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How would you…
…describe the overall significance 
of this paper?

Flow of molten metal plays a vital 
role in Al-Si alloys cast through 
centrifugal casting. Not much 
literature is available in this regard. 
An initial work in this area is 
reported in this article.

…describe this work to a 
materials science and engineering 
professional with no experience in 
your technical specialty?

Fluid flow in casting plays a 
predominant role in getting good 
quality cast tube. Not much 
literature highlights the importance 
in this area. Some work in this area 
is highlighted in this paper.

…describe this work to a 
layperson?

Generally, lay persons cast tube 
with no technical background 
regarding properties. This paper 
gives information on the effect of 
rotational speed on centrifugal 
casing, and, in turn, its mechanical 
properties, to improve the quality of 
the product.

True centrifugal casting is a stan-
dard casting technique for the manu-
facture of hollow, intricate and sound 
castings without the use of cores. The 
molten metal or alloy poured into the 
rotating mold forms a hollow casting 
as the centrifugal forces lift the liquid 
along the mold inner surface. When a 
mold is rotated at low and very high 
speeds defects are found in the final 
castings. Obtaining the critical speed 
for sound castings should not be a mat-
ter of guess or based on experience. 
The defects in the casting are mainly 
due to the behavior of the molten metal 
during the teeming and solidification 
process. Motion of molten metal at var-
ious speeds and its effect during cast-
ing are addressed in this paper. Eutec-
tic Al-12Si alloy is taken as an experi-
ment fluid and its performance during 
various rotational speeds is discussed. 

IntrOduCtIOn

Centrifugal casting is a material pro-
cessing technique in which the flow 
pattern of the molten metal during cast-
ing strongly affects the quality of the fi-
nal product. Literature about fluid flow 
in centrifugal casting is very sparse. 
Theoretically, it should be possible 
to produce a true cylinder even when 
the mold is rotated at low speeds. But 
practically, the molten metal has to be 
accelerated to a certain speed to form 
a uniform hollow cylinder. Depending 
upon the conditions of the molten met-
al, there must be an optimum spinning 
speed, at which the molten metal will 
be picked up to form a true cylinder.

Jaluria1 discussed the importance of 
fluid flow in material processing. He 
points out several aspects of fluid flow 
which changes the properties in vari-
ous processing techniques. Bergeles2

describes the modeling of the flow at 

mold surface in continuous casting. He 
validates the results against the experi-
mental data conducted by cold work 
modeling. Janco3 indicates several 
important parameters involved during 
the centrifugal casting process. He ex-
plains the design of gating, importance 
of rotational speed, mold dimensions, 
etc. But he has not done much to ex-
plain the importance of molten metal 
behavior during the process. Ping4 has 
reported that no systematic investiga-
tion of microstructure evolution in 
centrifugal casting has been done, al-
though this information is important to 
know the mechanical properties of the 
material. Chang5 studied the influence 
of process parameters on the micro-

