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Temperature distributions in titanium dental castings and molds are of great influence on
the quality of titanium dental castings, and few efforts have been made in the numerical
simulation of heat transfer in the process for casting titanium for dental applications. A
finite difference scheme of the component-wise splitting method, which is unconditionally
stable, was developed to solve the three-dimensional heat transfer problem for titanium
dental casting during the investment cast and centrifugal cast process. 4 kinds of runner
system were simulated and the computational efficiency were analyzed by the
component-wise splitting method and the explicit finite difference method, the results
shown that the techniques used in the current research can greatly improve the
computational efficiency of the simulation system. The porosity predictions of 4 kinds of
runner system were carried out with the simulation program. The predicted results were in
good agreement with those of literatures. © 2005 Springer Science + Business Media, Inc.

1. Introduction
Because of excellent biocompatibility, corrosion resis-
tance, Ti and its alloys are increasingly being used in
dental applications, such as dental crowns [1, 2], fixed
[3] and removable partial dentures [4]. The investment
casting process can offer the possibility of making near
net shape castings with high dimensional accuracy and
high casting quality, so with the help of centrifugal or
vacuum-pressure mold filling techniques, investment
casting is the most commonly used method of mak-
ing such titanium dental prostheses [5—7]. However,
porosity defects, which caused by volumetric shrinkage
of alloy during the solidification process, are some of
the most frequently occurring defects in titanium den-
tal casting and are still of great concem [8-11]. Tra-
ditionally dental technicians often relied on practical
experience and trial and error methods to determine
the runner and gating systems to fabricate sound den-
tal castings. However, their expertise did not extend to
titanium which is especially susceptible to porosity.
The temperature distributions in the investment cast-
ings and molds are of great influence on the quality of
the investment castings, so that many efforts have been
made in solidification simulation of the investment cast-
ing process [12—17]. Numerical simulation techniques
provide an effective way to study the solidification se-
quence of dental castings, but there are few reports on
the computer simulation of casting process of titanium
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dental castings. Wu et al. used a commercial software
package, MAGMASOFT, to numerical study shrink-
age and gas porosity in dental castings, and an opti-
mized running and gating system design was then ex-
perimentally cast, which resulted in porosity-free cast-
ings [18-21]. In current research work, a numerical
simulation software of 3-D temperature field of tita-
nium dental castings was developed with employing of
the component-wise splitting method.

2. Materials and methods
2.1. Numerical simulation method
2.1.1. Component-wise splitting schemes
for the heat conduction equation
Owing to the high filling rate on the centrifugal casting
machine, the whole casting was filled in only ~0.2 s
During such a short filling process, no solidification oc-
curred according the coupled fluid flow and heat trans-
fer simulation [20]. In order to simplify the thermal
analysis process, an “instant fill” assumption is made
to the mold filling process. The thermal effect of the
mold filling process is either neglected or considered
accurately by an initial temperature distribution of the
investment casting and the mold when the mold filling
simulation is applied. Mathematically, the heat transfer
problem during the investment casting process can be
described by the following heat conduction equation in
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an orthogonal coordinate system:
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where o = A/pc, is the thermal diffusivity, o is the
density, ¢, is the specific heat, A is the thermal conduc-
tivity, ¢ is the time, T is the temperature, and x, y, z are
the coordinate directions, respectively.

For the heat conduction problem, the following split-
ting scheme for Equation 1 can be obtained:
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where o is the weighting factor and with o = 0.5,

the scheme is absolutely stable and has a second-
order approximation in t and the whole order of ac-
curacy of the scheme is O (2 + h?), where & = max
(Ax, Ay, Az). A, Ay, A, are the approximations
for operators A, = —a(d%/3x?), A, = —a(3%/98y?),
A, = —a(az/aZZ), respectively, and o = ﬁ, where
ceff 18 the equivalent heat capacity when the latent heat
release of the casting solidification is considered by
the equivalent heat capacity method. Each equation in
Equation 2 may be solved easily by a one-dimensional
factorization (sweep) method.

2.1.2. Latent heat formulation

The way in which the evolution of latent heat dur-
ing phase changes is described using the effective
heat capacity method which can be expressed as
follows:

3fs
Ceff = Cp — pLW (3)
where L the latent heat of the casting alloy and f; the
solid fraction of the titanium dental casting, which indi-
cates the latent heat release mode and is usually treated
as a linear function of the temperature. In reality, the

values of f; and c,, could be determined experimentally
as any function of the temperature.

