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Abstract. Centrifugal castings are produced by pouring liquid metal into rotating moulds. It solidifies
under the influence of centrifugal forces, directed from the center to the periphery of the mould on account of
mould rotation, and exhibits directionality in solidification which helps to eliminate voids and
discontinuities in the resultant casting, usually encountered in gravity castings. Also, a compositional
gradient is sat up in the melt which can be monitored, to produce functionally graded materials (FGMs) of
choice with multi-functionality. The pouring rate, pouring temperature, mould temperature, and mould
material can be suitably selected and altered in isolation or in combination, to generate a desired thermal
gradient in the melt which decides its cooling rate. The cooling rate of the melt has the greatest impact on
the grain structure of the casting. On the other hand, the grain structure of the casting governs its
mechanical performance and decides the suitability for any specific end-use. Thus, different processing
factors influence the characteristics of centrifugal casting. In the present article, a sincere attempt is made to
analyze the effect of these factors and to enumerate the role played by each one of these factors in deciding
the centrifugal casting characteristics.
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1 Introduction

High standards of soundness of the casting, resulting from
feeding under the influence of centrifugal force, constitute
the chief characteristic of centrifugal casting method.
Grain size refinement and distribution/segregation of the
inclusions/second phase/rejected solute atoms in the
matrix also frame important characteristics of castings
produced in rotating moulds. These characteristics decide
the specific end-use of the centrifugal casting. The grain-
structures, mechanical property enhancement, graded
distribution of the second phase/inclusion etc. can all be
tailored by manipulating various mould factors and
processing factors associated with the production tech-
nique. The process is effectively used for production of
Functionally graded materials (FGMs) which include
different functionally graded metal matrix composites
(FGMMCs) [1–14]. Aluminium and aluminium matrix
FGMMcs reinforced with hard SiCp particles [15–22] can
be cited as an examples. The graded properties of these
FGMMCs, such as surface hardness and wear resistance
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could be furthered by adopting heat treatment methods.
The advantages of FGMMC includes gradation of
mechanical properties throughout the casting which can
impart high temperature wear resistance at surface,
increase in fracture toughness and reducing the crack
propagation, reducing interfacial stresses etc. other
properties includes reduction of interfacial and thermal
stresses and increase of adhesion at metal–ceramic
interface [23,24].

Luan et al. [25] adopted centrifugal casting methods
successfully for refining of eutectic carbides in high speed
steel (HSS) rolls for enhancement of mechanical properties.
Niu et al. [26] adopted an in-situ synthesis method to
provide a WC coating on grey cast iron, in the centrifugal
casting route. The coated surface exhibited increased
surface hardness values compared to the uncoated surface.

On account of the soundness of the product, the
centrifugal casting technique finds its use in fabrication of
various machine components like gear blanks, impellers,
wheels, brackets, rotors, etc. [27]. Centrifugal casting
methods are also adopted for fabrication of nano wires
using Lead-Bismuth (Pb-Bi) eutectic alloy [28] at a very
high rotational speed of the mould (around 17,000 rpm).
The nano-wire is formed inside anodic aluminium oxide
monsAttribution License (https://creativecommons.org/licenses/by/4.0),
in any medium, provided the original work is properly cited.

mailto:hrushikeshsarangi@soa.ac.in
https://www.edpsciences.org
https://doi.org/10.1051/mfreview/2020024
https://mfr.edp-open.org
https://creativecommons.org/licenses/by/4.0


2 S. Mohapatra et al.: Manufacturing Rev. 7, 26 (2020)
(AAO) templates. The method is also adopted for the
development of reactor fuels [29–31], production of steel
lined composite tubes [32,33], centrifugal slip casting of
zirconia [34], etc. The list is unending and covers a vast
range of products establishing the importance and
versatility of the process in manufacturing technology.
Thus, it is only pertinent to have a greater insight to the
processing details of centrifugal casting methods and
analyze the different mould and processing factors involved
for a clear understanding, evaluation and control over the
process.

Despite continued efforts researchers have not been
able to frame general rules to co-relate mould rotation and
the resultant casting structure as influenced by the mould
and processing factors such as, mould dimensions, mould
rotational axis, mould materials, mould pre-heat tempera-
ture, speed of rotation of the mould, solidification rate,
pouring temperature and composition of the liquid metal.
This is because of the interaction of several mechanisms
involved, pertaining to mould vibrations, probable frag-
mentation of the dendrule-tips in the rotating moulds, non-
uniform temperature drops in different portions of the
liquid metal during solidification, etc. However, it is
heartening to note, Chang, et al. [35] used a modified
cellular automation model [36] to study and simulate the
influence of different mould factors and processing
parameters on the grain-size and its distribution in the
centrifugal casting. The researchers report, in a vertical
axis-mould, formation of equiaxed grains is favored at a
moderate speed of rotation of the mould, lower extents of
super-heat in the liquid metal, relatively low mould
pre-heat temperatures and slightly high concentrations
of solute in the liquid metal. The above reflects on
the simultaneous effect of several mould and
processing parameters on the characteristics of centrifugal
casting.

Solidification rate of the casting influences its
grain structure and the structure related properties.
The solidification rate can be altered suitably by the use
of moulds fabricated from different materials, heating the
mould to different pre-heat temperatures and adopting
different pouring temperatures. In some cases, mould
cooling arrangements may also be employed to set up a
desirable thermal gradient to achieve the most desired
solidification rate. In the casting of HSS rolls in centrifugal
casting route, in particular, an increased solidification rate
is adopted by suitably adjusting the above mentioned
parameters so that the eutectic carbide grains are rendered
fine and get uniformly distributed in the matrix [25] with
the resultant advancement of its wear resistance and
thermal fatigue properties.

The influence of flow pattern of the liquid metal in a
horizontal rotating mould on the casting characteristics
was numerically simulated and cold-modeled by Keerthi-
prasad et al. [37]. In this case, the injection angle and the
position of insertion of the chute into the mould, were
considered as factors for deciding the mould filling [38].
The investigators also considered different processing
variables, such as the viscosity of the liquid metal, mould
size, rotational speed of the mould, etc. for their
investigation. It was reported, the numerical simulation
results and cold modeling results pertaining to different
fluids in terms of their flow pattern, agreed considerably.
The above established that the flow pattern of the liquid
metal in a rotating mould could be numerically simulated
to ascertain its influence on casting characteristics.

