleation occurring. Under.cooling helps in diminishing

the critical size of the nucleus.

In heterogenouns nucleation the initial growth interfece in
provided by a foreign particle included or formed in the melt.
The fnreigq particle must be capable of being wetted by the metal,
forming a low contact angle, and must possess some structural

affinity with the crystalline solid.

It ie generally egreed that crystal growth starts in the molten
alloy by means nf heterogenous nucleation on some preferred aite.
or substrate that lowersthe surface energy which is essential for
nucleation. Mosat commercial metals contain a sufficient number
_and variety of insoluble impurities for nucleation to occur at
undercoolings of 1-10 degq. If the number nf effective nuclei is
insufficisnt for a given purpose nucleating agents (nucleation

cetalysts) may be added to the malt.)

In ths case of pure metals, once mucleation has oceurred,cryatnl
growth begine and the structures that develop can be related to
the growth conditions, in particular to ths undercooling. Fér ETowth
to occur, more atoms must join the solid than leave itland for
this to happen, the temperature of the interface muat be slightly
below the equilibrium freezing temperature. This means that some

undercooling must exist if the growth is to advance.
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2.2 FPactors affecting the nucleation end growth processes

(?ince golidificetion is a proeess of nucleation and growth,
anything that influences the solidification process must influencs
the process of nucleation or the process of growth or both. The
factors affecting the nucleation and growth processes, are

(a) Variation of cooling rate and (b) Nucleating agents.

(&} Cooling rate: IT the cooling rate is increased, the greater

ie the amcunt of under-cooling of a melt which increasee the number
of effective nuclei relative to the growth rate. The more the
undercocling, the more extensive is the nucleation end the smaller
the grain size in the final structure. Slow cooling, conversely,

favours growth from few nuclel and produces coarse grain structures.

The cooling rate of a casting cen be changed bylvarying the
pouring tempsrature. High pouring temperature is conducive to slow
cooling, which reduces the nucleation rate and minimises the con-
centration gradient io the liquid,DthBre is slso an opportunity for

the remelting of crystallites transported from the surface region.
In practice, however, columnar structures are favoured by high

pouring temperaturs.

(ép the other hand, low pouring temperatures in¢rease the cooling
rate of the casting throughout the freezing range. With higher
¢ooling rates, the degree of undercocling increases and more nuclsi
are available for growth which eventually contributes to the

formation of fine equiaxed structures.;)

(b) Nucleating sgents: {} nucleating agent is a substance which *

can be intentiunally added to make erfective subatrates that
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facilitete the nacleation in the melt, The nucleant must be

capable of Burviyal in superheated liquid and must be in a
sufficiently fine stete of divislon to remsin a8 a widely dis-

peraed suspension. The most direct effect of the nucleating agent

is the formation of stable particles ms nuclei in the melt, for

which small additions are usually sufficient.}A further important
effect is that of growth restriction due to solute congentration i
gredients and constitutional undercooling in the liquid adjoining ?‘

the cryatal.

[E;fective grain refinemenﬁ)iu copper alloys is obtained from
small additions of irom, whilst{for eluminium alloys, titanium,
sodium (recently strontium) are effective agentaﬁ In certain casas
the function of the inoculant is to wmodify the growth rather than

the nucleation process. Thie is consistent with the fact that under—

cooling is associmted with the modificetion.

2.25 Development of fine equisxed structure

(gyo factors have been shown to be significant in affecting the
nacleation end growth process, viz. variation of cooling rate and
nucleating agents. The mos%t commorn eim of affecting nucleation and
growth process is to e¢ontrol the metallographic structure achieving

refinement through one or both of the above faptors.)

The association of rapid cooling with fine grain size arises x

from the influence of undercooling on the comparative rates of
nucleation and Erowth.(ﬁighly effectivs grain refinement can be

accomplished by inceulation- the addition to the melt of small
° |
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amount of substances designed to promote nucleation-—— although in
¢ertain caped the function may be to modify the growth rather than

the nucleation proaeasi)

Significant effects Also arise from crystal multiplication
and transport of crystallites by gravity or by mass movement of
liquid. Buch movement caﬁ result from turbulence originating during
pouring, from mass feeding, from thermal convection, or from
gravitational separation due to the difference in density between

liquid and s¢lid phases, '

(Pirecf evidence of dendrite fragmentation as an important
mechanism in the formation of the equiaxed zone in castings was
obtained by Jackson and Hunt and their collaborators in studies
of solidification in transparent organic compounds analogous to
metalsqq. Dendrite arms in the columnar zone become detached by

local rechlescence due to thermal fluctumtions and change in

growth rate. These are carried by convectiwve stirringjand P
turbulence inte the central region, where they grow independently

in undercooled 1iquid12.

Fragmentation is not the omly source of such centres for
equi-axed growth. Contact with the cool mould aurface on pouring
initiates the nucleation of many crystallites, which becoms widely
distribnted by pouring turbulence, If castings are poured with little

superhsat; theae continue to grow rapidly to form fine equiaxed

structure.
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2.26 Development of dendritic structure

(In general, heat transfer from the casting to the cooler
mould prn&uces a pogitive gradient on e macroscopic scaleﬁ}shuwn
in Figure 7.(But in many cases local evolution of latent heat
is sufficient to reverse the temperature at the intérface; The :
thermal corditions in this case ars represented in Figure B. Slnce, -
the miﬁimum temperature in the ligquid is no longer adjacent to
the interface, growth by the general advance of s smooth solidifi-
cation front gives way to other wodee of growth in which deposi-

tion can occur in regions of gremter undercooling.

&when undercooling occurs in the band of liquid adjoining the
interface, any exieting protuberance on the solid face tends to
become stable and to act as a centre fo¥ preferential growth.
Whilst general advsnce of the interfece is retarded by the latent
heat or solute barrier, suchhlocal gErowth centree can probe

Turther into the zone of 'undercooling.

Therefore, the conditione for dendritic tree-like growth ars
(1} Undercooling due to evolution of sufficient latent heat end

(2) Undercooling due to differential freezing or solute barrier.

This type of growth most commonly encountered in the freezing
of commercial cesting alloys forming solid solutions. The primary
axis of the dendrite is the result of preferred growth at an edge
or corner of an existing crystalliteﬂ:The projection develops into
a needle snd oubsequently a pléte following the general dirsection
of heat flow; this growth direction is usually mssocimted with 5

I

perticular crystallographic diractinnﬂ?i)
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Lateral growth uf-the primary needle or plate is restricted
by the same latent heat or solute accumulation as inhibited general
.growth at the original interface, but secondary and tertiary
branches can develop by a similar mechanism to that which led to

the growth of the primary stem, ehown in Figure 9.

Dendrite growth in ; pure metal can only -be detected by
interrupted freezing and decsntation, but is evident in nlloya
through fhe pereistence of compositional differenceﬂ} ravealed
on etching as the characteristic eored structure. Coring results
from differentisl freezing and it can he explained in the following

WaY.

Cln & solid-solution mlloy, &8 the one chown in Figure 10
solidification begins with the formation of crystals ha?iﬁg_the
composition B4+ During solidification the composition of the
"80lid changes until at the end it has become 55. This change in
compogition requires diffuaion to twke place in the solid. Atoms

of metrl A, which are mostly concentreted inm the centre of the
crystal; diffuse toward the ocutside and are replaced hy atoms of’
B, until.equilibrium is reached and every part of the crystal

has the same composition, Diffusion in the solid state is slow.

Ir the.cooliﬁg rate is fast, diffusion cannot keep paca with
golidification, equilibrium cannot be raached, and a cored c¢rystal
results. Thie erystal contains the amounts of the two metala
corresponding to the alloy composition, but they are unevenly
distributed; the centre containe a higher percentage of the higher-
melting-point metal, and the outeide ia richer in lower-mel ting — point

meta114; : fk.'



Ty

19

In severe nonequilibriuw conditions, as produced by very
rapid cooling, the compositions ﬁf the centre’ and the outside differ
widely. With slow cooling, when longer time is available at
elevated temperature for diffusion to take place, little or no
difference results. Figure 11(a) end 11(b) shows the same alloy,
rapidly and slowly cooled, and demonstrates the difference in
coring produced by different rates of cooling. Coring 1e found
not only in alloys of completely miscible metals but in all amlloys
in: which a phase forms over a range aof temperature.) '

. .

The coring effect cen only be eliminated by high temperature
diffusion in the solid state, time for which is not normally avai-
lable during cooling from the cesting temperature., Prolonged
annealing or homogenisation can bring about complete diffusion
of the solute, but even in this case visible evidence of the
original coring msy persist as a pattern of segregated impurities.
The ectual time for homogenisation is less when grain size &nd
the spacings of the dendrite substructure are small, since the

diffusion distances are then shorterq(bj.

2.27 Solidification under centrifugal force

The effectiveness of centrifugal force in promoting & high
gtandard of soundness and metallurgical qumlity depends above all
on achieving & controlled pattern of so0lidification, this bainé
governed by the ﬁrﬂcess used and by the shape and dimensions of .
the casting. High feeding pressure is no substitute for directional

freezing, which remains m primary sim of cagting technique.
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Considering firstly the casting of a plain cylinder, conditiona
canl be seen to be hipghly favourable to directional solidificmtion
owing to the marked radial temperature gradient extending from
the mould wall. Under these conditions the central mass of liquid
metal, under high pressure, has ready access to the zone of crystalli-
sation and fulfils the function of the feeder head used in static
castingq(quhs steepest gradients and the best conditions of =ll
occur in the outermost zonme of the casting, especially ﬁban a metal
mould is employed. Another importent facter ie the length to
diameter ratio of the cesting, u high ratio minimising heat losses
from the bore through radistion and convection. Under these conditions,
heat is dissipated almost entirely through the mould wall and
freezing is virtually unidirectional until the casting ie completely
solid:the wall of the casting is then sound throughout. Thie ideal
is cloeely approached when producing long, thin walled tubes in |

metal dies and an effective casting yield of 100% is sometimes

attaineble L7,

A8 the wall thicknese increasee or as the ratio of length to
diameter is reduced, however, radial temperature gradients become
less pronounced. Heat loss from the bore surface eventually
attains s level at which the temparature gradient is locally_
reversed, initiating some freezing from this surface. Under theas
conditions a zone of internal porosity is associated with the last
liquid to freeze, being normally confined within 2 band of metal
close to the bore. To achieve a wholly sound end product thia
porosity needs to be removed by machining, an pperation analocgous
to feeder head removal in atatie cagting. For this purpose an

appropriate allowance must be made on the cast dimensione. S
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2.3 Centrifugal Cesting

Centrifugal Caesting is & special form of casting by which
hellew cylindrical shapes in.particular may be conveniently »
produced. The mould rotates and the molten metal is fed imside
and distributed around the mould by the centrifugal action;
rotation continues until solidification is complete. When the
molten metal is poured into retating mouldes, during freezing each
layer of metal is subjected to a pressure gradient across its radial.
thicknesses such that the pressure is maximum in the outermoat
layer and minimum in .the irnermost layer. Actually this pressure
gradient assists the removml of gases and also makee the casting
more dense and sound. The use of gates, feeders and cores etc. is

eliminated in this casting process.

