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ABSTRACT

,
The present investigation has been carried out to study

ths effects of spsed of rotation of the mould and pouring
temperature of the melt on the microstructures and properties
of pure aluminium and brass. A comparative study has been made
between the products of centrifugal casting and that of the sand
(static) casting using the same materials in order to evaluate
the differences. Properties like hardness, density, percentage
porosity, tensile strength and percentage elongation have been
investigated.

In case of centrifugal casting, all these properties
exist in their best conditions when rotational speeds of the
mould varies between 1400 - 1800 rpm and 1800 - 2200 rpm for
brass 'and aluminium respectively. A Buperior quality of grain
refinement was also obtained under such spesd range. The effect
of pouring temperature of the melt which is a process variable
of dire importance, has shown a great effect on the structure
and properties of the east products as well.( According to the
observation, a too high pouring temperature means a greater
time for solidification promoting coarser grains in the micro-
structure that in turn affects the physical properties of the
product adversely. Optimum pouring temperatures, on ths other
hand, yields maximum grain refinement with better properties •

•

Effects of heat-treatment on the microstructurss of the
products have also been carried out in this study. Annealing

•
I \



•

has shown a great inrluence on the microstructures of the
centrifugally cast aluminium and brass.

Finally, attempts h~ve been made to establish a corre-
lation between structures and physical properties of the
products so obtained with opti~um rotational speed of the
mould and pouring temperature" of the melt.

I

o,
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1. INTRODUCTION

'---.

I

Nowadays the importance or Centrirugal Casting process
is getting priority because of it's economic viability as well
as it's capability of delivering high strength and inclusion
free products. Usual prod~cts of this process include cy1in-
drical pipes, liners, pressure ~esse1s, piston, rings, steam
and gaa reformer tubes, pyrolysis tubes, pulleys etc. The
centrifugal cBsting method imparts some essential qualities
in the products as high tensile strength, high density,conse-
quently low porosity and necessary hardness. In order to
obtain the optimum conditions for attaining these properties,
a thorough study of centrifugally CBst products under difrerent
conditions of speed of rotation, solidirication time and pouring
temperature is imperative. With this end in view, inveatigation
has oeen carried out on microstructures and properties of
centrifugally cast products. The materials under teat were
commercially pure aluminium and brass.

A comparative study has been made between the products of
centrifugal casting and that of the sand casting using the same
materials. Properties like hardness, density, percentage porosity.
yield 8trengt~, tensile strength and percentage elongation have
been investigated and.compared with this method over that of
sand casting.

During the present investigation, microstructures of
products were also examined under dirrerent magnification
optical microscope. Micro-examination of the specimen was

tho
r,using ,"I
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carried out in the as-cast and annealed condition. Finally,
attempts have 'been made to establish a correlation between
structures and physical properties of the produc~s 80 obtained
with optimum speed of rotation of the mould and pouring tempe-
rature of the melt.



2. LITERATURE SURVEY

2.1 Introduction

~odern day material science has spread it's wings in various
directions in order to cope with the increasing new demands of the
ever expanding civilization on Earth. But it did not take place
in a certain span of time. Rather it took years perhaps -centuries
for the people on earth to realise that its only further and deeper
studiee in this field can only help. cutting new grounds towards
meeting the challenge of the future years; One of the major part
of the vast world of material science and it's different applied
sectors is the production of different objects using the'concept
of MetallUrgy.) This again haa got different criteria and subcriteria.
The criteria include Casting, Forging, Welding, Electroforming,

/ _ .dJ-POwder metallurgy etc.L9asting is one method of producing differe9t
objects from molten metals and alloys,lit has got a number of
subcriteria as well and the one that is dealt with here is called
"Centrifugal Castingn• Perhaps the most modern break-through in
the field of casting is this one. It haa tremendous potentiality
in the exploration and innovation of newer more dynamic type of

,products .that remained far from being realised or too expensive
to produce by other methods.

The principle
dating originally

of Centrifugal Casting is long establised,
1~a)from a pate;1t taken out by A.G. Eckhardt . in.

1809. Following early development during the nineteenth century',
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
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much wider range of shapes and alloys. Gradually the demand of
ductile iron pipes started increasing. Largediameter ductile iron

pipes found a boost in production in Japan2 during the early 60's.
In 1966in particular, 300,000tons of ductile iron pipe, from3"

to 94" dis were produced which was 70%of the total production of

cBet iron pipe in Japan for that year.

During these time, the process involved melting in a acid lined
hot-blast cupola and shaking ladles were used for desulfurizing.
Magnesium addition was done by means of a pressure ladle. Moulds
consist of a light costing of resin sand in fabricated or Cast
steel flasks. Centrifugal casting was done retractive!y_a long
trough moved relative to the pipe mould. Inoculation with ferrosi-
licon is made during the pouring operation. After casting, the pipes
were annealed in either horizontal or vertical furnaces to obtain
adequate ductility._

In Soviet Union3 about the same time ductile iron pipes were
cast centrifugally in water-cooled high strength steel moulds. These
moulds were previously sprayed with a thin refractory coat consisting
of silica flour mixed with a small amount of bentonite and water.
After the pipe was completely cast, the mould was kept rotating at
its original'speed until the pipe had cooled to 15000F (815°C). The•
pipe was then taken from the machine and transferred to an annealing
oven.

~ore recent research report4 shows that centrifugal atomizing
can produce deposits, very similar to those produced by gas atomizing,
in the form of a large-diameter tube, and from this tube, sheet ia
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also maae. The experimental conditions used were such that it was
Dot possible to attain a sufficiently low oxygen level within the
atomizing chamber to avoid the presence of some oxide films.
Consequently, the porosity of the deposits was higher than expected,
and the mechanical properties of the strips were lower than those
of similar conventional materiels. This report came out in 1976.
Another research report5 came out in 1983 which devoted to work
carried out using the centrifugal spray process under carefully
controlled conditiona, in which oxygen access was scrupulously
avoided. It elso includes a note on the developments by Aurora
Steels Ltd, Sheffield, who have applied the centrifugal spray
process to the commercial production of tool steels.

Centrifugally cast stainless steel has become the material
most used for eteam reformer and pyrolysis tubes6during mid 80's.
A cheaper alloy HK40 (0.40 - 25Cr - 20Ni), have a much higher creep
rupture strength than low-carbon material having similar chromium
and nickel contents, was used as a cast material for reformer
applications. Extensive work has been done to optimize the structure
and high-temperature mechanical properties of these materials.

At the same time, in tube production, tubular blanks are
produced by the method of centrifugal casting which can be used,
after slight modifications, successfully in the production of
consumable electrodes7• Sxtensive tests have been carried out in
the production conditions with the method of centrifugal casting
of consumable electrodes for varioua remelting processes. The
hollow billets produced by this method are most suitable for remelt~ng

,
the.consumable plasmatron (Rep) because the presence of the through

,
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cavity along the entire length of the billet in the csse is the
constant condition.

Latest reportS that is dated 1986 has revealed a new process
called Centrifugal Melt Spinning (C.M.S.) process. The C.M.S.
process is a technique for the production of rapidly solidified
ribbon. The report also indicates that a beneficial combination
of high ejection pressures (up to 269 KPa) and high linear velo-
cities (up to 103. me-i) yield'good thermal contact between the melt
puddle and the cooling substrate. As a result, cooling rates up to

~108 Ke-1 are achieved, higher than those generally reported
for other melt spinning techniques.

The.Centrifugal Casting Method (C.C.M.) has got a significant
boost because of resulting rapid solidification which ia imperative
for the purpose. lThe purpose of rapid solidification is to achieve
high solidification rates by means of small cross section and good
thermal contact with a cooling substrate. It has been well estab-
liehed that high cooling rates during solidification can result
in uniform, refined microetructures~

The C.C.M. used nowadays generally entails the use of a fixed
crucible. The molten alloy is poured into the mould and impinges
on a substrate so that the well spread out over the entire length
of the mould cavity. With further flow of metal from the crucible,
pipe wall thickness builds up gradually and uniformly, over the
entire length of the pipe. The use of high rotational speed of the
mould results in improvement of the wetting pattern and hence in
better thermal contact between the melt puddle and the rotating 1'\

)
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mould. High mould velocities also result in uniform pipe wall
thickness.

2.2 Solidification of pure metal and alloy

(Pure metals melt and free~e at a single temperature, the
melting 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 crucible of
pure molten metal Bnd the metal allowed to solidify slowly, a
cooling curve Buch 8S that of Figure 1(8) is 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. a hold occurs while the metal loses its heat of fusion. Only
after the metal is completely solid can further cooling occur.
This type of cooling curve is obtained only if solid foreign
particles, described as heterogenous nuclei, are present in the
liquid metal and the rate of cooling is relatively slow. When there
is no suitable solid matter present, a liquid experiences difficulty
in starting to Cryatal1ise and may cool 1-10 deg~ below its real
freeZing-point; i.e. nucleation under-cooling. Nuclei or 'seed'
crystals then form , follOWed by their growth which is the second
stage of freezing and the temperature may rise to the true freezinE
point. The type of cooling curve in this case is shown by Figure
1(b).

When hest is abstracted rapidly, solidification (i.e. growth)
occurs at a temperature intermediate between that of nucleation
unde~cooling and the equiiibrium freezing point.jThis gives rise
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to solidification under-cooling which is significant in centri-,
fugal cestingsand in die castings. ~t leads to fine structure
due to a decrease in diffusion rates. MOst commercially 'pure'
metals contain impurities which may have significant secondary
effects on solidification.

,C-Duringsolidification, heat evolution raises the temperature
at the solid-liquid interface, but protruding solid fingers may
extend into a cooler, undercooled region and their growth is
accelerated. Radial arms are formed which send out secondary arms
at right angles to them. This is repeated until a fir-tree type
of crystal is "produced, knownas a dendrite ,(Figure 2).

The dendrites grow_out wards until contact 1s made with neigh-
bouring growths; this contact surface becomes the boundary of the
crystal or grain. The dendrite arms then become thickend until
finally a solid crystal remains with no indication of the dendritic
growth, except where shrinKage occurs, with the formation of
interdendritic porosity.

Pure metals melt and freeze at a single temperature. Alloys,
in most cases, do not. For a given alloy, there is a particular
temperature (the liquidus temperature), above which it is all
liquid. There is another, lower temperature (the solidus tempera_
ture), below which it is all solid. Between these two temperatures
is a region where liquid and solid coexist. Such an alloy, in
this temperature range, has some consistency because of the solid
material existing, but little or nc strength, because of the liquid
interSpersed with the solid. It has the consistency of "mush" aDd(,
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for this reason the portion of a solidifying casting whose tempe-
rature lies between the liquidus and solidus is often tar'nEd the
"mushy zonelt1?sketch of the liquidus ~d solidus temperatures

of a typical alloy is shown in Figure 3(a).

When a molten alloy such as alloy'a'of Figure 3(a) is slowly
cooled, freezing begins at TL but is 'not complete until a lower
temperature, TS 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 alloy were cooled-slowly and temperature measured
68 a function of time, the rate of cooling would be rather rapid
until the liquidus temperature, TL was reached. At this temperature,
as solidification began and continued oyer a range of- temperatures,
the cooling rate would be slowed down, but not arrested. Below
the solidus the metal would be completBly frozen, and more rapid
cooling would again take place, shown in Figure 3(b).

2.21 Solidification of Commercially Pure Aluminium

Commercially purs Aluminium contains impurities like silicon
which have a significant secondary effects on solidification. In
practice,disBolved.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 impurities betrays the dendritic growth.
Microstructure of commercially pure 'aluminium is shown in Figure 4.
Here it is seen that impurities like Si are expelled by the d:! _

aluminium dendrite to the grain boundaries.
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It should be noted here that

1) Since each grain starts from Ii nucle,us the finsl crystal

size is dependent on the number of effective heterogeneous
Duclei.