structure formation in vertical centrifu-
gal casting, but not the effect of liquid 
metal during casting.
 Since this casting process (melt, 
mold and cast) is opaque in nature, 
visualization of the molten metal be-
havior is not possible. Moreover, high 
solidification rate also makes visual-
ization of liquid behavior impossible. 
Three processes simultaneously take 
place during casting. The first is the 
fluid flow during rotation, the sec-
ond is the thermal regimes and the last 
is the solidification process of the melt. 
Studying all these three overlapping 
processes is very difficult. Extensive 
research work has to be carried out to 
get an idea of the melt behavior dur-
ing its rotation. Most of the studies of 
liquid metal behavior are done on con-
tinuous casting, where cold modeling 
experiments were compared with the 
final casting.6–10 Similar attempts have 
to be carried out to understand the na-
ture of melt during centrifugal casting.
 Many experiments have been con-
ducted to understand the behavior of 
liquids in a partially filled rotating 
cylinder.11–13 These experiments have 
analyzed the liquid behavior in boil-
ers, chemical engineering, etc. When 
a horizontal cylinder containing some 
liquid is rotated initially, it is able to 
hold a thin coating of liquid due to the 
combined effect of the viscosity and 
cylinder rotation. This uniform coat-
ing formed inside the cylinder surface 
is called “Couette flow.” During rota-
tion at low speeds, the low viscous 
fluid tries to lift from the side wall and 
generates a recirculation zone. These 
recirculation zones are called “Ekmann 
flow.” With the further increase in an-
gular velocity, a thick layer of liquid 
is dragged along the wall and imparts 
a solitary wave-like structure to the 
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thick film. These wave patterns are 
usually approximate reflection symme-
try about the vertical mid plane of the 
cylinder. These patterns are commonly 
known as “Taylor flows.” From litera-
ture, there are no observations made 
on these flows in centrifugal casting. 
Probably there is no literature explain-
ing the properties involved about these 
flows in comparing with actual cast-
ing. We have conducted cold modeling 
experiments and explained the proper-
ties influencing the fluids in a rotating 
horizontal cylinder.14,15 These patterns 
are observed for low viscosity in cold 
modeling. Higher viscous fluids hardly 
generate Taylor flows, since it gets eas-
ily lifted by the mold at low rotational 
speeds. For a given diameter of the 
mold, these patterns are generated for 
the same range of rpm with a change in 
thickness of the cylinder. These flows 
are then compared with low melting 
metal tin.16 Tin exhibited Couette, Ek-
mann, and Taylor flows when rotated 
at low rotational speeds. At optimum 
speed a uniform cylinder was obtained. 
Extending this work, the behavior of 
high melting eutectic Al-12Si alloy is 
studied to understand the role of opti-
mum speed during this process. Influ-
ence of various casting variables such 
as mold rotating speeds, melt volumes 
or casting thicknesses on the flow pat-
terns and solidification process in the 
centrifugal casting have been studied 
in detail. 
 The experimental apparatus consists 
of a centrifugal casting machine, where 
a mold is connected through a shaft to 
a 2HP DC motor (Figure 1). The speed 
of the motor can be varied from 20 rpm 
to 2,000 rpm. The mold dimensions are 
8.1 cm diameter, 14 cm length and 6 
cm thickness. 

reSultS  
And dISCuSSIOn

Appearance of the Castings

Melting Temperature at 800ºC

 In this experiment, molten metal to 
form 4 mm thickness cylinder is poured 
into the mold and all of it is not picked 
up immediately. It tries to move in the 
axial direction because of its high flu-
idity. During low rotational speed of 
200 rpm (Figure 2a), a thin layer of the 
metal is carried by the mold surface 

Figure 1. Actual centrifugal 
casting setup.

a b

c d

Figure. 2. Al-12Si casting 
(4 mm thick) (a) 200 rpm, (b) 
400 rpm, (c) 600 rpm, and (d) 
800 rpm.

a                                              b                                              c
Figure 3. Al-12Si castings (6 mm thick): (a) 400 rpm, (b) 600 rpm, (c) 1,000 rpm.

Figure 4. Al-12Si casting 
(4 mm thick): (a) 600 
rpm, (b) 800 rpm, (c) 
1,000 rpm, (d) 1,200 rpm 
(L–R, respectively). 
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and simultaneously, it moves along the 
axis. The inner mold surface is covered 
with the molten metal, forming Couette 
Flow. The end wall also lifts the molten 
metal and forms Ekmann flow. Initially 
the molten metal has low viscosity and 
forms Couette and Ekmann flows. Fur-
ther increase in the rotational speed of 
the mold to 400 rpm enables the rapid 
movement of the liquid metal along the 
axial direction resulting in the forma-
tion of Taylor band in the final cast-
ing (Figure 2b). The Taylor bands are 
formed at the time of teeming of the 
melt where it possesses low viscosity. 
A uniformly thick full cylinder is ob-
served at 600 rpm (Figure 2c). This is 
possible due to the molten metal get-
ting along the circumference of the in-
ner mold, thus avoiding other types of 
flows. The driving force acting on the 
molten metal is sufficient so that it is 
carried along the inner surface of the 
mold before it gets solidified, forming 
a full uniform cylinder. If the rotational 
speed is further increased to 800 rpm, 
an irregular pattern or shape is seen in 
the final casting as shown in Figure 2d. 
This is possibly due to the quick lifting 
of the liquid metal, hence limiting its 
axial movements.
 In the case of 6 mm thick cast tube, 
if the rotational speed of the mold is in-
creased to 400 rpm the liquid metal is 
in turbulent mode and a series of band 
patterns (Taylor Flows) are observed 
in the final casting (Figure 3a). A full 
uniform cylinder casting is possible 
to be obtained at 600 rpm (Figure 3b). 
The molten metal is found to be picked 
up rapidly and also held firmly to the 
mold without slippage or raining at this 
speed. Further increase in rotational 
speed to 1,000 rpm leads to a disturbed 
surface on the final casting (Figure 3c).
 During rotation at low speeds, the 
melt exhibits these flows initially be-
cause of its low viscosity. These obser-
vations are also seen in water having 
low viscosity.14,15 As viscosity changes 
gradually, probably these flows held 
stationary and its impressions are ob-
served in the final casting. For a given 
dimension of the mold, a uniform liq-
uid cylinder is formed at a particular 
rotational speed and varies linearly 
with the thickness of the liquid cylin-
der. This explanation differs in the case 
of centrifugal casting. Here the volume 

