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Abstract

The mold filling rate during evaporative pattern casting was measured in a wide range of molten metal
temperatures from 800°C to 1450°C. A polystyrene columnar foam was used as the foamed pattern, and
bottom pouring was applied to design the casting. Tin alloy, copper alloy, and cast iron were used as molten
metals to vary the molten metal temperature. The mold filling rate increased with increasing molten metal
temperature at relatively lower temperatures. In contrast, the mold filling rate decreased with increasing

molten metal temperature at high temperatures. These phenomena were verified by in-situ observation.

Keywords: evaporative pattern casting, mold filling, molten metal temperature, pattern decomposition,

polystyrene foam, in-situ observation.



Introduction

Evaporative pattern casting (EPC) is a unique net-shape metal casting process that utilizes polymer
foam as the casting pattern [1]. The polymer foam is decomposed thermally by heat transferred from molten
metal, and the molten metal fills into a cavity formed as a result of the thermal decomposition of the foamed
pattern. Polystyrene is a common foam material compared to methyl methacrylate polymer. However,
polystyrene residues are formed on the thermal decomposition products during casting, and these residues
may cause casting defects [2-4]. To prevent defects caused by residues, sufficient thermal decompositions
of foamed patterns and the discharge of thermal decomposition products from the cavity to back sand are
required. Since the foamed pattern is decomposed by the heat transferred from molten metal, the mold
filling rate is expected to increase with increasing molten metal temperature [5]. In contrast, mold filling
rate may decrease with increasing molten metal temperature because a large amount of thermal
decomposition gas is generated [6]. To understand the mold filling rate, it is helpful to refer to reports
discussing the influence of molten metal temperature on the mold filling rates of molten aluminum alloys
[5-15] and cast irons [15-19]. However, it is not appropriate to compare the mold filling rates of aluminum
alloys and cast irons due to the large difference in their molten metal temperatures and molten metal
densities. To investigate the influence of molten metal temperature on the mold filling rate, mold filling
rates of various molten metal temperatures were measured. The molten metal temperature was widely
varied from about 800°C to 1450°C, and various kind of alloys with similar densities were prepared to
maintain the molten metal temperature during mold filling. To verify the correlation between the molten

metal temperature and thermal decomposition of the foamed pattern, in-situ observation was carried out.

Experimental Procedures
a. Mold Filling Experiments

The bottom pouring method was applied to design the casting to avoid turbulence flow of the molten
metal. The density of the foamed polystyrene pattern was 15.4 kg m=. The dimensions of the foamed
pattern were 40 mm in outer diameter and 250 mm in height. Coatings with permeability of 3.70 cm?
cmHO! min! and thickness of 0.25 mm were applied on the foamed pattern. Touch sensors (tungsten
wires) for molten metal, gas pressure ports (stainless steel tubes), and alumel-chromel thermocouples of
0.2 mm in diameter were inserted into the foamed pattern. As shown in Fig 1, sensor points were set at 5
mm, 65 mm, 125 mm, 185 mm and 245 mm from the bottom of the pattern. The sensors were arranged
concentrically 5 mm from the pattern center. Silica sand with grain number of 100-140 AFS was used as
backing sand. The sprue, runner, gate were molded using refractory materials. Vacuum was not applied
during casting. Table 1 shows the densities of the alloy, pouring temperatures and solidification
temperatures used for the mold filling experiments. Alloys with an invariant system were designed so that
molten metal temperature can be maintained at temperatures close to the temperatures of invariant reactions,

such as eutectic, monotectic, or peritectic reaction, during mold filling. Eutectic reaction can occur on the



cast iron and the Cu-S alloy, monotectic reaction on the Fe-Sn alloy, and preritectic reaction on the Cu-Sn
alloys. The molten metal temperatures were measured with thermocouples inserted into the foamed pattern.
The pouring temperatures of the Sn-25%Cu alloy, Cu-25%Sn alloy, Cu-0.75%S alloy, Fe-46.5%Sn alloy,
and cast iron (Fe-3.3%C-3.0%Si-0.3%Mn alloy) were 800°C, 1100°C, 1300°C, 1400°C and 1450°C,
respectively. The required amount of molten metals was placed in a pouring cup and then poured into the

sprue by removing the stopper at the bottom of the pouring cup.