The method of pouring also influences the centrifugal
casting characteristics. Sarkar et al. [39] reported, bottom
pouring in vertical mould for centrifugal casting, accounts
for a stable filling process for the mould compared to top-
pouring. This is because, in bottom-pouring any crashing
between the metal being poured from the top and the
column of rising liquid metal from the bottom, are avoided.
Wu et al. [40] also reported that bottom pouring gives the
stable filling compared to top pouring with minimum
defects, during vertical centrifugal casting. However, top
pouring system is beneficial for rapid filling of the mould
with the cost of melt spattering, gas entrapment and
inclusion defect [41].

The above would suggest centrifugal casting techniques
constitute specialized production techniques and could be
tailored to best suit the end-use of the product by
monitoring the associated factors concerning the mould
and the process. To have a better understanding and
control of these factors it is mandatory to analyze these at
length so that the full advantage of the method could be
made available. The present article is a sincere effort
towards this end.

2 Processing factors in centrifugal casting
production

2.1 Rotational speed of the mould

The rotation per minute (rpm) of the mould is selected,
keeping an eye to the extent of the centrifugal force to be
generated. Though, there are no generalized criteria for
deciding the extent of centrifugal force, for a horizontal axis
casting, the speed of rotation of the mould should be high
enough to prevent raining of the liquid metal when it
occupies the upper-half of the circular rotating mould.
Also, the centrifugal force developed should be enough to
take care of the slip between the liquid metal and the
rotating mould wall. The rpm of the mould can be obtained
from Nomograms depicting relationship between diameter
of the mould and rpm of the mould for generating the
required centrifugal force. ‘N’ is given as for horizontal
moulds,

N ¼ 42:2
Gfactor

D

� �1
2

ð1Þ

for vertical moulds,

N ¼ 42:2
L

rt2 � rb2

� �1
2

ð2Þ

where G factor= Fc

Fg
, (Fc) is the centrifugal force and (Fg) is

the gravitational force.
‘D’ is the diameter of the mould in meters. ‘L’ is the

length of the mould axis in meters. ‘rt’ and ‘rb’ are the radius
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at the top and bottom in meters respectively, of the
parabolic bore formed on the liquid metal on account of
mould rotation.

‘N’, the rpm of themould, can be varied suitably to alter
the ‘G’ factor so that the desired centrifugal force can be
generated.
2.1.1 Mould rotational speed and metal flow in the mould

The rotational motion of the mould sets in metal flow in the
mould during solidification. It decides the characteristics of
the centrifugal casting. The grain structures, segregation/
distribution of the un-dissolved phases and the suspended
crystals in the melt, casting soundness and formation of
any specific microstructure, are all influenced by the metal
flow in the mould. Thus, it is advisable to have a visual flow
characteristic assessment of the liquid metal in a rotating
mould. However, the opaque mould and the opaque liquid
metal create barriers in such assessments. Never-the-less,
several investigators [37,42–47] have studied the flow
behavior of a liquid in a rotating cylinder using different
fluids with different viscosities, attempting a cold-modeling
of centrifugal casting. A computerized simulation of the
flow field described by the liquid metal in a rotating mould
has been carried out by these investigators. The cold-
modeling and simulation results are seen to be in good
agreement explaining the real-life situation qualitatively,
in terms of the microstructure and segregation issues in the
casting [37].

Mukunda et al. [48,49] provided an explanation for the
movement of the liquid metal in a rotating mould right
from the teeming to the solidification stages. The viscosity
of the metal is the lowest at teeming, the teeming
temperature being the highest in the entire process of
the metal feed, metal-flow and metal-solidification.
The liquid metal poured into the mould spreads on the
inner mould wall due to its low viscosity and the frictional
drag of the inner wall. A thin layer of the liquid metal is,
thus, formed on the inside surface of the mould wall. The
rest of the liquid metal is directed away from the centre of
the mould. The investigators report, at a critical/optimum
speed of rotation, depending on the size of the mould and
viscosity and volume of the liquid metal involved, all of the
liquid metal is picked-up by the rotating mould wall.
It sticks firmly on the inside mould surface and forms a
specific thickness of the metal which subsequently solidifies
forming the mould tube of the given specific wall thickness.
Rao et al. [50,51] opine, the critical speed is also a function
of the composition of the liquid metal. The above provides,
under specific conditions of mould size, viscosity of the
liquid metal, volume of the metal required for a specific
thickness of the product and composition of the metal the
speed of rotation of the mould must exceed the critical
speed. Below the critical speed all of the liquid metal is not
picked up, shows instability and forms castings with a poor
irregular surface [49]. At speeds above the critical speed hot
tears may be formed on the casting surface. It is claimed
[48], centrifugal castings formed with appropriate consid-
erations pertaining to the critical speed exhibit good
mechanical properties and have a lower wear rate. The
correct selection of the speed of rotation forms an
important criterion in the production of centrifugal
castings, the rotational speed of the mould having a direct
say on the flow speed of the liquid metal in the mould in
both longitudinal and circumferential directions. Park
et al. [52] report, when the rpm of the mould is increased
from 1200 to 2500, the flow speed of the metal is almost
doubled. The situation is worsened when the melt being
longitudinally fed and the melt being reflected from the
mould wall in a horizontal mould, collide. Here a turbulent
flow pattern is generated. In this event if the metal
considered is a reactive metal like Aluminium, the
turbulent flow is certain to enhance oxidation of the metal
and encourage the formation of porosity in the casting
affecting its compactness. Flow pattern of the melt in the
mould as influenced by the rotational speed of the mould
control the grain-structure of the casting and governs its
structure oriented properties. However, rpm of themould is
not the only contributing factor in this respect. Size of the
mould, pouring temperature, speed of pouring, mould pre-
heat temperature, thermal gradient that dictate the
solidification rate, the melt viscosity dependant on the
melt composition, etc. also influence the flow pattern of the
melt in the mould. On this count, the issue of developing
any specific structure in the centrifugal casting, is
complicated. Also, any attempt at assessing the contribu-
tion of any of the factors independent of the others towards
this end, is futile.

