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Abstract

The article deals with the use of additive technologies (AM) to produce a fusible model for a casting. AM technologies
SLA, FDM, or PolyJet have been used to create models of castings of musical instrument keys from various polymeric
materials. The roughness profiles of the models were determined and their combustibility during the mould firing process
was tested. After these tests, moulds were made from the models, the moulds were fired, and the casting was made using
the selected metal alloy. The final quality of the castings was then evaluated by metallographic analysis using SM, SEM,
and X-ray techniques. Evaluation of the results revealed for example that the laboriousness of machining the casting
increases with the proportion of ash which arises during the firing process of the mould and is further dependent on the
surface quality of the model.

Keywords: Porosity; Surface Roughness; Investment Casting; AM technologies.

1. Introduction

The technology of casting using a fusible model is one of the oldest known technologies for the production of weapons
and works of art. It was used for this purpose several millennia ago [1], [2]. Since then, the technology has undergone a
number of innovations and it is currently used mainly for producing components with complex shapes, mostly in serial
and mass production. Among the products that are currently produced with this technology are, for example, keys for
musical instruments, see Fig. 1. The investment casting method is used for these products because it allows the production
of parts with high surface quality within narrow dimensional tolerances. As is known with this technology, it is possible
to obtain the final shape of a machine part without the need to further modify or machine it. In some cases, however, the
functional surfaces or visible surfaces of the casting are modified, for example by grinding or depositing various layers,
which is the case for musical instrument keys. From a technological and time point of view, this is a demanding production
process consisting of a series of steps. The casting is created using various technologies starting with the production of
the parent model and mould, through the creation of wax models and their assemblies, to the creation of the mould for
casting, its firing, and final pouring of the alloy from which the casting is to be made.
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B 2

Fig. 1. Set of key castings for musical instruments. On the left, an example of a set of wax models, on the right an
example of castings after removing the moulding compound [3]

One ways to reduce the complexity of the production of keys castings and thus to shorten the time required for their
completion is by using additive technology. This technology, as can be seen from Figure 2, can theoretically be
implemented at various stages of casting production processed by I1C technology, from production of the parent model,
through the production of wax models, production of entire moulds for casting, to complete replacement of precision
casting technology with a suitable additive technology.
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Fig. 2. Comparison of conventional processes of casting production using a fusible model with processes that
implement AM technologies [4]

In this case study, we focused on evaluating the quality of castings when AM technologies are used in the production
of wax (polymer) models to create a cavity in a mould for casting a metal alloy. The reason for using AM technologies
in the production of wax models is related to the good availability of these technologies and the large number of available
polymeric materials that can be processed by these technologies. The aim of the study was to compare the surface quality
of models created from different materials on different AM devices and then also the surface quality of the castings
created using these models. The roughness and topography of the surfaces of the models and castings were measured.
The polymer materials were then compared in terms of the amount of fumes that are generated during their combustion
during the firing of the moulding material.
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The control of the proportion of these products and the non-combustible parts of the material was compared with the
values found for wax, which is commonly used for the production of such models. The surface quality of castings created
after moulding and firing of moulds with models using AM equipment was finally compared with the surface quality of
castings of the same type of keys for wind instruments produced by the conventional process using investment casting
technology. The casting model of the key, which was also used as a basis for the production of the polymer models is
shown below, see Fig. 3. By comparing all the data, it was possible to determine the ability of AM technologies and
materials to replace a conventional wax model.

Fig. 3. Model of a key for a musical instrument used for the production of a wax model
2. Materials and parameters used in the experiment
2.1. Materials and AM technology used
Polymer models were created using four different AM production technologies, see Table 1. Each of these
technologies, depending on the type of printer used, allows the model to be produced with different accuracies and surface

qualities. The final properties of the polymer models thus depend on the parameters used for their production, but also on
the processed material, its chemical composition and form, i.e. whether it is a resin, powder, or string.

