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Abstract

This publication focuses on the additive technology PolyJet and more specifically the
photopolymer Digital ABS Plus. After a thorough analysis, it was concluded that this
technology is suitable for both rapid prototyping of parts and rapid small-scale production
of various products. The resulting parts can be implemented in a production process with
different operating conditions. That is why it is interesting to investigate the Digital ABS
Plus material at elevated temperatures. The temperatures at which the tests were performed
are consistent with the values for heat deflection temperature (HDT) of the Digital ABS
Plus material, described in the manufacturer’s technical data sheet, as well as with the
results of high-temperature tests of parts obtained using Fused Deposition Modeling (FDM)
technology. The investigated test pieces are subjected to annealing in order to increase their
tensile strength and temperature resistance. The process is carried out in an oven with
digital temperature control with a thermal profile according to a procedure approved by
the manufacturer Stratasys. The obtained data from the mechanical properties before and
after annealing of the Digital ABS Plus material are compared and depicted in a diagram.
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1. Introduction

3D printing with PolyJet technology is an innovative high-precision technology, in
which a photopolymer in the presence of a UV light source instantly hardens layer by
layer until the part is completely printed [1]. The technology allows the mixing of different
materials and colors and the construction of complex-shaped parts, applicable in the
aviation industry, automotive industry, medicine, etc. [2-5]. This technology is often used
in the production of engine parts, optically transparent lenses and light pipes, phone cases,
electronic component cases, and parts operating at relatively high temperatures. In [6], a
study was conducted on the possibility of producing injection molding molds using the
PolyJet Rapid Prototyping technology for the production of small series of PLA parts. It
has been established that it is possible to produce PLA parts by injection molding them in a
hot PolyJet mold.

Increasing the temperature leads to a decrease in the strength properties of the mate-
rial [7-9]. Therefore, when designing structural parts operating at elevated temperatures,
it is important to know the behavior of the material from which they are made at the
desired temperature.
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The study of the behavior of materials at elevated temperatures is associated with
overcoming significant difficulties determined by the reliability of the means used and
maintaining constant conditions during testing [10]. There is not much information in
the literature about studies of materials obtained using the Poly]Jet technology at elevated
temperatures. Therefore, an analysis of other studied material parameters related to tem-
perature resistance in high temperature materials and materials from the Fused Deposition
Modeling (FDM) technology was undertaken. In [11], the high-temperature RGD 525 was
studied, which has the highest glass transition temperature (65 °C) compared to other
materials used in the PolyJet technology. The high temperature resistance can be further
increased by subsequent thermal treatment of the components, which is applicable to most
PolyJet materials. The behavior of Polylactic Acid (PLA) under the influence of elevated
temperatures from 30 °C to 60 °C has also been studied [12]. The results show that with
increasing temperature, the tensile strength decreases, and the elongation at brake increases
significantly. The authors also conducted a study of different categories of materials used
in FDM technology: flexible, rigid, wear-resistant, and impact-resistant [13]. The same
patterns were found, but different materials have different liquefaction points. For example,
the tensile strength of PLA decreases dramatically from 25.5 MPa at 40 °C to 5 MPa at
50 °C. Much greater resistance was found for the PC material, which was annealed after
printing. In this case, the tensile strength remained stable and a tensile test was conducted
at 80 °C. At 50 °C, the test piece has an ultimate strength of 41 MPa, and at 80 °C the
ultimate strength is 32.1 MPa.

In her master’s thesis, Mikkelson analyzed the thermal conductivity of Vero White
Plus, Tango Black Plus, and Grey 60 materials used in PolyJet technology using the heat
flow meter technique [14]. The goal of the study was to embed electronics into built
parts through additive manufacturing. The resulting thermal conductivity coefficients
are used in finite element analysis (FEA) simulations to model the thermal distribution of
heated Poly]Jet parts. Mikkelson found that determining thermal conductivity as a function
of temperature (as opposed to a constant value) reduces the average error in predicted
temperatures to less than 1%.