Chang et al. [35], simulated the microstructure of cast
Al alloys using a modified cellular automation method
(MCA) [36]. Their simulation results, presented in Figure 1
throw ample light on the mechanism of formation of the
grain-structure in the Al casting. At ‘zero’ speed (Fig. 1a),
i.e, in a static mould, the grain structure consisted of a chill
zone with fine equiaxed grain structure adjacent to the
inner surface of the mould. A columnar zone coming out
from this chill-zone and a zone consisting of equiaxed grains
at the centre of the casting, could also be evidenced.
At lower rotational speeds of the mould (say 50 rpm)
(Fig. 1b), a slight alteration in the distribution of nuclei
could be seen in the melt. The equiaxed grains at the centre
of the casting were seen to have slightly enlarged and the
columnar zone became slightly narrower compared to the
previous case. With further increase of the rotational speed
to 100 rpm, a transition from equiaxed to columnar grain
structure in the microstructure could be observed. This
second columnar zone broadened and the zone of equiaxed
grains did not show up at the centre as the mould rpm was
increased as presented in Figure 1c–e. This is because, on
account of the rotation of the mould the vibrations in the
melt disturbed the accumulation of the solute atoms ahead
of the primary columnar grains resulting in the elimination
of the effects of the constitutional undercooling. It may be
noted, if not disturbed by mould vibrations, the under-
cooling could have favored the formation of an equiaxed
zone. Thus, the equiaxed grains formed in the initial stages
of solidification, at lower rpms of the mould, did not show-
up in the latter stages, at higher rpms of the mould under
the influence of higher extents of centrifugal force and the
accompanyingmould vibrations. It was also seen, as zone of
columnargrainsbecamenarrowerwith the increase ofmould
rotational speed, the equiaxed grains were rendered finer.



Fig. 2. Showing the narrow mushy zone by a stiff temperature
gradient.

Fig. 1. Simulated and experimental macrostructures of an Al–1.0mass%Si alloy with various mould velocities in centrifugal casting:
(a) 0 rpm, (b) 50 rpm, (c) 100 rpm, (d) 200 rpm, and (e) 400 rpm [35].
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It could clearly be seen, under the influence of the rotational
motion of the mould, the columnar grains tended to get
inclined in the direction of mould rotation. This tendency
could be attributed to considerable flow of the melt in the
circumferential directions [53]. The authors [35] validated
their simulation results with extensive experimentation
conducted under varied conditions of the mould rpm, solute
concentration,mouldpreheat temperature, etc.The speedof
rotation of the mould decides the rate of transport of hot
metal from the centre to the peripheral regions of the mould
on account of the resultant centrifugal force. It, thus, affects
the heat transfer in the mould and can be manipulated to
establish the desired temperature gradient and the concur-
rent rate of cooling/ solidification of the metal. As shown in
Figures2and3, thealtered thermal gradientandcooling rate
changes the extent of the solid/liquid (mushy) zone in the
casting. An enhanced rate of cooling and a stiffer thermal
gradient lessens theextentof themushyzoneandreduces the
micro shrinkages. Under these condition a more compact,
sound casting results, nucleation rate being higher than the
rate of growth giving rise to a finer grain structure. Factors
like initial temperature of the mould, pouring temperature
and pouring speed of the liquid metal, any adopted external
means of cooling of the mould etc. can also be manipulated
along with alterations of mould rotational speed to affect
grain refinement and soundness of the casting.
The overall picture due to the rotation of the
casting alloy along with the rotating mould is some what
complex on account of the relative motion of the liquid
metal by a process of slip when the rotation of the mould



Fig. 3. Showing the extended mushy zone by a shallow
temperature gradient.

Fig. 4. Schematic illustration of the ‘banding’ microstructure
[55].
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is accelerated. On the other hand, the vibration
caused in the liquid metal and the fragmentation of the
tips of the dendritic arm may help the nucleation
of the equiaxed grains. The disturbances and vibrations
may also eventually disturb the barrier offered by the
solute rich liquid at the interface caused by the rejection of
solute atoms from within the melt. This may lead to the
tendency of columnar growth in the casting, in certain
cases.

On the one hand, an increased rotational speed, most
commonly, increases grain refinement. On the other hand,
the vibrations and disturbances in the melt at low
rotational speeds of the mould cause fragmentation of
the tips of the growing dendrules. These fragments
transported to favorites sites in the melt grow into fine
equiaxed grains. As a consequence, the turbulence created
by the instability resulting from the vibrating melt at low
rotational speeds of the mould, may also cause grain
refinement.

2.1.2 Mould rotational speed and banding microstructure

The speed of rotation of the mould promotes formation of
‘banding’ microstructure [54] that pertains to a structural
irregularity. Banding microstructure manifests itself in
concentric zones of dissimilar microstructure due to
segregation of alloy constituents including impurities in
the melt. The banding microstructure is more noticeable
in larger castings, more specifically in horizontally cast
thick walled cylinders. Yeh et al. [55] have presented
the banding microstructure schematically (Fig. 4).
The mechanism of ‘banding’ lies in the variation of the
cooling rates in the casting thickness due to liquid
mobility as a consequence of the resultant centrifugal
force. Since the centrifugal force generated is insignificant
for small castings, which is not sufficient for ‘banding’,
banding does not show up in small centrifugal castings.
Thus, in small centrifugal castings in place of a banding
microstructure a finer and more uniform structure may be
encountered.
2.1.3 Mould rotational speed and segregation/distribution
of un-dissolved, suspended crystals

Under the influence of the centrifugal force in a rotating
mould, the un-dissolved, suspended particles in the liquid
metal experience a motion in relation to the liquid in which
these are contained. In general, the denser particles are
transported to the peripheral region while the constituents
with lesser densities tend to get segregated to the central
portion of the melt. However, the centrifugal segregation of
the constituents in the liquid metal can occurs in either of
the directions. In certain specific cases, when differential
freezing causes rejection of heavier solute elements, these
may get transported to the central portions of the casting,
being contained in the melt just ahead of the solidification
front moving inwards from the peripheral region of the
mould. Once the initial faster rates of cooling at the outer
surface gives in to a slower cooling rate, the solid/liquid
interface moves inwards slowly and retains the moving
particles, thus, causing the segregation of these particles,
allowing these to move to the inner surface continuously.
Thus, density of the constituents may not be the only
deciding factor for segregation of the un-dissolved,
suspended crystals in the melt.