Print Plate Layer Material | Filling
Printing Printer Material Temperature | Temperature | Thickness Form the
Technology Type (°C) (°C) (mm) Model
(%)
AlOM Mouldlay 180 40 0.1 String 15
EDM Original 0.1/0.05 String 15
Prusa i3 PLA 210 42
MK3S
Ultimaker S5 PVA 190 40 String 15
Original Castable Resin 100
SLA Prusa SL1 Wax ) )
VisiJet M3 Resin 100
MIM ProJﬁt[;%SlO Crystal+ - -
VisiJet S300
HP Jet HP 3D High 0.08 Powder 100
MJF : Reusability - -
Fusion 4200 PA 12

Table 1. Parameters for processing polymeric materials, their form, types of printer, and processing technologies

2.2. Analysis of topography and surface structure of models and castings

The topography of the surface and the surface roughness was analysed for the created polymer models and
subsequently also for castings. The roughness was measured on a Hommel-Etamic T8000 roughness tester, with a 2 um
diamond tip at an apex angle of 90°. Four measurements were performed on each sample: two longitudinal measurements
in the sample axis (P) and two measurements perpendicular to them (K ), see the measurement diagram in Figure 4. Two
measurements in each direction were performed due to subsequent evaluation according to the CSN EN ISO 4287: 1999
standard [5]. The evaluation was based on a shortened elevation. The shortening of the basic profile was performed due
to the shape of the damper model, where the full length of the basic profile would exceed the range of the meter (+/- 400
um).
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In the case of longitudinal measurement (P), the measured length was 4.8 mm with a feed rate of 0.5 mm/s, and a
Gaussian linear filter CSN EN ISO 16610-21 was used [6] (before CSN EN ISO 11 562) with a cut-off value of 2.5 mm.
In the case of perpendicular measurement (K), the measured length was 3.2 mm, the feed rate 0.5 mm/s. The filter used
was the same as for the longitudinal (P) measurement, with a difference in the cut-off value of 0.8 mm.

Measured roughness parameters:

ot 0 - Ra- Arithmetical mean height of roughness;

- Rz — Maximum height of profile;

- Rv - Maximum profile valley depth;

- Rp— Maximum profile peak height;

- RSm - Mean width of the profile elements;

- Quantities of load-bearing part - parameters of
Abbott curve (Rpk — Reduced peak height; Rvk
— reduced depth of valley; Mrl proportion of
material above the core profile and Mr2 — the
proportion of material below the roughness
profile).

Fig. 4. The places in which Roughness measurements were taken

Surface topography was measured on an IFM G4 optical scanning microscope in a 10x objective configuration with a
vertical resolution of 2.0249 um and a lateral resolution of 1.9012 um. The surface was scanned on the back of the keys
model (in the same place as one of the longitudinal measurements on the roughness meter was made). The result of the
measurement is then a colour image showing the recorded height differences of the profile.

2.3. Firing parameters of polymeric materials and moulds for casting

The proportion of ash formed during the firing of the mould was determined for the processed polymeric materials.
This analysis consisted of taking the material, weighing the sample and the ceramic crucible in which the material was
placed, using precision laboratory balances Radwag AS 220 / C / 2, firing the material at 720 ° C and finally weighing
the ceramic crucibles after the firing process. The value of ash found in the polymer materials used to make the model on
AM equipment was then compared with the value found in the wax material Flexible Blue, which is currently used in the
production of models using investment casting technology.

In addition to the above analyses, some of the polymer models were formed in Gold star XL gypsum. After forming
into the moulds, the moulds were fired. This firing consisted of stepwise heating of the mould, see Fig. 5. The firing of
the mould was followed by the casting of the tin alloy. The aim of this analysis was to determine the difference between
the final quality of the casting obtained using different materials and AM technologies with the quality of the casting that
was made in a conventional manner. Visual inspection of surface defects and their evaluation according to the CSN 42
1240 standard was performed on the castings [7].

Firing the mould in the chamber furnace
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Fig. 5. Temperature v time graph for firing moulds before casting with the tin alloy
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3. Results and discussion
3.1. Ash content

The final surface quality of the castings depends, among other things, on the proportion of non-combustible parts of
the polymeric material used to produce the fusible model. The proportion of this ash should be as low as possible because
it remains trapped in the cavity of the mould. Here, it interacts with the molten cast metal and causes surface and
subsurface defects in its structure. Below, see Fig. 6, the results of the analysis of the combustibility of polymeric materials
processed using various additive techniques are shown.

