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Abstract

Additive manufacturing processes have recently been used more frequently since they offer high design
freedom and easy individualization of components. The processes have been optimized to improve mechanical
performance of the manufactured parts. Nevertheless, properties of components made by means of injection
molding could not be reached yet. In the study at hand, ultrasonic phase spectroscopy (UPS) is used to compare
the elastic properties of acrylonitrile butadiene styrene specimens manufactured by injection molding, by fused
filament fabrication, and the Arburg plastic freeforming process. UPS allows a nondestructive and prompt
determination of the elastic modulus and allows evaluation of the mechanical properties in every direction in
space. In the end, results of UPS are compared with properties derived by uniaxial tensile tests to validate UPS
as a test method for the determination of the mechanical properties of polymers. Regardless of the
manufacturing process, an approximately linear dependence of the elastic moduli on the density can be de-
termined. Furthermore, the quasistatic properties of the injection molded samples consistently exhibit the
mechanical properties of the other samples by at least 10%.

Keywords: Arburg plastic freeforming, additive manufacturing, ultrasonic phase spectroscopy, nondestructive
testing, injection molding, fused filament fabrication

Introduction

ADDITIVE MANUFACTURING (AM) has a huge potential to
increase the efficiency of individual production and generates
ongoing development of new AM processes. During the co-
rona pandemic in particular, AM technology aroused public
interest since it was possible to manufacture medical appli-
cations, such as parts of face masks, very fast. Furthermore, it
became clear to many manufacturing companies how de-
pendency on supply chains can lead to bottlenecks. AM
technology can circumvent this problem through flexible
production options and decentralized production.’

In the beginning, AM was applicable for a few thermo-
plastics such as acrylonitrile butadiene styrene (ABS), poly-
ethylene, and polylactic acid only. In recent years, the range of

applicable materials increased and now covers materials such
as thermosets and fiber-reinforced polymers.”

Polymer strands or droplets in case of the Arburg plastic
freeformer are deposited layer by layer according to a prior
defined slicing model. Thus, individual manufacturing of
complex geometries with load capable structures is possible.
In contrast, AM is fairly unsuitable for mass production due to
long part production time. Furthermore, in case of fused fil-
ament fabrication (FFF), filament is necessary, which is more
expensive than the granulate necessary for injection molding.’

Nonetheless, mechanical properties usually cannot reach
the reference properties achieved with injection molding
using the same material.*>

Mechanical properties of parts manufactured using FFF are
influenced by various parameters, as for instance, temperature
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of the nozzle, temperature of the printing bed, diameter of the
polymer strands, as well as orientation of the strands. Influ-
ence of the temperature profile on the bonding of the strands
was investigated by Vanaei et al.®

Improvement of the mechanical properties can be achieved
by changing the orientation of the polymer strands dependent
on the load. The pattern type indicates the direction in which
the extrusion strands are deposited on the printing bed. To
maximize tensile strength, load must be applied axially along
the polymer strands (0°).”

The effect of different printing paths of FFF specimens on
the mechanical properties has already been investigated la-
tely. Dawoud et al stated that the raster gap is a crucial pa-
rameter, and with negative values of the gap, densities close
to the density of injection molding parts can be reached. In
the study, the influence of different angle layups of injection
molded and fused deposition modeled parts on the tensile
strength and the flexural strength was investigated.’

Ahn et al determined the tensile and compression strength
for samples with different pattern types as well as different
colors. ABS was used to manufacture the specimens using
FFF and injection molding. Comparison of the results re-
vealed that the tensile strength was mainly affected by the air
gap and raster orientation. In contrast, bead width, model
temperature, and color had little effect. The measured tensile
strengths of the FFF samples, —45°/45° as well as 0°/90°,
were between 65% and 72% lower compared with the in-
jection molded samples. Due to the anisotropic behavior of
the FFF samples, the strength depends highly on the raster
direction.®

Ramezani Dana et al determined the influence of different
layer orientations on tensile modulus and ultimate tensile
strength of ABS (Terluran GP35) samples manufactured with
the Arburg plastic freeformer. Highest moduli and tensile
strengths were determined on samples with —45°/45° oriented
layers, which were comparable to injection molded parts.”