2) Orientation of the atomic pattern or crystal lattice is
constant in Ii given crystal but varies from grain to grain.

2.22 Salification of Braes

Brass is essentially an alloy of copper and zinc, but for
special purposes small proportions of other metals are sometimes
added to obtain increased strength, hardnesa or resistance to
corrOsion. The induatrial11 important alloys of the copper-zinc
system contain zinc'varying fram 0 to 50% and are particularly
important in view of their wide-range of mechanical properties,
their ease of working, their-colour and resistance to atmospheric
and marine corrosion.

The equilibrium diagram of copper-zinc system is shown in
Figure, 5. It must be remembered that the changes of phases which
is shown in equilibrium diagram rarely reach completion during
normal rates of cooling. The main features of the system are:

Compoei tiona between F and G solidify as d::'.-solid solution,
usually cored. Compositions,G to H commence by forming 0(' and
finally form some ~ solid solution of composition H due to
peritectlc rulction.' On cooling to room temperature the amount of
the ~ constituent decreases according to the solubility lines
GM and EN. Compositions between H and J rom c('-crystals which,
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at 90SoC, react with liquid of composition J to form
Oncooling, OC-crystals are pr8cipi tated from the

~ -crystals.

\? when

solubility line EN is passed. Compositions between J and K solidify
as ~; alloys containing less than 46.6% zinc. precipitate Some
oe -crystals; waile alloys with more than 50% zinc precipitate
¥-crystals on cooling to room temperature. The range of oomposi-

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

It 1s interesting to note that the solubility of zinc in 0::::-

solid solution incresses upto 39% ss the temperature falls to
453°Cwhich is contrary to general

to room temperature.
"behaviour; then decreases down

@ -phase transforms to a low
temperature modification known as ~/ • This trapsfo~ation is
due to the zinc stoms changing from a random to an ordered
arrangement on the lattice.

The properties of a brass will depend on the volumes of the
phases present and Fi~lre 6 serves to show the general connection
between the phases present in the etructure and the properties.

The tensile strength and the elongation increase in the ~
region, the ductility reaching a maximum at 30% zinc. The presence
of ~-Phase causes a considerable drop in elongation, but
rapidly increases the tensile strength up to a maximum, when the
alloy contains all ~ • The strengths fall rapidly at the apperancE'
of the weak and brittle Y constituent. The resistance to shock
decreases while the hardness increases by the presence of (2 phase,
and the alloy becomes hard and extremely brittle when y -phase
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appears. Consequently the presence of the ..; constituent is

avoided. The only commercial alloy likely to contain ~ is one
containing 50% zinc and used as a brazing solder because of its
low melting point. In brazing, however, some .of the zinc is lost
by volatilisation and some diffuses into the metals being united.

The ~ _phase is much harder than oc -phase at room temperature

and will withatand orily a small amount of cold deformation. It
o'begins to soften suddenly at 470 G (i.e. disordered change) and at

8000e is very mucheasier to work than 0( -phase. Thus it is

advantageous to hot work ~ -phase.

Annealed oc -brasses withstand a remarkable degree of de for-
mation by cold work without the slightest sign of fracture. The
impact resistance of oC ,-brass at 350 to 65000 is extreme!y poor,'
but the resistance to creep at'elevated temperature is superior to
that of 0::- @ -brasses. Consequently there is no appreciable
advantage in hot working oc -brass, except that when breaking
down large ingots into strip, the handling costs are reduced and
repeated annealing is unnecessary.

2.23 Nucleation and growth

~NUCleation is the appearance at points in the liquid of centera
upon which further atoms can be deposited for the growth of solid
crystals. Nucleation occurs in two ways _ (1) Homogenous and
(2) He'terogenous uuclsa'tion.

Homogenous nucleation is the occurrence of ordered groups of
atoms forming small zones of higher than average density. These
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embryonic crystals are ephemeral and unstable, but some reach a
critical size at which they become stable and grow. The smaller
the critical size of the nucleus, "the higher the probability of
homogenous nucleation OCCUrTing. Under_cooling helps in diminishing
the critical size of the nucleus •

•

In heterogenous nucleation the initial growth interface is
provided by a foreign particle included or formed' in the melt.
'me foreign particle must be capable of being wett~d by the metel,
forming a low contact angle, and must possess Borns structural
affinity with the crystalline, aolid.

It is generally agreed that crystal growth starts in the molten
alloy by means of heterogenous nucleation on Bome preferred sits.
or substrate that lo~rsthe surface energy which is essential for
nucleation. Most commercial metals contain a sufficient number
and variety of insoluble impurities for nucleation to occur at
undercoolings of 1_10 deg9• If the number of effective nuclei ie
insufficient for a given purpose nucleating agents (nucleation
catalysts) may be added to the melt.)

•

In the case of pure metals, once nucleation has occurred, crystal
growth begins and the structures that develop can be related to
the growth conditions, in particular to the undercooling. For growth
to occur, more atoms must join the solid than leave it and for
this to happen, the temperature of ,the interface must be slightly
below the equilibrium freezing temperature. This means that some
undercooling must exist if the growth 1s to advance.
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2.24 Factors affecting the nucleation and growth processes

~ince solidification is a process of nucleation and growth,
anything that influences the solidification process must influence
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.

(8) Cooling rate: If the cooling rate is increased, the greater
is the amount of under-cooling of a melt which increases the number
of effective nuclei relative to the growth rate. The more the
undercooling, the more extensive is the nucleation and the smaller
the grain size in the final structure. Slow cooling, conversely,
favours growth from few nuclei and produces coarse grain structures.

The cooling rate of a casting can be changed by varying the
pouring temperature. High pouring temperature is conducive to slow
cooling, which reduces the nucleation rate and minimises the con-
centration gradient in the liquid,)there is also an opportunity for
the remelting of cr,ystallites transported 'from the surface region.

In practice, however, columnar structures are favoured by bigh
pouring temperature.

~ the other hand, low pouring temperatures increase the cooling
rate of the casting throu~hout the freezing range. With higher
cooling rates, the degree of undercooling increases and more nuclei
are available for growth which eventually contributes to the
formation of fine equiaxed structures.~

(b) Nucleating agents: (A nucleating agent is a substance which
can be intentionally added to make effective substrates that
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f'aeilibrt:e tne nuc:leation in the melt. The nucleant must be

capable of 8urviyal in superheated liquid and must be in a
sufficiently fine a'tate of division to remain 8S a widely dis-

persed suspension. The most direct effect of the nucleating agent
is the-formation of stable particles as nuclei in the melt, for
which small additions are usually SUffiCiento)A further important
effect is that of growth restriction due to solute concentration
gradients and constitutions! undercoaling in the liquid adjoining
the crystal.

~ffective grain refinement) in copper alloys is obtained from

small additions of iron, whilst (for aluminium alloys, titanium,, ,sodium (recently strontium) are effective agents.) In certain cases
the function of the inoculant is to modify the growth rather than
the nucleation process. This is consistent with the fact that under_
cooling is associated with the modification.

2.25 Develcpment of fine equiaxed structure

~o factors have been shown to be significant in affecting the
nucleation and growth process, viz. variation of cooling rate and
nucleating agents. The most common aim of affecting nucleation and
growth process is to control the metallographic structure
refinement through one or both of the above fa~torS.')

The association of rapid cooling with fine grain size

achieving

arises ~
"

from the influence of undercooling on the comparative rates of
nucleation and growth.~ighlY effective grain refinement can be
accomplished by inoculation_ the addition to the melt of small

j
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"I'

amountof substances designed to promote nucleatioD-'- although in

certain cases the function may be to modify the'growth rath~r than
the nucleation process.)

Significant effects also arise from crystal multiplication
and transport of crystallites by gravity or by mass movement of
liquid. Such movement can 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 solid phases.

, ,

\?irect 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 solidificetl?D in transparent organic compounds analogous to
metals11. Dendrite arms in the columnar zone become detached by

, "local recalsscence due to thermal fluctuations and change in
growth rate. These ,are carried by convective stirring and
turbulence into the central region, .where they grow independently
in underoooled liQUid12.)

Fragmentation is not the ?nly source of such centres for
equi-axed growth. Contact with the cool mould surface on pouring
initiates the nucleation of many crystallites, which become widely
distributed by pouring turbulence. If castings are poured with little
superheat; these continue to grow rapidly to form fine equiaxed
structure.
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2.26 Development of dendritic structure

heat transfer from the casting to'the cooler
positive gradient on a macroscopic sealey shown

in many cases local evolution of latent heat

eIn general,

mould produces a

in Figure?~ut
is sufficient to reverae the temperature at the interface.! The,
thermal conditione in this case are represented in Figure 8. Gince.
the minimum temperature in the liquid is no longer adjacent to
the interface, growth by the general advance of a smooth solidifi-
cation front gives way to other modes of growth in which deposi-
tion caD occur in regions of greater undercoaling.

lWhen undercoaling occurs in the'band of liquid adjoining the
interface, any existing protuberance on the solid face tends to
become stable Bnd to Bet BS a centre for preferential growth.
Whilst general advance of the interface is retarded by the latent
heat or solute barrier, such locsl growth centres can probe
further into the zone of'undercooling.

Therefore, the conditions for dendri~ tree-like growth are
(1) Undercooling due to evolution of sufficient latent heat aod
(2) Undercooling due to differential freezing or solute barrier.

This type of growth most commonly encountered in the freezing
of commercial casting allOys forming solid solutions. The primary
axis of the dendrite is the result of preferred growth at an edge
or corner of an ex:iB:;ingcryst~lli te} The projection develops iJIto
a needle and nubsequently a plate following the general direction
of heat flow; this growth direction is usu~lly associated with a
particular crystallographic' direction1~
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Lateral growth of 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, shown in Figure 9.

Dendrite growth in a pure meta! can only-be detected by
interrupted freezing and decantation, but is evident in alloys
through the persistence of compositional differences, revealed
on etching as the characteristic cored structure. Coring results
from differential freezing and it caD be explained in the following
way_

LIn a solid-solution alloy, as the one shown in Figure 10
solidification begins with the formation of crystals having .the
composition 81, During solidification the composition of the

,
"solid changes until at the end it has become 82, This change in
composition requires diffusion to take place in the solid. Atoms
of metal A, which are mostly concentrated in the centre of the
crystal; diffuse toward the outside and are replaced by atoms of'
B, until.equilibrium is reached and every part of the crystal
has the same composition. Diffusion in the solid state is slow.

, ,
If the.cooling rate is fast, diffusion cannot keep pace with
Solidification, equilibrium cannot be reached, and a cored crystal
results. This crystal contains the amounts cf the two metals
corresponding to the alloy composition. but they are unevenly
distributed; the centre containe a higher percentage of the higher-
melting-point metal, and the outside is richer in
metaI14'.

lower-mel ting - point
;.
,,

" .
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In severe nonequilibrium conditions, as produced by very
rapid cooling, the compositions of 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(8) and 11(b) shows the same alloy,
rapidly and slowly cooled, and demonstrates the difference in
coring produced by different rates of cooling. Coring is found
not only in alloys of completely miscible metals but in all alloys
in:which a phase forms over a range of temperature.)

• •

The coring effect caD only be eliminated by high temperature
diffusion in the solid state, time for which is not normally avai-

•
lable during cooling from the casting temperature. Prolonged
annealing or homogenisation can bring about complete diffusion
of the solute, but even in this case visible evidence of the
original coring may persist as a pattern of segregated impurities.
The actual time for homogenisation is leas when grain aize and
the apacings of the dendrite substructure are small, since the
diffusion distances are then shorter1(b).