Figure 5. Microstructure of 4 mm thick Al-12Si at (a) 200 rpm outer, (b) 200 rpm middle 
surface, (c) 200 rpm inner surface, (d) 400 rpm outer surface, (e) 400 rpm middle surface, 
(f) 400 rpm inner surface, (g) 600 rpm outer surface, (h) 600 rpm middle surface, (i) 600 
rpm inner surface, (j) 800 rpm outer surface, (k) 800 rpm middle surface, (l) 800 rpm inner 
surface of the casting.
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Figure 6. Al-12Si (6 mm thick) at (a) 400 rpm outer surface, (b) 400 rpm middle surface, 
(c) 400 rpm inner surface, (d) 600 rpm outer surface, (e) 600 rpm middle surface, (f) 600 
rpm inner surface, (g) 1,000 rpm outer surface, (h) 1,000 rpm middle surface, and (i) 1,000 
rpm inner surface of the casting.
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to chilling effect of the molten metal 
when it comes in contact with the cold 
mold. The metal gets a lift along the 
circumference of the mold and the heat 
transfer takes place only through con-
duction. A needle-shaped and primary 
silicon is seen at the middle and inner 
surfaces of the cast tube. 

With 6 mm thickness cast cylin-
der and with the increase in rotational 
speed to 400 rpm, the solidification 
rate increases and a fine structure at the 
outer surface is observed. Primary sili-
cons were seen at the middle and inner 
surface due to low cooling rate (Figure 
6a–c). With the casting made at 600 
rpm, a fine structure is seen on the three 
surfaces indicating that it has good me-
chanical properties, Figure 6d–f. With 
the further increase in rotational speed 
to 1,000 rpm (Figure 6g–i), the molten 
metal gets lifted instantaneously and 
the solidification takes place due to 
conduction of the molten metal. Den-
drite structures are seen at the middle 
and inner surface of the cast tube. 
Moreover, primary silicon is also seen 
at the inner surface due to low solidifi-
cation rate. 
 During the teeming temperature of 
850ºC, a fine equiaxed structure is ob-
served along the radial direction for the 
cast tube prepared at a rotational speed 
of 800 rpm, whereas dendrite structure 
and primary silicon are noticed at the 
specimen cast at other rotational speeds 
of the mold.

determInAtIOn Of 
HArdneSS VAlueS 

 The hardness values of the sample 
were determined using the Brinnel 
hardness test with 5 mm steel ball in-

of the melt charged into the rotating 
mold leads into the increase in the con-
tact area of poured metal. This leads to 
a larger area of the metal to drive along 
the inner surface of the mold. More-
over, the melt during rotation initially 
covers the entire circumference of the 
mold and solidifies, forming a thin 
strip of metal. The subsequent layer of 
the molten metal then comes in con-
tact with the metal which was already 
solidified and the driving force of the 
melt increases gradually. Moreover, 
the viscosity of the molten metal also 
increases. Probably due to this reason, 
with the increase in thickness of the 
casting tube, the rotational speed re-
quired for the formation of a uniform 
cylinder takes place at same range of 
rotational speeds.

