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Abstract

The centrifugal investment casting process is typically used in the jewelry
manufacturing industry. However, porosity defects are often found in jewelry castings
made by this process. Porosity on the casting surface is a major concern for jewelry
manufacturers as the defect leads to significant yield losses during the repair work.
Improper feed sprue design is one of the major causes of porosity defects. The purpose
of this work is to study the effect of feed sprue size on porosity defects in Platinum 950
jewelry made by the centrifugal investment casting process. Two feed sprue sizes were
experimented in this study. FLOW-3D CAST software was employed for the casting
process simulation. Simulation results were analysed together with experimental results
quantified by an image analysis technique. The results show that the larger feed sprue
provides castings with less porosity compared to the smaller feed sprue.

Keywords: Investment casting, Porosity, Platinum 950, Solidification, Computer
simulation

1. Introduction

In the jewelry industry, centrifugal investment casting of precious metals such as platinum and gold, is
a casting process providing the excellent finish surface and dimensions. However, only some castings
are completely free of defects as this casting process has many variables that is difficult to control [1],
e.g., casting temperature, flask temperature, centrifugal speed and casting atmosphere [2, 3]. Unsuitable
process conditions lead to defects, such as porosity, in jewelry pieces. Porosity on the casting surface is
one of major concerns for jewelry manufacturers. When it appears on the finish surface, it needs to be
fixed. This results in the loss of productivity time and yield loss of raw materials.

Shrinkage porosity forms during solidification in the solidified part of specimen that lack of feeding
to compensate the reduction in volume of the liquid-to-solid phase transition during the dendritic growth
[4, 5]. In casting, the solidification can be divided into 2 types: directional solidification and progressive
solidification [6]. During directional solidification, the molten metal starts to solidify from a smaller
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modulus to a larger modulus [7]. For the progressive solidification, the molten metal solidifies from the
casting surface to the casting center. When the progressive solidification dominates over the directional
solidification, shrinkage porosity is likely to form [8].

In addition, the use of high superheat can enhance the fluidity during mold filling. However, it also
causes the shrinkage porosity due to the volume expansion and contraction of the liquid as the
consequence of the density change at high temperature [6]. To reduce the shrinkage porosity defects,
proper feed sprues and component design which provides directional solidification and sufficient
superheat of pouring temperature were commonly applied [6, 9-11].

Computer simulation technique is an effective method to solve the shrinkage porosity problem [12].
Over the past decade, the numerical modelling for centrifugal investment casting process has been
developed to investigate and predict the effect of parameters in casting process [2, 13]. For instance,
Fischer-Blhner J [14] studied casting defects of 18K gold alloys by using numerical simulation.
They concluded that the different thermal properties of 18K gold alloys give rise to different sensitivity
to shrinkage porosity. Chan et al. [15] investigated the influence of feed sprue design on the porosity of
dental parts in investment casting process. It was found that the single main sprue design is less effective
than double-sprue design to reduce internal porosity.

The aims of this research are to investigate the effect of feed sprue designs on porosity defects in
jewelry casting by using numerical modelling. The material used in the study is Pt950Ru (95%PIatinum
- 5% Ruthenium), which is commonly used by jewelry manufacturers for high-end products [16]. The
numerical simulation was performed by the commercial software “FLOW-3D CAST”. This software is
based on the Finite Volume Method (FVM) and Volume of fluid (VOF), which are commonly used to
track the free surface of fluid flow during casting process [17]. Furthermore, image analysis technique
was used to analyzed the simulation results and quantified experimental results

2. Methodology

The work in this study is divided into two parts: the first part is the numerical simulation which carried
out by using commercial simulation software package FLOW-3D CAST Ver. 5.0 to perform 3D model
simulation. In the second part, the experimental study was carried out to study the effect of pouring
temperature and feed sprue design on porosity at Christy Gem Co., Ltd.

2.1 Process parameters and porosity characterization

The study was conducted by simulation and experiments. The casting experiments were carried out by
using Yasui, Vacuum Casting Machine 2014. The investment mold with flask is rotated around the
vertical axis, Z and is simultaneously driven by centrifugal force [18]. The main process parameters
used in this study include pouring temperature of 1,980°C, flask temperature of 850°C and ladle
temperature of 600°C obtained from Christy Gems Ltd. For porosity characteristic method, the
specimens were ground and polished to analyze the cross-section area by image analysis in the
experiment.

