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ANALYSIS OF COOLING A PRINTED 3D MOLD USING A CASTING AND SOLIDIFICATION SIMULATION
OF A CUSN20 BRONZE BELL CASTING

The work done in this study is a preliminary investigation into the possibility of modelling the filling and solidification process
of castings in molds made with the additive method. The work originated from an experiment to produce a bronze casting with a high
tin content in an additive mold. The mold filling and solidification simulation was carried out in the MAGMASOFT program, and
the lambda thermal conductivity coefficient used in the program’s material database was corrected based on the actual temperature
values of the printed form. The results were compared with the modeling results for the physical properties of furan molds based
on the program database. The microstructure of the castings obtained in the compared forms was assessed.
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1. Introduction

The development of additive manufacturing (AM) tech-
niques observed in recent years offers new opportunities for
the foundry industry. Models are made this way for molding
technologies, in the investment technology but also directly
from the molding compound. Historically, research into AM
technology began in the early 1980s [1] with the development
of the stereolithography (SL) [2] process, which 3D Systems
Inc. later commercialized [3]. In essence, one could posit that
AM technologies are finding applications in all industries us-
ing their speed, repeatability and print accuracy features [4],
and additive manufacturing itself has been listed as one of the
“key industrial sectors” [5]. The foundry industry also uses AM
techniques to complement traditional alternatives, such as casting
patterns for hand casting or the cast pattern method in precision
foundries or micro-models for jewellery [6,7]. The advantage
of AM, as opposed to traditional manufacturing methods, is that
the manufactured elements may have complex shapes in the
finished state [8,9]. In addition, a characteristic feature of ad-
ditive manufacturing is a high degree of individualization and

complexity of products, which translates into mass production
of individual parts without a large increase in costs [10]. Due
to the wide access to 3D printers, it is possible to print a form
made in a CAD program in just a few hours, without the need to
use mold patterns [11]. The possibility of making casting cores
or molds using AM technology is also known [12]. The binders
used in these techniques include alkyd, furan or silicate resins
[13,14]. As new technologies and their potential applications
develop, the materials’ unique properties must be considered
[15]. Studies on the influence of the cross-section of bells on
their acoustic properties revealed the problem of so-called “hu-
man error”, i.e., unintentional interference by the mold maker
in the geometry of the mold [16,17]. The use of AM techniques
has provided the opportunity to eliminate human error in making
traditional bell-casting molds while forcing a change in mold
technology. Initially, the rotating model was replaced by a bell-
casting model. This direction of the proposed changes initially
gave promising results, which, after acoustic analyses, turned
out to be lower than expected. It was therefore decided to in-
vestigate the possibility of directly making casting molds using
the additive method of sand with furan resin.
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2. Research methodology

The bell was cast from CuSn20 bronze with a weight of
6 kg in a form made of quartz sand with furan resin, the pouring
temperature was 1040°C. Copper and tin of high purity consti-
tuted feedstock. The die casting mold from the compound on the
base of quartz sand with furan resin was made by means of the
additive 3D printing technique. No fire-resistant coating was ap-
plied to the mold surface prior to the pouring process. The shape
of an external mold with a constant thickness of 20 mm on the
cross-section and an internal mold with a duct for the outflow of
gases is shown in Fig. 1a. The temperature of the mold surface
was controlled with a thermocouple type K in the vicinity of the
largest mold cavity diameter — Fig. 1b. The initial temperature of
the mold was 20°C, and during casting solidification the value
was: after 1'30" — approx. 30°C, after 2'00" approx. 45°C, and
after 4'30" approx. 140°C, respectively. The obtained casting
was put under visual assessment — Fig. 1c. The observed changes
in mold temperature during casting solidification in the new
mold material resulting from 3D printing prompted the authors
to undertake the examination of the mold priming and casting
solidification process based on the adjusted thermal conductivity
coefficient in the MAGMASOFT simulation software to values
consistent with the observation. The results of the validation with
the adjusted thermal conductivity coefficient were compared
with the results of the modelling for the software available in
the database with furan compound.

The following parameters of simulation tests were adopted
for molds made of furan compound and for molds made of furan
compound made in 3D technology (TABLE 1).

Tests to validate the mold cavity filling and solidification
process were performed by means of the MAGMASOFT v5.5
simulation software. The values of thermophysical properties of
the mold material from the MAGMASOFT software database
were adopted and the obtained results were compared with the
experimental values of the mold surface temperature — Fig. 2.
It was observed that the default values of thermal conductivity
for furan compound used in the material database are too high
for the molds that were produced in the additive technique, hence
the calculated temperature values are significantly higher than
the actual measurements.

a) b)

TABLE 1
Initial parameters of the simulation
Parameter Value
Foundry alloy CuSn20
Mold material Furan: (silica sand + furan)
Liquidus temperature* 889°C
Solidus temperature* 818°C
Pouring temperature 1040°C
Mold temperature 20°C
Pouring time** 20s
Filling tank level 90%
Number of cells 2995 680
Number of cells in the cast 143 532
* — data based on own research (thermal derivative analysis) [12]
** — pouring time according to the experiment

Whereas the temperature value of the casting mold meas-
ured during the experiment was not consistent with the value
obtained from the simulation, the value of the mold thermal
conductivity coefficient was adjusted to obtain the mold surface
temperature values consistent with the experiment. Reducing
this value by 50% allowed numerical modelling to be carried
out as closely as possible to the course of the experiment. The
graph of the change in the value of the thermal conductivity
parameter of furan compound before and after validation is pre-
sented in Fig. 3.

After the simulation, one which took into account the
change of the molding weight lambda parameter, the temperature
values on the outer part of the mold were obtained, which are
presented in Fig. 4.