2.1.3. Method for predicting porosity
defects
The direct simulation method, which is based on shrink-
age theory of molten metal, is suitable for prediction of
the porosity defects of centrifugal casting [16], so in
this work the direct simulation method is used to pre-
dict porosity defects in titanium dental castings made
using the centrifugal investment casting process. A de-
tailed account of the direct simulation method is shown
in literature [16].

2.1.4. Heat transfer coefficient

During the centrifugal investment casting process, the
the heat transfer conditions between the different com-
ponent geometries vary throughout the process and are
represented using the following treatment:

oT
—h—
on |,

= hp(Tp+ — Tp-)l, 4)
where n is the normal direction of the interface con-
sidered, /i, is the heat transfer coefficient of the in-
terface, when at the casting-air or mold-air interface,
hy, involves both the heat convection coefficient and
the radiation coefficient, and 7., T, the tempera-
tures at the two sides of the interface. A detailed ac-
count of the calculated way of &, is shown in literature
[22].

2.1.5. Geometry of titanium dental casting
and initial condition

The geometry of a typical titanium dental casting were

taken from the literature [21] as were a selection of

four running systems. The initial boundary conditions

published for pouring temperature (1700°C) and mold

preheat temperature (500°C) were also used.

2.1.6. Materials

Commercially pure Ti was used for the casting nu-
merical. The solidification range was taken as 1660—
1667°C, the latent heat was taken as 396 kJ/kg. The tem-
perature dependent density and the temperature depen-
dent specific heat and thermal conductivity are shown
in Table I [23, 24].

TABLE I The temperature dependent density, specific heat and thermal conductivity

Temperature (°C)

Property 20 100 200 300 400 500 600 900 1000 >1600
o (kg/m?) 4506 4320 4300 4110
cp (/(kg*)C) 527 544 621 669 711 753 837 837 837 837
A (W/(m°)C) 16.3 16.3 16.3 16.7 17.1 18 18 18 18 18

The density of the mold was taken as constant at 2830 kg/m?, the specific heat capacity was taken as 600 kJ/(kg.°C), thermal conductivity was taken

as 0.9 W/(m.°C).
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Figure 1 The temperature distribution in the tooth crown when the
whole casting was 70% solidified: Design 1

3. Results

With the numerical basis of the component-wise split-
ting scheme and the technical considerations described
above, a comprehensive three-dimensional thermal
analysis software for titanium dental casting process
was developed. The verification and application of the
software are presented in this section.

3.1. Solidification process of titanium
dental casting

Solidification isotherms of the Design 1 were shown
when 70% of the casting is solidified in Fig. 1. White
areas mean areas still in the liquid state; black areas
show areas of 100% solidified Ti; and areas between
liquidus temperature 77, and solidus temperature T are
“mushy”. The feeding path from the runner bar, which
also acts as a reservoir for feed metal, to the tooth crown
was blocked during the later stages of solidification at
the narrowest section in the ingates.

The results of the calculation time and calculated so-
lidification time of 4 kinds of runner system are shown
in Table II. It is clear that the solidification times of
titanium dental castings are very short, only one to two
seconds, so a reasonable runner system is very impor-
tant to fabricate a satisfactory tooth crown. The calcula-
tion times for the solidification simulation process was
only 10-20 min which is acceptable to industry.

3.2. Shrinkage defects
The experimental result in the literature [18-21] and
predicted results of porosity in t of Design 1 are shown

in Fig. 2. The predicted results are in good agreement
with the experimental ones.

