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Abstract: The bubble migration in liquid titanium melt
during vertical centrifugal casting process has been
investigated by hydraulic experiments. Results show
that the gas bubble in the simple cavity ultimately
migrates like a line parallel to the wall in the opposite
direction to the rotational casting mould. The deviation
distance of the bubble in the simple geometry cavity
tends to increase with the increment of the mould rota-
tional speed during the migration process. And the gas
bubble is much easier to migrate like a line when its
initial position is nearer to the casting mould wall
which is opposite to the mould rotational direction. The
migration trajectories of bubbles located at different posi-
tion in the complex cavity are more complicated than that
in the simple cavity. The casting mould in the complex
cavity can hamper both the radial movement and the
circular movement of the bubble. And gas bubbles will
gather, re-nucleate and form new bigger bubbles beside
the casting mould wall. The re-formed gas bubbles in the
complex cavity become bigger than which escape from
bubble generation chamber.
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Titanium alloys have been widely used in both military
and commercial aircraft for its excellent properties, such
as low density, high specific strength and good creep-
resisting property under high temperature [1–3].
However, the melting temperature of titanium alloys is
high, and the viscosity of the melt is high, consequently
the fluidity of the melt is poor [3]. Therefore, it is rather
difficult to improve the filling property of the melt by
increasing the pouring temperature. While the filling
property can be improved by the centrifugal force devel-
oped by the high rotation speed during vertical centrifu-
gal casting process for the filling time and the
temperature decline degree can be reduced by the high
centrifugal force, and hence improve the melt fluidity.
Therefore, most of the titanium castings with big size
and complex geometry structure are mainly produced
by vertical centrifugal casting technology [4]. On the
other aspect, titanium alloys show very high chemical
activity at high temperature, and gases have high solubi-
lity in molten titanium alloys [5, 6]. The state of gases in
the titanium alloy melts are mainly in the form of “solu-
tion” or “solid solution” state [7, 8]. When the titanium
alloys solidify, the gas solubility become smaller for the
temperature drop of the liquid titanium alloy melts.
Consequently, the gas solubilized in the melt escape
from the liquid melt and bubbles eventually form in the
alloys. Then some of the bubbles precipitate on the solid
surface and form surface or subsurface porosity, while
some of them are remained in the casting and form inner
pores [9, 10].

Many researchers have observed the blowholes formed
in the titanium alloys by x-ray radiography [7, 11], Neutron
radiography inspection [8], numerical simulation analysis
[12] and theoretical analysis [13], etc. Watanabe I. et al. [7]
detected the casting porosity by x-ray radiography and cal-
culated the porosity level by quantitative image analysis.
Hero et al. [11] studied the porosity by x-ray radiography
and density measurements. W.J. Richards et al. [8] inspected
mold face coat inclusions in titanium investment castings by
the neutron radiographic system of which the detection
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ability of the defects in the precision titanium alloy castings
was highly improved. Chai et al. [12] studied the high Nb-TiAl
alloy blade casts produced by investment casting process
with numerical simulation method and results show that the
shrinkage porosities in gravity casting are much more and
dispersed than those in centrifugal casting. Sui et al. [13]
studied the gas solubility, nucleation conditions, and
nucleation rate, etc. in centrifugal casting liquid metal filling
process by theoretical analysis.