Comparison of the proportion of ash after the combustibility test
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Fig. 6. Comparison of the share of ash in the processed materials. The right part of the figure shows the polymeric
materials before and the non-combustible proportion of ashes after the combustibility test.

The graph in this figure (Fig. 6) shows that all the polymeric materials used to make the fusible model using AM
techniques, had a higher ash content of up to 1100 % in the case of PA12 compared to the commonly used Flexible Blue
wax. A higher proportion of ash is associated with a higher resistance of these polymers to their thermal degradation. The
intensity of this degradation then depends on the cohesiveness of the bonds that act between the polymer macromolecules.
Disruption of these bonds (thermal degradation) can take place in various ways, primarily by depolymerization, accidental
cleavage of macromolecule chains or elimination of side groups of these chains [8]. The cohesiveness of the bonds that
hold these macromolecules together is affected by their chemical structure, i.e., their elemental composition and the types
of bonds that are used here. For example, the more cross-links in the polymeric structure between the molecules, or the
more ordered the structure, i.e. the higher the proportion of crystalline phase, the higher the strength and temperature
resistance of the polymer. This can then lead to a higher proportion of non-combustible products when firing the foundry
mould.

These non-combustible products can have a high adhesion to the mould surface. In the experiment, the non-
combustible components of polymers PA12 and ABS showed the highest adhesion, i.e. resistance to removal. Their high
adhesion and volume on the surface of the mould cavity could then lead to an increase in the proportion of surface defects
in the casting. In addition, chemical reactions may occur between the resulting flue gas and the mould cavity interface,
causing the mould interface to be disrupted. This would again lead to a deterioration of the surface quality of the casting
and this would lead to an increase in the laboriousness of its further processing.

3.2. Topography and surface roughness of samples

The final surface quality of the casting further depends on the processing quality of the wax model. For the
conventional production of a wax model, techniques of injecting the polymer into the parent mould are often used. The
final quality of the wax model in terms of its surface quality and internal porosity depends on the injection temperature
used, the injection pressure used, the holding time at the injection temperature and the processing quality of the mother
mould for its production [9], [10].

Using AM technologies, the model is created by gradual application of layers of material in the form of strings,
powder, resin or plates [11], [12], [13]. It follows that the thickness of the layer of applied material is one of the limiting
factors that fundamentally affect the final surface quality of the wax model. As has been shown previously, for example
in the context of metallic 3D printing, by reducing the thickness of the layers of applied material, it is possible to achieve
a lower surface roughness of the component to be formed [14]. However, the thickness of the layer is not the only limiting
factor that affects the final quality of the model.
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Other parameters that can fundamentally affect its quality include, for example, the speed of movement of the AM
equipment components, temperatures used to process the polymer material, set trajectories and the methodology of
creating individual layers of the model and the associated orientation of the model in space on the AM construction site.
In addition to the above, the quality of the model is also related to the quality of the input semi-finished products, which
are usually processed with different qualities [15], [16], [17]. Fig. 7 shows the surface structure quality of the polymer
models formed from three different materials using three different AM technologies.

PLA (FDM) M3+S300 (MIM) by CASTABLE WAX (SLA)
i 4

Fig. 7. Comparison of surface topography of polymer models created using FDM, MJM and SLA technology.

From this comparison (Fig. 7), it is evident that the greatest height differences between the model surfaces were
recorded on the models from the FDM printer, even when the height of the applied layer of the material changed. When
using other AM techniques, the differences in height between the individual surfaces of the model were smaller, also due
to the fact that the models were printed in different positions than in the case of printing on FDM printers. An example
of the effect of model orientation on model quality is shown above in Figure 7, where a model printed using SLA
technology was otherwise oriented to the building plate and thus had the lowest variance in the heights of the surfaces of
which the model consists compared to other models.