By slicing through the casting model in small steps, it
was found that most of the casting was well fed, but the
simulations were carried out on the different designs,
and the predicted results of Design 2, Design 3 and De-
sign 4 are shown in Figs 3,4 and 5. In the literature [ 18—
21], for Design 2, Design 3 and Design 4 there are only
the predicted results used MAGMASOFT commercial
software package and no experimental results. In order
to verify the component-wise splitting algorithm and
techniques used in the simulation system, the shrink-
age porosity predicted results in the literature [18-21]
were shown in Figs 3(c), 4(c), and 5(b). In Design 2, no
additional feeding measures were taken with only one
large sprue being attached to each crown. Even though
the diameter of the sprue was 5 mm, porosity was still
indicated by the simulation at the sprue-crown junction
(Fig. 3). Theoretically it would be possible to move the
hot spot from this junction into the sprue by increas-
ing the size of the sprue, but this was not practical, and
therefore it was not carried out in the trial casting. In
Design 3, there was still some shrinkage porosity in
the vicinity of the ingate-crown junction (Fig. 4). De-
sign 4 was the best Design, with no shrinkage porosity
predicted in the casting by the simulation (Fig. 5). Ac-
cording to literature [18-21], in total 5 castings with
Design 4 were experimentally cast, and no shrinkage
or gas porosity was found in the castings. The com-
puter predicted results compared well with the casting
experiments.

3.3. Comparison of computational
efficiency

In our prior works, a comprehensive three-dimensional

thermal analysis software for investment casting pro-

cess based on the explicit finite difference scheme was

developed [16].In this paper, the computational effi-

ciency of the two software was compared.

The grid number, grid size and time used for analysis
of these castings were shown in Table II. It is clear that
the techniques used in the current research can greatly
improve the computational efficiency of the simulation
system.

4. Discussion

4.1. Computational efficiency

In this work, a software was developed for the numerical
simulation of solidification of titanium dental castings.
Using the software, a 3-D solidification process can be

TABLE II Results of the calculation time and calculated solidification time of 4 kinds of runner system

Number of Number of Calculation time (min)
Size of liquid cells in the Solidification
No. cell (mm) metal cells model domain time (s) Implicit Explicit Explicit/Implicit
Design 1 04 x04x04 60395 522444 1.7989 12 193 16.1
Design 2 04 x04x04 53991 516040 2.4457 10 169 16.9
Design 3 04 x04x04 59013 521062 1.9152 14 229 16.4
Design 4 04 x04x04 67143 529192 2.1189 21 375 17.9
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Figure 2 A comparison between our predicted results and experimentally determined results of Design 1.

a) predicted result of whole

b) predicted result of section

c) predicted result [18-21]

Figure 3 Comparison between our predicted results and those predicted results reported in the literature [18-21] of Design 2.

a) predicted result of whole

b) predicted result of section

c¢) predicted result[18-21]

Figure 4 Comparison between our predicted results and those predicted results reported in the literature [18-21] of Design 3.

a) predicted result of whole

b) predicted result[18-21]

Figure 5 Comparison between our predicted results and those predicted results reported in the literature [18-21] of Design 4.

visualized, and the shrinkage defects in the titanium
dental castings can be quantitatively predicted.

It is critical to the success of any metal casting pro-
cess that the progress of solidification is controlled. To
this end numerical modeling of heat transfer during
solidification has become acceptable in the foundry in-
dustry. This is because it is possible to investigate the ef-
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fects of alterations to the casting variables on final cast-
ing quality, without having to do costly trial-and-error
experiments [25].

To obtain the numerical solution to the equation, the
explicit finite difference method is used widely for its
clarity and simplicity, but the main disadvantage of the
method is its stability limitation for the time step , as



shown in the following expression:

1/2a } S
1/Ax2 + 1/Ay? + 1/AZ2 ©)

T < MIN|:

where 7 is the time step, Ax, Ay, Az are the space steps
in the x, y, z directions, respectively, « is the thermal
diffusivity.

It is obvious that the maximum time step is limited
by the thermal—physical properties and the minimum
mesh size [22].

For a typical titanium dental investment casting com-
ponent, very small mesh sizes should be used to obtain
a better representation of the casting geometry since the
thickness of the casting is usually small. To therefore, a
very small time step should be used to meet the stability
requirement for the explicit finite difference scheme, so
that the computation time would be enormous to finish
the solidification simulation process.

Since the component-wise splitting algorithm is ab-
solutely stable, the time step may be amplified greatly
than that of the explicit difference algorithm. In our
prior work, the time steps of the component-wise split-
ting algorithm were greater over 100 times than those
of the explicit algorithm, and the time used for anal-
ysis of the former were only 1/16 times of the latter.
The techniques used in the current research can greatly
improve the computational efficiency of the simulation
system.

4.2. Porosity formation mechanism
Porosity defects are classified into gas porosity and
shrinkage porosity defects. The former appears inde-
pendently of solidification, the latter includes various
type of defects that are classified into inner and outer
shrinkage defects.