The existence of gas holes and porosity in castings
can greatly reduce their mechanical properties, air tight-
ness, physical and chemical properties, and even can
result in the rejection of casting. Measures must be
taken to reduce or even prevent the gas defects in the
titanium alloy castings. Watanabe’s results show that
smaller amount of porosity can be obtained by choosing
an argon pressure difference and the smallest amount of
porosity (approximately 0.8%) will be getting in the
specimens cast at 150 torr [7]. The experiments show
that castings without a Ti foil contained little porosity,
but the porosity can be averted by keeping smaller pres-
sure differences between the melting furnace and the
casting cavity [11]. A. Choudhury et al. found that by
increasing the preheat temperature to 1,000℃ can pre-
vent the porosity in the TiAl alloy exhaust valve produced
by the vertical centrifugal casting process [5]. Guttal S
et al. [14] measured the influence of the sprue number
and position on the porosity of cast titanium crowns.
Results show that castings with double sprues have less
internal porosity than those with single sprue. Fu P. X.
and K.Liu et al. [15] studied the centrifugal casting pro-
cess of TiAl exhaust valves and revealed that to moder-
ately increase the gate size can effectively keep the
feeding path open and there are no porosity in the cast-
ing with runner and gating systems in a staggered
arrangement. WU MH et al. [16, 17] calculated the filling
and solidification with different sprue designs (e.g., tree,
ball, and runner-bar) by the MAGMASOFT software, and
gas pore sensitivity were estimated based on the filling
and solidification results. Results show that the sprue
design is one of the most important factors in improving
the property of casting titanium dentures.

As stated previously, the ultimate state of gas poros-
ity, the effect on the casting properties, and how to
reduce the gas porosity in titanium alloy castings have
received considerable research attentions. However, very
little work has been done on the bubble migration in
liquid titanium alloy melt which will affect the formation
of the gas porosity. Thus, the aim of the present work is

to study the bubble migration in the liquid Ti-6Al-4V
alloy melt in the simple and complex cavities during
vertical centrifugal casting process.

Experimental procedure

The rotational velocity range of centrifugal casting
machine used in the model experiment is 0 ~ 1200 rpm,
so different rotational velocities can be selected in the
experiment and its effect on the bubble migration will be
investigated. The high-speed camera used in the study
can take 1,000 pictures per second, and can meet the
need of the experiment. The schematic diagram of
hydraulic simulation apparatus is shown in Figure 1
and the polymethyl methacrylate (PMMA) casting mold
for hydraulic simulation of bubble migration is shown in
Figure 2. The bubble generation chambers were made on
the bottom of the casting mould according to the posi-
tions shown in Figure 2(a), (b), (c), (d) and (e). The
geometry structure of the bubble generation chamber is
shown in Figure 2(f).

In order to study the effect of the geometry structure
on the bubble migration in titanium alloy melt during
vertical centrifugal casting process, the bubble migration
in two different casting mould cavities were studied in the
experiment. The cavities are the casting molds with simple
geometry structure as a “rectangle” and the casting molds
with complex geometry structure as a half of Chinese
characters “Happiness”. The schematic of the casting
molds with simple geometry structure and complex geo-
metry structure are shown in Figure 3(a) and Figure 3(b),
respectively. Different mould rotational velocities (shown
in Table 1) were used in the experiment, and the casting
mould rotates clockwise in the experiment.

The simulated medium in the experiment is mainly
water. From the reference [18] and the data provided by
ProCAST software, we know that the viscosity of water at
6–7℃ is equal to that of the TC4 alloy melt at the liquidus
temperature, that is about 1.45 × 10−3Pa.S. And the visc-
osity of water at 11–12℃ is equal to that of the TC4 alloy
melt with superheat temperature of 100℃, that is about
1.257 × 10−3Pa.S. The room temperature when we did the
hydraulic experiment is about 20℃, and the viscosity of
water at 1.01325 × 105Pa, 20℃ is 1.01 × 10−3Pa.S. Therefore,
the tackifier is added into the simulated water for the
viscosity of water is smaller than the real liquid melt,
and consequently to make the viscosity of the simulated
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medium identical to that of the titanium alloy. Thus, they
can meet the physical simulation similarity criterion of
the titanium alloy during its mold filling in the vertical
centrifugal casting process. In order to make the captured
images more clearly, white background is set on the
bottom of the mould and a certain amount of red dye is
added into the simulated medium.