2.531 Principles of Centrifugal Casting

The centrifugal force produced by rotation is utilised in

twe ways:

1) Duriug pouring the Force can be used to distrihute ligquid metal
over the inner surfaces of a mould forming hollow cylinders and

other annular shapeas,

2) The force im used in the development of high pressure in the
castiprg during freezing. This assiats feeding end sccelerates the

separation of non-metallic inclueions and prrecipitated gemaes.

The casting of a plain pipe or tube ia accemplished by
rotation of a mould about ite own axia, the bore shape being produced
by centrifugal foree mlone and the wall thicknesa determined by

the volume of metal introduced,
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Iﬁ the centrifugal proeess a casting solidifies an& cools
in the centrifﬁgal field of forces. The centrifugsl casting cools
both on the cutside {the surface in contact with the mould walls) '
and on the inside (ite inner surface) as a result of radiation and
air convection. This gives rise to convection curreuté in the
liquid metal, a cooler and, hence, denser metal moves from the inner
surface to the mould walls, -thereby effecting Eolidificatién of

the casting in the directiorn from the mould walls to the inner surface.

ﬁut intensive cooling of the liquid metal due to convectien
and radiation frem the inmer surface leads to the growth of crystals
which move towards the mould walls under the centrifugal forceas.
The cryetale growing at the mould walls have an ample supply of
the liquid metal, so that they grow irn a directlon more or less
perpendicular to the melt motion. These Teatures of solidification
are favourable for the formation of a tight-grained guter surface
of the casting. The light particles such ms slag substances, non-
metallic inclusions, and gases move to the inner surfice of the
casting; this procese alpo aida in producing a finer-grained

structure and tends to giva better mechanical properties.

2.32 Clasgsilfication of Centrifugal Casting

Centrifugal Casting is divided into three categories:
T« True Centrifugal Casting
2. Bemicentrifugil Casting

"3, Centrifuging
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(1) True Ceptrifugal Cesting, in which the casting is spun abnﬁth

+ - b ] K |I
its own axis; no risers are required and no central core 1is needed
since centrifugal force forms the inner diameter of castings such

eg pipe naturslly.

|
(2) Semicentrffugal Caeting d L
This process is also known as profiled centrifugal casting.:IL
thie process, thelmnuld ie rotated ebout its vertical exis shown in
Fig. 12(8) and the centre of the casting ie ueually eolid. The ceitral
cavity in such casee is formed by machiﬁing out the central Bﬂlid or
ia formed by using a central core and pouring the metal around iti
Semicentrifugal casting is ususlly preferred for castings which are
symmatrical about a central axis, for example, gear blanks, uhegls
and discs. Io practice, thé mould is rotated at a speed which wili

15 i :

give e linear speed of about 600-ft. per minute at the outer edge

of the cmating. As e result of this low speed, the pressure develo-
ped is not high and, therefore, ae compared to centrifugal castiﬁg,

]
the impurities are not rejected towarde the centre ase effectively

a8 in the trae ﬂentrifugalqcasting. = ﬂ

(%) Centrifuging: The main dif}eﬁence between trune centrifugal ﬂF
semicentrifugel casting and centrifuging ia that in the case of true
centrifugal or semicentrifugal casting, the axia of mould cuincidEa oy
with the axis ol rotetion whereas 1n the case of centrifuging, the
axis of rotation does not coincides with the axis of the mould but

it coincidea with the axie of the whole amsgsembly. In centrifuging,
ceveral mould cevities mre located arocund the central feeder which
feads these mould cevities through radiel gates ehown in Fig. 12(b}.

In this cage mlso the stack moulding can he advantegeously employed.
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2.33 Method of calculation of the rotational speed

The following two methods are availeble in the literature

for caleulating the rotational speed of the mould.

(1} The choice of the rotational speed of moulds determines the
etrength, structure, an& the distribution of elag inclusions, gas
end shrinkage cavities, end segregates in castings. The rotational
speed depends on the axis of rotation (horizontal or verticsal),

properties of the melt, and the dimmeter of the casting.

In determining the rotational speed of a mould, one should
take into account not only the position of the axis of rotation, -
but also the casting's internal surfece distortion contingent upon
the axis position. Experiments show that the optimal speede which
give high-gquality castings differ with the kinds of alloy mnd, in

general, depend on the caating dimensions, pouring temperature,

and the mould temperature.

According to Professor L.S. Kanstantinavqa, the rotational

speed (N) may be calculated with the formula

H (rpm) = 2220 cscsmma (1)
yOT,

where 5520 is the value of the coefficient, tamken to be constant

for all alloys, e is the density of a caating {gm/ec), and T, is

the intermal redius of the casting, cm.

Formila (1) disregards the effect of the castings wall
thickness eince it is of little significance for thin-walled

castings.
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For thick-walled cactings, however, this effect should be
taken ilnto account because the centrifugal'gurce that acts on Fhe
outer surface of a casting reaches a wvalue high enough te rupbture
the surfece of metal adjacent to the mould wall and thua to cause
8 tear in the casting. Consequently it is necessary to change the
Totational speed of moulds when casting thick-walled parts. A% tha
beginning of pouring, the rotational spaad of the mould is kept at
8 minimum, then, as the mould receives more metal end the layer of
melt prowsd, the speed is raised to A maximum, at which, however, 1

the surface layer should not be torn.

In casting shaped partas, one should choose such a rotational
speed as to elfect good fﬁlling af the m;uld and accurately repro-
duce. the contours of the casting. The best results are posible to
nbtaiﬁ when the roatational speed of a mould ie ao chosen that ‘the
paripheral speed of a casting point moet distant from the axis of

rotation and is found to be equal to 2-5 mfsqﬁ.

The peripheral 'speed of any point of a rotating body may ba
calculated by the furmu1a15:

L]

. | ¥ x 30
v = ar N = —— .o cea N
oo Y ()
where N is the rotational epeed,rpm, and is the distance

from the point to the axis of rotation, m.

{2} Tha ﬂenﬁrifugal force acting upon a Totating body is
rroportional to the radiue of rotation and to tha square of the

velocity:
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F = my - mrw’g -i.i - ua LN (1)

whare v = Wr,

Here, F, = OCentrifugal [orce {iT,pd1)

m = mass {kg, lb)}
r = radius (m,lt)
w = anguler vselocity (rsd/s)

v = peripheral speed (p/s, {t/s)

The gravitational lorce on the seme mass would be given by
F' = - - 0w .y - anm 2
2 g (2)

where g = acceleration due to gravity (m!sE, ftfsg)

Hence the factor by which the normal force of gravity 1is

mil tiplied during retation is given by -

Fo IHE

G factor = Te z - cas (3)

Expressed in the more convenient speed units of revolutions psr

minute, N, the expression becomes:

2 2_2 2

G factor = B . DA} x 470 lere,
’ 5.81 ¥/A8d
w = 2X n/sec
D x 4x°n° %"= 4 x°n®/pec”

2 x 9.81 ) )
n = ravolutions/sec

=200 ., .. (4) 8 =9.81 n/sec”

2 G lactor G factor
or B = =5 5 )

n
O
n
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G lactor )ﬁ

"or n = 0,7 ( 5

von ven e (5)

SN (rpm) =60 x 0.7 ( G f%ctnr )ﬁ where D=rotational diameter (m)
LN | [N} (5)

Alternatively, N = 265 (m)}i where D = rotational
diameter {in?

.
These relationehips between rotational speed, diameter and
centrifugal force are illustrated graphically in Fig. 13%; this
| and similar charte or nomograms are normally used to select the
speed in accordance with the magnitude of centrifugal force

required.

There is no standard criterion for selection of the reguired’
force. In true or open bore casting, circumferential velpcity
is imparted from mould to metal by frictional lorces at the mould
surface and within the liquid. In horizontal axis casting, the
metal entering the mould must rapidly escquire sufficient velocity
to prevent instability end ‘'raining' ae it passes over the upper
half of its circuler path: because of slip, thé generation of the
necessary minimum force of G in the metal requires a much greater
peripheral mould velocity than would be the case if metal and
mould were moving together. One investigation pleced the minimum
limit in the Tegion 3-4.5 Gq? but mch greater force ie requiredl
in practice for full advantage to be faken of the procesd. Based
on practical cbservations, Gumharlandqa reported a range of
minimum speeda required to avoid ejection of meta), These are
presented by the dotted line euperimposed on Figure 13 mnd epprox—.

imate more closely to a constant peripheral velocity of 0.5 m/s

A
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(== 100 ft/min) than to a fixed magnitude of centrifugal force:
the required force dimineshes with increasing diameter. Although
centrifugal forces exceeding 200G &re attamined in some casges,
speeds generating fnréas of 60-80G are moet commonly quoted for

true centrifugal castings.

2.3 True Centrifugal Cesting Technigque '

The widest spplication of centrifugel casting is for the
production of components which are essentislly cylindrical and
therefore suitable for cesting by the open bore or 'true' procesa.
Snch castings are utilized in either of two ways. Hany tubes are
used in the as—cast state. These can embody limited taper or
simple external fsatures, although the latter muat, when casting
in metal dies, permit extraction of the casting.iTrue centrifugal
casting is also used for the manufacture of plain cylindrical
blanks or 'pots' for the production of rings, Lushes and other

annular components by mechining.

The main characterietic of the true centrifugal casting is

that the axis of rotation of the mould coincidea with the axis of

the casting and the formation of a central hole through the casting

takes place by the centrifugal force without the use‘-of B central
core. The axis of rotation of the mould may be horizontal,
vertical or at spome other convenient angle between 0 to 90“. The

axis of rotation mainiy depends upon the '

L (length of the job) .
D (bore of The Jo0) ratio of the tube. The following

practice is usuelly adapted:
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A¥ig of rotation
for %- > i Horizontal
o ]
t
N L > 1 At an angle between 0° to 90
I .
- <1 Yertical

Horizontal axis of rotetion:

Horizontal axis of rotation is more common in the production
of cestings having tubulsr shape, such as water pipe, gun barrel
etc. In facp, when the liquid metal is introduced in a rotating
horizontal mould, the metal is diétributed over the inner surface
of the mould. Tue to the high speed ol rotation, the friction that
is set-up between the liquid metal and the mould material allows
the liquid metal to be evenly distributed and thé inner surface of

the casting assumes & cylindrical shape.

There are two principal horizontal axis centrifugal easting

processes available in the literaturs.

1) De Lavaud process, and

2) Moore sand spun procgess,

The two methods are principally the same, differing only
in details of mould construction and the method of introducing

tha metal.