2.27 Solidification under centrifugal force

The effectiveness of centrifugal force in promoting a high
standard of soundness and metallurgical quality depends above all
on achieving a controlled pattern of solidification, this being
governed by the process used and by the shape and dimensions of
the casting. High feeding pressure is no substitute for directional
freezing, which remains a primary aim of casting technique.

,- ,
,
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Considering firstly the"aasting of a plain oylinder, conditions
can be seen to be highly favourable to directional solidification
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
ca8ting1(~~Th8 steepest gradients and the best conditions of all
occur in the outermost zone of the cBsting, especially when a metal
mould is employed. Another important factor is the length to
diameter ratio of the cBsting, a high ratio minimising heat losses
from the bore through radiation and convection. Under these conditions,
heat is dissipated almost entirely through the mould wall and
freezing is virtually unidirectional until the casting is completely
solid:the wall of the caating is then sound throughout. This ideal
is closely approached when producing long, thin walled tubes in
metal diee and an effective casting yield of 100% is sometimes
attainable1(d).

As 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 a level at which the temperature gradient is locally
reversed, initiating some freezing from this surface. Under these
conditions a zone of internal porosity is associated with the last
liquid to freeze, being normally confined within a band of metal
close to the bore. To achieve a wholly Bound end product this
porosity needa to be removed by machining, an operation analogous
to feeder head removal in static casting. For this purpose an
appropriate allowance must be made on the caet dimensions.
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2., Centrifugal Casting

Centrifugal Casting is a special form of caating by which
hollow cylindrical shapes in-particular may be conveniently _
produced. The mould rotates Bnd the molten metal is fed inside
and distributed around the mould by the centrifugal actioD;
rotation continues until solidification is complete. When the
molten meta! is poured into rotating moulda, during free~ing each
layer of metal is subjected-to a pressure gradient across its radial.
thicknesses such that the ,pressure is maximum in the outermost
layer and minimum in .the innermost layer. Actually this pressure
gradient assists the removal of gasss and also makes the casting
more dense and sound. The use of gates, feeders and corea etc. is
eliminated in this casting process.

2.31 Principles of Centrifugal Casting

The centrifugal f~rce -produced by rotation is utilised in
two ways:

1) During pouring the force can be used to distribute liquid metal
over the inner surfaces of a mould forming hollow cylinders snd
other annular shapes.

2) The force is used in the development of high pressure in the
casting during freezing. This assists feeding and accelerates the
separation of non-metallic inclusions and precipitated gases.

The casting of a plain pipe or tube is accomplished by
rotation of a mould about its own axis, the bore shape being p~uced
by centrifugal force alone and the wall thickness determined by
the volume of metal introduced.
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In the centrifugal process a casting solidifies and cools
in the centrifugal field of forces. The centrifugal casting cools
both on the outside (the surface in contact with the mould walls)
and on the inside (its inner surface) aa a result of radiation and
air convection. This gives rise to convection currents in the
liquid metal, a cooler and, hencs. denser metal moves from the inner
surface to the mouldwalls, .thereby effecting solidification of

the cBsting in the direction from the mould walls to the inner surface.

But intensive cooling of the liquid metal due to convection
and radiation from the inner surface leads to the growth of crystals
which move towards the mould walls under the centrifugal forces.
The crystals growing at the mould walls have an ample supply of
the liquid metal, 60 that they grow in a direction more or less
perpendicular to the melt motion. These features of solidification
are favourable for the formation of a tight-grained outer 6urface
of the casting. The light partie lee such as slag substances, non-
metallic inclusions, and gases move to the inner surface of the
casting; this procees also aide in producing a finer-grained
structure and tends to give better mechanical properties.

2.32 Classification of Centrifugal Casting

Centrifugal Casting is divided into three categories:
1. True Centrifugal Casting
2. Demicentrifug-,l Casting

'3. Centrifuging
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(1) True Centrifugal Casting, in which the casting is spun about'.,

. I'its own axis; no risers are required and no central core is needed
I

since centrifugal force forms the inner diameter of castings such:

(2)

0) Centrifuging:

,

Semicentri'fugal Casting ill.
'Thisprocess is also knownas profiled 'centrifugal cIlsting.:

1 Il.
II

this process, the mould is rotated about its vertical axis shown in
Fig. 12(a) and the centre of the casting is usually solid. The ce~tral. . IIcavity in such cases is formed by machining out the central sol~d or,
is formed by using a central core and pouring the metal around it'L

Semicentrifugal casting is usually preferred for castings which a~B,I
symmetrical about a central axis, for example, gear blanks. wheelsit
and discs. In practice, the mould is rotated at a speed which wivl15 I~,
give a linear speed of about 600-ft. per minute at the outer edge

. I
of the casting. As a result of this low speed, the pressure develo-

'I
ped is not high and, therefore, as compared to centrifugal casting,
the impurities are not rejected towards the centre as efrectivel~1I I
'as in the true centrifugal casting. ' II

ilThe main difference between true centrifugal or
"semicentrifugal casting and centrifuging is that in the case of lrue

centrifugal or semicentrifugal casting, the axis of mould coincid~s

as pipe naturally.

with the axis of rotation whereas in the case of centrifuging, the
axis of rotation does not coincides with the axis of the mould but
it coincides with the axis of the whole assembly. In centrifuging,
several mould cavities are located around the central feeder which
feeds these mould cavities through radial gates shown 1n Fig. 12(b).
In this case also the stack moulding can be advantageously employed.
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2.33 Method of calculation of the rotational speed

The following two methods are available in the literature
for calculating the rotational speed of the mould.

(1) The choice of the rotational speed of moulds determines the
strength, structure, and the distribution of slag inclusions, gas
and shrinkage cavities, and segregates in castings. The rotational
speed depends on the axis of rotation (horizontal or vertical),
properties of the melt, and the diameter of the cesting.

In determining the rotational speed of B mould, one should
take into account not only the position of the axis of rotation,
but also the casting's internal surface distortion contingent upon

the axis position. Experiments show that the optimal speeds which
give high-quality castings differ with the kinds of alloy and, in
general, depend on the casting dimensions, pouring temperature,
and the mould temperature.

According to Professor L.S. Konstantinov16, the rotational
speed '(N) may be calculated with the formula

N (rpm) ~ 5520
H<, ••••••• (1)

where 5520 is the value of the coefficient, taken to be constant
for all alloys, e is the density of a casting (gm/cc), and .•." is
the internal radius of the casting, em.

Formula (1) disregards the effect of the castings wall
thickness since it is of little significance for thin-walled
castings.
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For thick-walled castings, however, this effect should be
taken into account because the centrifugal"force that acts on the. .
outer surface of a casting reaches a value high enough to rupture
the surface of metal adjacent to the mould wall and ,thus to cause
a tear in the casting. Consequently it is necessary to change the
rotational speed of moulds when cBating thick-walled parts. At the
beginning of pouring, the rotational speed of the mould is kept at

a minimum, then, as the mould receives more metal and the layer of
melt Brows, the speed is raised to a maximum, at which. however,
the surface layer should not be torn.

In casting shaped parts, ODe should choose such a rotational
speed as to eff~ct good filling of the mould and accurately repro-
duce. the contours of the casting. The best results are posible to
obtain when the rotational speed of a mould is so chosen that the
peripheral speed of a casting point most distant from the axis of
rotation and is found to be equal to 3-5 m/s16•

The peripheral 'speed of any point of a rotating body may be
calculated by the formula16;

v • 7\ 't' .N
30 , or N • v x 30~, -... (2)

where If is the rotational speed, rpm, and 1"
from the point to the axis of rotation, m.

is the distance

(2) The centrifugal force acting upon a rotating body is
proportional to the radius of rotation and to the square of the
velocity:

f
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F mv2 m~2 ... (1)• • • • • • • •
0 r

where v • wr.

Here. Fo • Centrifugal force (N,pdl)

m • maas (kg, 1b)

r • radius (m,rt)

w ~ angular velocity (rad/a)

v ~ peripheral speed (~/a.ft/s)

The gravitational force on the same mass would be given by
F- '" mg.• • • • • • • • •• (2)

where g = acceleration due to gravity (m/52, rt/s2)

Hence the fector by which the normal force of gravity is
multiplied during rotation is given by -

•

G factor
~2
• • • • •••

Expressed in the more convenient speed units of revolutions per
minute, N, the expression becomes:

G factor
~2 r(1Ii2 x 4 l"i2n2/~t!i2 Here,• •• 9.81 id/#i

w • 2'1"n/sec

D x 47\2n2 10'2•• 47i2n2jsec2
• 2 x 9.81

n • revolutions/sec

• 2Dn2 -(4) g • 9.81 m/sec2• • ••

or ,2 G factor 0.5 G factor• 2 D • D



or n" 0.7 ( G factor )"
D
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• • • • • • • • • (5)

where D=rotational diameter (m)N (rpm) " 60 x 0.7 ( G fae tor );:.
D

• • • ••• (6)

Alternatively, IT
,

,,265(G factor )"
D where D " rotation!'l

diameter (in)

imate more closely to a constant peripheral velocity of 0.5 mls ,

These relationships between rotational speed, diameter and
centrifugal force are illustrated graphically in Fig. 13; this
and similar charts 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 required"
force. In true or open bore casting, circumferential velocity
is imparted from mould to metal by frictional forces at the mould
surface and within the liquid. In horizontal axis cBsting, the
metal entering the mould must rapidly acquire sufficient velocity
to prevent instability and 'r~ining' as it passes over the upper
half of ita circular path: because of slip, the generation of the
necessary minimum force of 1G in the metal rsquires a much greater
peripheral mould velocity than would be the cass if metal and
mould were moving together. One investigation placed the minimum
limit in the region 3-4.5 G17 but much greater force is required
in practice for full advantage to be taken of the process. Based
on practical observations, Cumberland18 reported a range of
minimum speeds required to avoid ejection of metal. These are
presented by the dotted line superimposed on Figure 13 and approx-~_".
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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 are attained in some cases,
speeds generating forces of 50-BOG are most commonly quoted for
true centrifugal castings.

2.34 True Centrifugal Casting .Technique
The widest application of centrifugal casting is for the

production of components which are essentially cylindrical and
therefore suitable for caeting by the open bore or 'true' process.
Such castings are utilized in either of two ways. Many tubes are
used in the as-cast state. These caD embody limited taper or
sim~le external featureS, although the latter must, when cBsting
in metal dies, permit extraction of the casting. True centrifugal,
casting is also used for the manufacture of plain cylindrical
blanks or 'pots' for the production of rings, bushes and other
annular components by machining.

The main characteristic of the true centrifugal caeting is
that the axis of rotation of the mould coincides with the axis of
the casting and the formation of a central hole through the casting
takes place by the centrifugal force without the uee'of a central
core. The axis of rotation of the mould may be horizontal,
vertical or at eome other convenient angle between 0 to 900• The
axis of rotation mainly depende upon the

I

I

L tlength of the ~D bore of the JO ratio of the tube. The following

practice is usually adopted:

,



29

Axis of rotation •
for L )- Horizontal 'I i

]) V,

4>+> 1 At an angle between 00 to 90°

I
L <1 Vertical])

Horizontal axis of rotation:

Horizontal axis of rotation is more commonin the production

of castings-haVing tubular shape, such as water pipe, gun barrel
etc. In fac~. when the liquid metal is introduced in a rotating
horizontal mould, the metal is distributed over the inner surface
of the mould. Due to the high speed of rotation, the friction that
is.set-up between the liquid metal and the mould material allows
the liquid metal to be evenly distributed and the inner surface of
the casting assumes a cylindrical shape.

There are two principal horizontal axis centrifugal casting
processes available in the literature.