Before the experiment has been carried out, the bub-
ble chamber is preset on the PMMA casting mold. Then a
small piece of CaC2 particle is put into the dried bubble
chamber and the chamber is tightly sealed. After that, the
PMMA casting mold will be fixed on the centrifugal turn-

table. When the centrifugal turntable is rotating at a cer-
tain stable rotating speed, the simulated medium will be
poured into the rotating casting mold. At the meantime,
the high speed camera is started and the bubble moving
process will be shot until the moving trajectory is steady.

Experimental results and discussions

To the best of our knowledge, titanium alloys are usually
melted and poured in the vacuum induction furnace at Ar

Figure 1: Schematic diagram of hydraulic simulation apparatus for bubble migration in titanium melt during vertical centrifugal casting process.
1—HT6000 frequency converter; 2—Three-phase AC Motor; 3—Hydraulic coupling; 4—Protective covering; 5—Centrifugal plate; 6—Casting
mould; 7—High-speed camera; 8—Data processing system

Figure 2: PMMA casting mold for physical simulation of bubble migration.
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atmosphere. So gas porosities in titanium alloy castings
cannot form in the filling process by air entrapment.
However, the liquid titanium alloy melt will first expose
to the outer wall of the mould during the filling process
and it shows very high chemical activity with the casting
mould wall at high temperature. And gas porosities always
form at the outer surface of casting by the reaction of the
liquid melt and the casting mould after the melt fill the
cavity. Therefore, we will study the bubble migration of
the reactive gas pores in the titanium castings during
vertical centrifugal casting process in the present paper.

Bubble migration trajectory in the simple
cavity

Figure 4 shows the migration trajectory of bubble at
position a), b) and c) in the simple cavity shown in

Figure 2 when the casting mould rotated clockwise at
speed of 300 rpm. From Figure 4(a) and (b) we can see
that the migration of bubble located at position a) and b)

b) 

a) 

Figure 3: The PMMA casting molds and their dimensions.
a) simple geometry cavity; b) complex geometry cavity

Table 1: Selection of mould rotation speed.

Experiment NO. Motor frequency/HZ Rotational velocity/rpm

 . 

 . 

 . 

 . 

b) 

a) 

c) 

Figure 4: Migration trajectory of bubble at different position in
simple cavity (clockwise, 300 rpm).
a) position of Figure 2(a); b) position of Figure 2(b); c) position of
Figure 2(c)
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in Figure 2 during vertical centrifugal casting process can
be divided into the radial movement forward to the cast-
ing rotating shaft and the circular movement opposite to
the direction of the rotating mould. After a period of time,
the bubbles continue to migrate like a line parallel to the
casting mould wall in the direction opposite to the rota-
tional casting mould. From Figure 4(c) we can see that
the gas bubble migrates to the rotating shaft like a line
close to the casting mould wall in the opposite direction
to the rotational casting mould when the bubble posited
at position c).

As is shown in Figure 2, the bubble at position a) in
the simple cavity is posited at the location close to the
mold wall near the rotation direction of the rotating
mould, while the bubble at position b) is posited at the
location at the center line of the two casting mould wall.
And the bubble at position c) is posited at the location
near the mold wall opposite to the rotation direction of
the casting mould. For the casting mold wall has a block-
ing effect on the circular movement, therefore, the migra-
tion trajectory of the bubble at position a) in Figure 2 is a
line close to the casting mould wall in the opposite
direction to the rotation of the mould and the ultimate
migration trajectory of the bubble at position b) and c) in
Figure 2 is like a line close to the casting mould wall in
the opposite direction of the casting mould.

Bubble migration trajectory in the complex
cavity

Figure 5 shows the migration trajectory of bubble at
position d) and e) in the complex cavity shown in

Figure 2 when the mould rotated clockwise at speed of
300 rpm. Compared with the bubble migration trajec-
tories in the simple cavity, the migration trajectories of
bubbles at different position in complex cavity become
more complicated. The gas bubbles in the simulated
liquid at position d) first migrate along the casting
mould wall in the direction opposite to the rotation of
the mould, and then they gather at the white ellipse zone
shown in Figure 5(a) for the blocking effect of the com-
plex geometry shape of the casting mould on the bubble
migration. After the gases reaching a certain amount,
they re-nucleate and form new bigger bubbles along the
casting mould wall and continue to move toward the
rotating shaft of the casting mould. On the other aspect,
we can see that the re-formed gas bubbles in the complex
cavity become much bigger than which escape from bub-
ble generation chamber.