The goal of this work is to investigate the behavior of the PolyJet material Digi-
tal ABS Plus at elevated temperatures, to apply a methodology for heating test pieces,
and to determine their tensile strength at elevated temperatures before and after the
applied annealing.

2. Methods, Materials and Equipment

There are many models of printers printing with PolyJet technology. Over time, they
become more and more perfect, work with a larger range of materials, the print quality
increases and the dimensions of the printed object become larger. An Objet 260 Connex 3
3D printer [15] was used to prepare the test bodies and the printing settings were made
with the GrabCAD software, Version 1.115. According to the literature [1], this model has
good print quality, comparable to other newer models. Only the Objet 1000 Plus printer
has a significantly higher accuracy with regards to the dimensions of the printed parts.

The material chosen for analysis and research is Digital ABS Plus (Stratasys AP Limited,
Minnetonka, MN, USA)—a photopolymer used in PolyJet technology. It was selected
because it combines high temperature resistance and high strength. The material is suitable
for prototyping and manufacturing parts using PolyJet technology, which require the
highest possible impact resistance, as well as for design verification and functional tests. It
is used for functional design of parts with complex shapes, for the production of tooling,
etc. According to the technical documentation, the manufacturer has indicated a tensile
strength of 55-60 MPa and a tensile elongation at break of 25-40% [16].
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The heat deflection temperature (HDT) of the tested Digital ABS Plus material
is given in Table 1. The data are taken from the material’s data sheet given by the
manufacturer—Stratasys [16]. After thermal treatment according to procedures A and
B prescribed by the manufacturer, test pieces produced by 3D printing were tested.
The heat deflection temperature is determined according to ASTM D648 /ISO 75 stan-
dards [17,18]. This test method covers the determination of the temperature at which a
specified deformation occurs when the test pieces are subjected to three-point bending
immersed in a heat transfer medium, with the temperature increasing at a specified rate
until the specified deformation occurs. It is applied for Thermoplastics, Hard Rubber,
and Filled Thermosetting Plastics. The temperature loading procedures A and B are
described in detail in [19]. The attached data are used as guide temperatures for tensile
strength testing of test pieces on a high temperature bench. The data shows that without
applied thermal annealing, the material withstands temperatures up to 68 °C, and with
applied annealing up to about 90-95 °C.

Table 1. Heat deflection temperature (HDT) of Digital ABS Plus material.

Mechanical Properties Values
HDT at 0.45 MPa 58-68 °C
HDT at 0.45 MPa after heat treatment at Procedure A 82-90 °C
HDT at 0.45 MPa after heat treatment at Procedure B 92-95 °C
HDT at 1.82 MPa 51-55 °C

For tensile testing of test pieces at elevated temperature, an available test setup [20,21]
with a different two-section heating module with an operating temperature of up to 200 °C,
suitable for testing polymers, was used. Each section of electric heaters is controlled by
a separate thermocouple and a separate temperature regulator. The temperature is con-
trolled by PID temperature regulators with Platinum 100 thermocouples integrated in the
heating module.

3. Experimental Data

The test pieces for tensile strength testing at elevated temperatures were manu-
factured according to standard EN ISO 6892-2:2018 [22]. The shape of the test pieces
is cylindrical with a diameter d = 6 & 0.04 mm and a gauge length of 35 mm for the
working part. The file was designed and converted to .stl format, suitable for assigning
the settings for 3D printing using the GrabCAD Print software, Ver. 1.115. The selected
material for the study is Digital ABS Plus, a two-component material consisting of RGD
5155—Base, and RGD 531 is the hardening component containing pigment (Ivory). The
support material used to support the model of the test body is SUP 705B. It is removed by
washing with tap water, under pressure or mechanically. The “Digital Material” mode
is selected in the software for setting the print settings. In the 3D printer used by the
authors, the Objet 260 Connex 3, when setting this operating mode, the remaining func-
tions Layer Thickness and Surface Finish are automatically selected by default without
the possibility of correction. In this case, the default layer thickness is 30 microns, and
the finish is Matte. With the matte surface finish, the entire part is covered with support
material to build a test body with excellent dimension accuracy and strength. Thirty-six
test bodies with x-y orientation were printed (Figure 1) then cleaned with the Water Jet
system under pressure from the supporting material and left to dry for at least 24 hin a
horizontal position.

https://doi.org/10.3390/engproc2026150040


https://doi.org/10.3390/engproc2026150040

Eng. Proc. 2026, 150, 40

40f9

Figure 1. Test pieces for determining tensile strength at high temperature, configured in the
GrabCad program.