1)

2)

De Lavaud process, and

Mooresand spun process. •

The two methods are prinoipally the same, differing only

in details of mouldoonstruction and the method of introducing

the metal.

De Lavaudprocess: This is the moat popular method for the

production of socketed cast i;on pipes 19 in metal moulds. In this ("-

process, illustrated in Figure 14, a long pouring spout, supplied ".,
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from an automatic ladle, is initially inserted to the far extremity
of the mould, a forged steel die enclosed in a water cooling jacket.
As pouring proceeds, the rotating mould is withdrawn over the spout
so that the metal is laid progressively along the length of the
mould wall, control being achieved by synchronising the rates of
pouring, mould travel and mould rotation. The casting is extracted
as the mould returns to its original position and its accuracy is
checked by weighing. High rates of output are achieved, Bach machine
producing a casting every two minutes. 1~e fastest output of all,
however, is attained in the production of rainwater pipes using s
simplified variation of the pipe casting process in which several
moulds are circulated through a number of stations for coating,
casting and ex~raction: rates of over 100 castings per hour are
achieved19•
Moore send spun process

.With the elower rates of cooling obtained in sand moulds,
fluid alloys can be poured without the retraotable spout system.
The Moore15 system employs a sand lined mould," driven by a variable
speed motor: the process is especially suitable for large pipes
required in small quantities. The metal ie introduced into the
mould by a pourer and a controlled tilting mechanism at the raised
end. At the beginning of pouring, the mould is at its maximum
tilt position and the speed of rotation is minimum. Thus low speed
is maintained during pouring but the mould is steadily lowered
into horizontal position. Once the horizontal position is reached,
and the pouring has ceased, the speed of rotation is raised
depending upon the thickness of casting and is maintained until,
the solidification is complete.
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,lower
I

long pots production. Since heat lOBS from the bore is
than in the case of short pots, a smaller machining allowance
suffices to clean up to sound metal snd a higher yield cen, be I
achieved.

The horizontal axis maehine is sui table both for tubes

for

2.35 Characteristics of Centrifugal Casting

The main quality characteristic of centrifugally cast material
is the high standard of soundness arising from the conditioDal,Of

feeding. This factor is predominant in the improvement of proper-
ties relative to those of statically cast material. To this I

advantage may be added a degree of structurel refinement. affecting"
grain size and the distribution of mlcroconstituents. The extent
of this depends on the particular process. The most important I'

but
I

contribution to refinement is rapid cooling in metal moulds,
other factors include physical disturbance in the liquid in
pouring and rotation and the ability to achieve satisfactory ,
metal flow using lower pouring temperatures than would be nece..;;
ssary in the absence of centrifugal preesure. Refinement is

,
greatest in true centrifugal castings made in meta! dies, whilst
pressure castings show little structural difference from static .
.castings of similar shape: the same may be said of the degree o~
freedom from non-metallic inclusions and rannom defects.

The macrostructure is subject to similar influences to
those governing the structure of static cas~ings, the important
factors being alloy constitution, the temperature gradients and
cooling rates induced by the thermal properties of metal and mould,

,....
I



and conditions for independent crystallisation as affected by the
motion of the casting. Alloys undergoing dendritic crystallisation
are characterised by regions of columnar and equiaxed growth. The
factor in the case of centrifugal casting is the relative movement
of liquid by slip during acceleration to the speed of the mould.
This has been held in some cases to promote columnar growth by
disturbance of the growth barrier of solute rich liquid at the
interface. The overall effect of motion on structure is, however,
complex, since vibration, diminution of thermal gradients in the
liquid, and the possible fragmentation of dendrites can also induce
the"nucleation of equiaxed grains. A further effect of motion is a
tendency for columnar grains to be 'inclined in the direction of
rotation, evidently due to the movement of undercooled liquid
towards the dendrite probes.

The structures encountered in a large number of individual
alloys, particularly the ~ones of columnar and equiaxed grains
occurringunder a wide range of conditions were described and

• 20explained by Northcott - • In practice the most consistent influence
is that of a low pouring temperature in producing grain refinement
and equiaxed structures, whilst somewhat higher temperatures
tend to promote columnar grains by suppressing nucleation and
increasing the radial temperature gradient towards an optimum
level.

With respect to properties, centrifugal castings have been
frequently compared with forgings. Ductility is in ceneral lower
than in forgings, but there are many instances where a centrifugal
casting has satisfactorUyfulfilled the same function. At elevated
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temperatures the cast structure offers positive advantages with,
respect. to creep strength21•

Much direct evidence is available of improved properties
compared with the normsl run of static castings. A remarkable
feature of the mechanical yropertiea'WBa the low degree of scatter'
compared with that usually obtained in Band castings: nO,weak
zones were encountered and high elongation values testified to
the degree of soundness achieved. Little difference was observed
between circumferential and longitudinal properties in annular
castings.

2.36 Advantages of Centrifugal Casting

Pouring into a spinning mould and solidification of the
cBsting in the mould rotating under centrifugal forcBs are the
factors which determine the basic advantages of this casting
method. These advantages include:

1. It is a economical process for making hollow interiors in
cylinders:

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

2.. Casting is cleaner:

A function of centrifugal force is seen in the tendency for
.non-metallic inclusions to segregate towards the axis of rotation.

Centrifugal force helps in forcing molten metal quickly into moulds
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to prevent premature freezing and also assists in proper
directional solidification, so that a high standard of freedom
from inclusions is achieved.

Owing to the pressure gradient within the casting. nucleation
of dissolved gases to form bubbles will occur if at all in the
bore region, where the gas can escape readily from the casting.

3. The process produces quality products:

Solidification of the metal in a rapidly rotating mould
results in a fine-grained structure, fre~ of gas and
cavities and porosity.

2.37 Application of Centrifugal Casting

shrinkage,•

Examples of components produced by true Centrifugal Casting
are listed in Table 2. Amongst special products produced by
centrifugal casting are bimetal tubes and composite products.,'

Bimetal tubes Alloys of widely different properties csn be
combined in a single structure by successive pouring of the two
alloys under closely controll~d conditions22, the time interval
before the second pouring operation being critical. Alloy combi-
nations are restricted by the relative melting temperatures and
the danger of excessive remelting of the outer by the inner 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 bearings by pouring
the low melting point bearing alloy into tinned outer shells. A
further example is the spinning of cast iron friction lin:pgs, into

steel castings for the production of aircraft brake drums.

2.4 The effects of process variables on Centrifugally cast
products

The main variables controlling the casting quality are the,-

speed of the rotation, the pouring temperature of the melt and
the solidification time of the casting.

(a) Speed of rotation: The speed of rotation of the mould is the
main governing factor influencing the fundamentals of the process.
Rotational speed exerts an influence upon structure and properties
of the cReting, the most common effect of increased speed being
to promote refinement, although thia can also rise from turbu-
lance induced by instability of the liquid mass at very low
speeds. On balance, to secure maximum benefit from centrifugal
casting, it is logical to use the highest speed consistent with
the avoidance of tearing. The main factor also_considered in
true centrifugal casting is retention of the bore shape against
gravity whilst avoiding longitudinal tearing through excessive
hoop 6treSS1(e).

(b) Pouring temperature: Pouring temperature exerts a major
influence on the mode of solidification and needs to be determined
in relations to the type of structure required. Low temperatures
are associated with maximum grain refinement and with equiaxed
structures, whilst higher temperatureS promote columnar growth in
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many alloys. However, the pouring temperature must be Burficiently
high to ensure satisfactory meta! flow and freedom from cold laps
whilst avoiding hot tearing due to excessive superheat.

(0) Solidification time: Longer solidification time ~s conducive
to slow cooling, which reduces the nucleation rate and minimises
the concentration gradient in the liquid. It also increases the
radial temperature gradient towards an optimum leve121• In practice,
these effects usually predominate and columnar coarse structures
are favoured.

Fine equisxed structures, on the other hand, are encouraged by
ahorter solidification time, which not only increase the

nucleation rate but also produces extreme undercoaling favouring
the formation of many nuclei. Columnar growth is thus restricted.

2.5 The effects of heat_treatment upon Brass and Aluminium:

Cast brass shows a dense dendrite structure and when it is
fully annealed then theee dendrite structures disappear and grain
boundaries become prominent. Also uniformly distributed pores
are visible across the entire matrix. If partial annealing
is carried out then traces of ooring are found in the structure.
Now if the cast brass specimen is subjected to full deformation
so that it becomes work hardened, and is partially annealed at
6000e and held for 5 minutes, then recrystallization with traces

'of coring takes place23• If the same deformed specimen of brass
is annealed fully and held at a longer length of time (say 1 hour)
at the annealing temperature of 8000e then twinned equiaxed grains
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are found in the atructure24• Again if the same specimen is
partially deformed and then annealed, bent twins and strain
banda are visible in the micrograph23•

Mention may be made here that if an aluminium specimen ia'
annealed, either as cast or after deformation, twin crystals
do not form in the structure but grain refinement may happen.
Traces of coring is likely if partial annealing is done. It
is found in the literature?~ that the more the stacking
fault energy, the lesser the tendency for the formation of
annealing twins. In aluminium, stacking fault energy is found
to be 200 erg/cm2 where BS in copper it is only 40 erg/cm2•
Now the condition for obtaining annealing twins, stacking
fault is to be wide which means low stacking 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 rarely shows
annealing twins because of having high stacking fault energy
~e.narrow stacking fault. Again, X-ray work has shown ~6
that the energy of stacking fault in brass decreases with
zinc content, and this is in agreement with the fact that
alpha brass forms a greater number of annealing. twins than
copper.

Stacking faults enter into the plastic deformation of
metals in a number of ways. Metals with wide stacking faults
strain-harden more rapidly, twin easily on annealing and
show a different temperature dependence of flow stress from
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metals with narrow stacking faults. The important role of twinning
in plastic deformation comes from the fact that orientation changes
(resulting from twinning) may place new slip systems in a favour-
able orientation. Twinning is also important in the overall
deformation of metals even with a low number of slip systems.
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,. EXPERII'1ENTAL SET-UP

3.1 Introduction

The experimental set-up was assembled aft~r designing the
individual components, considering the length, weight and thlck-
ness of the job. The description and operation of all these items
are given in the following Bub sections.

3.2 Description of the experimental set-up

The experimental setup mainly consisted of a permanent mould,
a hollow mild steel shaft, a four wheel trolly with a ladle and
ladle holder, a gauge ring and a motor. Details of the experimental
set up are shown in Fig. 15(8).

The permanent barrel like mould was made of ~a8t iron and
,was horizontally inclined with the three feet long mild steel shaft.

The dimenSions of the mould were; length-14", outer diameter-6",

thickness-)6". In order to ease the removal of the product, the
pouring end of the mould was made slightly larger in diameter and
a ring was 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
ahaft -- one for key arrangement with the flange and another for
locking with the pulley.

A~" bore was made throughout the entire length of the. shaft
and a mild steel rod (Fig.15c ) was 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 to achieve



40

four different speeds (ranging from 1000 to 2200 rpm.). The pulleys
were made of aluminium alloy.

Trolly was an essential part of the experimental setup. Ita
main purpose was to make an arragement for uniform and regular
pouring of metals and alloys into the rotating mould. It could
move backward and forward on two rails. The dimensions of the
trolly were about 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 was such that at the
instant of pouring some melt 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 wae provided
with a view to reduce the heat loss. It was moved on a slopy rail
track and its entry into the mould could thus be regulated. The
main function of the spout was to transfer the molten metal into
the revolving mould uniformly from the ladle (Fig. 15d) which
was placed above it. The ladle (capacity 30 ibe) was made of
mild steel sheet over which fire clay lining was imparted to,
withstand massive thermal shock. It was an inverted conical type
with a slopy bulge at 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, ma~e of cast iron pipe, had a bracket
end and an extended handle to ease the pouring manually yet
safely by simply rotating the handle. The length of the handie
was extended to till the ladle between 0 to 900 by simply-rotating
the other end of the handle from a far distance. The arrangement
also avoids the risk of having any split of melt from the rotating
mould.
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The gauge ring is employed to determine and maintain the
required thickness of the product, shown in Fig. 15(e).