b. In-situ Observation Experiments

A similar type of casting design was used for the in-situ observation of mold filling. Figure 2 shows the
casting design for the in-situ observation. A foamed polystyrene pattern of quadrangular prism with
dimensions of 40 mm x 40 mm x 250 mm was used. The density of the foamed pattern was 11.4 kg m=. A
transparent silica plate with dimensions of 300 mm x 50 mm x 3 mm was attached to one side of the foamed
pattern. Both the top and bottom ends of the silica plate were fixed with a bonded sand mold as shown in
Fig. 2. Vertical grooves were made along the length of one side of the foamed pattern surface contacting
the silica plate. The other sides of the foamed pattern were applied with a coating with the same permeability
of 3.70 cm? cmH,0O!' min™! as the mold filling experiment. The backing sand was a self-hardening sand
mold cured by water glass binder with silicate type curing agent. The molten metal used was cast iron, like
the mold filling experiment. Molten cast iron of 6.6 kg was poured into the mold cavity in atmospheric

pressure in the same way as the mold filling experiment.

Results and Discussion

Figure 3 shows the result of actual sensor outputs during the mold filling of the molten cast iron poured
at 1450°C. Figures 3 (a), (b), and (c) show the temperature, gas pressure, and metal touch sensor output at
each sensor point, respectively. As shown in Figure 3 (c), one step of the voltage increment corresponds to
the sensor position reached by the molten metal. As shown in Figure 3 (b), the start of increase in gas
pressure corresponds to the position at which foamed pattern decomposition occurs in the gas pressure port.
As shown in Figure 3 (a), the molten metal temperature at each sensor point was evaluated as the maximum
temperature shown on the thermocouple immediately after detection of the molten metal with the touch
Sensor.

Figure 4 shows the temperature at the tip of the molten metal at each sensor point. The temperatures
tended to slightly decrease, and were close to the invariant temperatures. In the case of cast iron, no data
could be obtained at the 245 mm position from the pattern bottom due to misrun. The cause of the misrun
is not attributed to the drop in temperature at the tip of the molten cast iron because there is larger than
eutectic temperature. The temperatures at 185 mm and 245 mm could not be obtained in the case of Fe-Sn
alloy (1400°C of pouring temperature). The average temperatures during the mold filling of the Sn-Cu alloy,
Cu-Sn alloy, Cu-S alloy, Fe-Sn alloy, and cast iron were 560°C, 890°C, 1030°C, 1100°C, and 1220°C,



respectively. The molten metal temperature may have decreased due to the decomposition heat of the
foamed pattern. The decomposition heat of EPS is reported as 30 kJ/kg [20], and based on the EPS mass
used in this experiment, 145 J of heat is required to decompose the entire pattern. On the other hand, since
the heat capacity of the molten cast iron (about 2 kg) in the mold is about 1700 J/K, the decrease in molten
metal temperature due to the decomposition heat of EPS should be very small.

Figure 5 shows the progress of the foamed pattern decomposition and the mold filling of molten metals
with time. The molten metal temperatures during mold filling in Figures 5 (a), (b), (¢), (d), and (e) were
560°C, 890°C, 1030°C, 1100°C, and 1220°C, respectively. As shown in the figures, the foamed pattern
decomposition and mold filling progressed with time. At the molten metal temperature range of 560°C to
1030°C, the rates of the pattern decomposition and mold filling decreased with time. On the other hand,
when the molten metal temperature was over 1030°C, the initial rates of the pattern decomposition and
mold filling were smaller than those in the latter half. The pattern decomposition rate at 1220°C was larger
than that at 560°C, however, the mold filling rate at 1220°C was slower than that at 560°C. The mold filling
rate is influenced by not only molten metal temperature, but other factors as well.