Pinter et al investigated the mechanical properties of ABS
samples manufactured with FFF, injection molding, and the
Arburg plastic freeforming (APF) process. FFF specimens
were manufactured with —45°/45° pattern type, and tensile
tests, three-point flexural tests, as well as Charpy impact tests
were performed. Distinct correlation between density and
elastic modulus has been shown for tensile tests of all
manufacturing methods. Elastic modulus decreased with the
density of the samples. Same applied to the ultimate strength
and the flexural modulus of the specimens. Impact of the
density resulting from the process on the mechanical prop-
erties was higher than the impact of the process itself. Arburg
plastic freeforming led to a more consistent density of the
specimens compared with FFE.*

In all studies, mentioned above, destructive mechanical
testing was used to determine the mechanical properties. In
contrast, ultrasonic phase spectroscopy (UPS) has proven to
be a more accurate and advantageous method determining
mechanical properties compared with destructive testing
methods.'® UPS is based on the measurement of the wave
velocity in the material. Due to the correlation between the
velocity with which the ultrasound propagates through the
solid and the elastic properties, all direction-dependent
components of the elastic modulus and thus the stiffness
matrix can be determined by means of this material testing
method.
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The method is described in detail in the studies by Wan-
ner'' and Lynnworth et al'? and was established for the
characterization of metal matrix composites by Roy et al with
participation of one of the authors of the study at hand. In
detail, Roy et al investigated the elastic properties of inter-
penetrating metal/ceramic composites using UPS. By deter-
mining the complete stiffness matrix, it was possible to
determine the elastic modulus, the shear modulus, as well as
the Poisson’s ratio. Results showed good correspondence
with the predictions from a micromechanical model."?

Other nondestructive testing methods, such as acoustic
emission,'* infrared thermography,'> or electromagnetic
emission,'6 are mainly used for the detection of cracks and
other defects in critical parts such as airplane components or
wind turbines. Therefore, they are essential and widely used
for the health monitoring of these parts, and the methods are
used regularly to spot defects at an early stage. In contrast,
UPS is mainly used for the determination of the moduli of
new developed materials and composites, as it is timesaving
and none of the material is wasted for destructive tests.'?

Lavrentyev and Rokhlin used UPS for determination of
density, elastic moduli, and thickness of polymer coatings on
steel foils.'” Pulse-echo ultrasound was used by Jordan et al
for evaluation of elastic properties of polyethylene samples.
A linear dependence between density and elastic properties
could be exhibited. In addition to the density, bulk, elastic,
and shear moduli were determined.'®

To the best of the authors’ knowledge, UPS has not been
used for the determination of orientation-dependent elastic
properties of polymers, yet. Furthermore, elastic properties of
polymers from UPS measurements have not been compared
with the properties determined with quasistatic experiments.
Comparison of the results of destructive material testing and
UPS should provide information to what extent the values
differ, and which method should be selected prospectively.

Materials and Methods
Materials

All samples were manufactured using ABS granulate
(Terluran GP35) provided by INEOS Styrolution Group
GmbH in Frankfurt, Germany. ABS is one of the most
common amorphous thermoplastics for injection molding
and was the first material certified for the Arburg plastic
freeformer. Furthermore, according to the literature study
performed, ABS is the most common material studies of the
mechanical properties of additively manufactured parts were
performed on.”*%° Enabling comparison of the results
achieved with the results found in the literature, ABS was
chosen as the matrix material for all experiments. Dimen-
sions of the specimens for flexural and tensile tests were
chosen according to DIN EN ISO 178 as shown in
Figure 1A."

As the chosen geometry is divergent to the standard valid
for tensile tests (DIN EN ISO 527-1), additional samples
according to DIN EN ISO 527-1 were manufactured using the
FFF to investigate the influence of the geometry on the me-
chanical properties.?’

UPS measurements were carried out on cubical samples.
Dimensions and orientations of the specimens, which are of
importance for the UPS measurements, are shown in
Figure 1B.
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measurements (B). UPS, ultrasonic phase spectroscopy.