A 7 H.P. electric motor was used for rotating the casting
machine and its speed was about 2800 revolutions per minute.
The required spinning speed of the mould was achieved by changing
pulleys of different diameters which were connected with ahaft
of the 'machine utilising a V-belt.

• •
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4-. EXFERHJEN'rAL PROC£llURE

4-.1 Introduction
A series of experiments were carried out with Brass and

Alunimium to determine the effects of pouring tempere~ure and speeds
of rotBtion of the mould on the microstructure and properties of the
products. In order to achieve these objectives, a centrifUEal eastin!
m,lcbine, 7...,HPelectric motor; nCltural c;as fired furance end a trolly

with crucible holder were used.

4.2 Moulding Materials
For centrifugal casting, cast iron mould was chosen since the

casting conditions are more constant and controllable with this type
of mould. The casting cycle was kept constant in order to maintain
dimensional con~'stency. The mould waGdressed with 5raphi te powder

alo~gthe gau~e length and preheated by gRS
the melt.

torch before pouring

:For sand casting , green sand was used as the moulding material
to make sand moulds and cores. The properties of the moulding send
depend on its composition and the mfJnner of its prepAration (mulling
or milling conditions). In the present work the moulding mixture cons-
isted of natural silica, clay, coal dust to which 4 to ~Awater was
used. The A.F.S. fineness number of the sand was measured by Tylor's
Sieve Shaker and was found to be about 69. The same sand was also,
used for making the core.

4.3 Charge Materials
•The total weight of eacn casting was about 3.2 Kg and 10 Kg

for a1unimium and brass castinl)lrespectively. Commercially pure ,'"..•..•.,~,'.
"
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aluminium (99.5%) was used ror aluminium casting and for brass
casting, the chemical composition of the charge was 73.0% eu,
25.5% Zoo 1.5% 5n and O.~ other elements (may be Pb, Sb, Fe etc.).

4.4 Melting and Casting

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
measure the Buperheating temperature Ba well ae the pouring tempe-
raturs of the melts.

4.41 Melting

Local brass Scrap consisting of water tap~ was taken in a
graphite crucible and melted in a natural gss fired pit furnace.
The addition of heat continued beyond the melting range of the
brass whiCh is about 10100C _ 1030oC. After raising the tempera-
ture of the furnace well above the melting range of the brass for
sufficient time, the crucible was removed from the furnace with
the belp of a clamp having a long pair of arms. The molten brass
contained a huge quantity of slag and in order to remove these
slags the addition of flux became imperative. Therefore Na2B407,
10H20 (Borax) or NH4Cl (ammonium chloride) was added into the
crucible and stirring continued for sometime. Then the melt was
poured into the sand made ingot mould and the molten brass wae
allowed to solidify in the form of tapered ingot each weighing
about 15 Kgs. After solidification the material was tested to
determine it's content and aleo to evaluate how much more material
~a to be added to get a composition of 73% Cu, 25.5% Zn and 1.5%,8n.



44

After evaluetin~ the required amount, the additional amount
of ~opper was added to the prepared bress ineot and melted in the
pit furnace in the same manner. After ~elting the crucible was
removed and addition~l amount of Zinc wes added to the melt and
stirrinG continued.

Once again flux materials like borax or NH4Cl 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 revolving the long handle, the ladle was tilted and the melt was
poured into the mould which was already rotatin5 at a particular
speed.

4.42 Temperrrture Measurement
Arter melting the charge the temperature of iJ.lperheat and

pouring temperr.ture were measured with the help ofaDigital Thermometer
which gave a di:t'ectreading of +;:PC accuracy. Since one of the pro-
cess variables was pouring temperature of the melt so before casting

•
it was necessary to take note of the desired temperature in order to
maintain a high degree of experimental accuracy.

4.43 Mould Freheating
The mould waS heated to about 200 to 250°C before pouring the

melt. The principal significance of the mould temperature lies in the
de~ree of expans~on of the mould with preheating, expEnsion dim~nishes
the risk of tearing in true centrifugal castings. Mould preheating

•
also decreases the temperature Gradient between the mould and the .~
cooling s\lbstratllwhich tends to promote r;rodn refinement during
solidification.

, '
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4.44 Casting

There were about 16 main castings carried out. in the
present investigation amongwhich 14 using the centrifugal casting

process and 2 using the sand casting process. Finally comp8rison
was made between the products of centrifugal castinG and those of
sand casting in order to evaluate the adVl'lntae;es of centrifUGal

casting over the sand casting.

Each castine; W8.Sindividually markedfor identification.

shown in Fig. 16 and the metallographic specimens with a vibratoel
to avoid deformation of the structure.

4.5 Process Variables
Among the various process variables which affect the quality

of the casting, only two, the effect of pouring temperature "nd the
effect of rotational speed of the mould were studied in the present
investiEation. These are briefly described below:

4.51" Pouring Temperature
In order to _select an appropriate pouring teTnperature IJS well

as to see it's effect on the cast prcduc'ts " commercially pure alulli-'
nlum end brass were poured at three different temperatures. For alumin-
-t:um,
they

. 0 0these temperature were 710 C, 730 C and
were 10800C, 11000C and 11200C. However

and for brass
in each case, the melt

was superheated to about 30°C above the pouring temperature in order
to subside the loss of heat during the transfer of the ,melt from the
furnace to the rotating mould.

~. .,
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4.52 Rotational Speed of the Mould, -~~~~--~---------
There werB, four speeds of rotation used in the present

study, which were recorded with the help of a DiEital Tachometer
which gave the direct me:=surement of the speed. These were 1000 rpm,
1400 rpm, 1800 rpm and 2200 rpm. The speeds WeI'Bvuried tdth the help

differentof pulleys Of/diameters. A V-belt worked 8S a medium for transfer
of power from motor to the shaft of centrifugal casting machine.

4.6 Heat Treatment
Although a number of heat treatment process can be applied on

brass and alumimuiI( but in the present work only the effect of

annealing on the micro-sfructures was investigated. Annealing pro-
cesses for aluminium and brass arB decribed briefly in the fOllowin£
subsections:

4.61 'Annealinr,01'Aluminium
F-or this purpose the specimens ~Iere heated iIi the IDufrle furnace

at 65CPF (344°0) and cooled to room temperature. No appreciable holdiJ:g
time is required for Aluminium anJlealing. However, it is important to
assure that the proper temperature is reached in all portions and
therefore the specimens were soaked for 1 hI' at 5500F (344°0).

4.02 Annealing of Brass
Annealing of brass was accomplished by heating it to 10000F

(538°0) in a muffle furnace ~nd holdinB it at that temperature for
1 hour and then relatively slow cooling to room temperature, in the
furnace. Except for Alpha-betaaloys and certain precipitation hardeIl-
ing alloys, the rates or heating and coolinG are relotively unimportunt
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for .brass annealing~7. After cooling to room temperpture, the

speClmens were removed from the furnace and were studied on the
basis of their micro_structure.

4.7 ~letallog:rapby

Metallographic specimens were prepared from the cast hollow
cylinders made of brass and aluminium. These were polished' in the
usual manner. 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 NH4\'lH and a few
drops of fresh H202C3%) by swabbi~g the specimen for 1 minute.

Aluminium specimens were etched in 100 c.c. H20, 5 C.C HNO,
and 2 C.c HF. The etching time fOr aluminium wes not excatly fixed

~ut repeated etching and polishing was necessary to reve~l the structure.
The micro structures of'both specilOens (Brass and Aluminium) were
examined under optical microscope to see the structural dif'f'erence
at dif'f'erentmagnifications. Wetzlar Univ~rsal microscope and 8wif't-
master photographic microscope were used for the examination and
photographically recording of the representative microstructures
respectively.

4.8 Determination of Hechamcal and Physical l'roperties
Properties like ultimate tensile strength (U.T.S.),yield

strength, % elongation, hardness, density and % porosity were
determined for aluminium and brass casting. The dptail procedure
is given in the followin~ sub-sections:
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4.81 Determination of Tensile Properties
Tensile testin~ on brass and aluminium was conducted using a

24 KgHydraulic tensile testine; maclJine ~Iith a screw type operating

cylinder usinc; 15 j;N scale. A schematic dia[';ramof a e;ripping device

for threaded-end specimens,was shown in Figure _ 17(a). The standard
0.25 in (6.25 IIlIn) diametGr round test specimen with dimensions shown

,in FiC;ure - 17(b)was used for tensile testing of both aluminium and
brass28• The D.T.S. in newtons per square rom and percentage of elonga-

"tioD were obtained. The yield stren~th in newtons per square rom was
measured by the offset method using specified value of set ( ~ O.~b)
from stress strain curve. The results were averaged from three deter_
ruinations.

4.82 Hardne8S Measurement
Brinell Hardness testinE; was conducted using; Avery Brinell

hardness tes'tine;machine. 'rodetermine the Drinell Ilsnlness of the
Brass and Aluminium , 10 mm diameter indenter and applied load of
500 Kgf were used. The Brinell hardness number (BHN) was calculated
from the following equation

where P ~ applied load, kgf,

D = diameter of the ball, mm,. and
d = mean diameter of the impression, mm.
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4.~, Density Measurement,

In order to determine the density of the cast product, 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 sh0pe of a rectangular block.
The volumes of aluminium and brass specimens were detelwined in the
following manner:

For Aluminimum Cylinder:
7\D2 H

4
where D '"Diameter of the cylinder

H '"Height of the cylinder.

For Brass rectangular block

Volume, V = Len~th .xBreadth x lleight.

The weiGht of each specimen waf] measured in the laboratory

balance (accuracy 0.1 mg) and the density was thus calculated using
the :formula

WeightDensity ~ Volume.

4.84 Percentage Porosity Measurement
It may be desirable to detennine the percentage porosity or

metals and alloys, especially when they are dense and the absorption
of water is incomplete or when closed pores exi'st into which the
liquid cannot penetrate. For materials not attacked by water, porosity
determination can be made by usil1l:;water. \'ihennecessary, kerosene may
be used as the liquid. For the calculation of the percentage 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 wei(Eht of
the dried piece, in air, and its exterior volume. The bulk density
(d), ?bviously, is equivalent to the relation w/v, where w is the
weight of the specimen <:lild v its volume. The true dellsi ty is found

by grindine; the material, pascdng it through the 100 mesh sieve, and

deterillining the values sought by means of a pycnometer in the

following manner:

Weight of the empty p;rCnometer ~ w1 15m

Weight of the pycnometer and sample (powder) ~ W2 15m
Weight of the pycnometer, sample (powder)and water=w3 15m
Weight of the pycnometer and water ~ w4 gill

Wei£ht of the sample in air = (w2 - w1) 15m

water displaced by the sample _Weight of the
- (w3-w2)}gm

.. Volume of the sample .,

:. True density of the sample

c.c.

D •

-
Weight of the sample in air
Volume of the sample

"'2 - "'1
(10'4 - w1)

Th, percentage porosity (p) of 'h, casting i, then computed f=m
'h, following relation

p • 100 (1 - %,),
where, d • bulk density

D • ''cruedensity.
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5. RESULTS

5.1 Introduction
The entire result was divided into two phases for the

purpose of comprehensibility ana convenience. The first phase
appropriately referred to as Preliminary tests, involves the

,
selection of.pouring temperature. This section was done on the
basis of resulting microstructure and mechanicsl properties
following the castings poured at three different temperatures.
-The second phase which can be referred as main tests comprises
the results obtained from the experiments carried out at
different rotational speeds of the mould.