Figure 6 shows the relationship between the molten metal temperature and foamed pattern
decomposition rate. The rates were calculated as a direct proportional from the results in Figure 5. The
pattern decomposition rate between the 5 mm position and 65 mm position from the gate increased with
increasing molten metal temperature from 560°C to 890°C, and decreased with further increase in the
molten metal temperature. As for the 185 mm to 245 mm positions, the tendency of the pattern
decomposition rate increasing once and decreasing with increasing molten metal temperature was similar
with the 5 mm to 65 mm positions from the gate. The temperature in which the pattern decomposition rate
between thel185 mm and 245 mm positions becomes maximum was larger than that between the 5 mm and
65 mm positions. For the 185 mm to 245 mm positions, the amount of heat transferred from the molten
metal to the foamed pattern may be smaller than the 5 mm to 65 mm positions because the distance between
the pattern decomposition surface and molten metal tip is larger. These results indicate that the pattern
decomposition rate increases with increasing molten metal temperature, however, the rate may decrease
when the amount of heat transferred from the molten metal to the foamed pattern exceeds a certain amount
due to the large gas gap.

Figure 7 shows the relationship between the molten metal temperature and mold filling rate. The mold
filling rate increased with increasing molten metal temperature from 560°C to 890°C, and decreased with
further increase in molten metal temperature regardless of the measurement position. These results show
that the mold filling rate does not simply increase with increasing molten metal temperature. Similar results
to Figure 7 have been reported [6, 15]. According to these reports, the mold filling rate increased with
increasing molten metal temperature. In addition, the mold filling rate decreased due to a large amount of
gas generated by thermal decomposition at high temperatures of the molten metal. At high temperatures of

molten metals such as cast iron, the gas pressure in the thermal decomposition gas layer can be large because



a large amount of gas, such as low hydrocarbon, is formed due to the decomposition of monomer by the
large amount of heat generated.

Figure 8 shows the influence of the difference between gas pressure in the thermal decomposition
gas layer and head of molten metal on the mold filling rate at each sensor point. The mold filling rates
at positions 65 mm, 125 mm, and 185 mm from the gate were estimated by averaging the mold filling
rates from the sensor point to two adjacent sensor points. For example, the mold filling rate at 65 mm is
the average rate for the 5 to 65 mm positions and 65 to 125 mm positions, while that at 245 mm is the
average rate for the 185 mm to 245 mm positions. At the 5 mm position from the gate, the data was not
plotted because the gas pressure could not be measured stably. The head of molten metal was calculated
from the molten metal densities and positions of the molten metal tip. The molten metal densities except
cast iron were estimated by proportionally converting the pure metal liquid density of alloying elements.
The molten cast iron density was set to 6.9 g cm™. The mold filling rate tended to increase with increasing
pressure difference. However, in the cases of molten metal temperatures of 1220°C and 1100°C, the mold
filling rates were low despite the pressure difference. An increment in the pressure difference may be
expected to increase the mold filling rate. In addition to the pressure of the thermal decomposition gas
layer, the area for exhausting gas through the coated area should also be taken into account for
understanding the results in Figure 8.

Figure 9 shows the relationship between the molten metal temperature and thickness of the thermal
decomposition gas layer. Although the thickness of the gas layer tended to increase with molten metal
temperature, the gas layer thickness specifically decreased at about 1030 °C. As shown in Figure 8, at
1030 °C, the mold filling rate is large at the pressure difference even when the gas gap is not large
compared to the area from which gas is discharged. The decrement in the gas layer thickness indicates
that the thermal decomposition gas volume is small in the case of 1030 °C. The amount of gas generated
is small when polystyrene decomposes into monomer gas, whose boiling point is 145 °C. The gas layer
at1030 °C became small because the amount of thermal decomposition products may be smaller than that
at 1100 °C or more, and the heat generated from molten metal to foamed pattern may be larger than that
at 890 °C or less. Therefore, the molten metal temperature of about 1000 °C seems to be the appropriate
temperature for polystyrene foamed pattern. On the other hand, the reason for the slow mold filling rate
in the case of molten cast iron could not be understood from the pressure difference and gas layer
thickness. To understand the mold filling of molten cast iron, it is necessary to directly observe the
thermal decomposition of the foamed pattern and flow of molten metal during mold filling.

