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Abstract: The filling and solidification in centrifugal field, as well as the forming mechanism of off-center porosi-

ties were summarized, based on the mathematical model established for the centrifugal cast TiAl exhaust valves.

The calculated results show that the centrifugal field results in the phenomenon that the flow in the valve cavity con-

sists of forward flow and backward flow. The unsymmetrical initial temperature field causes continuous unsymmetri-

cal variation in the following solidification, which makes the final solidified region depart from the cavity axis and

then leads to the occurrence of off-center porosity. A series of optimized parameters, including the entrance velocity

of 0.6~ 1.3 m/s, the rotation speed higher than 300 r/ min, 80 mm or longer entrance length and 400 C or higher

preheated temperature of the mold, are suggested for the manufacture of permanent mold centrifugal cast TiAl ex-

haust valves.
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1 INTRODUCTION

In the past decades, there has been an enor-
mous increase in the research on titanium alumin-
ides, in particular, on the TiAl compounds' ™.
The low density combined with the high-strength
at high temperature make titanium aluminide alloy
an excellent candidate for automotive exhaust valve

applications'*”

. The key to successful application
of TiAl exhaust valves is neither the strength nor
the ductility, but a large output and low cost man-
ufacturing method *"" .

Numerical simulation for the filling and solidi-
fication of castings has been researched for a long
time and many papers have been published '™,
but the mathematical model is always established
based on the assumption that the system is in a
uniform force field. As for the conventional com-
puter simulation, it is very difficult to explain the
special phenomena existing in the permanent mold
cast TiAl exhaust valves, such as the off-center
porosity. Therefore, the model for the filling and
solidification of TiAl exhaust valves should be es-
tablished with emphasis on the effect of the centrif-
ugal field.

This paper summarizes the variations of filling
velocity and temperature, as well as the forming
mechanism of off-center porosity, in course of the
permanent mold centrifugal casting of TiAl valves.
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Furthermore, some optimized parameters derived
from the calculated results of numerical simulation
have been suggested for the manufacturing proce-

dure of TiAl valves.

2 FILLING AND SOLIDIFICATION IN CEN-
TRIFUGAL FIELD

2.1 Process description

Tr48AF2Cr2Nb(molar fraction, %) exhaust
valve blanks were manufactured in a preheated
steel mold that consisted of two layers, with 6 cav-
ities assembled circularly in each layer. The mold
rotated around the axis at a rotation speed of .
The distance from the axis to the entrance of valve
stem was defined as Lo.

A model with emphasis on the effect of cen-
trifugal field on the filling and solidification process
of molten TiAl was established by combining the
equation of continuity, the equation of conserva-
tion of momentum and the equation of general en-
ergy, in which the centrifugal force and the Coriol-
is force were treated as two additional terms. In
addition, the movement of TiAl melt in the valve
cavity was regarded as a steady-status flow and the
temperature distribution when the cavity has just
been filled fully was defined as the initial tempera-
ture field for the subsequent solidification process.
The model was solved by establishing the corre-
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sponding difference equations and programming.

2.2 Velocity distribution

For given alloy melt, the initial velocity usual-
ly determines the characteristic of the filling and
solidification process in the gravitational field.
However, in the course of permanent mold cast of
TiAl exhaust valves, the centrifugal field leads to
the appearance of centrifugal force and Coriolis
force. it results in the transition
from an ordinal filling to a centrifugal filling that
consists of forward flow and backward flow''". At
a rotation speed of 300 r/ min, the velocity curves
in different sections being vertical to the cavity axis
are shown in Fig. 1.
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Fig.1 Velocity distribution in different sections
under rotation speed of 300 r/ min

At the entrance of cavity, the melt located
near the cavity axis has the maximum filling velocr
ty, while the maximum shear stress acts on the
melt bordering upon the cavity frontal boundary.
This stress is equal to the one that acts on the unit
next to back boundary, but they point to reverse
directions (one is positive and the other is nega-
tive). In addition, the minimum velocity gradient
exists near the axis and the shear stress tends to be
zero. Therefore, it is concluded that the distribu-
tions of the velocity and the shear stress at the cav-
ity entrance are similar to those in the steady-sta-
tus flow in a fulkfilled tube.

Subsequently, the Coriolis force makes the
melt move towards the back boundary. As a re
sult, the stress acting on the melt center keeps in-
creasing. Similar tendency also appears in the de-
velopment of the axial filling velocity. The filling
velocity of the melt next to frontal boundary also
keeps increasing, while the shear stress shows a
contrary tendency. It can be summarized that the
stress is maximum at the cavity entrance and points
to the cavity end, and then gradually decreases to

zero and finally turns into a negative value. Ac
cordingly, the shear stress acts as a factor slowing
down the flow instead of accelerating it.

Having reached the cavity end boundary, the
forward flow turns into a reverse one and fully fills
the cavity end first, then gradually moves to the
entrance, which results in the appearance of the
co-flow region due to the shear stress at the inter
face, referring to Fig. 2. If the two parts show the
same filling velocity ( v1 = v2), the resultant ve
locity near the co-flow interface tends to be zero
and two affected regions have the same thickness.
Under the condition that v1 is larger than v2, the
resultant velocity is in the same direction of v1.
When v1< v2, the resultant velocity points to that
of va.
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Fig.2 Schematic diagram of
velocity transition in co-flow region

In the co-flow region, the velocity distribution
becomes irregular near the interface because the
viscous interaction here is more powerful, perhaps
leading to the occurrence of turbulence, even some
eddies. The variation also affects the flow in the
regular velocity distribution part, which always
leads to the appearance of higher velocity gradient
near the interface.