De Iavaud process: This is the moet popular method for the

production of socketed caat iron pipea19 in metal moulde. In this

process, illustrated in Figure 14, & long pouring spout, supplied

s

ol
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from an automatic ladle, is initially inserted to the far extremify
of the mould, a forged steei die enclosed in a water cooling jacket.
As pouring proceeds, the rotating mould is withdrawn over the spout
gso that the metal is laid progressively along the 1epgth of the
mouid wall, control being achieved by synchronising the rates of
poufing, mould travel and mould rotation. The casting is extracted
a8 the mould returns te its original position and its accuracy is
checked by weighing. ﬁigh rates of output are achieved, esch machine
producing 8 casting every two minutes. The fastest output of ail,
howevar, is attained in the production of rainwater pipes ueing a
simplified variation of the pipe casting process in whicp eeveral
moulds are circulated through a number of statione for coating,
casting apd extraction: rates of over 100 castings per hour are

achievedﬂg.

Moore Band spun process

"With the slower rates of eocoling obtained in sand moulda,
fluid alleys can be poured without the retractable spout system.
The Hnore15 system employs a sand lined mould,- driven by = variable
speed motor: the process is especiﬁlly Buitable for large pipes
required in small quantities. The metal im introduced into the
mouldlby a pourer &nd a controlled tilting mechanism at the raised
end, At the beginning of pouring, the mould is et its mexipum
tilt position snd the speed of rotation is minimum. Thue low epead
is maintained during pouring but the mould is steadily lowaered
inte horizontel position. Once the horizontal pogition is reached,
and the pouring has cemsed, the epeed of rotation is rmised
depeading upon the thickneams of casting and is maintained until

the solidification is complete. ;‘3
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Thé horizontal axis machine is suitable both for tubes and
for long pots production. 5ince heat lose from the bore is lower
than in the case of short pots, e smaller machining allowance

puffices to clean up to sound metal and a higher yield can be |

achieved.

2+35 Cheracteristice of Centrifugal Casting

The main gquality characteristic of centrifugally cast material

is the high standard of soundness arising from the conditions|of

feeding. This factor is predominapt in the improvement of proper-
ties relative to thosa of statically cast material. To this
advantage may be added a degree of structurel refinement, affecting

grain eize and the distribution of microconstituents., The extent

of this depends on the particular process. The most important
contribution to refinement is rapid cooling in metal mqulds, but
other fectors include physical disturbance in the ligquid in
pouring and rotation and the ability to achieve patislactory
metal flow using lower pouring temperatures than would be neceJ
Bsary in the absence of centrifugal pressure. Refinement is
greateat in true centrifugel castings madé in metal dies, whilét
pressure castings show little structural difference from atatic
castings of similar shape: the same may be said of the degree n&

freedom from non-metallic inclusiors and random defects.

The macrostructure is subject to similar influences to
those governing the structure of static castings, the important
Tactors beipg alloy conatitution, the tewmperabure gradients and

cooling rates induced by the thermal properties of metal and mnuld,'

™
i
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end conditions for independent crystellisation ms affected by the

motion of the casting. Alloys undergoing dendriticcrystallisation
are characterised by regions of celumnar and equiaxed growth. The
factor in the case of centrifugal casting is the relative movement
¢f liquid by slip during acceleration tg the speed of the mould.
This has been held in some cases to promete columnar growth by
disturbance of the growth barrier of solute rich liquid at the
interface,. fhe overall effect of motion on structure is, however,
complex, since vibration,diminution of thermal gradients in the
liguid, and the possible fragmentation of dendrites can aleo induge
the nucleation of equiaxed grains. 4 further elffect af motion ie a
tendency for columnar grains to be'inclined in the direction of
rotation, evidently due to the movement of undercocled liquid

towarde the dendrite probes.

The structures encountered in a large number of individual
alloys, particularly the zones of columnar and eguiaxed grains
gecurringunder a wide range of conditions were described and
explained by ﬁorthcattzp. In practice the most consi5tent-inrluenca
is that of & low pouring temperature in producing grain fefinemant
and equiaxed structures, whilst somewhat higher temperatures
tend to promote columnar graeins by suppressing nucleation and

increasing the radial +temperature gradient towards an optimum

lavel.

wWith respact to properties, centrifugal castings have been
frequently compared with forgings., Ductility is in peneral lower
than in forgingse, but there are meny instances where a centrifugal

casting has satisfactorllyfulfilled the same Function. At elevated
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temperatures the cast structure offers positive advantages with

reapect- to creep strengthgq.

. i
Much direct evidence is avmilable of improved properties

compared with the normel run of stetic castings. A rEmgrkablé
feature of the mechanicel properties was the low degree of scgttar‘
compared with thet usually obtained in eand cestings: ne weak

zones were encountered and high elongation velues testified to

the dégree of soundness echieved, Little difference was observed

between circumferential and lomgitudinal properties in anmular

gaatinge.

2.5%6 Advantages of Centrifugal Casting .

Fouring into a spinning mould and sclidificaticn of the
cadting in the mould rotating under centrifugml forces are the
factors which determine the basic advantages of this casting

method. Theee advantages include:

1. It is8 A eccnomical procees for mdking hollow interiors in
cylinders:

No core is needed to form the bore as in static castiﬁg since
the rapidly turning mould causes the melt to move to the periphery
under the force of rotation. Elimination of gates and risers is,.

poesible,

2. . Casting is cleaner:

A function of centrifugal force is sesn in the tandency for
"non-metallic inclusions to segregete towarda the axis of rotation.

Centrifugal force helps in forcing molten metal quickly into moulds
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to prevent premature Creezing and also assists in proper
directional splidification, so that a high standard of freedom

from inclusions is achieved.

-
B
1

Owing to the pressure gradlent within the casting, nucleation
of dissolved gases to form bubbles will ogcur if at all in the

bore region, where the gas can escape readily from the casting.

3, The process produces quslity products:

Bolidification of the metal in a rapidly rotating mould

results in a fine-grained structure, free of ga= and shrinkage
1
cavities and porosity. '

2,57 Application of Centrifugal Casting

Examplea of componente produced by true Gentrifugal Casting
are listed in Table 2. Amongst special producte produced by

centrifugal caating are bimetal tubes end composite producte..

Bimetal tubes - Alloye of widely different properties can be

combined in a singlé stricture by succeseive pouring of the two
alloys under closely contrnlleﬁ conditinnsea, the time interval
before the second pouring operation being critical. Alloy combi-
natione are resiricted by the relative melting temperatures and
the danger of excessive remelting of the outer by the imner layer,

but in a suitable case a metallurgical bond is achieved without

this difficulty,

Composite products -~ Centrifugal casting can be used to line a

structural outer shell with an alloy of special properties. A
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notable case is the production of white metal bearimgs by pouring
the low melting point bearing slloy into tinned outer shells. A
further example is the spinning of cast iron friction limihgs into

5teel cistings for the production of mircraft breke drums.

2.4 The effects of process variables on Qentrifugally cast
products

The maip varisbles controlling the casting quality are the’
gpeed of fthe rotetion, the pouring temperature of the melt and

the solidificetion time of the casting.

(a) Speed of rotation: The speed of rotation of the mould is +the
main governing facteor influenciug-the fundementals of the process.
Rotational speed exerts an influence upon structure and properties
nf the casting, the most common effect of increased speed beiné

to promote refinement, although this cen mlso rise from turbu-
lance induced by inatabllity of the liquid mass st very low
speeds. On halance, to secure maximum benefit from centrifugal
_cmgting, it is logical to uae the highest speed consistent with
the avoidance of tearing. The main fadétor also. conmsidered in

true centrifugal casting is reteption of the bore shape against
gravity whilst evoiding longitudinal tearing through sxcessive

(e).

hoop EtrEsé]

(b) Pouring temperature: Fouring tempernture exerts a major

influence on the mode of solidification and peeds to be determined
in relations to the type of structure required. Low temperatures
are associated with maximum grain refinement and with agquiaxed

structures, whilst higher temperaturespromote columnar growth in
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many alloys. However, the pouring temperature must be sufficiently
high to ensure satisfactory metal flow and freedom from cold laps

whilst avoiding hot tearing due to excessive superheat.

{e) Bolidification time: Longer solidification time 18 conducive

to slow cooling, which reduces the nuclemtion rate and pinimises

the concentration gradient inthe 1liquid. It slso increases the
redisl temperature gradient towards an optimum levelgq. In pracfice,
these effects usually predominate and columnar coarse structures

are favoured,

Fine equiaxed structures, on the other hand, are encouraged by
shorter solidification time, which not only increase the
nucleation rate but alse produces extreme undercooling favouring

the formation of many nuclei., Columnar growth is thus restricted.

2.5 The effects of heat-treatment upon Brass and Aluminium:

GCast brass shows 8 dense dendrite struéture and when it is
fully annealed then these dendrite etructures disappear and grain
boundaries become prominent. Also uniformly distributed pores
ere visible across the entire matrix. IT partiel annesling
is carried out then traces of coring are found in the structure.
Now if the cest brass specimen is subjected to full deformation
s0 that it hecomes work hardened, and is partially annealed at
600°C and held for 5 minutes; then recrystallization with traces
‘of coring takes placegﬁ, If the same deformed specimen of brass
is annealed fully and held at & longer length of time {say 1 hour)

at the annealing temperature of 800°C then twinned equiaxed graine
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are found in the structuregq. Again if the same specimen ia
partially deformed and then annealed, bent twins and strain

bands are visible in the micrngraphga.

Mention may be made here that if an aluminium specimen is’
annealed, either as cast or after deformation, twin erystsls
do not form in the structure but grain refinement may happen.
Traces of coring is likely if partial asnnealing is done. It
is found in the literature 22 that the more the stacking
fault energy, the lesser the tendency for the formation of
annealing twins. In aluminium, stacking fault energy iz found
to be 200 ergfbma where a8 in Eappar it is only 40 ergfcmz.
Now The condition for obtaining annealing twins, stacking
fault is to be wide which mesns low sfacking fault energy.

The lower the stacking fault energy, the greater will be the
seperation between the partial dislocations i.e. the wider
will be the stacking fault. Hence aluminium rerely shows
annealing twins becanse of having high stacking faulf ENergy
i.e.narrow stacking fault. Again, X-ray work has shown <6
that the energy of stacking fault in breass decreases with
sin¢ content, and this ie in agreement with the fact that
alpha brass forms a grsatgr number of annealing twins then

COpper.

Stacking faults enter into the plastic deformation of
metals in a number of ways. Metals witb wide stacking faults
etrain-harden more rapidly, twin easily on annedaling and

show a different temperature dependence of flow stress Trom
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metals with narrow stacking faults. The important rele of twinning
) iﬁ plaetic deformatiunlcames from the fmct that orientation changes
(resulting from twinning) may place new slip systemse in a favour-
able orientation. Twinning is also important in the overall

deformation of metals even with a low number of s8lip systema.
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3. EXPERIMENTAL SET-UP

3.1 Introduction

The experimental sat-up wasesagembled after designing the
individual components, considering the length, weight and thick-
nesg of the job. The description snd operation of all these items

are given in the lollowing sub secticns.

