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Material additive or 3D printing technology has been recognized as a future manufacturing
technique. The mechanical properties of products manufactured using 3D printing technology
depend on many factors, especially the printing angle. Resin Castable Wax can be used as a
matrix or scaffold for sensor devices in 3D printing. In this study, we explore the effects of
printing angle on the mechanical properties of Resin Castable Wax V1 using the 3D
stereolithography printing method. The samples are printed at three different printing angles of
0, 45, and 90°. Increasing the printing angle from 0 to 90° improves the tensile and compressive
strengths. The sample printed at the angle of 90° shows the highest ultimate tensile and
compressive strengths of 23.13 and 124.97 MPa, respectively, and vice versa for the sample
printed at 0°. Because of the gradual inclination of the material toward the direction of load force
and the larger printing boundary at a higher printing angle, the mechanical properties are
improved when the printing angle is increased. These findings can be used to choose an
appropriate printing angle for Resin Castable Wax V1.

1. Introduction

Recently, the increasing demand for highly accurate and complex printed products has made
3D printing technology increasingly popular. The reason is its flexibility and ability to
manufacture complex parts compared with traditional manufacturing processes.(!) 3D printing
technology began with the development of standard tessellation language (STL), which is
constructed using computer-aided design (CAD) software to create 2D slice building data. This
2D data is sent to the 3D printer. To create a 3D printing component, various techniques such as
digital light processing (DLP), continuous liquid interface production (CLIP), selective laser
sintering (SLS), fused filament fabrication (FDM), and stereolithography (SLA) have been
developed. Each of these techniques has its own set of drawbacks, benefits, and applications.?)
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Among the above-mentioned techniques, the SLA technique invented in 1980 by Kodama is
widely used.® This method uses a special photopolymer resin. When the SLA resin is subjected
to a specific wavelength of light, short chains of molecules bond with each other, polymerizing
monomers and oligomers into hard or resinous objects.*>) The SLA technique can be used for
different applications such as medical modeling, presurgical planning, designing, and implant
manufacturing. SLA 3D printing is also used to produce accurate prototypes of parts, even those
with complex shapes, at an affordable cost to test their product designs or promote the finished
product.

The advantage of SLA printing technology is its ability to print components with high
resolution at a high speed. Many manufacturers have developed innovative SLA resin formulas
with specific optical, mechanical, and thermal properties.”) Notably, the mechanical properties
of 3D-printed polymer materials are an essential factor. Many factors can affect the mechanical
properties of the constructed component, for example, adding other materials to the polymer
structure,® such as nanoparticles and fibers, to alter the material structure,”) changing the
printing direction, or adding post-printing processes such as photopolymerization and thermal
treatment. Specifically, the construction orientation of the component plays a significant
role.®~® A standard for 3D printing angles is yet to be fully established.®-!% Therefore, it is still
necessary to determine how the printing angle could affect the mechanical properties of
3D-printed materials.(!'~13 In 3D printing, a large variety of polymeric materials for electronic
devices such as semiconductors, electrodes, dielectrics, and sensors are possible. For sensors,
actuators, and robots, photopolymer materials such as conductive/dielectric elastomeric
materials and elastomers containing nanosilica are frequently employed. 1417 Resin Castable
Wax could be used as a matrix or scaffold for sensor devices.(1822)

In this study, we investigate the effects of printing angle on the mechanical properties of a
specific printing material. Samples made of Resin Castable Wax V1 are printed at different
angles of 0, 45, and 90°. Then, the printed samples are tested via tension and
compression tests.(14-16) The results may be useful in choosing an appropriate printing angle for
Resin Castable Wax V1.

2. Materials and Methods

3D Smart Solutions Company, Vietnam, provided Resin Castable Wax V1, a liquid Resin
Castable Wax with the properties shown in Table 1, which was used in this study. This material
is a high-performance plastic with 20% waxy composition. It is specifically intended to produce
precious and nonprecious metal jewelry casting cores. First, patterns were designed using 3D

Table 1

Properties of Resin Castable Wax V1.
Ultimate tensile strength 12 MPa
Tensile modulus 220 MPa
Elongation at break 13%
Temperature of 5% mass loss 249 °C

Ash content (TGA) 0.0-0.1%
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AutoCAD software (Autodesk, San Francisco, CA, USA). Then, the designed patterns were
exported into stereolithography format (STL) files. Next, they were printed using an SLA Form
3 printer (Formlabs, Somerville, MA, USA). They were employed to fabricate a pattern with a
setting layer thickness of 50 um. Default values were used for other parameters when producing
the solid sample. The tensile test shape was designed on the basis of ASTM D638 type I'V. For
compressive tests, the sample shape was designed on the basis of ASTM D695 and samples were
fabricated as solid cylinders with a diameter of 12.7 mm and a length of 25.4 mm. Five patterns
were printed for each at 0, 45, and 90° (Figs. 1 and 2) with a printing time of 78 min, 195 layers,
and a volume of 1.2 ml. After printing, the models were washed in IPA solution and dried with
UV radiation with temperature gradually increasing to the threshold of 60 °C over 30 min. The
steps after printing are washing, the removal of parts, the removal of supports, and curing.