Half of them—18 test pieces—were tested after the drying process and are marked as
“Digital ABS Plus”. The remaining 18 test pieces were subjected to annealing according
to procedure A. The aim was to verify whether the applied heating increases the strength
of the material and the resistance to elevated temperatures. In Figure 2a an image of a
test piece for tensile test is shown, an in Figure 2b the diagram of the heating process is
shown; the time for which each temperature is held and the total process time is 400 min at
a maximum temperature of 80 °C. The samples were placed in a programmable furnace
at room temperature with the temperature increase rate being 1 °C (1.8 °F) per minute
(Figure 2c). The annealed test pieces, prepared for the determination of tensile strength at
elevated temperature, are marked with the name “Digital ABS Plus after heating”.
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Figure 2. Annealing process of a test specimen: (a) test specimen for tensile strength at ele-
vated temperature; (b) temperature-time diagram for procedure A; (c) test pieces subjected to
thermal annealing.

In Figure 3 the experimental setup during the tensile test of the test pieces after the
printing process and after annealing is shown. In Figure 3a the heating module with a test
specimen mounted in the machine’s grips, which is made of heat-resistant alloyed steel, is
shown. During the tensile test, the heating module is closed and sealed to maintain the set
temperature. The set temperature is maintained with an accuracy of £0.5 °C. In Figure 3b
the control panel of the testing machine and the display, which shows the instantaneous
load and displacement of the movable grip, are shown. In Figure 3c the ruptures in the
gauge length test pieces are shown. Tests were performed at different temperatures: 30 °C,
40 °C, 50 °C, 60 °C, 70 °C and 80 °C. For each set temperature, 3 test pieces were tested.
During the test, the force and displacement values of the movable grip of the machine are
continuously recorded.
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Figure 3. Test setup for tensile testing at elevated temperatures: (a) heating module with mounted
test specimen; (b) control panel; (c) ruptured test pieces.

The obtained results are used to draw the stress-deformation curves of the tested
polymer materials, from which the tensile strength o, is determined. This is the stress at
the first local maximum observed during the tensile test [23] and the elongation at brake
ep (the displacement of the movable grip of the machine at failure divided by the gauge
length of the test piece).

The results of the tensile tests conducted with tested pieces of the Digital ABS Plus
material are presented in Table 2, with averaged values of the tensile strength for each
of the test temperatures, and the elongation at brake. In Figure 4 the stress—deformation
curves of the tested material at all the tested temperatures are shown.

Table 2. Tensile strength and elongation at brake of Digital ABS Plus material.

Digital ABS Plus 30°C 40 °C 50 °C 60 °C 70 °C 80 °C
om, MPa 45.0 28.8 17.4 115 8.3 5.5
eg, % 23.7 29.7 26.3 20.3 18.9 17
50 Digital ABS plus
40 N —30°C ||
£ / o
% 20 // T ~——60°C ||
% 0 | —70°C i
—380°C
0 . ‘ ‘ .
0 3 6 9 12 15
Displacement of the machine's movable grip, mm

Figure 4. Stress—displacement curve of Digital ABS Plus material at elevated temperatures.