2.2 Description of the experimEntai se t=up

The experimental setup mainly consisted of a permenent mould,
a hollow mild steel shalt, a four wheel trolly with a ladle and

ladle holder, & gauge ring and a motor. Details of the e;perimuﬁtal

get up are shown in Fig. 15(a).

The permanent barrel like mould was made of cast irom and
waE horizontally inclined with the three feet long mild steel shaft.
Tha dimenaiona of the mould were; length-14", outer diameter-6",
thickness-¥". In order to ease the removal of the product, the
~ pouring end of the mould was made slightly larger inldiﬂmeter and
a ring wag fixed at the end to hold the casting within the mould
while it is in motion. There were two slots on both ends of the
ghaft — one lor key arrangement with the flange and another for

locking with the pulley.

A %" bore was mede throughout the entire length of the shaft
and a mild steel rod (Fig. 15¢ ) wag inserted through it for holding
the end plate within the metallic mould. The end plate was used
for determining the axial length and ejecting the casting from the

hot mould. There were two seta of pulleys in use in order %o achieve
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four different mpeeds {ranging from 1000 to 2200 rpm.). The pulleys

were made of eluminium alloy.

Trolly was &n essential paft of the experimentaml wetup. Ita
main purpose was to make an arragement for uniform and regular
pouring of metals and alloys inte the rotating mould. It could
move backward and forward on two rails. The dimensione of the
trolly were mbout 15" long and 12" wide. About a two feet long
hemispherical shaped spout lined with fire clay was attached with
the trolly. The height of the long spout waa such that at the
instant of pouring some mel%t would have split out. In order to
prevent this, the height of hemispherical spout was increased by
2" on both sides and subsequently fire clay lining wee provided
with 2 view to réduce the heet loss,. It was moved on a slopy rail
track and its entry into the mould could thus be reguleted. The
main function of the spout wae to transfer the molten metal into
the revolving mould uniformly from the ladle (Fig. 154} which
was pleced sbove it. The ladle (cepacity 30 ibs} was made of
mild steel sheet gver which fire clay lining was imparted to
withetand massive thermal shock., It was an inverted con}cal type
with a slopy bulge af the rim to facilitate pouring. One of the
conditions to abtain a uniform thickness of the hollow casting
to ensure a constant flow of the molten metal/alloy from the
ladle. The ladle holder, méﬂe of caet irom pipe, had & bracket
end and an extended handlé +o emmse the pouring menually yet
safely by simply rotating the handle. The lsngth of the handle
wag extended to till the ledle between O to 90° by aimply-rotating
the other end of the handle from a far distance. The arrangement

mleo avoids the Tisk of having any split of melt from the rotating

mould, ﬂ o e
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The gauge ring is employed to determine and maintain the

required thickness of the product, shown in Fig. 15(e).

b

A 7 H.P. electric motor was uged for rotating the casting
machine and its speed was about 2800 revolutione per minute.
The réquired gpinning speed of the mould wes aechieved by changing
pulleys of different diameters which were connecte@ with shaft

of the machine utilising a V-belt.
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4, EXFERIMENTAT PROCEDURE

i .1 Introduction

A gerieg of experiments were carried out with Brass and
Alunimium to determine the effecte of pouring tempéfature and speeds
of rotetion of the mould on the microstructure and properties of the
products. In order to achieve these objectives, a centrifugal casting
machine, PP electric motor; natural gee fired fureance and a trolly

with cricible holder were used.

4.2 Moulding Materials

For centrifugal casting, cast iron mould was chosen since the
cesting conditions are more constant and controllable with this type
of mould. The casting cycle was kept constant in order to maintain
diunensional con;iﬂtency. The mould was dressed wifh graphite powder
along the gauye length and preheated by gas torch before pouring

the melt.

For send casting , green gnnd was used as the moulding material
to maks sand moulds and cores. The properties of the moulding send
depend on its composition and the meansr of its preparation (mulling -
or milling c¢onditions). In the present work the moulding mixture cons-
isted of natural gilica, clay, coﬁl dust to-which 4 to &% water was
used. The A.F.5. fineness number ¢of the send was measured by Tyler's
Bieve Shaker end was found to be &bout 69. The same sand was also

used for making the core.

4.% Charge Materials

. . o
The total weight of each caating was about 3.2 Kg end 10 Kg

[
for alunimium and brass castinpgg respectively., Commercially pure: H““
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aluminium (99.5%) wag used for aluminium casting and for brass
casting, the chemical composition of the charge was 73.0% cu,

25.5% Zn," 1.5% Sn and O.5% other elements (may be Pb, Sb, Fe ete.).

4,4 HMelting and Cssting

A number of preliminary melting were carried out in order to
standardise the melting technique and same procedure was adopted
for the main experiments. During melting, care was also taken to
meagure the superheating temperature as well as the poﬁring teﬁpe-

rature of the nelts.

4.41 Melting

Local brass screp consisting ol water taps was taken in a
graﬁhite cru¢ible and melted in a natural gas fired pit furnace.
The aeddition of heat continued beyond the melting range of the
braes which is about 1010°C ~ 1030°%C. After raiaing the tempera-
ture of the furnsce well above the melting range of the braas for
sufficient time, the ecrucible was removed from the furnace with
the help of m clamp having a long pair of erus. The molten brass
contained a huge quantity of slag and in ordér to remove these
slags the addition of flux became imperative. Therefore Na,B,0n,
1DHED (Borax) or RH,C1 (emmonium chloride) wae added into the
crucible and stirripg continued faf sometime,. Thean the melt Gas
poured into the sahd made ingot mould &nd the molten braess wae
allowed to solidify in the form of tapered ingot emch weighing
about 15 Egs, After amolidification the matérial wag tepted to
determine it's content and also to evaluate how much more material
is to be edded to get a compoaition of 73% Cu, 25.5% Zn and 1,.5% Sn.

Fa i

bl



After evaluating the required amount, the additional emount
ol copper was added tec the prepared brass ingot and melted in the
pit furnace in the same mauner. After melting the crucible was
removed and gdditionzl amcunt of Zinec was edded te the melt and

stirring continued.

Once apain [lux meterials like borax or NH,Cl was added and -
skimming from the top of the melt was necessary prior to pouring.
The melt was then poured into the ladle fitted with the trolly.
By revelving the long handle, the ladle was tilted and the melt was
poured into the mould which wasralready rotating at a particular

cpeed.

4 42 Temperature Meagurement

After melting the charge the temperature of mperheat and
pouring temperzture were measured with the helpofaligital Thermometer
which gave a direct reading of Iéjc accuracy. Since one cof the pro-
-CESS variables wes pouring temperature of the melt so - belfcore casting

it was necesgary to take note of the desired temperature in order to

maintein e high degree of experimental accurecy.

4,43 lould Freheating

The mould was heated to about 200 to 250°C before pouring the
melt. Tﬂe principel signilicance of the mould temperature lies in the
degree of expansion of the mould with preheating, expension diminishes
the risk of tearing in true centrifugal castinga. Mould preheoting
alao decreases the temperature @radient between the mould and ths fH\
cooling substrate which tends to promote prain relfinement Auring

"
sglidification,
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4,44 Casting

There were about 16 main castings cerried out. in the
prﬁsemt investigation among which M using the centrifugal casting
process and 2 using the sand casting process. finally comparisen
waa made between the preducts of centrifugal casting and those of
sand casting in order to evaluate the advantares of centrifugal

casting over the sand clasting.

Each casting was individually marked for identification.
shown in Fig. 16 and the metallographic specimens with a vibrotool

to avoid deformation of the structure.

4.5 Procezg Variablegs

Among the various process varisbles which affect the quality
ol the caéting, only two, the effect of pouring temperature snd the
effect of rotational speed of the mould were studied in the present

investigation. These are briefly described below:

.51  Pouring Temperature

In order to .select an appropriate pouring temperature ss well
83 to cee it's effect on the cast prcducts , commercially pure alumi~
nium #nd brase were poured at three different temperatures, For aluqin—
- §um, these temperature were 710°C, 730°C and 750°C  and for brassl
they were 1080°C, 1100°C and 1120°C. However in each case, the melt
was superheated to about 3D°G above the pouring temperature in order
to msubside the loss of heat during the trenafer of the.melt from the

furnace to the rotating mould.

O
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4.5? Rotational Speed of the Mould

There were,foﬁr gspeeds of rotation used in the present
study, which were recorded with the help of a Dipgital Tachometer
which gave the direct mecsurement of the speed. These were 1000 Tpm,
400 Tpm, 1800 rpm and 2200 rpm. The speeds were varied with the help
different .
of pulleys oIsdiameters. & V-belt worked as & medium for transfer

of power from motor to the shalt of centrifugal casting machine,

4.6 Heat Treatment

Although a number of heat treatment process can be applied omn
brass and aluminium,® but in the present work uﬁly the effect of
annealing on the micreo-stTuctures was investigated. Annealing pro-
cesses for aluminivm and brass are decribed briefly in the following

subgections:

.61 Apnealine of Aluminium

n

¥pr this purpose the spe;imens were heated in the muffle furnace
at 650°F (344°CY and cooled to room temperature. No apprecisble holdirg
time is required for Aluminium annealing. However, it is important to
essure that the proper temperature is reached-in all portions and

therelfore the specimens were soaked for 4 hr at 650°F (344°c),

4,62  Amnealing of Brass

Annezling of brass was accomplished by heating it to 1000°F
(538°G} in & muffle [urnace =nd holding it at that temparature for
41 hour and then felatively slow cooling to room temperature in the
furnace. Except [or Alphe-~beta dloys and certain precipitntion harden-

ing alloys, the rates of heating and coolinp are reletively unimportont
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7

for ‘brass annealing? . After cooling to recom btempersture, the
specimens were removed from the furnace and were studied on the

basis of their micrg-structure.

4,7 HMetallogravhy

Metallographic specimens were prepared from the cast hellow
cylinders made of brass and zluminium. These were polished in the
usual menner. Final polishing was cerried out with fine alumina
powder (0.1 micron }by hand. This was necessary to remove the micro

scratches from the specimens.

The brass specimens were etched in 20 ml HHupH and a few

drops of fresh Hgﬂé(5%) by swabbing the specimen for 41 minute,

Aluminium specimens were etched in 100 c.c. HED‘ 5 c.c HHDE
and 2 c.c HF, The etching time for aluminium wags mnot excatly fixed

but repeated etching and polishing was necessary to revéal the structure.
The micro structurés of both specimens (Brass end Aluminium) were
examined under optical microscope to see the structural difference

at different megnificaticons. Wetzlar Universal microscope and Swift-
master photographic microzcope were used for the examination and

photographically recording of the representative microstructures

respectively.