The results of Fig. 5 (e) suggest that the mold filling and the foamed pattern decomposition in the initial
stage is very slow. To verify this phenomenon, we conducted in-situ observation. Figure 10 shows the states
of the foamed pattern decomposition and the molten cast rion flow. From just after pouring to 1.2 s after
pouring, the foamed pattern was decomposed and a cavity was formed, after which the molten metal flowed

into the cavity. From 1.2 s to 2 s, two thirds of the foamed pattern decomposed like black fog, and the



molten metal flow more or less stopped at the position 1.2 s. After 2 s, the molten metal started to flow
again. Black-colored liquid was observed near the molten metal tip. A part of the black liquid was absorbed
into the area between the molten metal and silica plate while gasifying. Similar results have been reported
in previous studies[15]. The molten metal then filled into the cavity which was formed by the thermal
decomposition of the foamed pattern. However, the molten metal did not fill to the top end of the cavity.
This observation result supports the result of Fig. 5 (e). Although the details of the thermal decomposition
gas layer could not be clearly observed due to the black fog, black-colored liquid was observed. The thermal
decomposition residues collected during the mold filling of the molten cast iron were found to be dark-
colored liquefied resin [19]. The presence of the black-colored liquefied resin residues indicates that
polystyrene has decomposed into molecules smaller than monomer, and that large amounts of gas can form.
Black liquefied products seen by the in-situ observation were present on the molten metal, and these
products later evaporated. In the temperature measurement data of Figure 5, at the positions of 65 mm, 125
mm, and 185 mm, the temperature increase rate was found to decrease just before the thermocouple touched
the molten metal. This temperature changes were attributed to the endothermic reaction of boiling of
liquefied products. In addition, the permeability of the coatings may have become small due to the
penetration of the liquefied resin into the coatings [19]. Excessively high molten metal temperature is
thought to cause the mold filling rate to decrease in the initial stage of mold filling. Since liquefied products
were observed, it is thought that complete decomposition did not occur. However, when monomers
decompose, the maximum gas amount is four times that of the monomer gas. In the case of PMMA, foamed
patterns mainly decompose into gas. Therefore, the decrease in the mold filling rate in the initial stage may
not occur because of the different mechanisms of thermal decomposition. To further understand this
mechanism, observation with higher spatial and time resolution is required. Since the mechanism of thermal
decomposition is considered to change at molten metal temperatures of 1100 °C or higher, quantitative
evaluation of decomposition products is also necessary for understanding details. In future work, we hope
to construct a model for predicting misrun and residue defects at high molten metal temperatures by

clarifying decomposition reactions.

Conclusions
In this study, the flow length of molten metal, gas pressure in the gas gap, and temperature in the cavity
were measured during evaporative pattern casting, and the mold filling rate and foamed polystyrene pattern
decomposition rate were calculated. The molten metal temperature during mold filling was varied from
560°C to 1220°C. The filling of molten cast iron into the mold was verified by in-situ observation. The
following conclusions were obtained:
(1) The pattern decomposition rate increases with increasing molten metal temperature, and decreases with
further increase in molten metal temperature. The temperature at which the pattern decomposition rate

decreases changed to higher temperatures as mold filling progressed.



(2) The mold filling rate increases with increasing molten metal temperature up to 890°C, and decreases
with increasing temperature over 890°C, especially at the initial stage of mold filling.

(3) The mold filling rate tends to increase with increasing difference between pressure in the thermal
decomposition gas layer and head of the molten metal tip. However, in the case of high temperatures,
such as molten cast iron, the mold filling rate did not depend on the pressure difference.

(4) The thickness of the thermal decomposition gas layer increases with increasing molten metal
temperature, however it deceases at about 1000 °C, then increases again.

(5) The results of in-situ observation showed that the mold filling speed in the initial stage is very slow
even though the decomposition of polystyrene foam progressed, and this caused the foamed pattern to

decompose into black-colored products.
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Table 1 Pouring temperature and physical properties of casting alloys.

Density | Pouring temp. | Liquidus temp. | Invariant reaction temp.
(g em™) O O O
Cast iron 7.84 1450 1182 1164
Fe-46.5%Sn alloy 7.66 1400 1150 1130
Cu-0.75%S alloy 8.02 1300 1067 1067
Cu-25%$Sn alloy 8.54 1100 840 798
Sn-25%Cu alloy 7.72 800 580 415
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