The mode of freezing of the melt in a rotating mould
decides the mode of segregation in the resultant casting.
For an instance, segregation would take place when a low
melting point liquid at advanced stages of solidification,
would solidify, acquire higher density and get transported
outwards to the peripheral regions as a consequence of
mould rotation. Also, in specific cases, when the alloy
concerned provides for dispersed crystallization, relative
movements may be caused between solid and liquid in the
same melt resulting in the transport of the denser crystals
to the peripheral regions leaving the less dense crystals to
occupy the central portions. In addition to the rpm of the
mould, processing factors like pouring temperature,
pouring speed, cooling rate, etc.,which influence the freezing
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of the casting by setting in a desired thermal gradient, also
participate in deciding themode of segregation/distribution
of the suspended crystals in the melt.

Assuming constant rotational speed and neglecting the
growth of the particle during solidification, the position of
the particle in the melt at any instant of time ‘t’, can be
given as:

r ¼ r�eAv
2t ð3Þ

where r* is the initial location of the particle in
the melt; ‘r’ is the location of the particle at time ‘t’;
‘v’ is the constant angular velocity of rotation of the
mould and ‘A’ is a function of the viscosity of the melt
[56,57].

Viscosity of themelt increases with drop of temperature
and with the volume of the rejected solute particles from
within the melt. Since different volume fractions of the
solute particles are rejected at different temperatures, the
speed of movement of solute particle varies at different
temperatures.

Two essential conditions of macro segregation of phases
in the melt are, relative motion of the solid–liquid phases in
themushy zone and rejection of solute particles fromwithin
the melt at the solid–liquid interface. The relative motion
between the solid–liquid phases, however, is caused due to
the movement of the liquid in the solid-liquid region.
The liquid movement, on the other hand, is caused due to
the contraction of the liquid under thermal fluctuations,
volume shrinkages due to the formation of the solid phase
and the resultant density differences in the interdendritic
liquid [58]. Macro-segregation is ‘normal’ when the
advancing solidification front pushes the solute-enriched
liquid towards the hotter centre of the mould. ‘Normal’
macro-segregation is caused by convection currents due to
the flow of the liquid driven by solid shrinkages. Themacro-
segregation is said to be ‘reverse’ when the solid enriched
liquid is transported towards the casting peripheries. It is
caused when capillary forces push the concerned liquid
with higher solid concentrations through interdendritic
channels in an opposite direction. Also, ‘normal’ macro-
segregations occur in equiaxed grains where as ‘reverse’
macro-segregations occur in a columnar structure [59,60]
providing for interdendritic channels. The intersection of
the two solidification fronts moving in opposite directions
in the solidifying casting plays an important role concern-
ing macro-segregation issues. One of the fronts moves from
the casting periphery to the casting inner face due to heat
conduction through the mould wall to the ambience.
Radiation and forced convection, however, cause the
second solidification front to move from the inner to the
outer face of the casting. The intersection of these two
moving fronts constitute the final solidification zone and
decides macro-segregation in the inter dendritic liquid
under the influence of thermal contraction and solidifica-
tion shrinkages. Initial mould temperature, pouring
temperature, rate of cooling, rate of pouring of hot metal,
etc., can be varied to alter the rate of movement of these
two fronts, thus, deciding the location of intersection of
these fronts in the solidifying melt. The macro-segregation
can be relegated to the inner, outer or central portions of
the casting by decisively deciding the location of this
intersection.

An advanced, elaborate centrifugal casting process can
accentuate a graded distribution of the reinforcement
particles in a matrix of choice to help fabricate FGMs with
multi functionality. For an example, in the processing of
Al-Mg2Si the lighter Mg2Si reinforcement get segregated
in the bore region. These hard Mg2Si particles impart good
wear resistance to the inner casting surface. However, when
improved wear properties are needed on the surface of the
casting, the reinforcement particles chosen are heavier
than the Al matrix. Examples are Al-SiC [61], Al-Al3Ni
[62], Al-Al3Ti [63]. In this case, the concentration of hard,
heavy, particulate material, is high at the surface. The
surface develops good wear properties. Also, the concen-
tration of such particles is lowered gradually away from the
surface with the development of good strength and
ductility properties in this region.

2.2 Pouring temperature and pouring rate of hot
metal
2.2.1 Pouring temperature, pouring speed and the cast
grain-structure

Rate of cooling and desired thermal gradient to influence
the solidification rate are dependent on the pouring
temperature and pouring rate of the hot metal. Pouring
temperature has a definite say on the solidification
pattern of the casting. A lower pouring temperature
reduces the solidification time and causes grain refinement.
The resultant grain structure consists of equiaxed grains.
However, a higher pouring temperature enhances the time
of solidification. Here, the nuclei are at temperature for a
longer time and the grain structure consists of columnar
grains. Mould filling can be satisfactory for a casting with
high surface area-volume ratio, when the pouring temper-
ature is high. In this case heat is lost from the casting at a
higher rate. On the other hand, a heavy and compact
casting would need a lower pouring temperature for
satisfactory mould-filling. Slow pouring rate promotes
directional solidification. Also, it is advantageous as
surface tearing on the casting can be avoided with a slow
pouring rate under which the full centrifugal force is
developed gradually on the solidifying skin of the casting.
However, an optimal pouring rate has to be employed for
the completion of the process of casting before the liquid
metal becomes sluggish and mould filling suffers.

The ability of temperature of pouring for grain
refinement is greater in centrifugal casting as compared
to castings produced in static moulds. This is because of the
vibrations and turbulence caused in rotating moulds. In a
turbulent, solidifying melt, the tips of the dendrites get
fragmented. These are carried to the relatively hot central
regions of the melt where many of the fragmented tips
disappear under the influence of the heat. However, some of
the fragmented tips may reach favorable regions and are
rendered stable resulting in crystal multiplications,
ultimately resulting in grain refinement. The data
pertaining to grain refinement as a consequence of lowering
of the pouring temperature by lowering the superheat
(pouring temperature=melting temperature+ superheat)



Table 1. Correlation of superheat temperature and grain
size for IN-713LC super alloy [64].