4.8 Determination of Mechanicel and Fhysical Froperties

Properties like ultimate tensile strength (U.T.5.); yleld
strength, % elongation, hardness, density and % porosity were
determined for aluminium and braszs casting. The detail procedure

is given in the following sub-sections:
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4.81 Determination of Tengile Properties

Pensile testing on brass and sluminium was conducted using a
24 Kg Hydraulic¢ tensaile testing machine with a screw type éperating
cylinder using 15 kN scals. A schematic disgram of a pripping device
for threaded-end specimens was shown in Figure - 17(a}. The standard
0.2% in (&.25 mn) diesmeter round test specimen with dimensicue shown
in Fipure - 17(b)was used for tensile testing of both aluminium and

brassEB. The U.T.5. in newtons per sgquare mm and percentege of elonga-

,
ticn were obtained. The yield strencth in newtons per square mm wasg

measured by the offset method using specified valus of set ( = 0.2%)
Iron stress strain curve. The results were averzaged from three deter-

minations.,

4.83? Hardness Measurement

Brinell Hardness testing was conducted using Avery Brinell
hardnesgs testing machine. To determine the Brinell Hardness of ths
Brass and Aluminium , 10 mm diameter indenter and applied losd of
500 Kgf were used. The Brinell hardness number (BﬁN) was calculated

from the following equation

"BEN = EP/-{?E D(D - m)}

where P = applied load, kgf.
I = diameter of the ball, mm, and
d =

mean diameter ¢of the impreasion, mm,
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*’-hEE: . Density Measurement

In order to determine the density of the cast ﬁroduct, the
specimens were taken in such shapes that the volumes were calculated
easily. Aluminium specimen was taken in the shape of a uniform cylinder,
while the brass specimen was taken in the shape of a rectangular block.
The volumes of aluminium and brass specimens were determined in the

Following manner:

For Aluminimum Cvlinder:

02 o
S

Volume, ¥ =
where D = Diameter of the cylinder

H

Height of the cylinder.

For DBrass rectansulsr bloek

VYolume, V = Lenpth x Breadth x lleight.

The weight of each epeeimen was memsured in the laboratory

balance {accuracy 0.1 mg) and the density was thus calculated using

the formuln

Density = —%E%E%g-.

4.84 Percentare Torosity Measurement

It may he desirable to determine the percentage porosity of
métels and alleys, especially when they are dense and the absarp?ion
of water is iocomplete of when closed pores exist into which the
liquid cannot penetrate. For materials not attacked by water, porosity
" determination cen be made by usimg water. When necesmary, kercsene may

be used as the liquid. For the calculation of the percentags porosity.
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of the casting, it is necessary to determine both the bulk and the
true density. The former is determined by obtaining the weight of
the dried piece, in air, and its exterior volume. The bulk density
(d}, obviously, is eguivalent to the relation w/v, where w is the
welght of the specimen and v its volume. The true denzity is found
by griuding the material, passing it through the 100 mesh sieve, and
determining the values sought by mezns of a pycnometer in the

following manner:

Weight of the empty Dycnometer = W, ém
Weight of the pyenometer and sample (powder) = W, B
' Weight of the pycnometer, sample (puwder)énd water:w3 gm
Weight of the pycnometer and water = W, gm
Weight of the sample in air = (we - wq) gl
Weight of tbe water displaced by the smample = {(wu—wq

- (”5'“z>}sm
~+ Volume of the sample = {(”4‘“4) - (wa-wej' CoeCo

‘. True density of the sample
D = Weight of the sample in air
- alume of the gample

WE - H,]
('ﬂlq_ - .1J = [sl"'} - WE)

The percentage porosity (P) of the casting is then computed from

the following relation

P =100 (1 -3,
where, d = bulk density
D = True density.
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5. RESULTS

5.1 Introduction

The entire result waa divided into two phases for the
purpose of comprehansibility and convenience. The firat phase
appropriately referred to as Preliminary tests, involves the
selection af_pnuriﬁg temperature, This sectinn-was done on the
basis of resulting microstructure and mechanical properties
following the castings poured at three different temperatures.
The second phase which cen he referred as main tests comprises
‘the results obtained from the experiments carried out at

different rotational speede of the mould.

5.2 Effects of pouring temperature on structurs and propertiss

Resulte of thege set of experiments are summerised in the
tabular form in Table.3 to 6 and represented graphically as ;ell
in Figs.18 to'20. Figs. 18 and 19 show that with the increment
of ﬁnuring temperature, tensile properties decrease both in case
of aluminium and braes caating es well. Figs. 21 and 22 show the
micrographs of eluminium and braas respectively. As evident from
these figures, the higher the pouring temperature, the larger the
size of the grains. The pouring temperatures of 710%C and 108c°%a

for aluminium and brass respectively yield the best result.

2«2 Effects of rotationel speed of the mould on structure and

properties,

-

Details resulta of this sef of experiments are shown in
Tables 7 to 11 and graphically presented in Figa. 23 to 27. Figa.

23 and 24 show that tensile properties are better when the Bpeedsy
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of the mould were 1800-2200 rpm for aluminium and 1400-1800 rpm

for braes. Microstructures of mluminium are shown in Figa. 28 to
32 while Fige.23 to 37 ehow the microstructures of brass. Of the
structures shown in Figs.28 to 32, Fig. 28 showslthe microstruc-
tures of sand cast sluminium whereas Fig. 29 shows that of
centrifugally cast aluminium when the speed was 1000 rpm. While
comparing between Figs. 28 and 29, 1t cen be infTerred that in
both cases impurities are found to have been divorced hy oc
aluminium and are concentrated at the grain boundaries, Cellular
dendrites however, sre larger in size in case of sand cast
épacimen than those of the centrifugally cast specimen. Figs.
30; 31 and 32 show the microstructures of centrifugally cast”
aluminium &t 140C¢, 1800 and 2200 rpm respectively, zll containing
equiaxed grains. But only in case of the specimen of 2200 rpm
shows fine smaller grains wheress the other two specimens show

larger and coarser grains.

Fig. 35 shows the microstructure of eand cast brass while
Fig. 3% shows the microstructure of centrifugally cast brass
at a speed of 1000rpm. Both the Figures give the picture of
fir-tree like dendrites of o¢ ~brass. Only difference is that
in the sand csst specimen, massive and dense dendritic etructures
are visible whereas in centrifugal cast specimen, thin dendrites

with emaller arms are prevailing.

Figs. 35 to 37 represent the structures of centrifugally
cagt brass when the speeds of the mould were 1400, 1800 and
2200 rpm respectively. Comparison reveals that all contain

equisxed grains but when the speed waas 1800 rpm, the grains are

very fine compared to other two. However, each specimen contains
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upiform dispersion of cuprous oxide and other impurities

{ black dots ).

5.4 Effects of heat-treatment on the structures of aluminium

and hrass,

Figs. 38 to 42 ahow the annealed structures of aluminium
specimens. It can be seen that the traces of coring effect Are
prominent near the grain boundaries in sand cast specimen
(Fig. %8) whereas this effect is less prominent in the 1000 rpm
centrifugally cast specimen (Fig. 39). In the case of aluminium
castings at 1400, 1800 and 2200 rpm, they all contain egquiaxed
grains (Figs. 40-42) and no coring effects are visible. However,
the finer gréins are obtained in the structure when thé mould

speed was 2200 rpm.

When annealing ie carried out on mand cast brass specimen,
traces of coring effects mre prominently visible near the grain
boundaries (Fig. 43). But when centrifugally cast brase (1000 rpm)
im anneﬁled; twin crystals come into being with less prominent
strain bands (Fig. 44), When the castinga (obtained at speeda of
1400, 1800 and 2200 rpm) are annealed, the mieroastructures show
twin graine with more prominent strain bands (Figs. 45-47).
However, in cage of the ppecimen obtained at the speed of 1B00
rpm, the microstructure shows finer and more equiaxed twinned

regions compared to those obtained at other two speeds.
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6.1 Introduction

The structure and properties of aluminium and brass vary
appreciably due to the use of the process variables like pouring
temperature and rotational speed of the mould ete. The theme
of the present work wag largely confined to study the structure
and properties of aluminium and brass as affected by process

variables during centrifugal casting.

To establish and evaluate their effecte in centrifugsal
casting, a number of preliminary traile were performed to
optimise the pouring temperature of the melt to be used in the
main experimente. Finally the main experiments were carried
out by changing the speed of rotation in the mould. All these

aspects are discussed in the following suh-sections.

6.2 Bolidification Mechaniem during centrifugal casting

In centrifugal caating the mould is rotated at a desired
speed so that the pipe ie Formed almoet as a meries of welded
rings and analogous to winding, a rope into a helical coil. It
is worth considering the mechanism by which the pipe wall thick-
ness i8 built up. Two Gpﬁosing viEHE‘E35 are that the indiwvidual
coils acguire their final thickneas ir a single mould rotation,
or that the plipe wall solidified in layers requiring geveral
mould revolution. The latter view appears to be valid for the

preaenf case. ) . {:1

i
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As the head of the streem contacted the rotating mould,

the melt spread out over the entire length of the mould cavity. -
With Turther flow of metal from the crucible pipe wall thickness
tuilds up gradually and unilormly over the entire length of the
pipe. The melt when poured into & rotating mould, would mcquire
the rotational movement because ol the tangential forces.
Immediately on pouring however, inertia wonld prevent the melt
from taking up the speed of the mould instantly. Rélative
motion would Elisé between the adjacent liquid layers and also
between the melt and the solidilied layer, In the latter, -the
melt would flow across the front of the Erowing crystals,

The fine equiaxed structures would develop because the shear

atress fractured the growing dendrites, just after solidification

begins,

6.2 Nucleation and growth hypothesis during centrifugal casting

Conventicnal casting consista of pouring (teeming) molten
metal into a mould cavity which has the shape of the article
requlred and then allowing it to eolidify. Al though there are
hany variations on this simple theme, but the basic concept is
that the melt should initially be poured more rapidly than the
rate of which the metal soclidifies in the mould, so that a gump
of liquid seccumulates which ensures that, until the end of |
solidification, there is always an excess of wolten metal avaiw
lable for feeding. The importance of this sump is demonstrated
by the shrinkege during solidification, leading to intermal

unsgundness in the form of porosity or piping, which accurs in

its ahsence.
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The situation is illustrated in very gimplified Form in
Figure -52 , the assumption is made that heat is being extracted
only from the aside wall of the mould. The Mgure shows the
excess metal zbove the solidification front, with dendrites
growing in a direction opposite to the heat flow. The well known
deficlency of this form of c¢msting, either continuous or discon-
tinuous, is that segregation occurs with most alloys because the
solidification time is sufficiently long for major compositional
differences to occur, yet not long enough for homogenization to
take place. Other problems are caused by porosity and/or piping,
and by a cast grain size that is usually much coarser than that

of centrifugal cesting of similar composition.

The Figure above shows a saturated feed of molten metal
supplied by the large sump of liquid contained by the walls
of the mould. The sump ensures that the shaﬁe of the mould cavity is
aventually taken by the solidilied metal, becauae movement of
liquid can, and does, take place freely in a plane perallel to
the solidification front. A further point to note is that any
molten metal fed into the sump remains there for n coneiderable
time usually with convective movement, before it eventually

so0lidifies.

