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Abstract: A hybrid technology for manufacturing parts from polymer materials (ABS, PLA) was devel-
oped, combining the layered extrusion method and casting under reduced pressure. The silicone mold
(used in the pressure casting method) was replaced with a thin-walled shell (with the geometry of the
manufactured element) made by the layered extrusion method. Then, in the vacuum casting process,
this shell was filled with a chemically cured polyurethane resin. Tensile and flexural properties of the
developed models were tested. The possibility of reducing the anisotropy of additively manufactured
parts mechanical properties was confirmed.

Keywords: additive technologies, polymer materials, hybrid technologies, vacuum casting.

Wybrane wlasciwosci mechaniczne modeli polimerowych wytworzonych
metoda hybrydowego szybkiego prototypowania

Streszczenie: Opracowano hybrydowa technologie wytwarzania czesci z materialdéw polimerowych
(ABS, PLA), faczacq metode wytlaczania warstwowego i odlewania pod obnizonym cisnieniem. For-
me silikonowa (stosowana w metodzie odlewania cisnieniowego) zastapiono cienkoscienna forma
(0 geometrii wytwarzanego elementu) wykonana metoda wytlaczania warstwowego. Nastepnie
w procesie odlewania prézniowego forma ta zostata wypetniona zywicq poliuretanowa utwardzana
chemicznie. Zbadano wiasciwosci mechaniczne przy rozciaganiu i zginaniu opracowanych modeli.
Potwierdzono mozliwos¢ zmniejszenia anizotropii wlasciwosci mechanicznych czesci wytwarzanych
metoda przyrostowa.

Stowa kluczowe: technologie przyrostowe, materiaty polimerowe, technologie hybrydowe, odlewanie

prozniowe.

Additive methods are classified using different divi-
sion criteria. Additive Manufacturing (AM) processes can
be divided into three separate groups: Rapid Prototyping
(RP), additive manufacturing of prototype machine parts,
as well as finished, fully functional products that can be
used as load-bearing or structural elements of machines
and devices (RM - Rapid Manufacturing), and additive
tool manufacturing (RT — Rapid Tooling) [1, 2].

According to ISO/ASTM 52900:2015, additive manu-
facturing technologies can be divided into seven gene-
ral categories. This classification is based on the basic
principle of operation and includes volume photopoly-
merization (VPP), material jetting (M]), binder jetting
(BJ), powder bed fusion (PBF), material extrusion (MEX),
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directed energy deposition (DED), and sheet lamination
(SL). Furthermore, depending on the type of base mate-
rial used, RP techniques can be divided into three dif-
ferent categories, i.e. powder-based, liquid-based, and
solid-based [3].

Over the past few years, additive manufacturing has
undergone a significant evolution, both in terms of the
variety of methods and materials used. This dynamic
change has contributed to the wide application of these
technologies in many industries and fields. Currently,
additive manufacturing is used in the automotive, aero-
space, medical, construction, military and food indu-
stries, among others [4-7]. In particular, the medical
industry has begun to experiment intensively with the
production of tissues, organs, and cellular structures
using additive technologies. This has enabled the cre-
ation of complex, three-dimensional biological structu-
res that can be used in regenerative medicine and in the
treatment of various diseases [8, 9]. In addition, addi-
tive technologies significantly shorten the time needed
to develop tooling and reduce the costs associated with
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making prototypes. This makes the process of designing
and implementing new products more effective and eco-
nomical, which is particularly important in dynamically
developing industries [10, 11].

One of the most popular and widespread 3D prin-
ting technologies is the layered extrusion method. This
technique involves the gradual application of layers of
plasticized material, which allows the creation of three-
-dimensional objects of various shapes and sizes. The lay-
ered extrusion method allows the use of a wide range of
polymer materials, including composite materials and
thermoplastics, which are commonly used in injection
molding technology [12, 13]. Due to the low costs of con-
sumables, the layered extrusion method is often used
to build functional prototypes and in small-scale pro-
duction. It allows for fast and cheap production of com-
ponents, which is particularly useful in the testing and
development phase of new products. Additionally, the
ease of use and availability of devices makes this tech-
nology popular among both professionals and hobby-
ists. However, the layered extrusion method also has
some limitations. One of the main problems is the relati-
vely high anisotropy of the manufactured parts, which
means that their mechanical properties vary depending
on the direction of the material layers [14-16]. In addi-
tion, the production of larger parts can be time-consu-
ming, and the accuracy of the models is limited due to
the layer stepping effect, which results in high surface
roughness. In addition, the need for support structures
that must be removed later, as well as problems with
material shrinkage, can affect the quality and strength
of the final product. Despite these limitations, the layered
extrusion method remains one of the most versatile and
accessible 3D printing technologies, constantly finding
new applications in various industries, from engineering
and architecture to medicine and education [17, 18].