Grain size (mm)

pþ 150 °Ca 3000
pþ 60 °Ca 90
pþ 20 °Ca 65
Centrifugal casting 25
a Pouring temperature (P=1321 °C, melting point of IN-713LC
super alloy).

Fig. 5. Image analysis results of the carbide particle size in IN-
713LC super alloy with various grain size [64].
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are presented in Table 1 [64] and relates to castings of
IN-713LC super alloy. Clearly, with a drop of super heat by
20 °C the grain size is seen to drop to 65mm. On the other
hand with the adoption of centrifugal casting techniques,
the grain size is seen to further drop to 25mm.
The researchers [64] report an increase in the yield strength
and the room temperature tensile strength of the casting
simultaneous to the process of grain refinement. However,
when the grain size is reduced to 25mm a sharp drop in the
ultimate strength and elongation, due to the initiation of an
early fracture as a result of the presence of micro porosities
associated with the ultra fine grain structure, is noticed.

The effect of pouring temperature on grain refinement
and the consequential mechanical properties, have been
assessed by Shailesh et al. [65], while casting 4600 Al alloy
in a rotating mould. The alloy finds its use in the defence,
aerospace and the automobile sector. The experimenters
used Taguchi method of design of experiments to optimize
the process parameters and used ANOVA technique for
analysis of their experimental data. The analysis revealed a
coarsening of the grain structure with a relatively higher
pouring temperature accompanied with a reduction in the
mechanical properties. Also, with a lower pouring
temperature of 720 °C an enhancement of mechanical
properties could be observed along with formation of fine
grains. In the IN-713LC alloy centrifugal casting [64],
however, grain refinement is accompanied by the fragmen-
tation of carbides (Fig. 5) which enhances the ability of the
cast structure to inhibit the slide of dislocations. As a result
of the above, both the yield strength and the ultimate
strength of the casting are seen to be increased [66–71].
Thus, grain refinement can be regarded as an effective
method of upgrading materials [72–74] and can be
accomplished by selecting an appropriate pouring temper-
ature.

2.2.2 Pouring temperature and segregation/distribution
of second phase inclusions in the casting

The centrifugal casting method is a simplified and cost
effective method for the fabrication of various FGMs [75].
In FGMs there is a gradation of composition over the
volume of the casting that brings about the corresponding
gradation in the properties of the material [76].
The gradation of composition is primarily achieved due
to the varied centrifugal forces imparted to the different
solid particles (reinforcements) and the molten metal
housing them, on the basis of the differences in the
densities. These materials, thus, acquire different velocities
and describe different distances in the melt, bringing in a
gradual distribution/segregation of the solid particles in
the melt. Such graded distribution imparts graded
properties to the resultant casting.

Zhang et al. [77] formulated an equation to compute the
centrifugal force imparted to the different solid particles
contained in a metal melt. The centrifugal force on a solid
particle of mass ‘m’ is given as:

F ¼ mv2r ¼ p2mN2r=900 ¼ 0:011mrN2

¼ 0:011rvrN2 ð4Þ

where F centrifugal force;m the mass of the particles; v the
rotational angular velocity of the mould; r the radius of
rotation; N number of revolution of the mould; r the
density of the particle; n the velocity of the particle.

Young et al. [15] used this equation for an Al-19Si-5Mg
alloy, to compute the centrifugal force acting on the
constituents with different densities (Al-2.37, primary
silicon-2.33 and Mg2Si-1.93). The velocities of the primary
Si and Mg2Si particles in the Aluminium melt due to the
different extents of centrifugal force experienced by the
particles were estimated. It was found that the ratio of
velocities of primary silicon particle to that of the Mg2Si
particles were 13.9. Obviously, the concentration gradients
of Mg2Si and primary Si particles were set in the
aluminium melt on the basis of this ratio which established
the gradation of properties of the alloy. The distribution/
segregation in the alloy is very closely associated with the
pouring temperature of the alloy. At a relatively high
pouring temperature, the viscosity of the melt is low and
solidification is continued over a longer period of time.
The above allows the movement of the particles over a
longer period, allowing for effective gradation of the
constituent particles in the Al melt providing for gradation
of properties. Also at the relatively higher temperatures of
pouring the solidification rate, hence the rate of rejection of
the solute atoms into the melt at the interface, is lowered.
The rate of rise of viscosity of the melt is lowered on
account of the lower volumes of solute rejection allowing



8 S. Mohapatra et al.: Manufacturing Rev. 7, 26 (2020)
free movement of the particles over a longer time, ensuring
an effective gradation.

The influence of pouring temperature, preheat temper-
ature of the mould and ‘G’ factor (G=v2r/g; v �angular
velocity; r-radius of the casting tube; g-acceleration due
to gravity) on particle segregation were assessed by
Raghunandan et al. [78]. The study pertained to fabrica-
tion of Al-Si-Mg FGM tube reinforced with insitu Si/Mg2Si
particles, in the centrifugal casting route. The investiga-
tions revealed that the pouring temperature, mould
preheat temperature and the G factor influenced the
graded distribution of the ‘Si’, ‘Mg2Si’ reinforcement
particles in the FGM tube. Also, it has been reported by
several investigators [79–87] that the insitu reinforcement
phase impart enhanced mechanical properties to the
product concerned and that the pouring temperature
and pouring rate of hot metal along with other processing
parameters like the ‘G’ factor, influence the segregation of
the insitu reinforcement particles in the cast product.

2.2.3 Pouring temperature, pouring rate and some alloys
of significance

Pouring temperature and pouring rate affect the character-
istics of centrifugal castings of different alloys of signifi-
cance. The pouring temperature decides the rate of cooling
of the melt in the centrifugal mould. Assisted by the
preheat temperature of the mould, adopted mould cooling
system, (if any) and the ‘G’ factor which is a function of the
rotational speed of the mould, it decides the time at
temperature of the melt. The above significantly affects the
cooling rate deciding the time at temperature of the melt.
This is bound to have an important say on the grain
structure and the related mechanical properties of the
casting.
2.2.3.1 Macro segregation of Al in ZA-27 alloy

ZA-27 alloy is a zinc and aluminium die casting alloy
having about 27 percent of aluminium. The alloy has good
wear resistance and high strength properties. It also has
good tensile and yield strength, good corrosion resistance,
hardness, light weight, good bearing and creep properties.
The alloy is also used for casting of cylinder liners, rings and
bushings.