Let us compare this situation with that ehown in Figure - 53
drawn on a much larger scale, illustrating a typicel instance
of incremental solidification during Eentrifugal casting using
a high rntatlonal epeed of the mould. In thie casge, the summp
ol 11qu1d is replaced by a very thin film covering most of the

solidification front. Aseuming the rate of heat extraction aTh
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from the side wall is the same as in Figure 52,it is essential
to preserve continuity that the rute at which molten metal is

added, is matched to the rate of heat extraction in such a way

that an unsaturated feed is retained. This, of course, cannot be
achieved by pouring in the ordinary way, because pouring delivers
mol ten metal at either nné or several places only, Bnd depends on
liguid movement within the -sump to bring ebout an even'distributidn
acrosg the freezing front. Such movement is impossible within' a-

very thin film.

The c¢ritical difference in incremental spolidifieation during
Centrifugal Casting is that molten metal arriving at the mould
surface or the prior solidified Burfacelremainﬂ where it isg
delivered. This molten metal moves due to rotational movement

because of tangential forces, inside the mould.

The contrast between the two concepts is very marked. In
the situation illustrated in Figure—ﬁﬁ,fnr example, & droplet
EDDJHM in diameter arriving at ‘the 80lidifying surface forms
a splat {(conaisting of few droplets) with a diameter of, say
500 }&”% but with a thickness of only, ?ay Ekaht. The speed of
formation of the splat, that is the flow of liquid inwards
until stopped by friction, surface tension, or freezing, depends
on its mize an? surface tension, and the velocity of ite arrivalzg.
Freezing of the splat will depend on the temperature of the mould
or the prior deposit,but it takes lesser time than splat forma-
tion. Gareful observation of the micrographs (Figure-50 )
reveals that the outer surface of a gplat depoaited om the cool

base or on the prior splat freezes vary repidly but that the
inner surface cools at a slowsr rate.



If the rate of arrival of dropleta is sufficiently high,
i.e. the rotational apeed of the mould is very high (2200 rpm
for bracs), the new droplets will land on prior splat which .
have not soligified totally a3s yet. Due te this incomplete
folidified splat formation a thicker film of liquid is formed.
But the thickness of the [ilm of liguid metal on the surlace
of the splats is not much greater thgn the splat thickness or
this film is net like that of a sump type which is normally
found in conventional ceseting for eamturated feeding. However
there will be a liquid/liguid interface between the arriving
droplet and the surface on which it is splatting. Consequently,
there is very rapid liquid mixing, beceuse of high impact
velocity, which cmuses union of two ligquids and obliterates any

boundary effec tszg.

Under an optimum epeed of mould {1400=-1800 rpm for brass
and 1800-2200 rpm for aiuminium}, the rate of arrival of droplets
car be optimised so that a thin film of moltgn metal will land
over the entire length just after tha eoclidilficetion of the
prior splat. Scolidification will proceed normally from this
situation, with the solidification front moving forward through
the pew molten eplat until the next droplet arrives at the
surface. In this way, liquid metal is eunprlied constantly as
an unsaturated feed, sach porticn of which freezes immediately,
causing an incremental chenge in the dimensions ol the casting.
Unsaturated leed is used here to indicate that there is no large
sump of supernatent liquid metel inte which solute can be

rejected, and from which so0lidifying dendrites can be formed.
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In thie cese, the structure of fhe product depends to a’
great extent on the gonditiona of splating. It might be thought
that dendrite arms from the so0lidifying prior splat are
broken off by the rapid flow of new liquid, thus forming a
multitude of nuclel in the pew srrival. Equiaxial grains then
grow in the new splat until the next arrives, the procesa
continuing infinitely. In auch cases, the Final structure
is m fine~grained, equiexial structure with low porosity.

This property is unusual in conventionml caeting and, therefore,
needs explanation. The observation that no porosity exists
at the boundary when one splat ia deposited directly on to an
earlijer solidified splat implies that one wets the other. A
solidified splat always haa angularities associated with its
outer surface and, clearly, these havé been infilled by the
following liquid splat as it arrives on the surface. While some
of the emrlier aplats may atill be liquid at their top surface
when the next eplate arrive. As so littlé porvsity is evideutaﬂ,
Begregation is mlsc at a very low level in Geutrirugal Caating
and jie confined within areas approaching towards the centre.
Therefore the potential benefita from this situation are very
considerabie, includirg near-zero segregation and rapid
solidilication, the latter leading to enhanced mechanical
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properties” . It is agaumed in all" these arguments that the

operation is carried out under controlled etmospheric conditions

which minimize oxide formation.
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6.4 Effects ol pouring temperature on microstructure and

properties

In order to obtain desirable and ﬂptiﬁum property from the
casting, the pouring temperature of the melts muat be correct,
selective and decisive. O the three pouring temperature is ?hown
in Pigure- 18 , it is seen that the lowest temperature gave the
best desired result. Mention may be made here thet the low
temperature does not méan lower or very near to melting point.

This temperature was well above the melting point of the metal

and it was fluid encugh to [low within the mould. Now, the qluestion
ia why best desired result obtained at a lower pouring temperature,
Actually, at lower pouring temperature, the melt can scolidify
quickly that means more nucleation and legsser growth, resulting
equiaxed grain. On the other hand higher pouring temperatures

give more slow cooling of the casting throughout its freezing
range. With 16wer cooling rates, the degree of under-cooling is _
less and fewer nuclei are available lor growth which eventually
leads to the formation of compératively coarse crystals and

22 found

hence inferior mechanical properties.msler and Conture
that employing high pouring temperatures for certain aluminium
8lloys results in an jingcreaee in grain size and a conseqﬁent
decrease in tensile Etreﬁgth and elongation. Similar ohservations

were also made by other invEHtigatoraaa’ﬁq.

Not only the smaller grein size obtaeined in low temperature
¢ast product but the ftensile strength, jﬁeld strength, BHN ?tc.
were also very satisfectory compared to the castings poured|at
higher temperatures. This type of increasing results was witnessed

both in cese of brass ms well ms in case of aluminium.
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6.5 Effecte of speed of rotation on microstructure and properties

The entire experimental operation was carried out having four
différent gpeeds which were 1000 rpm, 1400 rpm, 1800 rpm and 2200 rpm.
Of all these experiments at dilfferent speeds, the mierostructure and
properties of the brass and aluminjum when cast at 1800 and 2200 rpm
respectively were found to be the best (Tables 7-8). The reason that
may be attributed to this observation and the failure in attaining
superior quality in those aforementioned parameters in other speeds

will be explicated in the following paragrephs.

Because of the high rotational speed i.e. 11800 rpm for braee and
2200 rpm for aluminium, there is elways a thin film of liquid metal
distributed over the mould surface or over the prior asolidified ﬂurface.
This contributes to the rapid solidification of the melt and as 4 result
there is nﬁ scope ol [orming the dendritic structure. Instead a equiaxed
grain formation is evident. Even if there ié any possibility of {ormation
of dendrites, hecauée of the high rotational speed these dendritic
structures break up te give riae to equiaxed g;ains. Another reason of
forming equiaxed grains may be that due to high espeed of rotatlon there
exists a mechanical turbulance inside the mould. Thus the crystalitea
formed over the inside surface of the c¢old mould are aplit out aﬁd
wherever they 1aﬁd, undercooling takea place (becmuse of sufficient
latent heat of crystallisation). As a result fine equiaxed graiué are
obtained at every stage. Also due to high speed, all the impurities
and inclusions get [lushed out towards the ' centre of the mould resul ting

fine microstructure a3 shown in Fig. 36. I

At a lower speed such as at 1000 rpm, comparatively a thick
layer of liquid film ie epread over the mould eaurface or over the
prior solidified surface which needs more splidification time. Thia

in turn favoure the formation of dendritic structuras. However, hera
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folidification time is less than that of a sand casting. Therefore,
the arm spacing of dendritic structuree are less than that in sand
cast products. The other reason which results in the nonformation
ﬂf-equiaxed structures while operating at 1000 rpm i= that the
Torce réquired for the fragmentation of dendritic structures is
not enough in this speed. Besides, due to insufficient force the
crystalites cannot ggt datached (as it does in case of higher
speeds). So equiaxed grain formation fails to come into being.
Therefore, at 1000 rpm the entire miéroatructure of the product

is dendritic in nature ae shown in Fig. 34.

When the speed has been increased to 1400 rpm in case of
brass, the force to create fragmentation of the dendritiec struc-
turee was enough resul ting equiaxed structures. Under the microa-
cope, it was observed that the equiaxed graine obtained at 1400
rpm were 8lightly larger in size than those obtained at a higher
gpeed of 1800 rpm. Besidea, micropores were visibla in the
structures of the product obtained at 1400 rpm whereas they were

virtually nil when the mould rotetes at 1800 rpm.

In case of aluminium, when the spged hag been increamsed to
1800 rpm, the force for complete fragmentation of the dendrites
'waa enough resulting equiaxed structures. But the equidxed grains
obtained at 1800 rpm, were slightly larger in Blze than those

obtained at a higher speed of 2200 rpm.
. ¥

¥When the speed of the mould is increased to 2200 rpm for brass,
very interesting outcomes were obtained. For example, it was antici-

Pated that there would be even more fragmentation of the dendritic
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structures and a more minute equimxed structures would be
available in the microstructures. Instead the grains are Tound
to have become equiaxed yet larger in size, somewhat like

those at 1460 rpm or perheps little bigger. The reason for

this outcome Qay be explained with the help of nucleation and
growth hypothesis during a very high speed of rotation. What
happens here is that due to high speed of Tevolution, a layer

of liquid film ie over lapping with another layer in very quick
succession.lﬁs a result the former layer does not get emough
time to solidify before encountering the second layer. Therefore
inetead of forming a thin film of 1liquid over a previously
solidified layer as evident during the case at 1800 rpm, a
thicker liquid film eccumulates. Hencs, during thg course of
solidification there would heve been a pDSBibiliterf formation
of dendritic etructures, but since enother leyer of liquid metal
immediately strikes the previous one and breeks the tipse.. Thus
instead of forming dendrites, equiaxed apparently similar to or
perhaps little bit bigger in size than those at 1800 rpm would
reaﬁlt. How, because of the interaction of one layer over angther
here, there would have a boundary effect also. But ms the
centrifugrl foree is very high at the speed of 2200 Ipm, mixing
of the two liquid frontes becomes very quick. Thereforae, the
boundary formation ¢ould not heppen and even under the micraeacopsa,
no boundary effect was observed, (Figure- 371 However due to the
solidification of the thick layer at this speed (2200 rpm),
there appear some micropores in the microstructure. As a resul t,
the temsile properties for these specimens are slightly inferior

to those obtained at 1800 rpe specimensas shown in Figures 23 and 24.
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As‘reEards the microstructures, Fig. 51 shows the outer
surface, middie zone mnd inner surface of the sand cast}g;ggamen.
It can be seen that at the outer surface there is columnar growth
of dendritic structure and the arm lengths are shorter. In the
mid zone the .dendritic structure, are medium sized and at the
inner surface they are larger and quite prominent, Therefore
throughout the entire structure the presence of dendrites of
various gizes ére predominating. Besides, there are innumerable
and large poree throughout the Btrucéure. But in the centrifugally
cast product {(at 1800 rpm), the structure shows no dendrites.
Instead fine and equiaxed structures of almost same aize are seen
in the entire structure {Fig. 50) and the pores are algo
negligible. In fact microporoaity in eand casting is sbout 5.5%
wheress it is 2.7% in case of esutrifugally east brass as
already tabulated in Tables 12 and 6. As a respult the ultimate
tensile strength for braéa in cese of sand casting is 1?D~mem2
(Teble 12) but in centrifugal casting it ie 235 N/mm° (Table 8).
Similarly the UTS for aluminium is 70 HfmmE (Table 12) for sand

casting but in centrifugal casting it is 125 memE (Table 7).