Manufacturing techniques

FFF requires a filament, which was produced using a 3Devo
filament extruder. For Arburg plastic freeforming as well as
injection molding, the granulate could be used directly, but
filament was produced first and shredded afterward using a
3devo SHR3D IT, to ensure complete comparability of the
resulting mechanical properties possibly influenced by the
production method. The filament was extruded with the re-
quired diameter of 1.75 mm by adjustment of temperature and
ventilation. Diameter was rechecked by an optical sensor.

Fused filament fabrication. FFF is a widely used
extrusion-based AM process. FFF specimens were produced
using a Raise3D Pro2 printer of the Raise3D Technologies,
Inc., Irvine. For each printing run, the specimens were po-
sitioned at the same location in the building space, with five
specimens printed at a time. To ensure meaningful compa-
rability, matching manufacturing parameters were selected
for FFF and APF samples. A nozzle temperature of 270°C, a
standard layer thickness of 0.2 mm, and two shells defining
the wall thickness at the level of 0.4 mm were specified.
Printing orientations rectilinear (R) and linear (L), as illus-
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FIG. 2. Different pattern types of FFF samples. FFF, fused
filament fabrication.

4 mm Ef

{(\
4

m

Specimen dimensions and orientation for tensile and flexural tests (A); cube dimensions and orientation for UPS

trated in Figure 2, were selected for the comparison of the
manufacturing methods and for investigation of the pattern
type on the mechanical properties.

Arburg plastic freeforming. In the Arburg plastic free-
forming process, small polymer droplets are applied layer by
layer using a high-frequency piezo nozzle to build up the
specimen. According to Arburg, mechanical properties are
close to those of injection molded components.?'** In addi-
tion, discharge of individual droplets results in a more ho-
mogeneous isotropy of the components.> In contrast to FFF,
AM on the Arburg freeformer is possible with standard
granulate without prefabricated filament. For this purpose,
the system has an integrated material preparation unit con-
sisting of a plasticizing screw. Manufacturing of the samples
was performed using the parameters listed in Table 1.

Injection molding. The injection molded specimens were
produced on an ENGEL 120 t injection molding machine
according to the settings defined in Table 2.

UPS testing

Cubic specimens are used for the UPS investigations since
accurate clamping of specimens with deviating geometry
between the small sensors is a problem as tilting of the
specimens may lead to erroneous measurements. The cubic
specimens have an edge length of 12.5mm as shown in
Figure 1B. UPS measurements were performed on an Ad-
vantest R3754A network analyzer as well as Olympus V122
longitudinal and V155 transverse broadband ultrasonic
transducers. For each sample, 27 measurements were

TABLE 1. PARAMETERS FOR THE SAMPLE MANUFACTURING
USING THE ARBURG PLASTIC FREEFORMING PROCESS

Parameter Value
Discharge coefficient 72%
Nozzle temperature 270°C
Chamber temperature 80°C
Layer height 0.2 mm
Shape factor (d4/lh) 1.34
Filling degree 96.4%
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TABLE 2. PARAMETERS FOR THE SAMPLE MANUFACTURING
UsING THE ENGEL 120T

Parameter Value
Nozzle temperature 230°C
Mold temperature 80°C
Injection pressure 870 bar
Dwell pressure 450 bar
Dwell time 10s

performed with a frequency range of 10kHz and 10 MHz,
and each measurement was repeated three times. Orientation
of the cubes is illustrated in Figure 1B.

Continuous waves of different frequencies are transmitted
through the specimen, which represents a velocity resistor for
waves, resulting in a transit time difference between the input
and the output signal. Phase difference of the input signal and
the signal transmitted through the specimen is measured. By
plotting phase difference versus frequency, the wave velocity
of the sample can be determined from the slope of the graph
and hence the elastic constants of the sample.