Vacuum casting (VC) due to its low manufacturing
costs (cheaper materials and tools) is a widely used
method of manufacturing tooling, especially in small-
-batch and unit production, allowing for a shorter time
to market for new products [19, 20]. This method involves
vacuum casting of thermosetting epoxy, polyester, poly-
urethane resins or wax in molds made of silicone resins,
as well as composites of resins with metal powders
[21, 22]. The most commonly used tools in the VC pro-
cess are silicone rubber molds produced by the Room
Temperature Vulcanization (RTV) method by encapsu-
lating the pattern. The principle of the RTV method is to
reproduce the geometry of the reference model (usually
obtained by one of the RP methods) by enclosing it with
two-component silicone rubbers [23]. The RTV process is
usually carried out under atmospheric pressure, which is
associated with the risk of air in the mold in the area of
direct contact with the surface of the base model, which
in turn causes a significant decrease in the accuracy of
the vacuum casting process [24, 25]. However, in order
to ensure high precision of surface quality reproduction

and dimensional and shape conditions of the reference
model, immediately after pouring the technical silicone,
a vacuum degassing process is carried out, which allows
for the removal of gas bubbles formed during the mixing
of silicone components [26, 27].

Additive manufacturing technologies will enable the
production of complex elements that are impossible or
uneconomical to produce using other methods, but they
still face challenges that create barriers to their further
use in engineering fields. The main limitations of 3D
printing technology are the change in the strength of the
generated elements in relation to the orientation of the
model in the device’s working chamber.

The anisotropy of materials of parts printed using the
layered extrusion method has a significant impact on
their strength [28]. This results directly from the manu-
facturing direction, which is perpendicular (normal) to
the object’s parting plane. In the classic FDM method, the
manufacturing direction remains unchanged during the
model construction. The strength of the elements decre-
ases in the load directions similar to the direction of the
model construction. Therefore, it is necessary to arrange
the parts in the workspace of the device in such a way
that the loads run parallel to the direction of the longest
contour fibers, and at the same time are not parallel to
the manufacturing direction [29, 30, 31]. On the other
hand, the dimensional accuracy, especially in the case
of rotational elements, is the highest in the direction of
the model construction (vertical axis). Greater accuracy
in the vertical direction also results from the lack of the
need to use support structures. In the case of manufac-
turing solids of revolution in the horizontal plane, where
the generated supports contact the surface of the part,
the model is distorted, and thus the dimensional accu-
racy is reduced.

An important factor causing material anisotropy, espe-
cially mechanical anisotropy, is insufficient interlayer
adhesion (between successively built layers), which is
a consequence of the lack of melting of the source mate-
rial [32]. The extruded material quickly cools from the
melting temperature to the temperature of the printer
chamber, which causes internal stresses responsible for
the weak bond between two adjacent paths. Therefore, it
is reasonable to say that the strength of the object at the
layer boundaries is the lowest [33, 34].

The solution to the problems related to material aniso-
tropy and dimensional accuracy limitations in the lay-
ered extrusion method is the development of a hybrid
technology for manufacturing prototypes and functional
machine parts, based on the combination of the layered
extrusion method with low-pressure casting. Therefore,
the authors developed a manufacturing method based
on a thin-walled coating made by the layered extrusion
method, which is a framework for obtaining a real model,
which is created by filling the thin-walled coating with
a chemically cured polyurethane resin using the tech-
nology of casting under reduced pressure. An example
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Fig. 1. Part of a gear clutch made by layered extrusion and low-
pressure casting: 1 — filling with chemically cured resin, 2 -
thin-walled element

model is shown in Fig. 1. Moreover, tensile and flexural
properties of the developed models were tested.

EXPERIMENTAL PART
Materials

The samples were manufactured using ABS and PLA
from Spectrum Filaments (Pecice, Poland), processed
using MEX technology, and vacuum-cast chemically
cured resins PR2000, PR700, and PR1819 (Synthene, Pont-
Sainte-Maxence, France). These resins are two-compo-
nent polyurethane compositions designed for rapid pro-
totyping and short-series production of parts. The first
criterion for selecting the selected resins was their physi-
cal properties similar to thermoplastics such as ABS, PC/
PMMA. Based on the material cards, it can be assumed
that chemically cured resins have greater strength than
additively processed thermoplastics. Another criterion

Fig. 2. Sample for tensile properties: 1 - thin-walled coating, 2 -
chemically cured resin, 3 - rib

related to the selection of polyurethane resins for vacuum
casting was the parameter defined as “life time”, which
ranged from 6 to 19 minutes depending on the type of
resin. In addition, polyurethane resins are characterized
by low shrinkage and no volatile substances. The pro-
cess of producing samples using hybrid technology was
carried out on a Schiichl UHG-400 Easy pressure casting
machine (Brunnen, Switzerland).