The mechanical properties of the Digital ABS Plus material after heating are presented
in Table 3, and the stress—deformation curves are shown in Figure 5.
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Table 3. Tensile strength and elongation at brake of Digital ABS Plus material after heating.
Digital 30 30°C 40°C 50 °C 60 °C 70 °C 80°C
0m, MPa 45.3 29.3 23.1 13.6 7.1 34
ep, % 20.2 28.3 27.4 21.5 17.5 13.5
Digital ABS plus after heating
50
L~ —30°C
© 40 I
& / ——40°C
= 30 50 °C ||
i 0|/
@ 20 a 60 °C |
?'I_-J' 10 —70°C |
—80°C
0 4%7 | |
0 3 6 9 12 15
Displacement of the machine's movable grip, mm

Figure 5. Stress—displacement curves of Digital ABS Plus material after heating at elevated temperatures.

4. Discussion

According to the described values of the mechanical characteristics under normal
conditions in the technical properties for the Digital ABS Plus material, the tensile strength
is 55-60 MPa, and the elongation at break reaches 25-40%. After increasing the temperature
during the test by 10 °C, the strength decreases to 45 MPa, which is a decrease of about
18%, and the elongation at brake drops to 23.7%. At 40 °C, there is already a change in the
behavior of the material. The yield strength becomes lower than the tensile strength, but
significantly lower than the test at 30 °C—28.8 MPa, which is 36% less. At this temperature
(40 °C), the elongation at brake has increased to 29.7-21% compared to the test at 30 °C. At
50 °C the maximum stress is 17.4 MPa, at 60 °C—11.5 MPa. At 70 °C and 80 °C the strength
becomes quite low and reaches 5.5 MPa. Tensile elongation at brake drops to 17%. The
conducted studies show that with increasing temperature the material loses its elasticity
and plasticity, unlike FDM materials, which become too plastic and liquefy.

After thermal heating according to procedure A, the behavior according to the stress—
deformation curves is observed to be preserved. In order to make the comparison of
the results of the study of the test bodies after printing and after annealing more under-
standable, a diagram was constructed with the mechanical characteristics: tensile strength,
displacement and tensile elongation at brake. For a more abbreviated designation in the
diagram, the Digital ABS Plus material is named as M1, and the Digital ABS Plus material
after heating as M2 (Figure 6). At 30 °C the tensile strength 0, of M2 is 0.3% higher than
that of M1, at 40 °C there is an increase of 1.7%. The largest increase in the tensile strength
of M2 compared to M1 is at 50 °C—24.7%. At 60 °C the increase in tensile strength becomes
smaller—15.4%. An interesting phenomenon occurs at 70 °C and 80 °C for M2, at which
om of M2 is lower than o, of M1 respectively by 14.5% and 38.2%. The elongation at brake
of M2 compared to M1 is smaller at 30 °C, 40 °C, 70 °C and 80 °C. Only at 50 °C and 60 °C
is it larger for M2 compared to M1, respectively by 4% and 5.6%.
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Diagram with mechanical properties of material 1 and 2
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Figure 6. Diagram of mechanical properties of the materials Digital ABS Plus (M1) and Digital ABS
Plus after heating (M2).

5. Conclusions

The PolyJet 3D printing technology is increasingly being utilized in industry, which
requires knowledge of the mechanical characteristics of materials. The tensile strength of
materials is a decisive factor in determining their application, especially in environments
with elevated temperatures. That is why it is necessary to know their indicators by con-
ducting tests at different temperatures. The analysis performed in this work showed that
the tensile strength of the Digital ABS Plus material decreases with increasing temperature,
but retains relatively stable indicators up to 60 °C. Unlike FDM materials, which become
extremely plastic, the PolyJet material showed a decrease in elongation at brake with in-
creasing temperature. The manufacturer’s proposed procedure A for annealing the material
was applied in the study and demonstrated an increase in strength characteristics up to
60 °C. Increasing the temperature to 80 °C during the test worsened the tensile strength
compared to non-annealed test pieces. The use of this material would find application in
mechanical engineering in the construction of functional parts and prototypes for design
verification, subjected to high temperatures of up to 60 °C.
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Abbreviations

The following abbreviations are used in this manuscript:

FDM  Fused Deposition Modeling

3D Three-dimensionality

PLA  Polylactic Acid

MPa  Mega Pascals

ABS  Acrylonitrile Butadiene Styrene
HDT Heat Deflection Temperature
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