Mechanical testing

Tensile tests. Tensile tests were performed on a 10 kN
ZwickRoell ProLine universal testing machine. Since there is
no standard for tensile testing of FFF-printed components,
the test was carried out with a testing velocity of 1 mm/min in
accordance with DIN EN ISO 527-1, the standard for tensile
tests on cast and extruded plastic-based components.?’ Spe-
cimen length between the clamps was 48 mm. The optical
extensometer ZwickRoell videoXtens was used for exact
measurement of the elongation. The tensile modulus was
determined in accordance with the standard by determining
the slope of the regression curve between 0.05% and 0.25%
elongation.
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Flexural tests. The flexural properties were determined
using the three-point flexural test, in accordance with DIN
EN ISO 178:2019-08 (method A) on a 0.5 kN zwickiLine
universal testing machine from ZwickRoell GmbH & Co.
KG, Ulm, Germany. Accordingly, a testing velocity of 2 mm/
min was set and a span between the support clamps of 64 mm
was maintained in accordance with the standard. The flexural
modulus was determined by regression of the stress—strain
curve between 0.05% and 0.25% elongation.'®

Results and Discussion

FFF and APF processes do not differ fundamentally in
terms of component manufacturing. Both rely on molten
polymer that is discharged according to a prior uploaded
three-dimensional model. In case of FFF, polymer strands are
discharged, whereas droplets are discharged in case of the
APF. Material bonding of the individual layers determines
the mechanical properties achieved in both manufacturing
methods. The injection molding process differs significantly
from the AM processes in terms of the relevant setting and
sequence. Hence, other manufacturing parameters are of
importance. Material properties of injection molded samples
were only determined as reference values within the scope of
this work.

Tensile tests

A clear correlation between the tensile modulus and the
density of the samples can be observed as illustrated in Fig-
ure 3. Injection molded samples feature the highest tensile
moduli (2442 + 58 MPa) and the highest densities (1013.03
9.3kg/m>). Using the Arburg plastic freeforming process, it
was possible to achieve tensile moduli, which are only 5%
lower (2309+44 MPa) than the moduli of the injection
molded samples (2442 +58 MPa). The same applies to the
density (954.54 +5.2 kg/m?) where the deviation is also 5%.
Samples manufactured using the FFF process feature the
lowest tensile moduli and the lowest densities. Tensile
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FIG. 3. Comparison of the tensile moduli and densities for different manufacturing methods.
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FIG. 4. Comparison of the flexural moduli and densities for different manufacturing methods.

samples with geometric dimensions according to DIN EN
ISO 527-1 achieved 1980%49 MPa, which is close to the
results of the FFF-R (2056 + 82 MPa) samples manufactured
the same way. Thus, influence of the specimen geometry is
neglectable as it is within the standard deviation.

Flexural tests

Similar results were achieved performing three-point
flexural tests as shown in Figure 4. Injection molded samples
still consist of the highest flexural modulus (2527 + 13 MPa),
followed by the samples from the Arburg freeformer process
(2156 £55 MPa). Results of the FFF samples slightly differ
from the results of the tensile tests. FFF samples consisting of

a linear pattern type (compare the Tensile Tests section,
Fig. 2) achieved higher flexural moduli (2154 =24 MPa)
compared with the samples with rectilinear pattern type
(2014 £39 MPa).

Ultrasonic phase spectroscopy

The UPS enables the determination of the elastic moduli in
every direction in space. Consistent with the results of the
destructive mechanical testing, injection molded samples show
the highest moduli of elasticity. Figure 5 shows the UPS
moduli of the 100 orientated samples as well as the densities
for all manufacturing methods. Standard deviation of the
freeformer modulus (2806.66 + 5.44 MPa) is smaller compared
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Comparison of the UPS moduli and densities for different manufacturing methods.
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to all FFF samples and even smaller than deviation of the
injection molded samples (2854.33 £ 8.05 MPa).

Figure 6 exemplifies the elastic moduli for the different
directions in space. At least for the 100 and 010 orientations,
injection molded samples show the highest moduli, whereas
the 001 orientation shows smaller values (orientations are
indicated in Fig. 1). In contrast, samples manufactured with
the Arburg freeformer show almost no dependency on the
orientation. FFF-R samples with rectilinear-oriented polymer
strands show higher moduli in the 100 and 010 orientations
compared with the 001 orientation. This cannot be approved
by the FFF-L samples.