The conducted validation makes it possible to select mold-
ing compound parameters in such a way that they are as close as
possible to the actual conditions. Figs. 5a and 5b show the distri-
bution of the casting temperature during filling the mold cavity
depending on the thermal conductivity parameters. On the left,
values according to MAGMASOFT; on the right, after validation.

While analyzing the mold cavity filling process shown in
Figs. 5aand 5b, it can be stated that this process was proceeding
in a turbulent manner with the separation of the stream of liquid
alloy. Such a method of filling may cause leaching of the mold-
ing compound and further occurrence of non-metallic inclusions

Fig. 1. The course of the experiment a) mold cross-section, b) mold during pouring, ¢) finished casting



POLSKA AKADEN

www.czasopisma.pan.pl P N www.journals.pan.pl

1A NAUK

tp=90 S Temp.ecrature

t=120s

Empty

100.0
94.3
88.6
829
| 771
714
65.7
60.0
54.3
486
429
371
314
257
20.0

85.6°C -
_869°Cga9°c 90.7°C

)

—_— AN
A28.6°C137.3°C 133.0°C
*a 3

305
Temp_eéalure tp=270 S Temn.egalure
‘ Empty Empty
1500 300.0
140.7 285.7
1314 2714
1221 257.1
1129 | 2429
! 103.6 2286
943 2143
85.0 2000
757 185.7
66.4 1714

157.1
1429
1286
1143
100.0

571
479
386
293
200

Maximum temperature of the mold surface from the simulation/experiment [°C]

90.7 /30

133.0/ 45 |

267.0/140

Fig. 2. Mold surface temperature (¢, — time from the moment of pouring the mold)

1.2
11 —#—Lambda Magma Solidus Liquidus
e temperature || temperature
1 ~8—Lambda -50%
o /
0.8

I—l—"'/'

0.7

Lambda [W/m-K]

0.6 /
05 ././.“
U4l oo o5 :
Pouring
0.3 temperature
0.2
400 500 600 700 800 900 1000 1100 1200

Temperature [°C]

Fig. 3. Changes in the value of the thermal conductivity parameter of
furan mass before and after validation

and discontinuities in the casting, such as oxide inclusions and
porosity. The geometry of the mold with the molding compound
parameters applied with a furan binder affects the temperature
distribution of the stream, which is particularly visible for fill-
ings from 20 to 50%. While analyzing the differences in the
temperature in the casting after its solidification for two variants
of mold formation and the corresponding lambda parameters, the

difference is approx. 40-50°C. This difference affects the location
of the porosity in the casting, as shown in Fig. 6.

The locations of the predicted shrinkage defects are located
in places that do not necessarily solidify last. In the explanation
of the mechanism of internal defects, it is useful to analyze the
thermal module (Feedmod) — a scratch and the “Hot Spot’ crite-
rion, which identifies areas with solidification times significantly
different from the environment.

Feedmod — Fig. 7 can help to understand the thermal
conditions within the casting. In comparison to the geometrical
modulus (V/A), the thermal modulus takes “sand edge” effects
and chills into account, which leads to a decrease or increase
in the effective casting surfaces available for cooling and thus
to different solidification times. Therefore, a more precise
evaluation is possible with the thermal modulus than with the
geometrical modulus. The ‘Hot Spot’ — Fig. 8 criterion shows
those areas whose solidification times differ significantly from
their surroundings. It thus helps you to identify where residual
melt is surrounded by cooler material. As these areas are possibly
cut off from feeding, there is a risk of shrink hole and porosity
formation. What is more, you can also check directional solidi-
fication and thus identify potentially problem zones.
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Fig. Sa. The distribution of the casting temperature when filling the mold cavity (pouring 10% to 60%)

The thermal module considers the effects of heat exchange
between the casting and the grain of sand. Additionally, a feed
effect is applied from the later solidifying areas. The feeding of
solidifying casting proceeds in two directions: according to grav-
ity, supplementing the metal shortage in the thickest part of the
casting and in the horizontal direction, where the cross-section
is the smallest — during solidification, there is a shortage of lig-
uid metal due to shrinkage, that is to say, porosity, between the
upper part of the casting fed from the main filler and the lower
thickest part of the cross-section.

Observation and assessment of the microstructure of sam-
ples taken from castings made in furan compound and 3D printed

mold was carried out. Samples were taken from the thickest parts
of'the casting. The metallographic samples were etched in FeCly
solution — Fig. 9. The structure of the obtained alloy consists
of a soft plastic phase o and a mixture of eutectoid phase o and
a hard intermetallic compound ¢ (Cus;Sng). A finer structure
was disclosed for the molding stock sample with furan binder
than for the printed mold samples. This is due to the difference
in the rate at which the heat is received from the solidifying
alloy. Slower heat reception promotes the growth of dendrites.
Precipitation measurements were made on 20 microstructures,
analyzing 5 precipitates each.
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3. Conclusions

On the basis of experimental tests, the thermal conductivity
coefficient of the sand mold with furan binder formed in the 3D
printing process was determined and verified. It has been shown
that with the same parameters of pouring the mold, the solidifi-
cation time in printed molds is longer, which affects the bronze
microstructure. Feedmod and Hot Spot analyses allow one to
understand the mechanism of internal defects in the casting,
allowing him or her to effectively counteract them.

The structure of the cast made in printed form shows larger
phase separations o as compared to the mold made of furan



www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

308

L1=109.80 ym h1 =189.74 ym
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Fig. 9. Tin bronze microstructure a) furan resin form b) additive form with furan resin

compound. Both the change in the thermal conductivity of
the mold and the change in the casting structure is most likely
due to the difference in the amount of binder necessary to bind
the sand grain. Additive technology forces the use of a much
larger amount of binder than traditional casting methods.
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