The final quality of the wax model and subsequently the casting is also affected by the shape of the casting. With
complex shapes, depending on the AM technology, their roughness and structure differ on different surfaces, which is
evident from the surface topography measurement above, see Fig. 7.

Below, see Figures 8-9, the measured differences in roughness between the formed polymer models and the castings
are recorded. The measured values for the castings are further compared with the values measured for the casting obtained
by the conventional I1C route. The measured data was compared from the point of view of two basic parameters for the
subsequent processing of the musical instrument keys. The first parameter was the change in the roughness Rz and Ra,
respectively, see Fig. 8. The change in these two parameters indicates the overall roughening, or a reduction in the
roughness of the casting compared to the model. The second parameter compared was the change in the area of the
grooves presented by the parameters Mr2 and Rvk, see Fig. 9.
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Fig. 8. Comparison of roughness on models and castings obtained by additive technologies FDM, MJM, MJF and SLA,
with surface roughness of a casting which was produced using conventional IC technology
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As can be seen from the values in the graphs above (Fig. 8), it can be said that for castings using models created by
FDM printers, there was a paradoxical reduction in surface roughness. This results from the fact that the individual layers
are visible on the models, which the moulding mixture could not wet completely and so it was not possible to fill them
down to the smallest detail. In the case of models obtained from all other AM devices, there is an increase in roughness,
however, this is to some extent influenced by the occurrence of defects on the measured lengths. Unfortunately, no data
are available for the casting obtained from the master from the MJM printer, as the mould cracked and the cast alloy was
spilled during firing. The cracking of the mould was probably due to large differences in the coefficients of thermal
expansion between the mould material and the polymer model. The fact that the model was created in full contributed to
the fact that the form was broken. As mentioned in some studies, when making these models from polymeric materials,
it is advantageous to make them hollow, because then they collapse before the mould breaks [18]. When comparing the
achieved roughness on castings and respectively also models obtained by AM technologies, it is evident that when using
a conventional method of material processing, the surface roughness of the casting is significantly lower in both measured
directions.

For further machining of the casting, it is important that the area of the grooves on its surface is as low as possible.
Below is the formula (1) used for calculating the area of grooves, which is based on the shape of the so-called Abbot
curve. This formula is based on the assumption that the area of the grooves is in the shape of a right triangle.

((100 — M,,) - Ry
2

[um?] @

Grooves area =

A comparison of the change in the parameters of Mr2, Rvk and the calculated change in the area of grooves in polymer
models and subsequently formed castings is given below, see Fig. 9. The results are compared with the values measured
on the surface of a casting produced by conventional IC.
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Fig. 9. Comparison of the proportion of material below the roughness profile Mr2 and reduced depth of grooves Rvk on
models and castings obtained by additive technologies FDM, MJM, MJF and SLA, with the values of the surface of the
casting, which was produced using conventional IC technology
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From the comparison of parameters above (Fig. 9), it follows that the conventionally produced casting has a
significantly lower area of grooves on its surface in both measured directions, not only with respect to the castings, but
also the polymer models obtained using various AM techniques. With these models, it is evident that the area of the
grooves differs in the different directions of measurement. This is connected with the method of layering the material and
the thickness of the formed layers of material during their processing.

3.3. Surface defects of castings
The surface quality of castings obtained after moulding polymer models produced on AM equipment was, in addition

to the technology of their processing, influenced by the method of their moulding. Below, see Fig. 10, some of the defects
associated with this process are noted.

Metal-free space

Cakes

Fig. 10. Examples of defects recorded on the surfaces of castings which were created by casting a tin alloy. The upper
image shows a casting in which the wax model was created by SLA technology on the Original Prusa SL1 printer, made
of CastableWax material. The lower image shows a casting in which the wax model was created by MJF technology on

an HP Jet Fusion 4200 printer, made of PA12 material

During the production of the gypsum mould, into which the metal was subsequently cast, air bubbles were formed.
These bubbles remained trapped on the polymer models surfaces. After the mould had been fired, unfilled areas remained
in these places. After firing the mould and casting the material, these areas were then filled with liquid metal, which after
solidification formed defects on the surface of the casting known as shots, see Fig. 10 above. In addition to this defect,
cakes were observed on the surface of the castings. This type of defect is caused by the disruption of the mould interface
by molten metal. This can occur, for example, due to poor firing of the mould, when the mould does not have sufficient
rigidity, or due to dissolution of the mould by molten metal. These defects usually occur at large interfaces, where molten
metal can act on the mould interface for a sufficiently long time. In the case of this study of formed castings, the ash
which remained trapped inside the mould after firing probably also contributed to the formation of cakes.