Tensile and compressive tests were performed on samples with different printing angles to
evaluate the effects of print orientation on the mechanical properties. In this study, the Shimadzu
testing machine with a load capacity of 10 kN (Shimadzu Nakagyo, Kyoto, Japan) was used to
measure tensile and compressive strengths, and it was run at a constant speed of 1.3 mm/min.
The sample was clamped on the machine with a gauge length of 50 mm at room temperature.
The upper clamp was moved upward until the model broke.

90°

45°

@ (®)

Fig. 1. (Color online) Different printing angles for testing: (a) compressive and (b) tensile samples.

(@ (b)

Fig. 2. (Color online) Samples printed at the angle of 45°: (a) compressive and (b) tensile samples.
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3. Results and Discussion
3.1 Tensile strength

The stress—strain curves of samples printed at different angles are shown in Fig. 3. Figure 4
presents the maximum tensile load at different printing angles, while Fig. 5 shows the ultimate
tensile strength (UTS) calculated from the results in Fig. 4. The UTS is calculated to be 19.04,
20.72, and 23.13 MPa for printing angles of 0, 45, and 90°, respectively. The UTS gradually
increases as the printing angle is increased from 0 to 90°. At the printing angle of 0°, the UTS
reaches the minimum value of 19.04 MPa because the directions of the printed layers and the
tensile load are parallel. This printing angle leads to a longer trajectory before a change of the
printing pathway. Therefore, the boundary between different printing lines is small. In contrast,
at the highest printing angle of 90°, the UTS attains the highest value of 23.13 MPa, which is
21.5% higher than that in the case of the printing angle of 0°. At this angle, the required trajectory
before a change of the printing pathway is shorter, leading to a larger printing boundary between
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Fig. 3. (Color online) Stress—strain curves of samples printed at different angles.
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different printing pathways. Notably, besides having a moderate UTS, printing at the angle of
45° requires a more significant support to fix the sample during printing, as shown in Fig. 2.
Increasing the printing angle also results in a higher elongation value.

3.2 Compressive strength

In the compression test, we used a machine with a high load capacity to ensure that the
sample would fail under pressure loading. The stress—strain curves during compressive testing
for all models at different printing angles are indicated in Fig. 6. Figure 7 shows the maximum
compressive loads of samples printed at different angles. From Fig. 7, the calculated ultimate
compression strengths (UCSs) of samples are 97.89, 103.89, and 124.97 MPa for printing angles
of 0, 45, and 90°, respectively. Similarly to the UTS, increasing the printing angle causes the
UCS to rise owing to the change of the pattern of the samples. The UCS has the lowest value of
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Fig. 6. (Color online) Stress—strain curves of samples printed at different angles.
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Fig. 7. (Color online) Maximum compressive loads of samples printed at different angles.
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97.89 MPa at the printing angle of 0°, which is caused by the material being deposited in a
direction parallel to the direction of the impact compressive load. With an increase in printing
angle, the accreted material tends to be inclined towards the direction of the compressive load
force. Therefore, the printed patterns tend to better resist the compressive load when the printing
angle is high. At the printing angle of 90°, the UCS of the sample has the highest value of 124.97
MPa, which is 27.7% higher than the lowest value.

The printed sample withstands the highest compressive load when the material is accreted
perpendicularly to the direction of the compressive load. As the compressive load increases, the
print pattern slowly bulges horizontally until the compressive load reaches its highest value,
resulting in the print pattern exceeding its tolerance limit and being damaged. This result
explains why the maximum compressive load is the most significant value for the other two
printing angles.) Moreover, the maximum compressive strain also increases slightly with the
printing angle. Generally, the larger printing boundary at a higher printing angle is the reason for
the improvement of both the UTS and the UCS.

4. Conclusions

We investigated the effects of printing angle on the mechanical properties of Resin Castable
Wax V1 by stereolithography. Resin Castable Wax can be used in 3D printing as a matrix or
scaffold for sensor components. Some specific results are as follows.

Increasing the printing angle from 0 to 90° leads to improvements in both tensile and

compressive strengths. The angle of 90° is the best angle for the 3D printing of Resin Castable

Wax V1 materials as it results in the highest UTS and UCS. At the printing angle of 90°, the

UTS is 23.13 MPa, which is 21.5% higher than that at the printing angle of 0°. Moreover, the

UCS of the sample printed at the angle of 90° is 124.97 MPa, which is 27.7% higher than that

at the printing angle of 0°. The maximum tensile and compressive strains are also slightly

enhanced when the printing angle increases.

The reason for the improved mechanical properties with increasing printing angle is that the

material is accreted with a gradual inclination towards the direction of the load force and the

larger printing boundary at a higher printing angle. Notably, at the printing angle of 45°, the
sample requires more significant support to fix it during printing.

These results can be applied to the selection of a suitable printing angle for printing Resin

Castable Wax V1.
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