Speed of the mould Fn obtain optimum quality of the product
was calculated theoretically with the help of a mathematicel
formule derived by Professor L.S. Kanstantinov1§ and it was
obaerved that the resulting microstructure of the product did
not contain fine equisxed graine. Under the circumstancea, products
were cagt using variﬁus speeds (1000 to 2200 rpm) and looked
forward to inveatigate a particular speed which one would yield

fine grain squiaxed structure. It wape theoretically found that

the optimum speed should be 1200 rpm uaing above formula but in-
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.the present study, best resulte were obtained when the speeds

were ‘1400 - 1800 rpm for brass and 1800 - 2200 rpm for aluminium.

fc:wt,um::ta:J:-lam:l"IB has shown in Pig. 13 that the rotational epeed
of the mould is indePendeﬁt of the denaity of the paterial uead.
But in the present investigation it has been found that density
has got a tremendous effect on the selection of optimum apead
to obtain the best quality product. In fact lower the &ensity,
the higher the rpm and vice verea, Suffice it to say that brasge
hag higher density thap aluminium. Again according to Prefessor
L.3. Knnatantinav1ﬁ the constant useé in the equation was 5520.
But the present atudy differs from this value which is found to
be about 5800 and 6500 for sluminium and brass respectively,
this conatant will differ for other metals depending on the
density and give the accurete value for determining the optimum

Epead.
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6.6 Structural modification during centrifugal casting and

properties

Differences in grain refinement due to differences in
solidification rates markedly affect the mechanical properties )
of metals and alloys. In the present investigation, it is
observed that the mechanical properties-alightly vary at
- different rpm of the wmould but whetever may be the espeed, the
tensile strength and hardness are always better than . those

A

obtained in traditional sand cesting” . For example in sand
cagting the tenmile strength of brass and aluminium were found
to be about 170 N/mm° and 70 N/mm° respectively (Table 12),
whereas they werse 210 H/mmE (Table B8) and 95 Hfmm2 (Table 7)
respectively as the minimum in case of centrifugal casting.

The Brinell hardness of the brass end aluminium under studies
in case of sand cesting was found to be 55 and 3% respectively
whereas in centrifugel casting it waB obtained 70 BHN at 1800
rpm for bhrass and 45 BHN at 2200 rpm fnr aluminium. Percentags
porosity was maximam in eéand casting and it was 6.5% whereas

in centrifugal caating at 1800 rpm it was found about 2.7%

for brase and at 2200 rpm it was 3% for aluminium. .

The better results can be obtained in centrifugal casting
compared to thosg obtained in B&nd cesting even when the rpm
ie low. This is because during csntrifugal casting repid cooling
takes place which includes higher degree of undercooling. Thus

Tormation of nuclei increages that in turn restricts further

-

: m
growth of the crystal in a chunk and this leads to the formation

of fine equiaxed structure.
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6.7 The effects of heat treatment on gtructures

As mentioned before high speed centrifugel casting has given
birth to equiaxed grains for brass as found in the micrographs.
When these brass specimens were annealed, equiaxéd twin crystals
came into being slong with hatched marks that is referred to as
strain bands. As sxplicated in the literature survey, when sand

casat brase cpecimen ip annesled aftar partial deformation, bent

twine with etrain bands esre visible throughout the atructureEE.

These bent twinas appear due to the annealing of the partially

deformed specimen where the grains become elongated, where-as in

. centrifugal casting, equiaxed twins and etrain bands are found.

¥ow the question is that why these typee of phenomena are being

heppened in case of centrifugel casting.

It is envieaged that in case of centrifugal casting dendrite
fragmentation results squisxed grains and the phenomenon can be
congidered similer in effect as partiel deformaticon in the sand
casting. Furthermore, during high apeed of thé mould, the growing
eryatals undergo some sort of delformation and favour to form
equiaxed graina. But due to imposition of external forces applied
on the centrifugal cast products undergoing partial deformation,
give rise to elongeted graina. 50 when the centrifugally caét
product is enpealed, twin equiaxed grains are visgible, whereas

when partially deformed sand cest products are annealed, show bent
N

1

twine. However, in both cases the existence of etrain bands are

atao found.
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7 CONCLUSTONS

The following conclusions, may be drawn from the results

of the present investigation:

‘1) Through out the entire operation it hms been proved beyond
doubt that centrifugal casting is far more superior to sand
cagting, in every aspects as was evident from the gtudy of the
overall appearance of microstructures, physical and mechanical
properties of the casting obtained In the present investigation.
To be precise, centrifugally cast products are stronger, denser,

cleaner and free from voids, poras and impurities.

2) For aluminium, a pouring temperature of about 740°¢ yvields
best results with respect to structure and properties, Similarly,
for braéa containing 73% Cu, a pouring temperaturs of about
1080°¢ produces better products. Higher pouring tempereturss

are conducive to slow cooling which im turn produces larger
graina resulting poorer properties. Comparatively lower pouring
temperature (mst bs well above the melting temperatures of the
metal and alioy) relates to faster cooling, offering finer

graing with excellent properties.

%)  The true centrifugal caeting process yields satisfactory
results with respect to mppearence, structure and properties
of the product when the rotational speed of the mould veriea
between 1400 to 1800 rpm (9.0 to 11.5 m/8) and 1BOO - 2200
rpm (11.5 to 14,0 m/e) for brase and aluminium respectively. ey
This eet of experiments also suggest that the density of the | L

material has a great effect on the rotational speed of the mould.
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4) Annealing has shown s great influence on the microstructure
af the ceat specimens. Sand cast aluminium and brase gpecimens
show prominent coring effect near the grain boundaries, whersas

the cantrifugallf chet epecimens (after annealing) do noet show

such efTect.

At the eame time, after annealing the sand caet brass
specimen does not show any hatched marks or strain bande but

the centrifugally dast braes apecimen when snnealed shows

equiaxed twins with strain bands.
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" able - 1

" The range of composition for the three
phases of brass at room and solidus

temperature.
Temperature Zine %
i < o+ >
| At room 0 - 35 35 - 46,6 46.6 - 50.6
At solidus O - 32.5| 32.5 - 36.8 0.8 - 56.5




oF e

71

Table 2 : Typiecal Applications of Centrifugal Castings

a) Ag-cast

Products

Pipes for water,

gas and sewage

Tebing for reformers
Radiant ftubes

Rainwater pipes

Material

Cast iron

Heat registing steel

Cegt iran

b) Machined from
pata

Bearing bushes

Piston rings
Cylinder liners

Paper making rollers
Fas turbine rings

Runout rollers

Copper alloye

Cagt iron

Copper alloys

Heat resisting ateel
and nickel Bage alloys

Carbon Bteel

¢c) After heat-
treatmentl

(annealing)

Large diameter lran
pipe

Caat iron or
Tuctile iron
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Table-3% Tensile properties of aluminium casting
(1800 rpm) poured at different temperatures.
Pouring Yield strength J.T.8.
. Elongaticon
temperature H;"mm2 pP.B.1. H/mm2 P+5.1. %

(DG) ( )
710 o2 8G85 125 18550 17.5
730 60 q595 122 17700 17.0
750 55 7980 118 17100 17.0

f
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Table—i Tensile properties of brass casting
{1800 rpm} at different tempermtures.

] Pouring Yield strength U.T.5.
+ ¢ = = ‘Elongation
i GII]EEI‘H. ure N;"’ﬂlm PIEIi' Nf(mm p.E- i‘ {%)
(el '
1080 125 418150 235 54,060 17.0
} .
1100 120 17400 222 32,175 16.5
!

1120 116 16800 215 21,160 16.0
r ;
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Table->  Hardness of aluminium and brass casting

(1800 rpm) poured at different temperatute.

Auminium Brase
Pouring Hardness Fouring Hardness
temperaturs (BHN) temperature (BHR)
(°c) (%)
710 43 1080 70
730 gz 1100 (¥1=]
950 10 1120 65
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Table~6  Density and % porosity of (a) aluminium and
(b) btrass casting (1800 rpm) poured at
different temperatures.

{(a% Aluminium

Fouring Density thnsity

tamperatyre (gm/ce) (%)
(°c)
730 2.7 3.5
750 2.66 4.0
(k) Brass

teiggiigﬁra Deneity Forosity
°c) (gn/cc) (%)
1080 8.3%9 2.7

1100 8.35 3,2

1120 8. 31 3.7
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Effecte of rotationsl speed of the mould on tenmile
properties of sluminium casting poured at 710 og,

Strength

Speed Yield U.T.5. .
r Elopgation

hotat | Periph- 2 . &

ional | eral N/mm~ | P.e.i. | N/mm" |P.s.i. %
(rpm) | (m/sec)

1000 6.5 48 6960 95 137220 1%.0
1400 9.0 S8 B4O0 120 17400 16.0
1800 1.5 &2 8985 12% 18150 . 17.5
2200 14.:0 &7 9700 129 18700 17.0
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Table«8 Effects of rotaticnal speed of the mould on

tensile properties of Brass casting, poured

at 1080°C,

Speed _ Yéeld strencth . Valab . Elongation

Rotat- |Periph~| N/mm D.S.i. H/mm PeS.1l.
ional |eral
(rpm) |(m/sec)
1000 6.5 105 15,765 210 30, HHD 15.5
1400 9.0 118 16,800 230 23,355 17.5
1800 1.5 125 18,150 235 34, 060 17.0
2200 4.0 115 16,600 25 32,610 17.5
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Table-9 Lflfects of Totetional speed ol the mould on
Hardness of aluminium and brass cesting-

Aluminium Brass
Spead Hardness Hardnesgs
Rotat Peripheral (BHN) ( BHN)
ey | (areoe) |
1000 6.5 36 63
1400 Q¥ 41 &7
1800 1.5 43 70
2200 14.0 45 65

e
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Effects of rotational speed of the mould on

Density end % Porosity of  aluminium casting
poured at 710°C,

T

Speed Density Porosity
Rotat Periphe- (gm/c.c) (%
ional ral
(rpm) (m/se¢)
000 6.5 2674 4.5
1400 9.0 2.705 3.6
1800 11.5 2.71 3.5
2200 14,0 2.715 5.03
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Table-11 Effectm of rotational speed of the mould on
Density and % Forosity of brass casting,
poured at 1080Q°G.

opeed . .
aotational [Feripheral ?ezﬁitg) ngéﬁlty
" (rpm) (m/sec ) 2 *
1000 5.5 8,203 3.8
1400 9,0 B.367 5.0
1800 1.5 8.39 2.7
2200 14,0 8.307 3.65

I

—_—
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Table - 12

Mechanical and Fhysical properties of sand
cagt Aluminjum and brass.