The alloy exhibits extensive macro segregation of
aluminium when cast in the ordinary gravity casting route
due to the difference in densities of Al and Zn [88,89].
The segregation problem only gets aggravated when
centrifugal casting methods are adopted due to the role
of centrifugal forces [90], even when casting under the
influence of optimum processing conditions. The lighter Al
rich ‘a’ phase always floats in the melt, occupies the casting
inside surface relegating the Zn rich, heavier eutectic phase
to the exterior surface of the casting. This leads to an
aluminium rich inner surface due to the abundance of Al in
the ‘a’ phase resulting in the macro-segregation of Al to the
inner surface. The extent of Al macro segregation, however,
can be lowered by lowering both, the pouring temperature
and the pouring rate. In this case lower extents of the Al
rich ‘a’ phase can float and get pushed to the inner casting
surface, thus, decreasing the macro segregation of
aluminium. However, the final solution to the macro
segregation of Al can be reached by the addition of Mn to
the Zn-A27 alloy since neither the pouring temperature nor
the pouring rate could be lowered beyond a certain limit.
The resultant, high temperature MnAl6 [91] phase can
decrease the active sites of Al rich ‘a’ phase nucleation,
lessening the extents of migration of the Al rich phase in the
melt. This can make the centrifugal casting of Zn-A27
alloy, viable.

2.2.3.2 Melt-mould interfacial reactions in Ti-Al alloys

The Ti-Al alloy (Ti-40%, Al-47.5%, V-2.5%, and Cr-1%)
under consideration, is categorized as a high performance
material. It has low density and good inherent mechanical
properties at both low and high temperatures [92,93] and
suitable for use in both aerospace and automobile
industries. It is claimed [94], centrifugal casting methods
are best suited for casting of this alloy. The alloy cast in the
centrifugal casting route exhibits reduction of shrinkages,
inclusions and minimum casting defects with an improve-
ment in the structure development [95,96]. However, the
interfacial melt-mould reaction during its centrifugal
casting constitutes an important fabrication concern
[94]. There is a possibility of cracking and low stability
of the mould which renders the mould brittle when the
casting operation is carried out at high temperatures. Thus,
casting temperature, i.e, the pouring temperature, con-
stitutes one of the most important factors for governing the
mould-melt interface reactions. In order to have a greater
insight into the interfacial reactions, Yanwei et al. [94]
employed a Zirconia (ZrO2) mould with a surface coating
that mostly contained Yttrium (71% Y2O3). The pouring
temperature was maintained at 1600 °C, 1650 °C and
1700 °C respectively. Both ZrO2 and Y2O3 decomposed to
the elemental Y, Zr and ‘O’ and the elements diffused into
the mould substrate initiating chemical reactions with Ti
and Al forming several new phases. With the rise of
temperature more and more ZrO2 and Y2O3 decomposed
and the thickness of the interfacial reaction layer between
the elements in the mould and the matrix at the interface
increased. The freshly generated reaction products in-
creased the hardness of the casting at the interface which
gradually diminished from the interface to the inner
substrate of the casting [97] and the possibility of cracking
and low stability of the mould was lessened making
centrifugal casting of the alloy a viable proposition.

2.2.3.3 Centrifugal casting of 5500Al-Mg alloy

The 5500 Al-Mg alloy is of significance owing to its
suitability in several applications requiring light weight
coupled with high strength. The alloy also possesses good
corrosion resistance, high temperature mechanical proper-
ties and good wear resistance. Optimizing the process
parameters by the use of Taguchi method of design of
experiments, Shailesh et al. [98] studied the effect of
different processing parameters on the mechanical char-
acteristics of 5500 Al-Mg alloy. The process parameters
included pouring temperature, mould pre-heat tempera-
ture, rotational speed of themould etc. An augmentation of



Fig. 6. Simulated and experimental macrostructures of an Al–1.0mass%Si alloy with a mould velocity of 200 rpm and a pouring
temperature of 760 °C for various mould preheat temperatures: (a) 10 °C, (b) 70 °C, and (c) 150 °C [35].
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mechanical properties could be evidencedwhen the pouring
temperature was low. At a low pouring temperature the
cooling rate was high leading to an increase in the rate of
nucleation. As a consequence the grain structure got
refined and the mechanical characteristic properties got
enhanced. On the other hand, at a high pouring
temperature the solidification rate decreased accounting
for a columnar grain structure with a decrease in the
ultimate tensile strength of the casting. The pouring
temperature is thus, established as an important processing
parameter.

2.3 Pre-heating and cooling of the mould

Control of the freezing pattern of the mould housing the
melt, decides the size, shape and orientation of the grains
and the degree of true metallic continuity of the casting.
The nature of freezing of the casting can be varied by
heating the mould prior to metal pouring. Also, by
selecting the mould material with different thermal
properties and employing external cooling arrangements,
the rate of dissipation of heat from the mould to the
ambience can be varied. Such variations are bound to
decide the casting characteristics in terms of the cast
structure developed and its soundness including segrega-
tion/distribution of the reinforcement phase in the
centrifugal casting.
2.3.1 Mould pre-heating and characteristics of centrifugal
casting produced

The predicted grain-structure of the solidified centrifugal
casting, in relation to the pre-heat temperature of the
mould, is presented in Figure 6 [35]. This is obtained
adopting a classical cellular automation technique [36],
using Al-1.0 mass% Si alloy at a constant mould rotational
speed and pouring temperature at various mould tempera-
ture. As seen in Figure 6c, at constant melt temperature
andmould rotational speed, the secondary columnar grains
become broader and prominent when the mould preheat
temperature is increased. Also, under these conditions the
equiaxed grains become finer. However, when the mould is
heated to a relatively lower temperature, the rate of cooling
of themould is increased, more nuclei are generated and the
viscosity of the melt is also increased restricting the
transport of nuclei in the melt. At the enhanced cooling
rate, extended extents of undercooling are induced and
large proportions of the generated nuclei, become stable.
There is mutual impingement of the large amount of nuclei
generated, with their neighboring counterparts during the
course of their growth with the concurrent growth
restrictions (Fig. 6b). As a consequence of the above, the
grains are not free to grow. The columnar grains becomes
restricted and grain refinement is encouraged. Here, the
rate of nucleation takes over the rate of growth. Thus, as
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predicted, at low mould pre-heat temperature, a resultant
fine grain structure is obtained (Fig. 6a).