While the migration of gas bubbles at position e) can
be divided into the radial movement forward to the cast-
ing rotating shaft and the circular movement opposite to
the direction of the rotating mould during their initial
moving stage. Then the gas bubbles will change their
migration direction and begin to move along the casting
mould wall which located at the opposite direction of the
rotational casting mould for the blocking effect of the
mould wall at the white ellipse zone shown in Figure 5
(b). When the bubbles migrate to the end of this mould
wall, the blocking effect disappears, and the bubbles will
continue to move to the casting rotating shaft again. The
bubble migration thereafter is similar to the bubble
migration at position d). However, the moving speed of
the bubble is much lower.

Through the above analysis we can know that the
migration process of bubbles located at position e) is
more complicated than that of bubbles form at position
d). We can also find a very interesting phenomenon,
the mould wall at the white ellipse zone shown in
Figure 5(a) and Figure 5(b) all have blocking effect on
the bubble migration, however, the gas bubbles gather
at the ellipse zone in Figure 5(a) while not gather in
Figure 5(b). This can be attributed to the different
blocking effect of the mould wall on the bubble migra-
tion. The mould wall at the ellipse zone in Figure 5(a)
hampered both the radial movement and the circular
movement, while the mould wall at the ellipse zone in
Figure 5(b) only hampered the radial movement of the
gas bubble. And the bubble at the ellipse zone in
Figure 5(b) can also move circumferentially to the
wall in the opposite direction of the rotating mould.
Therefore, the gas bubbles cannot gather at the ellipse
zone in Figure 5(b).

a) 

b) 

Figure 5: Migration trajectory of bubble at different position in
complex cavity (clockwise, 300 rpm).
a) position shown in Figure 2 (d); b) position shown in Figure 2(e)
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To summarize, the bubble migration is influenced not
only by complexity of the casting mould cavity and the
number of the barriers in the mould cavity, but also by
the different blocking effect of the casting mould wall on
the bubble migration.

Effect of mould rotational speed
on the bubble migration trajectory

Figure 6 shows the migration trajectory of bubble at
position b) in the simple cavity shown in Figure 2 under

different mould rotational speed when the mould rotates
clockwise. The results show that whether the rotational
speed is high or low, the bubble migration trajectory in
the titanium alloy melts under vertical centrifugal casting
process can all be divided into the radial movement
forward to the casting rotating shaft and the circular
movement opposite to the direction of the rotating
mould. And the casting mould wall has an impeditive
effect on the circular movement during the bubble mov-
ing process. Therefore, the gas bubble ultimately
migrates to the casting rotating shaft like a line close to
the casting mould wall in the opposite direction of the
rotation casting mould. On the other aspect, the distance
from the position where the bubble starts to migrate like
a line to its initial position in the simple cavity is different
when the rotational speed of the casting mould is differ-
ent. In this paper, the distance from the position where
the bubble begin to migrate like a line to the bubble
initial position (that is the position of the bubble genera-
tion chamber) will be described as “Deviation distance”
and it will be discussed in detail in section “The deviation
distance of bubble in the simple cavity”.

