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Abstract: The objective of this research is to conduct a comparative analysis between rectangular-
shaped ASTM D3039 specimens with different angles (0°, 15°, and 90°) and various tensile test spec-
imens based on ASTM and ISO standards, all 3D-printed using polyethylene terephthalate glycol
(PETG) material through FDM. The study aimed to assesses the weak spot commonly found at the
neck of the specimens. Two different printing orientations, namely flat and on-edge, were investi-
gated, and a comprehensive examination and comparison were made regarding the variations in
tensile strength, E-modulus, strain, and elongation at break among the tested samples. Additionally,
the broken areas was evaluated, and a numerical study utilizing the finite element method (FEM)
was conducted to identify stress risers' locations in each specimen type. The experimental results
demonstrated that the ASTM D3039-0° specimen exhibited the best tensile properties when printed
in the on-edge orientation, while the flat orientation yielded the best results in terms of the broken
area. On the other hand, the ISO 527-2 specimens displayed the lowest tensile properties, regardless
of the printing orientation. The study highlighted the enhanced tensile properties achieved with the
rectangular shape. Specifically, the tensile strength of ASTM D3039-0° was 17.87% and 21% higher
than that of the ISO 527 geometry shape for the flat and on-edge orientations, respectively. The
numerical analysis indicated that the ISO 527-2 specimen had either no or minimal stress raisers,
and the higher stresses observed in the narrow section were isolated from the gripping location.

Keywords: fused deposition modeling (FDM); PETG; different geometry shapes; tensile properties;
mechanical characteristics; print orientation

1. Introduction

A new method of producing components was idealized when the third industrial revolution
began to impact the manufacturing and process environment. The first commercial use of additive
manufacturing (AM), commonly known as 3D printing, came about in the late 1980s. The earliest
machines belonged to the stereolithography family and utilized light-sensitive materials, which so-
lidify when exposed to light. Stratasys developed the fused deposition modelling (FDM) machine in
the late 1980s and early 1990s which is considered another fast-prototyping method that gained pop-
ularity over the following several years, and it immediately grew to the top of the list of techniques
used in academic and research activities [1]. A heated nozzle is used by FDM 3D printers to melt solid

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202306.0945.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 June 2023 d0i:10.20944/preprints202306.0945.v1

2 of 21

thermoplastic filament, which is then deposited layer by layer to create 3D objects. Ultrafine (<100
nm) and fine (<2.5 um) particles and vapors are produced during the heating and extrusion as a
byproduct [2]. Properties and finishing quality are influenced by the chemistry of the materials and
the manufacturing process parameters that are used [3],[4].

The impact of processing parameters on dimensional accuracy [5], mechanical properties (such
as tensile [6,7], fatigue, and compressive), tribological characteristics [8,9] and surface quality [10]
have been reviewed in the literature. Filling percentage [11], Layer height [12], infill pattern [13],
build orientation [14], extrusion temperature [15], and contour width (number of perimeters) [16] are
some of the most discussed 3D printing process settings. Numerous thermoplastic materials, such as
acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), polyethylene terephthalate-glycol
(PETG), polyamide, and polyether ether ketone (PEEK), were investigated using these parameters in
the form of filaments. One such polymer is polyethylene terephthalate-glycol (PETG), which is used
to print the components using the FDM process. It is a saturated thermoplastic polyester created
when terephthalic acid and ethylene glycol polycondensation [17]. Compared to different polymer
materials, it offers better mechanical, thermal, and strength properties [18].

Tensile strength is the capacity of a substance to resist forces applied under tension. It is im-
portant to determine tensile cracking and the final failure of the material since it is a key component
of breaking as it is known to greatly impact the mechanical properties of materials. According to
Onwubolu [19], layer and raster thickness should be improved in order to increase the tensile
strength of ABS polymer. Tensile tests are employed to compare a few different FDM materials [20].
Investigated are even variations in polymer characterization techniques (tensile testing) [21]. The im-
pact of process parameters, including print orientation, raster pattern, and dimensions of tensile spec-
imen on anisotropy has been examined in relation to different tensile test specimen geometries on
mechanical properties [22]. Additionally, a common characteristic known as infill patterns affects the
behavior of the materials due to an inner substructure [23,24]. The deviation in response associated
with this substructure has been studied in polylactic acid (PLA) parts with various infill patterns [25].
The impacts of printing parameters on the toughness and strength resulting in interlocking mecha-
nisms such as raster angle, raster width, and contour width, are also being investigated [23,24,26,27].
Studies have explored the impact of layer thickness, build orientation, and feed rate on 3D-printed
PLA samples [28], as well as the effects of raster angle and layer thickness parameters for both PLA
and ABS materials [29].