Samples preparation

Manufacturing machine elements solely by the layered
extrusion method is associated with certain limitations,
including a low ratio of mechanical strength to dimen-
sional and shape accuracy for axisymmetric parts. In
connection with this, a hybrid technology for manufac-
turing elements was developed, which consists in com-
bining the layered extrusion method with casting under
reduced pressure. The silicone mold (used in the casting
method under reduced pressure) is replaced by a thin-
-walled shell (with the geometry of the manufactured
element) made by the layered extrusion method. Then,
in the vacuum casting process, the coating is filled with
a chemically hardened resin. In the case of parts inten-
ded for additive manufacturing using hybrid technology,
the main design process does not change, but it is neces-
sary to take into account the modification of this process
due to the final product, which is a thin-walled coating.
The methodology describing the production of machine
parts using hybrid technology can be divided into four
basic stages:

1. Design of the part based on which the three-dimen-
sional geometry constituting the basic element of the
final product:

Fig. 3. Support structure of the slender element



638

£= POLIMERY 2024, 69, nr 11-12

Fig. 4. Gear clutch: 1 - thin-walled coating, 2 - rib

— development of a 3D CAD solid model, taking into
account: allowances for mechanical processing (fini-
shing, cutting off flood systems), dimensional toleran-
ces, polymer material used, parameters and limitations
of the incremental process, arrangement of parts in the
working chamber of the device,

— development of a thin-walled coating taking into
account the guidelines depending on the geometry of the
object: for parts that are not solids of revolution, manu-
factured additively in the horizontal plane, ribs should be
placed inside the geometry, which will allow obtaining
the upper outer shell of the manufactured model while
maintaining dimensional and shape accuracy (Fig. 2),

— for slender elements manufactured vertically in rela-
tion to the device’s working platform, feet (which will
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be mechanically removed in the final process) should be
designed to prevent the material from detaching from the
device’s working platform (Fig. 3),

— for axisymmetric elements manufactured vertically
in relation to the device’s working platform, a core with
a polygonal cross-section (hexagon, octagon) is recom-
mended as the filling shape, which is related to the
impossibility of rotating the thin-walled shell in relation
to the filling due to insufficient adhesion between the
materials,

— for fillings with a core cross-section that is circular, it
is recommended to place inserts that block the possibility
of rotation between the core and the shell,

— for a part that will be filled with two resins, the mini-
mum thickness of the wall separating the resins should
be taken into account or it should be additionally connec-
ted to the model shell by making holes to allow the resin
to flow (Fig. 4),

— development of flooding systems connected to the
part or taking into account the places where they will be
installed,

— data export to STL format,

— data processing or repair (triangle mesh verification).

2. Production of thin-walled coating and possible
pouring systems using the layer extrusion method:

— model geometry conversion, placing the model in
the virtual chamber of the device, setting the parame-
ters of the incremental process, taking into account: no
generation of support structures in places intended to be
filled with chemically cured resin, parameter control to
limit air gaps,

— generating code for the printing device,

— starting the process,

— post-processing.

3. Filling the coating with chemically hardened resin in
the vacuum casting process under reduced pressure and
carrying out heat treatment of the part:

— heating of the thin-walled coating,

— measuring the components of the chemically cured
resin in the appropriate proportions,

— degassing and combining the resin components in
a vacuum chamber,

— filling of thin-walled shell,

— heating the part filled with chemically curable resin
under conditions specified for the resin used.

4. Machining of parts after the process is completed.

Taking into account the presented methodology for
manufacturing machine parts using hybrid technology, it
can be noted that in the case of points three and four, the
manufacturing of parts depends mainly on the guideli-
nes provided by the resin manufacturer and on the low-
-pressure casting method. However, at the design stage,
the parameters of preheating of the coating and cross-lin-
king of the resin should be taken into account in relation
to the softening temperature of the polymer material.
An inappropriately selected polymer material can cause
deformation of the thin-walled coating, and consequen-

tly, deterioration of the dimensional and shape accuracy
of the manufactured part. The individual phases of the
hybrid manufacturing process are shown in Figure 5.