Aluminium Brass
- - 3
Yield 40 N/mm 86.5 N/mm '
strength (5,800 psi) (12,550 pei ) .
|
U.T.S. 70 N/mm? 170 W/an° L
(10,150 pei) (24,640 psi) !
]
Elongetion ) 10% 135 J
Hardness 3% BHN 55 BHER . ;' !
I
. Density 2.62 gm/o.c. 8.15 gm/c.c. . I
I
.
% Porosity 6.5 5.5 .
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{a) (b}

Figure=1: Cacling curves of a solidifying
pure metal.

(a) Equilibrium cooling
{(b) Cooling curve showing supercooling.
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Figure-2: Solidification of a metal. Por f.c.c.
and b.ec.c. metals dendrite ormo extend
in the cube face (100) direationsa.
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Figure-3: Effect of alloyiog on the solidification
temperatures of a petal.

{a) Plot of solidification temperaturo
verse percent alloying element,

{b) Ildeal cooling curve {squilibrium
cooling)} of alloy.
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Figure-4 : Microstructure of commercially
pure aluminium.
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temperature gradient in liquid
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Figure-10:

Bolidification of a solid-
solution alloy.
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B) Light coring in & slow cooled castin

-11: Coring 4) Heavy coring in a faet cooled castin
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Faunng bamn and gate
i
. |:_q‘.

Clamping

(%) |

Figure=12: a) Semicentrifugal stack molding of track
wheels.

b) Centrifuged castings with internal
cavities of irregular shape.
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P — = Ladle

Ladle
haolder

Trally

Mould

Key
ATTange—
ment with .
Flange

Bheft

Fulley

Figure-15(a): Schematic diagrﬁm of centrifugal
casting machine.
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Figure-15(b)

Experimental sef-up with all
its accessaries.
Figure-15{c) Mild steel rod attached with
the gripping end plate.
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Figure-15 (d): Molten'metal is being transfered
from ladle to the rotnting mould
(via hemi sperical apout).

{e): Bhowing geruge ringe and holder.
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1.
2.
B

b)

1000 rpm
1400 rpm
1800 rpm
2200 rpm

Figure-16: Showing centrifugally cast products

at different rotational speeds.
a} Aluminium
b} Bracss

1000 rpm
1400 rpm
1800 rpm
2200 rpm
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Figure-1?7 : a) Gripping device for Threaded-end specimen.
b) Round Tension Test specimen.
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Figure- 28 : Showing
structure of sand cast
alumirnium, am cest
condition, x 50

- Figure- 29 : Showing
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rotational speed 1000 rpm,
as cant condition, x 100



Figure- 30: Showlng
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Figure- 32 : Ghowing
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W"igure-35 : Showing
structure of centrifugally
cast brass, rotational

speed 1400 rpm, as cast
condition, x 100

Figure-36 : Bhowing
gicrostructure of

centrifugally cast

brass, rotational speed

1800 rpm, as cast
condition, x 100

Figufe-}? ;' Showing
- microstructure of
centrifugally cast
brass, rotational speed

2200 rpm, as cast
condition, x 100
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Figure- 40: Bhowing
mierostructure of
centrifugally cast
aluminium, rotational
speed 1400 rpm, annealed
at 650°F (3&400} for

1 hour, x 100
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FTigure- 41: Showing
mierostructure of
centrifugelly cast
alupinium, rotationnal
ppeed 1800 rpm, annealed
at ‘650°F (3a4°C) for
ﬁrhnur, x 100
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Figure-4§ : Showing
microstructure of °

gand cast brass, annealed

at 1000°F (538°C) for
1 hour, x 100

Figﬂre—ﬂ#—: Showing
microstructure of
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rotational speed 1000 ipm,
ennealed at ‘1‘DDDDF (538°C)
for 1 hour, x 100 .
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Figure- 47 : Showing .
microstruc ture of \
centrifugally cmst brass,
rotational speed 2200 rpm, -
annealed at 1000°F (538°C)
for 1 bour, x 100
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HEAT FLOW

Flgure -52: Schematiec view of conventional

casting solidification.

Thin layer
of liquid

Liguld droplets deliver

© o ° %) o

7%

Sﬁiat boundaries

Heat Tlow Crystzls growing through

epl

at houndaries

Figure-53%: Schematic view of incremental

solidification: x
compared to Figure-52.

100




124

- REFERENCES

1(a), P.R. Beeley, Foundry Technology - Butter Worth and Co.
Ltd., TLondon, 1st Ed. P-490, 1972,

1(b). P.H. Beeley, Foundry Technology - Butter Worth and Co.
. Itd., Iondon, 1st Ed, P-51, 1972,

1{e¢). P.R. Beeley, Foundry Technology - Putter Worth and Co.
Ltd., ILondon, ‘st Ed. P-493, 1972, -

1{d). P.R. Beeley, Foundry Technology - Butter Worth and Co.
Ltd., London, 1st Ed. P-494, 1972,

1(e). P.R. Beeley, Foundry Technology - Butter Worth and Co.
Ltd., London, 18t Ed, P-503, 1972,

=8 H. Yoshimura, "Centrifugal Casgting of lLarge Diameter
Iron Pipe", Modern Casting, 8(5)}, P-67, 1968.

3. K.M. Htun, "Ae-Cast Structures, Defects and Grephitization
Kinetice in Ductile Cast Iron Fipes", AFS Trangactionsz,
P""T? ¥ ‘1 955 »

4, A.R.E. Singer and 8.E. Kisakurek, Met. Technol., 3(12),
P-565, 1976.
5. A.R.E. Singer, D.J. Hodkin, P.W. Sutcliffe and P.G.

Mardon, "Centrifugal spray forming of large-diameter
tubes", Met, Technol., 10(3), P-105, 1983.

6. Hou Wen-Taji and H,W.K. Honeycombe, "3Gtructure of
Centrifugally Cast austenitic stainless steels., Part ll

HE 4C as cast and after creep between 750 and CCOTCY,
Mater. Sci. Techmol., 1(5), P-385, 1985,
7. ¥.V. Ioza and D.P. Dolinin, V.I. Lakomskii, G.A. Khasin,

G.G. Shepel and V.A, Kruglenko, "Using Centrifugal
Ceeting in lManufacturing of Consumable Electrodes for
Vacuum Are, Electrosleg, and Consumable Flaamatron
Remelting™, Adv. Spec, Dlectrometall, 1{4), P-194, 1085.



10.

11.

12.

15.

14,

15.

16.

17.

18.

19.

20.

125

G. Rosen, J. Avissar, J. Baram and Y Gefen, "The effect
of Process Variables on the Characteristics of Al-12 at,
% Ge Alloy Ribbons made by Centrifuge Melt-Spinning”.
Int. J. Rapid Solidification, 2(2), P-67, 1986.

W.C. Winegard, "An introduction to the solidification of

' metels," Institute of Metmls, U.K. P-15, 1973.

H.F. Taylor, M.C. Flemings and J. Wulff,"Foundry
Engineering" John Wiley and Sons, Inc. New York,
P-76, 1959, .

K.A. Jackon, J.D. Hunt, D.R. Uhlmann, end T.P. Seward,
Trans, metdll. Soc. A.I.M,E., 235, P-149, 1966.

W.i. Tiller and O'Hara, S5.,Ref. 12, 27.

Berrett, C.B. and Massalski, T.B. "Structure of Metels®,
HGG-I‘EI.W Hill, HEH IOI‘R, 51'{1. E‘d-- ,‘195‘6"

L.F. Mondolfo, "Engineering Metallurgy", Me Grew Hill,
HE"AT YDI‘k, '18"5 .Ed.l‘ ¥ P_"I‘IS‘ 1955-

E.P. Sinha &nd D.B. Geel, "Foundry', Btandard Publishers,
Tndia, 4th Bd. P-231, 1978,

N.D. Titov and Yu. A, Stepanov, "Foundry Practice",
Mir Publishers, Moscow, 2nd Ed. P-410, 1981.

J.H. Hall, Foundry, 76, P-76, 1948,
J. Cumberland, Br, Foundrym, 56, P-26, 1963.

E. Morgan, end H.H.M. Milnes, Br. Foundrym, 352,
P-240, 1959,

L. Northecott, and O.H.J. Lee, J. Int. Metals, 71, -
P-9% 1 ‘1945v )

&



21,

22.

23,

24,

25.

25,

27

28.

29.

0.

31.

2.

126

Sympoeium on-High~Temperature Stesls and Alloys for
Gas Turbinee, Special Report 43, Iron Steel Inst.

IIDndun, 1952,

4 Royer., "The horizontal Centrifugation: s Technique
of Foundry Well Adapted to the Procesging of High
Reliability Pieces", Advanced Casting Technology
(Proc. Conf.) Kalamazo Michign U.S.4. P=1, 1986,

E.C. Rollason, "Metallurgy for Engineers", Edward

Metals Handbook, American Society for Metals, 8th Ed,,

Yolume 8, P-130, 13973,

George E. Dieter, "Mechanical Metallurgy" MeGraw-Hill,
HE‘H YDI‘k‘ E'ﬂd Ed-l 4 P—"HI-"', ‘195’1-

P.R. Hirsch and H.M. Otte, Acta Crystalleog., Vol. 10,
P-447, 1957.

Metals Handbook, American Society for Metals, Bth Ed.,
Volume 2, P=373, 1964,

Anmual Book of ASTM Standards, American Society for
Tepting and Meteriale, Part 10, P-160, 1979.

A.R.E. dinger and R.W. Evans, "Ineremental
Bolidification and Forming, Mat. Technol., 10{2)
P-95, 1983.

A.R.E. Binger: British Patent 1517283, 1978,

E.C. Mohan, R. Krighnamurthy, 5, Seshan,

"Centrifugally Tuctile Ircn - Etructure and Properties'.
35th Annual Convention of the institute of Indian Foundry.
P-53%, 1986. '

J.W. Meler and 4. Conture, Trans. A.F,3., P-636, 1960.



33-

a4,

127

M.M. Hague and V. Kondic, "Influence of strontium

~on Solidification of Aluminium Silicon Alloyse”,

Proc. of an Int. Symp. on Light Metals: Science
and Technology, Trans Tech Publications, Switzerland,

P-159, 1985,

W.¥. Youdelis. C.8. Yang. and M.N., Srinivasan,
"Effect of pouring temperature on grain refinement
of Al-Ti and Al-Ti-8i alloys". Aluminium, 55(B),
P-533, 1979.




	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132
	00000133
	00000134
	00000135
	00000136