5.2 Effects of pouring temperature on structure and properties
Results of these set of experiments are summarised in the

tabular form in Table.3 to 6 and represented graphically as well
in Figs.18 to'20. Figs. 18 and 19 show that with the increment
of pouring temperature, tensile properties decrease both in case
of aluminium and brass casting as well. Figs. 21 and 22 show the
micrographs of aluminium and brass 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 '1080oC
for aluminium and brass respectively yield the best result.

5.3 Effects of rotational speed of the mould on structure and
properties.
Details results of this set of experiments are shown in

Tables 7 to 11 and graphically presented in Figs. 23 to 27. Figs.
23 and 24 show that tensile properties are better when the speeds
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of the mould, were 1800-2200 rpm for aluminium and 1400-1600 rpm
for brass. Microstructures of aluminium are shown in Figs. 28 to
32 while Figs.33 to 37 show the microstructures of brass. Of the
structures shown in Figs.28 to 32, Fig. 28 shows the mlcrostruc-
turea of sand cast aluminium whereas Fig. 29 shows that of
centrifugally cast aluminium when the speed was 1000 rpm. While
comparing between Figs. 28 snd 29, it can be inferred that in
hoth cases impurities are found to have been divorced by oc
aluminium and are concentrated at the grain boundaries. Cellular
dendrites however, are larger in size in case of sand CBst
specimen than those of the centrifugally cast.specimen. Figs.
30, 31 snd 32 show the microstructures of centrifugally cast.
aluminium at 1400, 1800 and 2200 rpm respectively, all containing
equiaxed grains. But only in case of the specimen of 2200 rpm
shows fine smaller grains whereas the other two specimens show
larger and coarser graina.

Fig. 33 shows the microstructure of Band cast brass while
Fig. 34 shows the microstructure of centrifugally cast brass
at a speed of 1000rpm. Both the Figures give the picture of

•fir-tree like dendri tea of oC -brass. Only difference ia that
in the sand cast specimen, massive and dense dendritic structures
are visible whereas in centrifugal cast specimen, thin dendrites
with smaller arms are prevailing.

Figs. 35 to 37 represent the structures of centrifugally
cast brass when the speeds of the mould were 1400, 1800 and
2200 rpm respectively. Comparison reveals that all contain
equiaxed grains but when the speed was 1800 rpm, the grains are
very fine compared to other two. However, each specimen contains

I
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uniform dispersion of cuprous'oxide and other impurities
( black dots ).

5.4 Effects of heat-treatment on the structures of aluminium
and brass.

Figs. 38 to 42 show the annealed structures of aluminiUm
specimens. It CBll be SBeD that the traces of coring effect are
prominent near the grain boundaries in sand cast specimen
(Fig. 38) whereae this effect is lss8 prominent in the 1000 rpm
centrifugally cest specimen (Fig. 39). In the CBse of aluminium
castings at 1400, 1800 and 2200 rpm, they all contain equiaxed
grains (Figs~ 40-42) and no coring effects ere visible. However,
the finer grains are obtained in the structure when the mould
speed was 2200 'rpm.

When annealing is carried out on sand ca~t brass specimen,
traces of coring effects are prominently visible near the grain
boundaries (Fig. 43). But when centrifugally cast brass (1000 rpm)
is annealed, twin crystals come into being with less prominent
strain bands (Fig. 44). When the castings (obtained at speeds of
1400, 1800 and 2200 rpm) are annealed, the microstructures show
twin grains with more prominent strain bands (Figs. 45-47).
However, in case of the specimen obtained at the speed of ,1800

rpm, the microstructure shows finer and more equia1ed twinned
regions compared to those obtained at other two speeds.



6 DISCUSSION

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 etc. The theme
of the present work was largely confined to study the structure
and properties of aluminium and brass as affected by process
variables during centrifugal cBsting.

To establish and evaluate their effects in centrifugal
casting, a number of preliminary trails were performed to
optimise the pouring temperature of the melt to be used in the
main experiments. Finally the main experiments were carried
out by changing the speed of rotation in the mould. All
aspects are discussed in the following Sub-sections.

these,

6.2 Solidification Mechanism during centrifugal casting

In centrifugal casting the mould is rotated at a desired
speed so that the pipe is formed almoet as a series of welded
rings and analogous to winding, a rope into a helical ooil. It
is worth considering the-mechan~sm by which the pipe wall thick-
ness is built up. Two opposing viewa,23 are that the individual
coils acquire their final thickness in a single mould rotation,
or that the pipe wall solidified in layers requiring several
mould revolution. The latter view appears to be valid for the
present case.



As the head of the stream contacted the rotating mould,
the melt spread out over the entire length of the mould cavity.'
With further flow of metal from the crucible pipe wall thickness
builds up gradually and uniformly over the entire length of the
pipe. i~e melt when poured into a rotating mould, would acquire
the rotational movement because of the tangential forces.
Immediately on pouring however, inertia wOllld prevent the melt
frOID taking up the speed of the mould instantly. Relative
motion would exist between the adjacent liquid layers and also
between the melt and the solidified layer. In the latter,~the
welt would flow,across the front of the growing crystals.
The fine equiaxed structures'would develop because the shear
stress fractured the,growing dendrites, just after solidification
begins.,

6.3 Nucleation and growth hYpothesis during centrifugal casting

Conventional casting consists of pouring (teeming) molten
metal into a moul~ cavity which has the shape of the article
required and then allowing it to solidify. Although there are
many 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 solidifies in the mould, so that a sump
of liquid aCCUmulates which ensures that, until the end of
solidification, there is always an excess of molten metal avai_
lable for feeding. The importance of' this sump is demonstrated
by the shrinkage during solidification, leading to internal
unsoundness in the form of porosity or piping, whiCh occurs in
its absence.

,,
"
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The situation is illustrated in very simplified form in
Figure -52 , the assumption is made that heat is being extracted
only from the side wall of the mould. The ~gure shows the
excess metal above the solidification front, with dendrites
growing in a direction opposite to the heat.flow. The well known
deficiency of this form of cBsting, 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 problema are caused by porosity and/or piping,
and by a cast grain size that is usually much coarser than that
of centrifugal cBsting of similar composition.

The ~igure 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 shape of the mould cavity is
eventually taken by the solidified metal, because movement of
liquid can, and does, take place freely in a plane parallel to
the solidification front. A-further point to note is that any
molten metal fed into the sump remains there for a considerable
time usually with convective movement, before it eventually
solidifies.

Let us compare this situation with that shown in Figure~ 53
drawn on a much larger scale, illustrating a typical instance
of incremental solidification during centrifugal casting using
a high rotational speed of the mould. In this case, the sump
of liquid is replaced by a very thin film covering most of the
solidification front. Assuming the rate of heat extraction

•
,I
I
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from the side wall is the same as in Figure 52,it is essential
to preserve continuity that the r~te at which molten metal is
add~d, 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
ID01ten metal at either ons or several places only, and depends on
liquid movement within the .sump to bring about an even distribution
across the freezing front. Such movement is
very thin film.

impossible within's-,

The critical difference in incremental solidification during
Centrifugal Casting is that molten meta! arriving at the mould
surface or the prior solidified surface remains where it is
delivered. This molten meta! 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-53,for example, a droplet
200 fm in diameter arriving at ~he solidifying surface formS
a splat (consisting of few droplets) with a diameter of, say
500 ~~~ but with a thickness of only, ~ay 20~~. 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 size and surface tension, and the velocity of its arrival29.,
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. Careful observation of the micrographs (Figure-50 )
reveals that the outer surface of a splat deposited on the cool
baae or on the prior splat freezes very rapidly but that the
inner surface cools at a slower rate.



If the rate of arrival of droplets is sufficiently high,
i.e. the rotational epeed of the mould is very high (2200 rpm
for brass), the new droplets will land on prior splat which
have not solidified totally as yet. Due to this incomplete
solidified splat formation a thicker film of liquid is formed.
But the thickness of the film of liquid metal on the surface
of the splats is not much greater than the splat thickness or
this film is not like that of a sump type which is normally
found in conventional casting for saturated feeding. However
there will be a liquid/liquid interface between the arriving
droplet and the surface on which it is splatting. Consequently,
there is very rapid liquid mixing, because of high impact
velocity, which causes union of two liquids and obliterates any
boundary effects29•

Under an optimum speed of mould (1400-1800 rpm for brass
and 1800-2200 rpm for aluminium), the rate of arrival of drople~B
can be optimised so that a thin film of molten metal will land
OYer the entire length just after the solidification of the
prior splat. Solidification will proceed normally from this
aituRtion, with the solidification front moving forward through
the new molten splat until the next droplet arrives at the
surface. In this way, liq~id metal is supplied constantly as
an unsaturated feed, each portion of which freezes immediately,
causing an incremental change in the dimensions of the casting.
Unsaturated feed is used here to indicate that there is no large
sump of supernatant liquid metal into which solute can be
rejected, and from which solidifying dendrites can be formed.
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In th!8 case, the structure of the product depends to a'
great extent on the conditions of splating. It might be thought
that dendrite arms, from the solidifying prior splat are
broken off by the rapid flow of new liquid •. thus forming a

multitude of nuclei in the new arrival. Equiaxial grains then
grow-in ,the new splat until the next arrives, the process
continuing infinitely. In such cases, the final structure
is a fine-grained, equiaxial structure with low porosity.
Thi~ property is unusual in conventional casting and, therefore,
needs explanation. The observation that no porosity exists
at the boundary when ODB splat is deposited directly on to an
earlier solidified splat implies that ODe wets the other. A
solidified splat always haa angularities associated with its
outer surface and, clearly, these have been infilled by the
following liquid splat as it arrives on the surface. \1hile some
of the earlier splats may still be liquid at their top surface
when the next splats arrive. As so little porosity is evident 30.

Segregation is also at a very low level in Centrifugal Gasting
and is confined within areas approaching towards ~he centre.
Therefore the potential benefits from this situation are very
considerable, including near-~ero segregation and rapid
solidification, the latter leading to enhanced mechanical
properties31• It is assumed in all- these arguments that the
operation is carried out 'under controlled atmospheric conditions
which minimi~e oxide formation.
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6.4 Effects of pouring temperature on microstructure and

IIn order to obtain desirable and opti~m property from the
Icasting, the pouring temperature of the melts must be correct,
Iselective and decisive. Of the three pouring temperature is shown,

in Pigure- 18 • it is seen that the lowest temperature gave the
best desired result. Mention may be made here that the low
temperature does not mean lower or very near to melting point.
This temperature was well above the melting point of the matL!

I
and it was fluid enough to flow within the mould. Now, the question

• l'w,r p'ur'n. ',mp,rl.tur••is why best desired result obtained at ~ v v ~ ~

Actually, at lower pouring temperature, the melt can SOlidif~
quickly that means more nucleation and lesser growth, resUlt~ng
equiaxed grain. On the other hand higher pouring temperature~
give more slow cooling of the casting thr~Ughout ita freeziJg
range. With lower cooling rRtea, the degree of under-coolinJ is
leas and fewer nuclei are available for growth which eventuJIIY. I
leads to the formation of comperatively coarse cryatalB and I
hence inferior mechanical properties.neier and Conture32 found

Ithat employing high pouring temperatures for certain aluminium
Ialloys results in an increase in grain size and a consequent

decrease in tensile strength and elongation. Similar observations
were also made by other inveBtigators33,34.