2.2 Mathematical Models of Numerical Simulation

In the simulation, the governing equations of fluid dynamic consist of three equations: (1) mass
conservation, (2) momentum conservation and (3) energy conservation respectively [19, 20].
In addition, turbulent modeling (k-®) and volume of fluid (VOF) are used to solve turbulence flow of
molten metal in the casting mold [17, 21].
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where p and V are density and velocity vector, p is the pressure, v is the kinematic viscosity, 7is the
body force per unit mass, c,, is the specific heat at constant pressure, T is temperature, A is thermal
conductivity and @ is the dissipation function.

2.3 CFD simulation setup and thermal-physical properties

The 3D CAD model in this study comprises of ladle, mold, and casting tree. Four different feed sprue
designs of the casting tree are shown in Figure 1(a). This paper primarily focuses on the results of the
feed sprue design 1 (smaller feed sprue) and design 2 (larger feed sprue). The computational mesh of
9.6 million elements, with the mesh sizes ranging from 0.7 and 0.35 mm was used for the simulation.
The 3D model is divided into 4 multi-mesh blocks with different mesh resolution as shown in
Figure 1(b).

Furthermore, the probes were located at five positions of the ring to measure the temperature change
of metal as illustrated in Figure 1(c). The gradient between probes P1 and P3 are used for the analysis
of the shrinkage porosity in this study. Additionally, the material and thermophysical properties of
Pt950Ru including solidus temperature (1,780°C), liquidus temperature (1,795°C), latent heat of fusion
(122,000 J/kg), specific heat, density, thermal conductivity, and viscosity [2, 22, 23] were applied to the
simulation setup.

Mesh block 4

Probes setting to collect history data
’) Mesh block 1 Mesh block 3

Mesh block 2 PO= head

‘as e Pl1=shoulders
Sprug design 1 Splm design 2 e Casting tree

Ladle

P2=shank
‘) B =3z P3=lower shank

Casting mold
'— Pt950Ru
“““““““““ P4=sizing area
Sprue design 3 Sprue dcsign 4
(a) (b) (c)
Figure 1. (a) The four different feeder sprue designs, (b) The assembling of 3D model casting tree
with multi-mesh blocks with different mesh resolution, (c) schematic of probes setting in computer

simulation.

3. Results and Discussion

The simulation results of casting at the pouring temperature of 1980°C from filling and solidification
process were analyzed in this study. The molten metal filling process was done within 1 second and then
the solidification started to simulate. The metal temperature was dropped from pouring temperatures to
lower than liquidus temperature (1795°C) during the casting as shown in Figure 2. The color map
showed the sequence of temperature variable in casting simulation process. The red and the blue color
represented the initial pouring temperature and the solidus temperature at 1780°C. It could be seen that
the larger feed sprue was filled sooner than small feed sprue because the diameter was bigger.
The solidification results obtained from the simulation were further used to identify areas that could
cause shrinkage porosity.
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Figure 2. The temperature profile of filling and solidification process.

3.1 The effects of feed sprue designs on the directional solidification behaviour and thermal gradient
The shrinkage formation in solidification processes could be investigated and evaluated via the volume
function through the color region. The 100% liquid metal and the solidified metal were indicated by red
and grey colors. Figure 3 presented the fluid fraction of molten metal in the ring at the pouring
temperature of 1980°C.

From the simulation results, it could be seen that when the casting time reaches at 1.8 and 1.9 seconds,
the liquid metal in the ring with the smaller feed sprue started early in the stage of solidification. At 2.0
seconds, the liquid in the smaller feed sprue was completely solidified and blocks the feeding supply.
Due to the lack of feeding supply for volume contraction during the growth of dendrite in solidification
process, the smaller feed sprue with lower modulus volume could cause more shrinkage porosity
formation. In contrast, the larger feed sprue with higher modulus volume that contained high temperature
for a longer period of time could retard the heat transfer and cooling rate to allow more feeding supply
for volume contraction. This process led to less formation of shrinkage porosity.

Moreover, the sequence of solidification of the ring with the larger feed sprue was more directional
solidification which started from the head, shoulder, shank of ring compared to the ring with the smaller
feed sprue. These results showed that the sprue designs had a significant effect on the directional
solidification behavior and shrinkage porosity in jewelry casting.