Melting Temperature at 850ºC

 The change in the pouring tempera-
ture also influences the appearance of 
the casting. With the teeming temper-
ature of 850ºC, for the cast made for  
4 mm thick is shown in Figure 4. At 
600 rpm, during teeming the molten 
metal into the mold, it gets a lift along 
the circumference of the inner surface 
of the mold avoiding axial movement 
and non uniform cast tube is formed. 
This is perhaps due to the increase in 
viscosity of the molten metal. It re-
quires larger drive force to spread the 
molten metal uniformly and simultane-
ously getting a lift from the mold in-
ner wall. This happens when the mold 
is rotated at 800 rpm, where a uniform 
hollow cylinder is formed. Again an ir-
regular shaped cast tube is formed with 
an increase in rotational speed to 1,000 
and 1,200 rpms.

Microstructure of the Casting

 The microstructures of the Al -12Si 
alloys of 4 mm thickness, rotated at 
200 rpm, 400 rpm, 600 rpm, and 800 
rpm are shown in Figure 5. It is ob-
served that the rotational speed had 
very strong influence on the micro-
structure of the specimens. At rotation-
al speed of 200 rev/min., Figure 5a–c, 
the molten metal nucleates and a solid  
liquid interface is created. The temper-
ature continues to decrease below the 
equilibrium freezing temperature and 
the liquid phase has transformed into a 
solid phase. Since there is more molten 
metal to solidify, the liquid phase ex-
ists for longer time. There are needle-
shaped eutectic silicon at the outer sur-
face and primary silicon at the middle 
and inner surface. Figure 5d–f shows 
the microstructure of the specimen cast 
at rotational speed of 400 rpm. The mol-
ten metal here was in turbulent stage 
forming Taylor flow. A large number of 
primary silicon has broken into smaller 
pieces at the middle and inner regions. 
Silicon with needle-shaped structure 
is exhibited at the outer surface. With 
the increase in rotational speed to 600 
rpm, Figure 5g–i, the solidification 
rate was more at this stage. The mol-
ten metal crosses the turbulent stage 
rapidly and directly gets lifted by the 
mold inner surface forming a full cyl-
inder. Fine silicon particles exhibiting 
good mechanical properties were ob-
served across the section of the casting. 
With the increase in rotational speed to 
800 rpm, Figure 5j–l, the molten metal 
gets lifted immediately after it is be-
ing poured onto the mold. Fine struc-
tures are seen at the outer surface due 

Figure 7. Al-12Si alloy 
(4 mm thick) hardness 
as a function of mold 
rotational speed, teeming 
temperature of (a) 
800ºC and (b) 850ºC.
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•	 For 4 mm and 6 mm thick, it is 
seen that at lower rotational speed 
of the mold, the Couette, Ekmann, 
and Taylor flows will be prevalent 
leading to castings with irregular 
inner surface. For teeming tem-
perature of 800ºC, a uniform hol-
low casting was obtained at 600 
rpm and at teeming temperature of 
850ºC, a full cylinder was formed 
at 800 rpm. An irregular shaped 
cast tube was formed with the 
above and below these rotational 
speeds.

•	 The centrifugal cast sample shows 
a fine to coarse microstructure 
from the outer to inner casting. 
Dendrite structures dominate at 
the lower rpm of the casting and 
at optimum speed of rotation of 
the mold, a fine equiaxed structure 
was seen at the outer and inner 
zones of the casting.

•	 The BHN was found to be the 
same at optimized speed and were 
varying at different speeds.