Figure 7(a) and (b) show the migration trajectories of
bubble at position d) in the complex cavity shown in
Figure 2 when the mould rotates clockwise at 300 rpm
and 400 rpm respectively. As has been described in sec-
tion “Bubble migration trajectory in the complex cavity”,
the gas bubbles re-nucleate and form new bigger bubbles

a) 

x

b) 

d) 

c) 

Figure 6: Migration trajectory of bubble with different mould rota-
tional speed (clockwise).
a) 160 rpm; b) 300 rpm; c) 400 rpm; d) 500 rpm

a) 

b) 

Figure 7: Migration trajectory of bubble at different position in
complex cavity (clockwise).
a) 300 rpm, position shown in Figure 2(d); b) 400 rpm, position
shown in Figure 2(d)
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along the casting mould wall in the white ellipse zone.
The number of the re-formed bubbles becomes less and
the volume of the re-formed bubbles becomes much big-
ger than that when the bubbles escape from bubble gen-
eration chamber. Furthermore, from Figure 7 we can also
see that the number of the re-formed bubbles become less
and the volume of the re-formed gas bubbles become
smaller with the increment of the casting mould rota-
tional speed. This can be attributed to the pressure dif-
ference at different position under different casting
rotational speed.

The deviation distance of bubble
in the simple cavity

As has been stated before, because of the blocking effect
of the casting mould wall on the bubble migration, the
bubbles in the simple cavity tend to migrate like a line
parallel to the casting mould wall in the direction oppo-
site to the rotational casting mould. In this paper, the
distance from the bubble initial position to the position
where the bubbles begin to migrate like a line is
described as “Deviation distance”, and is denoted by
“x” in Figure 6(a).

Figure 8 show the deviation distance of bubble in the
simulated liquid under different rotational speed at posi-
tion b) in the simple cavity shown in Figure 2 when the
mould rotates clockwise. From Figure 8 we can see that
the deviation distance of bubble increase with the incre-
ment of the casting rotational speed. When the casting
mould rotates at 150 rpm, the bubble deviation distance
is about 55mm, while the bubble deviation distance

increase to 95.5mm when the casting mould rotates at
300 rpm. Consequently, the gas bubbles in the titanium
alloy melt are easily to form surface or subsurface blow-
holes near the casting mould wall when the casting
mould rotational speed is lower. Thus, the increment of
the casting rotational speed can make bubble more easily
migrate from the cavity to the gating system. And it can
therefore reduce the gas porosity in the titanium alloy
melt during its vertical centrifugal casting process by
increasing the mould rotational speed. The relationship
between the deviation distance “x” and the casting
mould rotational speed ω can be expressed approxi-
mately exponentially as follows,

x = − 185*expð −ω=433Þ+ 184 (1)

Figure 9 show the deviation distance of bubble at different
bubble initial position in the simple cavity shown in Figure
2 when the mould rotates clockwise at 300 rpm. From
Figure 9 we can see that when the initial position of the
gas bubble located at position a), the deviation distance of
bubble is about 112mm. And when the initial position of the
gas bubble located at position c), the deviation distance of
bubble sharply decrease to about 2mm. That is, when the
initial position of the bubble located at the position which is
more close to the casting mould wall opposite to the mould
rotational direction, the deviation distance of bubble is
much smaller. Consequently, the gas bubble is much easier
to migrate like a line while the initial position of the bubble
is nearer to the casting mould wall opposite to the mould
rotational direction. And the bubbles are easier to remove
from the liquid melt. Therefore, it is much difficult to form
gas pores in the castings in the practical casting process.

Figure 8: Deviation distance of bubble under different rotational
speed (position in Figure 2(b)). Figure 9: Deviation distance of bubble at different position (300 rpm).
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Conclusions

(1) The bubble migration in the simple cavity during
vertical centrifugal casting process can be divided into
the radial movement forward to the casting rotating shaft
and the circular movement opposite to the direction of
the rotating mould.

(2) The castingmould in the complex cavity can hamper
both the radial movement and the circular movement of the
bubble. And gas bubbles will gather, re-nucleate and form
new bigger bubbles beside the casting mould wall when the
wall hampered both the radial movement and the circular
movement, while the bubbles only change the migration
directionwhen thewall onlyhampered the radialmovement.

(3) The deviation distance of the bubble in the simple
geometry cavity tends to increase with the increment of
the mould rotational speed during the migration process.
When the initial position of the bubble lies near the wall
opposite to the mould rotational direction, the bubble is
prone to move in a linear way.
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