{ G ! J_.’ H ,/ 1
Y / i
small sprue 1'8 S small sprue

Figure 3. The fluid fraction of molten metal in the ring at pouring temperature at 1980°C

Pouring temperature at 1980 °C Solidified metal . Liquid

Ta‘r-le sprue 1.9s small sprue large sprue 2.0s

large sprue

One of the quantitative indicators used in this study to indicate the directional solidification behavior
was the solidification sequence that could be described by the thermal gradient between shoulder and
shank of the ring. As described in the previous section, the probes PO-P4 were located on the ring to
collect the change of temperature in casting process. Figure 4(a) and (b) illustrated the temperature
change of probes P1 and P3 from the computer simulation with pouring temperature of 1980°C of the
ring with smaller feed sprue and larger feed sprue. The dashed line represented the temperature change
of P1 which was located in the shoulder area of the ring. The solid line represented the temperature
change of P3 which was located in the lower shank area of the ring. In this study, the author observed
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the average of thermal gradient which was calculated from three temperature reference points of P3
including 1793°C, 1788°C and 1783°C. The higher average thermal gradient or more positive value of
P1 minus P3 was, the more opportunity of shrinkage formation was.

The simulation results showed that the ring with the larger feed sprue had the average thermal
gradient value of 1.9°C due to slow heat loss during the solidification in feed sprue compared to the
other conditions. On the other hand, the ring with the smaller feed sprue had the average thermal gradient
value of 2.8°C as illustrated in Figure 5(a). When the temperature of P1 was higher than P3, the
progressive solidification at shank area tended to be more dominant compared to the directional
solidification which led to lack of liquid supply and less directional solidification sequence from
shoulder to shank of the ring. Figure 5(a). showed the thermal gradient of each ring which was calculated
from variable temperature of P1 and P3. Moreover, Figure 5(b) showed the results of different of
temperature change in the ring between P1 minus P3. The result of the smaller feed sprue presented
higher difference of temperature between P1 minus P3 due to less modulus and faster temperature
change in feed sprue.

Ring with smaller feed sprue (1980 ©C) Ring with larger feed sprue (1980 °C)
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Figure 4. Temperature change at probe P1 and P3 of the simulation at pouring temperature 1980 °C
(@) smaller feed sprue, (b) larger feed sprue
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Figure 5. (a) Average of thermal gradient of P1 minus P3 in the rings, (b) The temperature
difference of P1 minus P3 in the rings.

3.2 Experiment results with image analysis

The cross section of the casting specimen from experiment were observed in this study by using the
image analysis tools, optical microscope (OM) and “Imagel)” software. The total shrinkage porosity was
indicated in percentage (%) compared to total area. Figure 6(a). shows the casting tree from the
experiment with pouring temperature at of 1980°C. The porosity in cross section specimens can be found
by the OM. To quantitatively analysis, ImageJ were used to count and calculate the total area of porosity
on cross section area of specimen. As shown in Figure 6(b) the cross section of the ring with smaller
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sprue has porosity for approximately 0.84% compared to the total area and the cross section of the ring
with larger sprue has porosity for approximately 0.0015%.

(b) Ring with small sprue

(total porosity 0.84%)

(a) Experiment result more porosity

(c) Ring with large sprue

(total porosity 0.0015%)
less porosity

5mm

Figure 6. (a) The casting tree from experiment at pouring temperature of 1980°C, (b) Cross sectional
ring with smaller sprue, (c) Cross sectional ring with larger sprue.

4. Conclusion
In this research, the numerical simulation and the experimental study were carried out to investigate the
effect of feed sprue size on shrinkage porosity.

The simulation results show that the larger feed sprue provides a better result of the lowest average
thermal gradient value of 1.9°C compared to the smaller feed sprue which has the highest average
thermal gradient value of 2.8°C. The fluid fraction results reveal that feeding supply of molten metal in
the larger feed sprue retards the temperature in the lower shank to prevent early solidification, while the
molten metal solidified too early in the smaller feed sprue thus, it cannot compensate the volume
contraction during the solidification.

In addition, the experimental results at the pouring temperature of 1980°C show that the total area
of porosity on cross section of the ring with smaller feed sprue is 0.84%, while the porosity area of the
ring with larger sprue is 0.0015%. The results indicate that the smaller feed sprue has the porosity more
than the larger feed sprue.
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