Comparison with the literature

Similar findings can be found in the literature. Rybachuk
et al confirmed that the alignment of the plastic strands in the
direction of the load leads to an average increase of the
modulus of 40%. The lowest elastic modulus was obtained
with an orientation of the strands vertically to the direction of
loading.?* Comparison of the values is not possible due to the
different manufacturing parameters chosen for each study.

In tests carried out by Pinter et al on the mechanical
properties of ABS specimens, moduli of the APF and injec-
tion molding samples are in the same range as in the study at
hand.* Same applies to the FFF-R specimens, which is the
only pattern type investigated in their study. Densities of all
specimens are coincident as well within the scope of process-
engineering deviations. Both studies coincide clear depen-
dence of the elastic moduli on the density and a deviation of
the tensile moduli from the flexural moduli. The deviation
could be another sign for the anisotropy of the layer
buildup. Study by Ozcelik et al on the variation of the
manufacturing parameters of injection molded samples re-
sulted in an average tensile modulus of 2402 MPa.? Results,
obtained in the present work, show an average tensile mod-
ulus of 2442 MPa, which coincides within the range of
process-engineering deviations.

Investigations on the APF process by Ramezani Dana et al
showed a tensile modulus of about 2200 MPa with matching
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print direction and similar manufacturing parameters.” This
coincides with the average tensile modulus of 2309 MPa
determined in the present work. Tensile moduli of the APF
specimens achieved, correspond on an average of 95% with
the tensile moduli of the injection molded specimens. The
statement of Arburg that APF allows mechanical properties
close to the those of injection molded parts could be con-
firmed within this study.”® The higher moduli of the APF
specimens compared to the FFF could be due to the smaller
air gaps between the individual droplets due to the piezo-
driven nozzle. Research results by Ahn et al showed that a
negative air gap (—0.08 mm) between the 8plastic strands in-
creases the density and thus the modulus.” However, elastic
moduli determined in the present work are in the same range.

Discussion of the results

Increase of tensile modulus of about 34.5% was achieved
by orientating the polymer strands in the direction of loading
(FFF-L), compared with the FFF-R specimens. Adhesion of
the polymer strands to each other is lower than the adhesion
of the polymer droplets within one strand due to the
manufacturing process. The specimen is created by dischar-
ging polymer strands next to each other, whereby bondings to
the layer underneath and to the strands nearby are formed.
Therefore, bonding behavior is dependent on the temperature
of the strand itself and of the strands nearby.

Adhesion between the strands could be improved by using
a printer with heated printing bed, which increases the bond
to the layer underneath, as it reduces cooling of the strands
already printed. Higher stiffnesses can be achieved if the
sample is loaded along the polymer strands. In contrast,
considering the FFF-R samples, load is applied in a direction
of 45° to the polymer strands. Therefore, load is applied on
the interface between the strands as well, which arouses the
lower values of the stiffness for these samples as the weakest
bonding is crucial for the behavior of the complete sample.

Higher standard deviation was observed throughout the
samples manufactured with FFF. A possible and production-
related reason could be the variation of the filament diameter,
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FIG. 6. Comparison of the direction-dependent elastic moduli for different manufacturing methods.
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which leads to a varying material flow and ultimately favors
local density differences or internal material defects. This
could be solved by using FFF systems equipped with online
monitoring systems to avoid over- and under-extrusion.”®
Furthermore, the poor surface quality resulting from the FFF
process can cause slippage of the specimens during tensile
and flexural testing.

In addition to the problem of the stair-step effect that oc-
curs, the poor surface quality leads to inaccurate measure-
ment of the specimen geometry and thus to altered values of
the elastic modulus as well as the geometric density. Another
possible reason for the high standard deviation of the FFF
specimens could be the temperature gradient arising in the
layer structure. As mentioned above, in the FFF printer used
for the study at hand, only the printing bed is heated, while the
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building space itself cannot be heated. This arouses faster
cooling and thus worse bonding to the layer underneath with
increasing number of layers.”’