The above mentioned predicted solidification grain
structure, at various mould temperatures pertaining to
Al-1.0mass%Si alloy, is well supported by the experimental
work done by Feng et al. [99] concerning centrifugal casting
of Ti based (Ti-6Al-4V) alloy extensively used in the
aeronautical and aerospace engineering [100]. Mould pre-
heat temperatures of 673K, 773K and 873K were adopted
for casting of thin walled, vertical cylinders of the alloy
with two different wall thicknesses. In order to improve the
quality of the castings by closing the porosities/ cavities in
the castings, these were pressed under hot isotropic
pressure conditions (HIP). The as cast and HIPed
microstructure were compared. It was observed that the
higher cooling rates generated at lower pre-heat temper-
atures of the mould, produced a much finer grain structure.
At a higher pre-heat temperature of the mould, however,
the solidification rate decreased and the number of
porosities decreased dramatically. In this case the grain
structure was coarsened and the soundness of the cast
product was improved. Though, the coarse grain structure
could decrease the strength properties of the casting, the
investigators [99] observed, the effect attributed to the
coarsening of the grain stricture was only secondary to the
positive effects of elimination of the cast-pores. For the post
HIPed samples cast at a high mould pre-heat temperature,
the hot isotropic pressure tended to coarsen the micro-
structure under the influence of the prevailing high
pressure and temperature conditions. The coarsened
microstructure imparted a decreasing tendency to the
strength and ductility properties of the casting. It was also
noted that the overall grain size in the thicker section of the
casting was larger in comparison to the thinner section,
which could set up a comparatively higher cooling rate.
However, under these conditions higher extents of cast
pores could be evidenced in the thinner section. This was
because, the enhanced rate of cooling of the thinner sections
resulted in a faster solidification rate not allowing the
completion of expulsion of gases from within the casting.
The post HIPed samples for the lower mould pre-heat
temperature castings showed smaller extents of micro pores
due to the HIPping processing. The tensile properties and
ductility of these samples got enhanced.

The mould pre-heat temperature, thus, can decide the
extent of refinement of the grain structure of the casting.
A decrease in the grain size exhibits an increasing tendency
of strength properties of the casting [101–103]. In the
instant case, the investigators [99] report that an increase
in the mould pre-heat temperature (673–873K) resulted in
a decrease in the microhardness of the casting. Also the
increase in the mould pre-heat temperature increased the
fracture toughness and fatigue crack growth (FCG)
resistance of the centrifugal casting.

2.3.2 Mould cooling rate and the centrifugal casting
characteristics

Use of different mould materials based on their thermal
properties and the adopted cooling systems for the cooling
of the mould in conjunction with pre-heating of the mould
to different temperatures, for alterations in the tempera-
ture distribution and rate of cooling of the centrifugal
casting, have been investigated by many investigators
[25,95,104–106]. Such alterations, it is claimed, can bring in
improvements in high temperature strength [107] and
wear resistance in Al matrix composites [106,107] by
manipulating the distribution of reinforcement particles
and alterations in the microstructure of the matrix.
Investigations conducted by Huang et al. [95], is an
example of the above. The investigators fabricated
aluminium cast pistons with SiC particles reinforcement
and reported that an increased mould pre-heat tempera-
ture enhanced the segregation of hard SiC particles
imparting good wear resistance to the casting surface.
The low viscosity of the melt at the prevailing high
temperature accounted for greater motion of the dense SiC
particles, assisting such segregations. Luan et al. [25]
employed moulds made up of different materials with
different thermal properties heated to different pre-heat
temperatures to enhance the temperature gradient of the
solidifying casting. The solidification rate is directly
proportional to the temperature gradient and undercooling
in the melt. The investigators [25] claim, by decreasing the
mould pre-heat temperature (at a given super heat of the
melt) the undercooling was increased, the temperature
gradient was stiffened and the solidification rate could be
increased. This resulted in a finer grain structure improving
the mechanical characteristics of the casting, such as its
wear resistance and thermal fatigue properties. An
example of the altering cooling rate by the use of specific
mould material and the cooling arrangement adopted, can
be seen in the experimental work of Zhang et al. [108], while
casting of Al-Mg2Si alloy tubes in the centrifugal casting
route. Clearly, at high cooling rates (copper mould and
water cooling) the grain structure was much refined
compared to a relatively low cooling rate (graphite mould).
The effects of cooling rate have been presented in Figure 7.
The findings of Halvee et al. [109] investigating with Tin,
Bronzes and the C92200 alloy cast in the centrifugal casting
route are also in line with the reports of Zhang et al. [108].
3 Illation

The process parameters involved with fabrication of
castings in the rotating mould include the rotational
velocity of the mould, the temperature of the mould prior
to pouring, the temperature of pouring, the mould
material, the mould cooling system and the alloy
constituents of the melt. Consistent, continued efforts
are on to establish relationships between macro-structural
morphology and the different casting parameters. Despite
the above, impacts of the casting parameters on solidifica-
tion pattern and the associated considerations based on
qualitative as well as quantitative assessment have not
been fully ascertained. Attempts at designing of optimum
casting parameters concerning centrifugal casting for
obtaining a specified microstructure and an advantageous
segregation pattern, keeping the end-use in mind, have not
been fully successful. Yet, based on the findings of several
investigations, techniques of casting in a rotating mould



Fig. 7. Microstructures in outer surfaces of Al-15Mg2Si alloy tubes obtained by using: (a) graphite mould; and (b) copper mould with
water cooling [108].
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have been adopted successfully for the fabrication of
articles for use in different fields of applications. It is indeed
claimed that the centrifugal casting can be tailored to meet
specific necessities by the control of different casting
parameters.