Not only the smaller grain size obtained in low temperature
cast product but the tensile strength, yield strength, BRN ltc.,
were also very satisfactory compared to the castings poured! at
highe~ temperatures. This type of increasing results was wiinessed
both in case of brass as well as, in case of aluminium.
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5.5 Effects of speed of rotation on microstrhcture and properties
~h~ entire experimental operation was carried out having four

different speeds which were 1000 rpm, 1400 rpm, 1800 rpm and 2200 rpm.
Of all these experiments at different speeds, the microstructure and
properties of the brass and aluminium 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 t~e following paragraphs.

Because of the high rotational speed i.e. 1800 rpm for brass and
2200 rpm for aluminium, there is always a thin film of liquid metal
distributed over the mould surface or over the prior solidified
This contributes to the rapid solidification of the melt and as
there is no scope of forming the dendritic structure. Instead a

surface.,
~ result
I .equiaxed

grain formation is evident. Even if there is any possibility of formation
of dendrites, because of the high rotational speed these dendritic
structures break up to give rise to equiaxed grains. Another reason of
forming equiaxed grains may be that due to high speed of rotation there
exists a mechanical turbulence inside the mould. Thus the crystalites
formed over the inside surface of the cold mould are split out and. ,

wherever they land, undercooling takes place (because of sufficient
,

latent heat of crystallisation). As a result fine equiaxed grains are
obtained at every stage. Also due to high speed, all the impurities
and inclusions get fluehed out towards the 'centre of the mould
fine -microstructure as shown in Fig. 36.

resulting,

At a lower speed such as at 1000 rpm, comparatively a thick
layer of liquid film is spread over the mould surface or over the
prior solidified surface which needs more solidification time. This
in turn favours the formation of dendritic structures. However, here
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~olidification time is less than that of a a~d cBsting. Therefore,
the arm spacing of dendritic structures are les8 than that in sand
cast products. The other reason which results in the nooformation
of equiaxed structures while operating at 1000 rpm is that the
force required for the fragmentation of dendritic structures is
not enough in this speed. Besides, due to insufficient force the
cryatalitea cannot get detached (as it does in case of higher
speeds). So equiaxed grain formation fails to come into being.
Therefore. at 1000 rpm the entire microstructure of the product
is dendritic in nature sa shown in Fig. 34.

When the speed has been increased to 1400 rpm in case of
brass, the force to create fragmentation of'the dendritic struc-
turea was enough resulting equiaxed structures. Under the micros-
cope, it was observed that the equiaxed grains obtained at 1400
rpm were slightly larger in size than those obtained at a higher
speed of 1800 rpm. Besides, micropores were visible in the
structures of the product obtained at 1400 rpm whereas they were
virtually nil When the mould rotates at 1800 rpm.

In case of aluminium, when the speed has been increased to
1800 rpm, the force for complete fragmentation of the dendrites
'was enough resulting equiaxed structures. But the equiaxed grains
obtained at 1800 rpm, were slightly larger in size 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 equiaxed structures would be
available in the microstructures. Instead the grains are found
to have become equiaxed yet larger in size, somewhat like
those at 1400 rpm or perhaps little bigger. The reason for
this outcome may 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 revolution, a layer
of liquid film is over lapping with another layer in very quick
succession. As a result the former layer does not get enough
time to solidify before encountering the second layer. Therefore
instead of forming 8 thin film of liquid over a previously
solidified layer as evident during the CBse at 1800 rpm, a
thicker liquid film accumulates. Hence, during the course of
solidification there would have been a possibility of formation
of dendritic structures, but since another layer of liquid, metal
immediately strikes the previous one and breaks the tips..,Thus
instead of forming dendrites, equiaxed apparently similar to or
perhaps little bit bigger in size than those at 1800 rpm would
result. Now, because of the interaction of one layer over another
here, there would have a boundary effect also. But as the
centrifugal force is very high at the speed of 2200 rpm, mixing
of the two liquid fronts becomes very quick. Therefore, the
boundary formation could not happen and even under the microscope,
no boundary' effect was observed, (Figure_ 37). However due 'to the
solidification of the thick layer at this epeed.(2200 rpm),
there appear some micropores in the microstructure. As a result,
the tensile properties for these specimens are slightly inferior
to those obtained at 1800 rpm specimensas shown in Figures 23 and 24~
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As regards the microstructures, Fig. 51 shows the outer
braessurface'-middle ~one and inner surface of the sand cast/Specimen.

It call 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 8~ructure. 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 sizes are predominating. Besides, there are innumerable
and large pores throughout the structure. But in the centrifugally
cast product (at 1800 rpm), the structure shows no dendrites.
Instead fine and equiaxed structures of almost same size are Been
in the entire structure (Fig. 50) and the pores are also
negligible. In fact microporosity in sand casting is about 5.5%
whereas it is 2.7% in case of.e9ntrifugally cast brl>ss as
already tabulated in Tables 12 and 6: As a result the ultimate
tensile strength for brass in case of sand casting is 170 _N/mm2

(Table 12) but in centrifugal casting it is 235 N/mm2 (Table 8).
Similarly the UTS for aluminium ia 70 N/mm2 (Table 12) for sand
caating but in centrifugal casting it is 125 N/mm2 (Table 7).

Speed of the mould to obtain optimum quality of the product
was calculated theoretically with the help of a mathematical
formula derived by Professor L.S. Konstantinov 1,6 and it"was
observed that the resulting microstructure of the product did
not contain fine equiaxed grains. Under the circumstances, products
were cast using various speeds (1000 to 2200 rpm) and looked
forward to investigate a particular speed which one would yield
fine grain equiaxed structure. It was theoretically found that
the optimum speed should be 1200 rpm using above formula but in-
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,the present study, beat results were obtained when the speeds
were 1400 - 1800 rpm for brass snd 1800 _ 2200 rpm for aluminium.

Gumberland18 haa shown in Fig. 13 that the rotational speed
of the mould is independent of the density of the material used.
But in the present investigation it has been found that density
has got a tremendous effect on the selection of optimum speed
to obtain the beat quality product. In fact, lower the density,
the higher the rpm and vice veres. Suffics'it to say that brass
has higher density than aluminium. Again according to Professor
L.S. Konstantinov1~ the constant used in the equation was 5520.
But the present study differs from this value which is found to
he about 5800 and 6500 for aluminium snd brass respectively,
this constant will ~iffer for other metals depending on the
density and give the accurate value for determining the optimum
speed.

, .) ,
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6.6 Structural modification during centrifugal caating 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 slightly vary at
different rpm of the mould but whatever may be the speed, the
tensile strength and hardness
obtained in traditional sand

are always better than. those
31 .

cas~ing • For example in Sand

I

casting the tensile strength of brass and aluminium were found
to be about 170 N/mm2 and 70 N/mm2 respectively (Table 12),
whereas they were 210 N/mm2 (Table 8) and 95 N/mm2 (Table 7)
respectively as the minimum in case of centrifugal casting.
The Brinell hardness of the brass and aluminium under studies
in case of sand casting was found to be 55 and 33 respectively
whereas in centrifugal casting it was obtained 70 BRN at 1800
rpm for brass and 45 BHN at 2200 rpm for aluminium. Percentage
porosity was maximum in sand casting and it was 6.3% whereas
in centrifugal casting at 1800 rpm it was found about 2.7%
for brass and at 2200 rpm it was 3% for aluminium.

The better results can be obtained in centrifugal casting
compared to those obtained in sand casting even when the rpm
is low. This is because during centrifugal casting rapid cooling
takes place which includes higher degree of undercooling. Thus
formation of nuclei increases that in turn restricts further'
growth of the crystal in a chunk and this leads to the formation
of fine equiaxed structure.
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5.7 The effects of heat treatment on structures

As mentioned before high speed centrifugal casting has given
birth to equiaxed grains for brass 8S found in the micrographs.
When these brass specimens were annealed, equiaxed twin crystals
came into being along with hatched marks that is referred to as
strain bands. As explicated in the literature survey, when sand
cast brass specimen is annealed after partial deformation, bent
twins with strain bands are visible throughout the etructure22•
These bent twins appear due to the annealing of the partially

deformed specimen where the grains become elongated,.where-ss in
centrifugal casting, equiaxed twins and strain bands are found.
Now the question is that why these types of phenomena are being
happened in case of centrifugal casting.

It is envisaged that in case of centrifugal casting dendrite
fragmentation results equiaxed grains and the phenomenon can be
considered similar in effect as partial deformation in the sand
casting. Furthermore, during high speed of the mould, the growing
crystals undergo some sort of deformation snd favour to form
equiaxed grains. But due to imposition of external forces applied
on the centrifugal cast products undergoing partial deformation,
give rise to elongated grains. So when the centrifugally cast
product is annealed, twin equiaxed grains are visible, whereas
when partially deformed sand cast products are annealed, show bent
twins. However, in both cases the existence of strain bands are
also found.

,
•
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7. CONCLUSIONS

~e following conclusions, may be drawn from the results
of the present i~vestigation:

'1) Through out the entire operation it has been proved beyond
doubt that centrifugal cBsting is far more superior to Band
casting, in every aspects 8S wes-evident from the study of the
overall appearance of microstructures, physical and mechanical
properties of the cBsting obtained in the present investigation.
To be precise, centrifugally cast products are stronger, denser,
cleaner and free from voids, pores and impurities.

2) For aluminium, a pouring temperature of sbout 710°C yields
beat results with respect to structure and properties. Similarly,
for brass containing 73% Cu, a pouring temperature of ahout
10800C produces better products. Higher pouring temperatures
are conducive to slow cooling which in turn produces larger
grains resulting poorer properties. Comparatively lower pouring
temperature (must be well above the melting temperatures of the
metal and alloy) relates to faeter cooling, offering finer
grains with excellent properties.

3) The true centrifugal casting process yields satisfactory

,

results with respect to appearance, structure and properties
of the product when the rotational speed of the mould varies
between 1400 to 1800 rpm (9.0 to 11.5 m/s) and 1800 - 2200
rpm (11.5 to 14.0 m/s) for brass and aluminium respectively.
This set of experiments also suggest that the density of the
material haa a great effect on the rotational apeed of the mould.
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4) Annealing has shown a great influence on the microatructure
of the cast specimens. Sand cast aluminium and brass specimens
show prominent coring effect near the grain boundaries, whe~eas
the centrifugally cast specimens (after annealing) do not show
such effect.

At the same time, after annealing the Band cast brass'
specimen doss not show any hatched marks or strain bands but
the centrifugally deBt braes specimen when annealed shows
equiaxed twins with strain bands.



70

'l'able _ 1

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

,,

~'emperature "inc %

'" "'+~ ~-, ,, At room 0 - 35 35 - i1-6.6 , 46.6 - 50.6,,
~ ,

,

At solidus o - 32.5 32.5 - 36.8 36.8 - 56.5
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Table 2 .: Typi~al Applications of Centrifugal Castings

Products Material

0) As-cast Pipes for water, Cast iron
g" =d sewage

Tubing f," reformers Heat resisting steel
Radiant tubes

Rainwater pipes Cast iron

"
b) Machined from Bearing bushes Copper alloys

pots
Piston rings Cast iron
Cylinder liners

Paper making rollers Copps!' alloys

G" turbine rings Heat resisting steel
and nickel Base alloys

Runout rollers Carbon steel

0) After heat- Large diameter Iron Cast iron or
treatment I pipe Ductile iron
(annealing)
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Tensile properties of aluminium casting
(1800 rpm) poured at different temperatures.

,
"

Pourlng Yle.J.OS"ren~l;n <J.T.S.
temperature N/mm" l{/mm"

Elongation

("e)
p.s.i. p. s.i. (% )

710 62 8985 125 18150 17.5
,

730 60 8695 122 17700 17.0,

750 55 7980 118 17100 17.0,
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Table-4 Tensile properties of brass casting
(1800 rpm) at different temperatures.