Elastic modulus of all FFF specimens could be further
increased, for instance, by selecting smaller layer thicknesses
or by printing only one sample per print run, to increase
bonding of the polymer strands. If many samples are printed
at once, the first layer of all samples is printed before the
second layer is added to the first sample. Therefore, the more
samples are printed at each run, the higher the cooling of each
layer before the next layer is added, which impacts the
bonding of the layers negatively.

Differences of the elastic moduli for different direction in
space mainly result from the principle of layer-by-layer
buildup of AM. FFF specimens show higher anisotropy of the
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mechanical properties than the APF specimens, which is
shown in Figure 6. Besides, in case of injection molding,
differences of the elastic modulus result mainly from the one-
sided injection of the polymer mold, whereby the directional
dependence is less pronounced compared with FFF speci-
mens. Elastic moduli of the FFF-R specimens are signifi-
cantly lower in the direction of layer buildup than parallel to
the building plate as it can be seen in Figure 6. UPS results of
the FFF-L samples are probably not meaningful as the pattern
type is anisotropic and the UPS examination program is valid
for orthotropic specimens only."?

The study led to coincident results of the moduli of elas-
ticity, determined by destructive methods as well as by UPS.
The UPS moduli are on average 18.5% higher than the
flexural moduli and 15.9% higher than the tensile moduli.
Several issues can be considered as possible reasons for the
deviation of the destructive material testing. For example,
excessive clamping of the specimens during tensile testing
could cause premature damage of the material. In addition,
flexural tests were carried out without external measuring
system for displacement. Displacement of the specimens was
measured by displacement of the traverse, which could fal-
sify the results due to the flexibility of the traverse. During
UPS measurements, tilting and slipping of the specimens or
the UPS sensors can cause random deviations.

However, the UPS moduli consist of lower standard de-
viation than the results from destructive material testing
methods. Comparison of the elastic moduli of the 100 ori-
entation measured with the UPS and the values determined
using the destructive testing as shown in Figure 7 illustrates
that the values of the UPS are on average 20% above the other
values for each manufacturing method. It is striking that the
standard deviation for UPS testing is much smaller than for
the destructive testing methods. Furthermore, difference be-
tween flexural modulus and tensile modulus is more dis-
tinctive for the freeformer and the injection molded samples.

As the results have shown, AM of components is compa-
nied by a lower density and consequently lower elastic
moduli. Figure 8 illustrates the relative elastic moduli, more
precisely the elastic moduli divided by the particular density,
which is an important parameter when selecting eligible
materials for lightweight applications. Consistent with pre-
vious results, the highest relative modulus was achieved with
injection molding, followed by the Arburg plastic free-
forming process.

Conclusion and Outlook

The aim of the study at hand was a comparison of two
AM methods with conventional injection molding tech-
nology based on the resulting elastic moduli. Tensile and
flexural moduli were determined by destructive quasi-
static material testing. Furthermore, elastic modulus was
measured using UPS. ABS specimens were manufactured
additively using FFF as well as the Arburg plastic free-
forming process, which is not widely used yet. Within
the scope carried out in this work, an approximately
linear dependence of the elastic modulus on the density
could be demonstrated. The APF specimens exhibit
higher densities and higher tensile and flexural moduli.
Nonetheless, injection molded specimens feature the
highest density and thus the highest elastic moduli. It
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turned out that UPS is suitable determining the direction
with the highest and the lowest mechanical properties,
respectively.

Deposition of polymer strands layer by layer, as it is the
case in most AM processes, results in anisotropic mechanical
properties as mechanical properties are significantly higher
along the strands than orthogonal of the strands. With the aid
of UPS, the direction-dependent modulus of elasticity of the
FFF specimens could be demonstrated. In addition, a lower
direction-dependent elastic modulus for the APF specimens
was found. For future prospects, this study has shown that
UPS is a sufficient and fast method to investigate the
direction-dependent elastic modulus of additively manu-
factured parts. This is of high interest especially for the re-
development of new materials as it is timesaving and material
saving. If the direction-dependent modulus is determined
using destructive testing, at least three samples are necessary
to determine the modulus in every direction in space.
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