The rotational speed of the mould should be optimum/
critical to ensure that all of the liquid metal fed into the
mould, is lifted and held tightly on the inside mould
surface. The critical speed is a function of the mould
dimensions, volume and viscosity of the melt including the
composition of the liquid metal. A casting with poor
irregular inside surface results below the critical speed of
rotation of the mould on account of the instability in the
liquid metal. Similarly, if the speed of rotation is above the
critical speed of the mould, imperfections are witnessed in
the casting with development of hot tears on its surface.
Therefore, adoption of the optimum speed of rotation is
advisable. The casting, in this case, exhibits good
mechanical properties and lessened wear rate. It may,
however, be noted that tubes with low wall thicknesses
involving a low volume of the melt, must be processed at a
relatively high speed of rotation for good inner surface
finish and for obtaining an uniform wall thickness.
An increased rotational speed enhances grain refinement
by installing a higher solidification rate, while a low
rotational speed induces instability, creates vibrations in
the melt and may result in the detachment of the tips of the
dendrules, again initiating a process of grain refinement.
The revolution of the mould is also responsible for
distribution of the second phase, inclusions etc., in the
solidifying melt. Thus, for a specific end use the
microstructure and the macro segregation can be tailored
by adopting a suitable mould rotational speed along with
other processing factors such as the mould material, alloy
constituents of the melt, melt-pouring temperature and the
resultant thermal gradient, etc. However, it is necessary to
conduct further studies for any concrete opinion on the above.

A casting produced in a rotating mould is often
characterized by a banded microstructure which is closely
in association with both, the process of segregation of the
alloying elements and the impurity atoms held in the melt.
The structure consists of concentric zones of dissimilar
micro structure which is a structural irregularity known as
Banding. Banding, however, is not witnessed in small
castings involving lower centrifugal forces. The pattern of
segregation depends on the mode of freezing. All of the
processing factors as also the rpm of the mould have a say
on the mode of freezing, thus contributing to the pattern of
segregation. Macro segregation is prompted by the
relative motion between the solid and the liquid phases
in the mushy zone and rejected solute atoms at the
solidification interface. The physical displacement of the
phases may be initiated by the liquid movement in the
solid/liquid zone on account of thermal variations,
solidification shrinkages and density variations in the
inter dendritic zone in the solidifying melt. Macro
segregation can be normal or inverse and occurs either
in the equiaxed grains or in a columnar structure pertaining
to the two cases respectively.

The mechanical properties of a casting are upgraded
with grain refinement. The grain size and pouring
temperature of the liquid metal, are intimately co-related.
A lower pouring temperature produces a smaller grain size
and reduced dendritic arm spacing (DAS) by enhancing the
chilling effect. On the other hand, with the adoption of a
higher pouring temperature the solidification time gets
elongated permitting the nuclei to grow over a longer
period, encouraging a coarse, columnar grain structure.
The pouring and mould temperatures along with the ‘G’
factor that depends on the rpm of the rotating mould,
decide the graded distribution of the reinforcement
particles in the FGMs. It is obvious that at high
temperatures, the viscosity of the melt is lowered and
the solidification rate is lowered. This assists the ease and
prolonged movement of the reinforcement particles in the
melt. Thus, stronger graded distribution is prompted when
the pouring temperature is increased. The pouring
temperature also decides the cooling rate of the casting.
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Along with the mould temperature, the system adopted for
mould cooling also decides the grain structure including the
associated mechanical properties of the casting.

Control of freezing pattern of the casting decides the
end use of the casting by dictating the structure and
soundness of the casting. It is worth mentioning, the
pouring rate, the pouring temperature, mould material,
mould temperature and themould cooling system can all be
appropriately selected to control the freezing pattern. As a
consequence, the second phase particles undergo desired
graded distribution and considerable refinement of the
grain structure can also be made possible.

The above would reflect the importance of investiga-
tions conducted pertaining to the process of casting in a
rotating mould. Attempts have been made extensively to
characterize the centrifugal casting process in terms of the
processing parameters and to correlate these with the
characteristic properties concerning the casting.
The results are encouraging and many queries regarding
the mechanical characteristic properties of the casting
obtained adopting the centrifugal casting route have been
adequately answered. However, there still exists a lot to be
understood. For example, adequate mention is not
available in the literature concerning the intricacies of
the solidification structure developed in castings produced
in a rotating mould and the impact of the same on the
characteristics of the casting. Literature also does not
provide sufficient information highlighting the different
types of fluid flows as applied to the motion of the melt in a
rotating mould and the associated property developments
in the real life case. Although, the unfailing, definite impact
of the casting variables on the solidification morphology
cannot be denied at any level, there exists a lack of clear
understanding, as on date, concerning the same, pertaining
to the effect of these variables on the cast-structure
developed which influence its characteristic mechanical
properties. Thus, it has not been possible to design the
casting conditions pertaining to centrifugal casting such
that the desired uniform structure that reflects the
characteristic properties of the casting, is obtained.
Though, computer simulation techniques are used to
carefully deal with a large number of process parameters
simultaneously, experimenters are still not able to strike a
fully acceptable correlation between the simulated and the
real-life case. Despite the above, the versatility of casting in
a rotating mould that affects the cast structure and
soundness, the segregation pattern, specifically the grada-
tion of the reinforcement particle distribution in the melt,
paves a way for a considered application of the method in
various fields.

4 Research gap

A careful insight would reveal, much effort has been made
by several researchers to throw light on various aspects of
casting in a rotating mould. Yet, many of the intricacies of
the process including its specific participation concerning
property enhancement of the product have not been
exploited by the researchers at length. The reasons for the
same may be many, but for a detailed analysis of the
process and its specific utility in the manufacturing
industry, it is most desirable that efforts must be initiated
to answer to the following research gap:

–
 General rules have to be formulated to reflect the effect of
rotational speed of the mould on the cast structure which
will enable one to analyze the mechanical performance of
the casting.
–
 In this respect due considerations must be given to the
factors which are, in general, not considered by the
researchers. These include ‘mould vibration’, ‘lowering of
the thermal gradient with lapse of time in the liquid
metal’, ‘fragmentation of the tip of the dendrites during
solidification’ etc. These factors would govern the final
structure of the casting and through light on the detailed
cast structure such as the extent of equiaxed structure,
columnar grains etc.
–
 The types of fluid flow in a rotating mould have not been
studied as it is a cumbersome process. Due considerations
must be attached to this aspect since fluid flow in the
rotating mould decides the structural and property
development aspects in the centrifugal casting.
–
 Appropriate, accurate and sufficient computer simula-
tion techniques must be developed to analyse the
centrifugal casting process. This would help one to
establish an acceptable correlation between the simulat-
ed case and real life case.

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
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