The production of test samples using hybrid technology
(in accordance with the developed production methodo-
logy) should begin with the production of a thin-walled
coating (Fig. 6). The test samples were designed in a way
that allows them to be connected to the potting systems.
This approach allows for vacuum casting of several sam-
ples in one cycle.

The chemically cured resins were cast according to the
recommendations presented in the product cards. The
initial casting process for all three resins was as follows:
measuring the two resin components in the appropriate
proportions into containers, heating the thin-walled
coating to the temperature 70°C, placing the thin-wal-
led coating and containers with resin components in
a vacuum chamber (Fig. 7).

The next step of the procedure depended on the type
of chemically cured resin. In the case of PR2000 resin, its
components were left in vacuum conditions for 10 min
and then mixed together. The mixing process lasted
2 min, after which a thin-walled coating was poured. In
order to cure the resin, the sample was heated in an oven
for 60 min at a temperature of 70°C.

The PR700 resin components and the heated thin-wal-
led coating were placed in a vacuum for 10 min (similar
to PR2000). The combined components (isocyanate and

Fig. 6. 3D-printing of test samples
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Fig. 7. Vacuum casting chamber

polyol) were mixed for 1 min, after which the chamber
pressure was set at 100 hPa and the coating was poured,
which was then baked at 70°C for 45 min. The samples
were post-cured at 120°C for 120 min.

The PR1819 resin components were mixed for 3 min
after a ten-minute air bubble removal process and then
poured into a thin-walled shell. The samples were heated
for 180 min at 70°C and for 16 h at 100°C.

The samples obtained using hybrid technology were
mechanically removed from the potting systems and
auxiliary structures. No leaks of polyurethane resin were
observed on the surface of the samples due to the discon-
tinuity of the thin-walled coating produced by the layer
extrusion method.

Methods

Mechanical properties tests were carried out for sam-
ples manufactured using three different technologies:
layer extrusion, low-pressure casting and the developed
hybrid technology combining the layer extrusion method
with low-pressure casting. Samples manufactured exc-
lusively using the layer extrusion method were made in
vertical and horizontal positions relative to the device’s
working platform. On the other hand, thin-walled molds
for the hybrid technology were made in a horizontal posi-
tion relative to the device’s working platform.

The test samples obtained by layer extrusion and thin-
-walled molds were made on a Prusa i3 MK3 printer
(Prague, Czech Republic). The printing process for all
models was characterized by the following basic para-
meters: alternating paths at angles of 45° and 135° density
of the internal structure filling — 100%, two contour lines,
plastic layer height 0.2 mm.

The processing parameters for PLA and ABS copoly-
mer are presented in Table 1.

T ablel. Process parameters for PLA and ABS materials

Material PLA/PLA PRO ABS
Head temperature, °C 210 255
Work table
temperature, °C 60 100
Chamber Open Close

The reference models for the silicone mold (Vacuum
Casting technology) were made on the Object Eden 260V
printer (Stratasys, Eden Praire, Minnesota, USA) opera-
ting in the Poly]Jet technology. The optically active resin
RGD720 from Stratasys (Eden Praire, Minnesota, USA)
was used as the model material. The samples were pre-
pared in the HQ (High Quality) mode with a layer height
of 0.016 mm. The supports were generated in accordance
with the selected version - glossy, in which the support
material occurs only where it is necessary, and the surfa-
ces that do not have contact with the supports are glossy.
After the printing process was completed, the sup-
port structures were rinsed in the pressure chamber of
a water washer. The support material was removed using
a stream of heated water.

Tensile and flexural properties were measured using
Instron 5967 testing machine (Norwood, MA, USA) accor-
ding to PN-EN ISO 5272 and PN-EN ISO 178, respecti-
vely. The crosshead speeds for tensile and flexural tests
were 5 and 2 mm/min, respectively. The gage length for
tensile tests was 50 mm.

RESULTS AND DISCUSSION

Figures 8 and 9 present the comparisons of tensile
strength and elongation at break of the samples.

Samples made by layered extrusion from ABS copoly-
mer in a vertical position relative to the device’s working
platform had the lowest tensile strength (18.6 MPa). This
is related to the directional action of the load directed
parallel to the structure of the model layers, for which
the adhesive form of connection of successive layers of
plasticized material is characterized by low strength.
In the case of samples made in a horizontal position,
a twofold increase in strength and the highest elonga-
tion at break can be observed. The increase in stresses
and deformations results from the arrangement of the
model in the working chamber of the device. The sample
made in a horizontal position has two contour outlines
(the material threads are arranged in accordance with
the direction of loading) and alternating filling at angles
of 45° and 135° which causes a complex state of stresses
inside the object that is not conducive to sample dela-
mination.