ACknOwledgement

 The authors acknowledge Dr. N.R. 
Shetty, director, and Dr. H.C. Nagaraj, 
principal, Nitte Meenakshi Institute of 
Technology, Yelahanka, Bangalore for 
their kind support for this project.

references

1. Yogesh Jaluria, J. Fluid Engineering, 123 (June 
2001), pp. 173–210. 
2. G. Bergeles and J. Anagnostopoulos, Metall. Mater. 

denter. The thorough cleaning of the 
mating surface of the indenter, plunger 
rod, and test samples so as to remove 
dirt, scratches, and oil was done. This 
is followed by calibration of the test-
ing machine using the standard block. 
The outer surface of the sample was 
placed on the die, which acts as sup-
port for the test samples. A minor load 
of 10 kg was applied to the sample in 
a controlled manner. Without inducing 
impact or vibration a zero datum posi-
tion was established. The load was then 
removed by returning the crank handle 
to the latched position. The hardness 
value was read directly from the semi-
automatic digital scale. Five readings 
were taken for each sample with the 
average value taken as the hardness 
value for each sample.
 Figure 7 shows the hardness of the 
outer surface and inner surface with re-
spect to rotational speed of the mold. It 
is seen that at pouring temperature of 
800ºC and for 4 mm thick Figure 7a, a 
similar hardness for the outer and inner 
surface was seen at 600 rpm. But as the 
pouring temperature was increased to 
850ºC, the outer and inner surface of 
the casting had same hardness at 800 
rpm, for 4 mm thick cast tube Figure 7b.

COnCluSIOnS

 The Al-12Si centrifugal castings 
were made at different rotating speeds 
and for different wall thicknesses of 
castings. From the above, the follow-
ing points can be concluded:

Trans. B, 30B (1999), pp. 1095–1105.
3. Nathan Janco, Centrifugal Casting (Schaumburg, IL: 
Americal Foundrymen’s Society, 1988).
4. Wu Shi Ping et al., Mater. Sci. and Eng. A, 426 
(2006), pp. 240–249.
5. S.R. Chang, ISIJ International, 41 (7) (2001), pp. 
738–747.
6. B.G. Thomas and R.M. McDavid, Metall. Mater. 
Trans. B, 27B (1996), pp. 672–685.
7. H. Fredriksson and C.M. Raihle, Metall. Mater. Trans. 
B, 25B (1994), pp. 123–133.
8. I.V. Samarasekara and J.K. Brimacombe, Canadian 
Metallurgical Quarterly, 18 (1979), pp. 251–266.
9. I.V. Samarasekara et al., ISS Transaction, 5 (1984), 
pp. 71–77.
10. I.V. Samarasekara et al., Metall. Trans. B, 22B 
(1991), pp. 861–873. 
11. S.T. Thoroddsen and L. Mahadevan, Experiments 
in Fluids (New York: Springer-Verlag, 1997), pp. 1–13.
12. S.K. Wilson, R. Hunt, and B.R. Duffy, Q.J. Mech. 
Appl. Math., 55 (3) (2002), pp. 357–383. 
13. J.M. Lopez et al., J. Fluid Mech., 502 (2004), pp. 
99–126.
14. P.G. Mukunda et al., “Understanding Fluid Flow Be-
haviour in Cetrifugal Casting” (Presented at AFI/TFI-
2007, Sendai, Miyagi, Japan, 14–15 December 2007).
15. P.G. Mukunda, Shailesh Rao A., A.S. Kiran, and 
Shrikantha S. Rao, J. Appl. Fluid Mech., 2 (1) (2009), 
pp. 47–51. 
 16. Shailesh Rao A., P.G. Mukunda, and Shrikantha S. 
Rao, Canadian Metallurgical Quarterly, 48 (2) (2009), 
pp. 157–163.

Shailesh Rao Agari is working as Professor and 
Head, Department of Mechanical Engineering, K S 
Group of Institutions, Bangalore; P.G. Mukunda is 
with the Department of  Mechanical Engineering, 
Nitte Meenakshi Institute of Technology, Banga-
lore, Karnataka, India; Shrikantha S. Rao, Assis-
tant Professor, is with the Department of Mechani-
cal Engineering, National Institute of Technology 
Karnataka, Surathkal, Karnataka, India; and K.G. 
Sudhakar, Professor, is with the Department of Me-
chanical Engineering, Dayanand Sagar College of 
Engineering, Bangalore, Karnataka, India. Dr. Rao 
Agari can be reached at shaileshrao@rediffmail.
com.