In the case of some castings, the metal alloy did not run into some areas of the casting. This was probably due to the
impaired deposition capacity of the metal in these areas. Here, it was probably due to the fact that the supply channel
solidified earlier and so the settling capacity of the metal was not sufficient.

4. Conclusion

The aim of this study was to analyse the applicability of AM technologies in the process of casting on a fusible model.

Their use should reduce the production times required to complete the castings. The applicability of AM technologies

was studied for their use in the production of wax models.

The results of the above analyses can be summarized as follows:

e The polymer materials used in AM equipment showed a higher proportion of non-combustible components compared
to the Flexible Blue material, which is commonly used to produce fusible models in IC technology.

o A higher proportion of ash was also recorded in the case of materials or waxes intended directly for the creation
of fusible models using additive technologies. In the case of Castable Wax material processed on an SLA type
printer, the ash content was higher by approximately 120 %. In the case of MouldLay material processed on an
FDM type printer, their share was higher by about 870 %.

o The highest proportion of ash was recorded for PA12 material processed on an MJF type printer. The amount of
flue gas in the case of this material was higher by about 1100 %
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o The lowest proportion of ash in materials processed on AM equipment was shown by the combination of
materials M3 + S300, processed on the printer type MJM and material PVA processed on the printer type FDM.
In the case of the combination of materials M3 + S300, the share of ash was higher by about 25 % and in the
case of PVA material, by about 70 %.

e The surface topography of the created polymer models differed for different samples depending on the construction
strategy of the polymer model production and the possibilities of using AM devices.

o The greatest height differences between the surfaces (protrusions) of the wax model were recorded for models
created on FDM type printers. Significantly smaller differences were recorded for models created using MJM
and SLA technologies.

e By measuring the roughness in different areas on the polymer models and subsequently the castings, it was found that
the roughness and the total area of the grooves is significantly lower in castings obtained using the conventional IC
method.

o Castings modelled on FDM printers have a lower surface roughness than polymer models. In contrast, castings
obtained using other AM techniques showed an increase in roughness.

o The largest area of grooves was recorded in castings based on polymer models made of Mouldlay material
processed by an FDM type printer and PA12 material processed by an MJF type printer. For these materials, the
area of the grooves reached, in the case of the Mouldlay material, depending on the measuring direction, values
of 530 um2 in the longitudinal measuring direction and 362 umz2 in the transverse direction. For the PA12
material, the area of the grooves reached a value of 476 um2 in the longitudinal direction.

o The smallest area of grooves was recorded for castings modelled on polymer models made of Castable Wax
material processed by an SLA type printer, in which the area of grooves was 67 umz2 in the longitudinal direction
and 98 umz2 in the perpendicular direction. However, this value is still higher than the area of the grooves
calculated on the area of a casting produced using the conventional method, where their value reaches 11 um2
in the longitudinal direction and 22 um2 in the perpendicular direction.

From the above data, we can state that the complexity of further machining of castings based on models created on
various AM devices, would be higher compared to the conventional production method. The reason is that their surface
is formed by a higher proportion of grooves, which increase the demands on its further processing. A change in the way
the polymer models are formed could help to increase the quality of the castings, for example by using a vacuum which
would help to remove air bubbles from the volume of the moulding material. Because a large number of keys of various
shapes are required to fit the musical instrument, it is increasingly advantageous to use a standard production path for
their production. However, additive technology could be applied to the production of the parent models that are used to
make the moulds for the production of the polymer models analysed in this study. Further research will deal with
optimizing the shape of these parent models and optimizing the parameters of their production by appropriate AM
techniques, which will be selected based on the results presented here.
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