The formation mechanism or sequence of these
porosity defects would be as follows:

(1) Gaseous elements, in particular hydrogen, are ab-
sorbed during melting and mold filling.

(2) Gas and oxides are entrapped during molding fill-
ing. The gas includes not only the air but also the gas
generated on the mold. Gas bubbles or oxides float up
due to the buoyancy force.

(3) Temperature and gas solubility decrease due to
cooling, resulting in super-saturation. This can cause
the gas porosity defect.

(4) When the melt temperature decreases below the
liquidus temperature, solidification occurs, resulting in
rejection of hydrogen in the liquid because of the lower
partition coefficient of hydrogen. This leads to further
super-saturation and pore growth.

(5) With developing the solid-liquid co-existing re-
gion (mushy region), solidification shrinkage causes
shrinkage flow, resulting in pressure decrease due to
the flow resistance. These causes pore and pore growth.
At the same time, the solid phase morphology changes,
namely the break-up and movement of solid phase oc-
cur. The liquid phase moves not only by the solidifica-
tion shrinkage but also by the density difference caused

by the segregation. The thermal expansion also causes
the liquid flow.

(6) The pores grow with cooling and float up when
they are large enough and the solid fraction is not so
high, say less than 0.1.

(7) When the solid fraction exceeds a critical value,
which is referred to as the critical solid fraction, the lig-
uid cannot move and the pressure drastically decreases,
resulting in pore nucleation and growth. Alternatively,
it causes the depression of the outer side of casting. It
also causes cracks in castings [16].

4.3. Porosity formation criteria

There are many methods to predict shrinkage defects,
such as critical fraction solid method, temperature
gradient method, Niyama’s criterion G/R%> method,
equivalent liquid level falling method, hot spot al-
location method, Oxide entrapment/hot spot alloca-
tion method and direct simulation method [22, 26,
27].

For the critical fraction solid method, the area sur-
rounded by the region above a critical solid frac-
tion gs. where the liquid can hardly move, the de-
gree of the defect can be evaluated from the volume
of the region. Proper gy is selected depending on
the kind of alloy and shape & size, and it is diffi-
cult to apply the case where a closed loop does not
form.

For the temperature gradient method, the defect
forms at the element where the maximum solid frac-
tion or temperature gradient is below a critical value
when the solid fraction reaches the critical solid frac-
tion. Also the proper critical value is selected depending
on the kind of alloy and shape & size, and it is difficult
to apply the case where a closed loop does not form. It
is used in case of eutectic alloys.

For the G/R"> method, G is temperature gradient
and R is cooling rate. The defect forms at the element
where the maximum value of are below a critical value
when the solid fraction reaches the critical solid frac-
tion. The critical value does not change so much like
other critical values.

For the hot spot allocation method, the total shrinkage
volume is distributed to hot spots which are surrounded
by layer with the critical solid fraction. Although it
is basically the critical solid fraction method, it gives
quantitative information.

For the oxide entrapment/hot spot allocation method,
the total shrinkage volume is distributed to hot spots and
the oxide entrapped elements. It can estimate the defect
at elements except the hot spots but it is necessary to
simulate the oxide entrapment.

Predict the porosity more quantitatively and accu-
rately by considering the pressure decrease due to
shrinkage flow, oxide entrapment, hydrogen diffusion
for the direct simulation method. It is ideal but needs
longer CPU and larger memory size.

Because the centrifugal force affects the porosity for-
mation, so in the work the direct simulation method is
used to predict the shrinkage defects of titanium den-
tal casting fabricated by the investment casting with
centrifugal technique.
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5. Conclusions

(1) A finite difference scheme of the component-wise
splitting method, which is unconditionally stable, was
developed to solve the three-dimensional heat transfer
problem for titanium dental casting during the invest-
ment cast and centrifugal cast process.

(2) The 4 kinds of runner system were simulated
and the computational efficiency were analyzed by the
component-wise splitting method and the explicit finite
difference method, the results show that the techniques
used in the current research can greatly improve the
computational efficiency of the simulation system.

(3) The porosity predictions of 4 kinds of runner sys-
tem were carried out with the simulation program. The
predicted results were in good agreement with the pre-
dicted results found in the literature [18-21].
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