, Pouring Yield strength U.T.S.
temperature

-Elonga tion
N/~ p. s. i. N/= p.e.i. (%)(DC)

1080 125 18150 235 34,050 17.0,

.
1100 120 17400 222 32,175 16.5,

1120 116 16800 215 31,160 16.0,
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Hardness of aluminium and brass casting
(1800 rpm) poured at different temperatu~e.

,

Aluminium Brass
, Pouring PouringHardness Hardness
temperature (BRN) temperature (BRN)cOe) , cOe)

710 43 1080 70

730 42 1100 68
.

750 40 1120 65
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Table-6 Density and % porosity of (a) aluminium and
(b) brass casting (1800 rpm) poured at
different temperature~.

(a)) Aluminium

Pouring Density Porosity
tsmperature (gm/ce) (%)

(oe)

710 2.71 ,.,

7'0 2.7 ,.,
7'0 2.66 4.0

(b) Brase

Pouring Denei ty Porositytemperature
('C) (gm/cc) (%)

1080 8.39 2.7

1100 8.35, ,.2

1120 8.31 '.7
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Table-7. Effects of rotational speed of the mould on tensile
properties of aluminium casting poured at 710 00.

~ed Yield strength U.T.S. ElongationRo a Per~ph- N/mmc P.s.i. N/romc P.s.i. %
I ~~n:~ I 7~~~ec'

,

1000 6.' 4S 6960 95 1}770 1}.0

1400 9,0 58 8400 120 17400 16.0

1800 11.5 62 8985 125 18150 , 17.5

2200 14.'0 67 9700 129 18700 17.0
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'l'able-B Effects of rotational sp8ed of the mould on
tensile properties of Brass casting, poured
at 1080°0.

'" stren.t Elongation
Peri ph- N/= p.s.i. N/= p.s.i. %
erel
m/sec'

1000 6.5 105 15,765 210 30,440 15.5
1400 9,,0 118 16,800 230 33.335 17.5

1800 11.5 125 18,150 235 34,060 17.0

2200 14.0 115 16,600 225 32,.610 17.5

/" \

,
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Effects of rotational speed of the mould on
Hardness of aluminium and brass casting.

Aluminium Brass

\

Sneed Hardness Hardness
Rotat Peripheral (BRN) (BHN)
ion:~ ( ill/Be.e )

1000 6.' '6 63
1400 9..0' ., 67
1800 11.5 ., 70

2200 14.0
"" 6'

•

II ,-,
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Efrec~of rotational speed of the mould on
Density and % Porosity of ,aluminium casting
poured at 710°C.

\

Seed Density Porosity
Rotat Periphe (gm/c.c) (%)i~:~rd(m/see)
000 6., 2.674 4.,

400 9~b 2.705 3.6

800 11.5 2.71 3.,3

200 14,,0 2.715 3.03

I

•
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Effec-ts of rotationRl speed of the mould on
Density and % Porosity of braGS casting,
poured at 1080°0.

\

,

Seed Densi ty Porosityo a lona.!. erh era.l (gm/c.c) (%)- (rpm) (m sec)

1000 6.5 8.293 3.8
1'IDO 9.0 8.}67 3•.Q.

1800 11.5 8.39 2.7
2200 14-.0 8.307 3.65

."

III

"

II

+,
I
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Table - 12

Mechanical and Physical properties of Band
cast Aluminium and brass.

Aluminium Brass

Yield 40 N/mm2 86.5 N/mm2strength (5,800 psi) (12,550 psi )

U.T.S. 70 N/mm2 170 N/mm2
(10.150 psi) (24,640 psi)

Elongation 10% "%

Hardness 33 BRN 55 BRN

Density 2.62 gm/c.c. 8.15 gm/c.c.

% Porosity 6.' 5.5

.'

I

I,
,
•

I
,
I

I

~

,.,

II

"..

. .
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Figura-1: Cooling curves of a solidifying
pure metal.
(a) Equilibrium cooling
(b) Cooling curve showing supercooling.
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Figure-2: Solidification of a meta!. For f.c.c.
aDd b.c.c. metals dendrite arme extend
in the cube face (100) direotions.
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Figure-}: Effect of alloying on the solidification
temperature of a metal.
(a) Piot of solidification temperatura

verse percent alloying element,
(b) Ideal cooling curve (equilibrium

cooling) Of alloy.



Figure-4 : Microstructure of commercially
pure aluminium.
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Figure-8: Thermal conditions with reversal of
temperature gradient in liquid
adjoining interface.
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Figure-9: Dendritic growth (a) cla6sical concept of
a dendrite (b) dendrite microstructure in
bra66 (eu - Zn alloy), x 100
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Figure-10: SOlidiricatioD of a solid-

solution alloy.
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Figure-11: Coring
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A) Heavy coring in 8 faat cooled caBtlng~
B) Light coring in a elow cooled casting
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Figure-12: a) Semi centrifugal stack molding of track
wheels.

b) Centrifuged castings with internal
cavities of irregular shape.
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Key
arrange-
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flange

Shaft .1
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(711.P.)

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

Figure-15(b)'

Figure-15(c)

(,)
Experimental set-up with all
its aec6ssaries.
Mild steel rod attached with
the gripping end plate.
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(d)

•

I

•

•

(,)

Flgure-15 (d): Moltenlmetal ia being tranafered
from ladle to the rotating mould(via hem! aperienl spout).

(e): Showing gauge ringa and holder.
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.)
1. 1000 rpm
2. - 1400 rpm
3. 1800 rpm
4. - 2200 rpm

b)
1• - 1000 rpm
2. - 1400 rpm,. - 1800 rpm
4. 2200 rpm,,

Figure-16: Showing centrifugally cast products
at different rotational speeds.
a) Aluminium
b) Brass

•
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microstructure of ,
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aluminium poured at ?100C,
rotBtional speed 1800 rpm,
as cast condition, x 100
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, (')"-:- " .Figure- 22.a : ~Showiilg- -microstructure of .
centrifugally cast
. 0brass poured at 1080 C,
rot~tional speed 1800 .
rpm, as cast condition,
x 100.

I'

.Pigure- 22(.1:;)': ::':Showi.:hg..• ,~
microstructure of, '
centrifugally caa',t .' ,.
brass poured at 1100oC,
rotations! speed 1800
rpm, ss cast 'condition,. .
x 100.'

. ." .•. _.. -
.Figure- 22(e ),::;Showfug. ~ -.-.=
microstructure of .
ccntrifusslly cast
brass poured at 1120oC.
rotational speed 1800
rpm, as cast condition,
x 100.
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Figure- }O: Showing
structure of centrifuga~ly
cast aluminium, rotational
speed 1400 rpm, 88 cast
condition, x 100

,
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,
i

Figure- }1 : Sho"fing
microstructure of
centrifugally east
aluminium, rotational
speed 1800 rpm, as cast
condition, x 100

•

Figure- 32 : :.ihowing
microstructure of
centrifugally cast
aluminium, rotational
speed 2200 rpm. as CHst
eondi tien," ::It 100
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Figure-33 : ~howing
structure of sand cant
brass, as cast condition,
.5O

Figure-.}4: Showing
structure of centrifugally
CQst braes, rotational
speed 1000 rpm, as cast
condition, ~ 100 .
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wi~'r '_ 0>- e-35 0 '"h 'o ;:) oWlng
structu, re of centrO
cast "brass lfugally

, rotational
speed 1400-"",,,,"rver,om,,,as cast
condition , x 100

.'~19ure-36 . "h 0o • oJ oWlng
lll1Crostructure of
centrifugall
b

y cast
rass t ', ro ational

1800 rpm, a~ speed. '"cast
condit. "lon, x 100

Figuie-37 '.' : Showing
. llllcrostructure of
centrifugallb y cast
rass rot ', ational
2200 speed
~","-2rv]"m"" as cast
condition, x"100
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Figure- 38 : Showing
microstructure of
sand-cast aluminium,
annealed at 650°F (344°C)
for 1 hour, x 100

Figure- 39: Showing
microstructure of
centrifugally cast
aluminium, rotational
speed 1000 rpm, annealed-
at 650°F (344°C) for
1 hour, x 100
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Figure- 40: Showins
mierostroeture of
centrifugally cast
aluminium, rotational
speed 1400 rpm, annealed
at 6500p (}44oC) for
1 hour. :x:100

•

?igure- 41: Showing
microstructure of
centrifugally cast
aluminium, rotational
speed 1800 rpm, annealed
at'6500p (344°C) for
'1 hour, x 100

Figure- 42: Showing
microstructure of
centrifugally cast
aluClinlullI, rotational
speed 2200 rpm, annealed
at 6500p (}44°C) for
1 hour, x 100
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Figure- 43: Ghowing
microstructure of '

! sand cast brass, annealed
at 10000F (538°C) ,for
1 hour, x 100

F<igilre- 44 : Showing
microstructure of
centrifugally cast brass,
rotational speed 1000 rpm,
annealed at i0000F (538°C)
for 1 hour, 'x 100



•

> 118

,

,

Figure-.45: Showing
microstructure of,
centrifugally cast
brass, rotational speed
1400 rpm, annealed at• 10000P (5;8°C) "for 1 hr,
x 100

FiBU1'e-46: Showi~g
microstructure of"
centrifugally cast brass,
rotational speed 1800 rpm,
8nneBlc~at 10000p (53~oC)
for 1 hour, x 100

,

Figure- 47 : Shoving
cicl"Ostl"llcture of
centrifugally cHat. brass ,
rotationsl speed 2200 rpm,
annealed nt 10000F (5}8°C)
for 1 bOUT. X 100

/)
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. Plgure- '4B{,Ei')-;:tbo,Jt.lng
.' microstructure of

centrifuS81~y C6St
aluminium poured at
710°C, rotational
speed 1800 rpm, annealed
IIt'650op (}44°C) for
1 hour, x 100

$)" ••~Figure-48~b~Showlng
microstruct\lre of
centrifugally cast
aluminium, poured at
730°C, rotational
speed ,1800 rpm, annealed
at 6500p (}44°C) tor
1 hour, x 100

J

I
I
,, .- ,:

",Figure:" 48{0..:~ShO~ng
microstructure of
centrifugally cast
aluminium, poured at
750°C, rotational "speed
1800 rpm, II.IlnBIlIedat
6500p (}44°C) for
1 'hour, x 100

y
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Figure -49 (,oS:~howi.Ilg--microstructure of
eentrifusally cast
brass poured at 1080°0.
rotational speed 1800
rpm, annealed nt 10000F
(5}8°C) for 1 hour, x 100

. 9( 'J w '!:.T'lgure-4 .0 ;1;Showiilg,'---"".Illicrostructure of iO
centrifugally cBat
brass poured at. 11000C.
,rotational speed 1800
rpQ. annealed at 10000p
(538°C) for 1 hr. x 100

;1,. .. ,•

.iFigure- 49('~~.:~6ho:wBig-microotruct\ire of
centrifugally. cast
brssB.poured at 1120oC,
rotational speed .1800
rpm, unnealed at 10000P
(5}8°C) for 1 hr, x 100
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(b)

: S?owing.the microstructure of eentrifugally
east brass, 'rotational speed 1800 rp:::l. .l~

a) Outer Burface ., •b) Inner aurface, as cast, condition, x 100
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Showing ~icrostrueture of sBnd CRst brass
a) Outer surface
b) ttiddle ~one
c) lnner.surface, as cast condition, x 50
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Figura-52: Schematic view of conventional
cesting solidification.

Liquid droplets deliver
Thin layer
of liquid

o 0

o
o
o o o

Splat boundaries

Heat flow Crystals growing through
splat boundaries

Figure-53: Schematic view of incremental
solidification: x 100
compared to Figure-52.
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