In the case of ABS samples filled with PR700 and PR1819
chemically cured resins, an increase in tensile strength
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can be observed compared to samples made only by the
layer extrusion method. After exceeding the conventional
yield point, the tensile strength in both cases increases to
41.2 MPa and 43.4 MPa, respectively. The models filled
with PR2000 resin were characterized by lower strength
compared to ABS samples produced horizontally to the
working platform of the device.

Samples made of PLA (similarly to those made of ABS)
in a vertical position relative to the working platform
of the device were characterized by the lowest tensile
strength and the lowest elongation at break. The tensile
strength of the samples was 29.9 MPa. In the case of sam-
ples placed horizontally, an increase in tensile strength
can be observed, which was 48.6 MPa.

Samples filled with PR2000 resin had similar strength
to the polylactide test models in a horizontal posi-
tion relative to the device’s working platform. For sam-
ples filled with PR1819 resin, the tensile strength was
61.4 MPa, while the average elongation at break was 8%.
It is important to note that in the case of samples filled
with PR700 resin, the tensile strength was lower than in
the case of samples made of PLA in a horizontal position,
which indicates low adhesive properties of the chemi-
cally cured resin used in relation to PLA.

Experimental studies have shown that samples made
with hybrid technology record an increase in tensile
strength by about 75-133% compared to samples made
of ABS copolymer in a vertical position relative to the
device’s working platform. In the case of PLA, this incre-
ase was about 36-105%. Samples filled with PR700 and
PR1819 resins, the thin-walled form of which was made
of ABS copolymer, had tensile strength 13% and 19%
higher than samples made in the horizontal position,
while in the case of PR2000 resin, a decrease in tensile
strength by 11% can be observed. In the case of a thin-
-walled mould made of PLA, an increase in the tensile
strength by 2% and 26% was observed for the research
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Fig. 9. Elongation at break of the samples

models filled with PR2000 and PR1819 resins, while
a decrease in tensile strength by 16% was observed for
the PR700 resin.

Comparing the samples made in hybrid technology
with the base material (chemically cured resins) for
a thin-walled mould made of ABS copolymer, a decrease
in tensile strength of 72-85% can be observed. In the case
of a thin-walled mould made of PLA, the decrease in ten-
sile strength compared to the base material is about 15%
for the PR700 resin, while samples filled with PR2000 and
PR1819 resins record an increase of about 10% and 6%.

The deformation at break of the samples made using
the hybrid technology is lower in comparison to the rese-
arch models made in a horizontal position in relation to
the working platform of the device and cast using the VC
method, apart from the polylactide sample filled with
PR1819 resin for which an increase in the deformation
value by approx. 31% can be observed in relation to the
samples in a horizontal position.
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Figure 10 presents flexural strength at maximum load
for the samples. It can be observed that flexural strength
of the samples manufactured using hybrid technology
increased by 80-98% compared to the models manufac-
tured from ABS copolymer vertically in relation to the
device’s working platform and by 12-24% for the sam-
ples in a horizontal position. In the case of a thin-walled
mould made of PLA, an increase in flexural strength of
166-202% was observed for samples filled with chemi-
cally curable resins, compared to the vertical position,
and of 17-33% compared to the horizontal position for
samples produced by layer extrusion.

Flexural strength of samples whose thin-walled mould
was made of ABS copolymer is about 83-90% of the value
of the base material (chemically cured resins). In the case
of PLA mould, flexural strength is similar to samples
made by casting under reduced pressure (+4% of the base
value).

CONCLUSIONS

A hybrid technology combining the layered extrusion
method with the low-pressure casting technology was
developed. It was confirmed that the strength of the ele-
ments produced by the layered extrusion method decre-
ased in the load directions similar to the model con-
struction direction. Moreover, differences were observed
between the samples made by the hybrid technology and
the low-pressure casting method. The tensile strength of
the samples made by the hybrid technology was similar
to the base material. However, the elongation at break,
depending on the resin used, was 190-290% higher than
that of the samples made by the hybrid technology. It can
therefore be concluded that the production of samples
using the technology combining MEX and VC affects the
decrease in the plastic deformation capacity of the core
of samples made of chemically cured resin. This is due to
the adhesion of the processed materials and the forma-
tion of notches at their connections.
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