2.3 Temperature distribution

Generally, the model established for the fill-
ing and solidification is based on assumption that
the casting system is in a uniform field. Further
more, the initial temperature field can be regarded
as the melt temperature and the environmental
temperature, respectively.

In this research, the simulation for the solidi-
fication of TiAl exhaust valve emphasizes on an un-
even initial temperature field defined as the temper-
ature distribution when the cavity has just been
fully filled, which is important for minimizing the
calculated error. The axial horizontal section is se-
lected to represent the temperature variation in
TiAl exhaust valve formed at a rotation speed of
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300 r/ min and the initial temperature distribution
in this section is shown in Fig. 3.
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Fig.3 Initial temperature distribution in
axial horizontal section at

rotation speed of 300 r/ min
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The calculated result shows that a sharp de
cease in temperature occurs in the regions border
ing upon the cavity frontal, back and end bounda-
ries due to the powerful heat conduction of the per-
manent mold. In addition, an elevated rotation
speed has no obvious influence on the temperature
distribution. Fig. 4 shows the temperature profiles
in the selected horizontal section at a rotation speed
of 300 r/ min.

The curves recorded on four selected points
indicate the variations of the temperature with the
solidifying time, as shown in Fig. 5. It can be
known that the melt temperature decreases quickly
at the start moment, and then the variation tends
to be stable due to the release of latent heat. Dur-
ing the subsequent solidification process, the ele-
vated mold temperature slows down the heat con-
duction, which leads to the less and less decrease
in temperature. The effect of the rotation speed on

the solidification can not be concluded by referring
to above results.

,/'///I////IY//////;"' %
i

Tl s
LY 003%

Fig. 4 Temperature fields in selected section at different times( @= 300 r/ min)
(a) —t= 0.005s; (b) —t= 192.455s; () —t= 1412.300's; (d) —i= 4 178.335 s;
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Fig. 5 Temperature —time curves at four
selected points at rotation speed of 300 r/ min

A's mentioned above, the centrifugal field has
an obvious effect on the flow in the valve cavity
and makes the melt fill cavity in a special way.
Furthermore, it results in an uneven initial tem-
perature distribution for the following solidification
process.

3 FORMATION OF OFF-CENTER POROSITY

Some researchers have observed the off-center
porosity in centrifugal cast TiAl valves'™ '* ', but
no clear explanation is offered to clarify the form-
ing process. The existence of this kind of porost
ties possibly leads to the fact that the valves have
to be discarded before the performance test, such
as a bent valve stem during subsequent HIPping.

Formation of the shrinkage porosity in the
valves is closely related to the solidifying process
and can be interpreted by analyzing the tempera
ture variation at the initial temperature field bor-
ders. In the selected horizontal section, the tem-
perature curves in the melt next to the cavity fron-
tal and back boundaries under different rotation
speeds are shown in Fig. 6. In the course that the
high temperature melt enters the cavity and moves
to the end, temperature of the melt next to the
back boundary keeps decreasing with the increase
in the filling distance. The variation of tempera-
ture with the rotation speed shows that the de
crease becomes smaller and smaller with an elevat-
ed rotation speed, which is contrary to that in the
melt next to the frontal boundary.

The cavity length and the entrance velocity are
both constants, which results in an invariable fully
filling time. Hence, at the cavity entrance, the
time difference between the forward filling melt
and the reverse one is a constant.

It can be seen that the unsymmetrical feature
of the initial temperature field in the selected sec
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Fig. 6 Temperature distribution at cavity frontal

and back boundaries in initial temperature fields
(Top and bottom curves represent temperature in
melt towards cavity frontal and back borders, respectively)

tion causes a continuous unsymmetrical variation in
the temperature field during the process of subse-
quent solidification. As a result, the final solidified
region departs from the valve axis. Considering
some metallurgical and thermodynamic parameters
of TiAl alloy, it is evident that solidification starts
in the border area and after a short time a solid
bridge forms in the central area. T herefore, feed-
ing will be restricted, then leading to the formation
of off-center porosities.

The results of several laboratory tests show that
optimizing some cast parameters can minimize the off-
set of the porosities, such as the entrance length, the
rotation speed and the preheating temperature.

4 EXPERIMENTAL VERIFICATIONS

TiAl valves should be manufactured in such a
way that no macroscopic shrinkage cavities appear
in the valve body and the micro-porosities are pre-
dominantly in the central axis of the valve. In past
work!"® | twelve ascast TiAl valve blanks manu-
factured in this way were HIPped and five of them
could not be applied to the engine test due to their
bent stems.

By optimizing the parameters, the following
values were suggested: entrance velocity 0.6~ 1.3
m/s; rotation speed > 300 r/ min; entrance length
> 80 mm; preheating temperature of the mold >
400 C. In this way, 48 TiAl valve blanks were
manufactured and no obvious off-center porosity
was observed. Moreover, 12 blanks were HIPped
and none of them appeared in a bent stem.

S CONCLUSIONS

1) The effect of centrifugal field results in the
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phenomenon that flow in the valve cavity consists

of forward flow and backward one.

2) Unsymmetrical initial temperature distribu-

tion in the valve cavity will cause a continuous un-

symmetrical variation in the following solidifica-

tion, which makes final solidified region depart

from the cavity axis and then leads to the occur-

rence of off-center porosity.

3) Following values are suggested by optimi-

zing some parameters for the manufacture of TiAl

valves: entrance velocity 0. 6 = 1. 3 m/s; rotation

speed > 300 r/ min; entrance length > 80 mm; pre-
heating temperature of the mold > 400 C.
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