There are two major organizations involved in the field of additive manufacturing (AM), namely
ASTM and ISO. ASTM committee F42, established in 2009, aims to advance knowledge, foster re-
search, and promote the adoption of additive manufacturing technologies by developing industry
standards. On the other hand, the ISO technical committee ISO/TC 261, operating since 2011, is ded-
icated to standardizing various aspects of additive manufacturing. This includes processes, terminol-
ogy, definitions, process chains (both hardware and software), testing procedures, quality parame-
ters, supply agreements, and foundational concepts [30]. Both ASTM and ISO are actively involved
in the development of standards for mechanical testing of additive manufacturing (AM) materials
and components. In their efforts, they are evaluating the suitability of existing standards for conduct-
ing mechanical tests on polymer-based AM materials and parts. The standards are categorized into
two groups: one for plastics, which include ASTM D638 [31], and ISO 527-2 [32], and the other for
composites, which include ASTM D3039 [31] and ISO 527-4 [33,34]. Apart from the standard recom-
mendations, practical considerations can also influence the decision to conduct customized tests in-
stead of relying solely on standardized ones, including the selection of specimen type. These choices
may be driven by specific practical needs [35]. For example, the utilization of non-standard speci-
mens, particularly subsize ones, may be necessary when the availability of feedstock material is lim-
ited, particularly in cases where new formulations are being investigated for research purposes. Ad-
ditionally, for costly materials, smaller samples than the prescribed size may be preferred due to the
destructive nature of tensile testing [35].
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Due to the absence of specific international standards, the evaluation of tensile properties in
FDM parts often relies on dumbbell-shaped specimens, commonly referred to as "dog-bones," which
are based on ASTM D638 [36]. Similar to ASTM D638, ISO 527-2 [32] also specifies the use of dumb-
bell-shaped specimens. These standards define the geometry of the specimens, which is determined
by the thickness of the sample or the type of composite being tested. Tensile tests conducted on these
specimens provide information on Young's modulus, strength, Poisson's ratio, yield stress, and elon-
gation to break [37-39]. However, despite the widespread use of dumbbell-shaped specimens based
on ASTM D638 and ISO 527-2, it is often observed that failure occurs outside the intended narrow
section. This is primarily due to the challenges associated with reproducing the dog bone geometry
through FDM printing [37,39-43]. The original purpose of the ample fillet in the narrow section was
to reduce stress concentration in specimens with changing cross-sectional areas, such as those shaped
or manufactured from continuous solids like sheets or plates. However, reproducing the curvature
of this fillet using FDM printing poses difficulties. Consequently, structural defects can arise, such as
abrupt raster terminations, material gaps (particularly in contoured parts), or sudden changes in the
deposition path. These factors can lead to abnormal stress peaks and non-axial stress states at the
radii, especially in relatively thin specimens [39,44-46].

ISO 527-2 and ASTM D638 (determining the tensile characteristics for extrusion and molding
plastics) have been used to evaluate the materials' response, where the researchers [24,44,47] discov-
ered that specimens prematurely failed this early failure was due to the stress concentration in the
dog bone's radius close to the gauge length. The end of the filaments in this section of the specimens
created an extreme shear. To overcome the challenges associated with FDM printing, an alternative
approach involves modifying the original dog-bone geometry by increasing the curvature radius
[37,39,48]. As a potential solution, ASTM D3039 has been proposed [44,49,50]. This standard is pri-
marily designed for evaluating the tensile properties of polymer-matrix composite materials. How-
ever, it can also be applied to neat polymer parts printed using FDM due to their similarity to ortho-
tropic laminae. Miller et al. [43] examined the tensile behavior of ABS samples printed using fused
filament fabrication (FFF). Rectangular coupons adhering to ASTM D3039 exhibited a higher percent-
age of samples meeting the acceptable failure standard compared to ASTM D638 type I and type IV
dog-bone specimens. Type IV dog-bones showed better compliance with the failure criterion than
type L. The fillet radius was identified as the primary factor causing inconsistent failure in ASTM
D638 dog bones, while the inclusion of an additional inner radius improved the performance of type
IV specimens. ASTM D638 type IV overestimated the elastic modulus, whereas ASTM D3039 over-
estimated the elastic modulus but underestimated the tensile strength. ASTM D638 type I performed
equally well as ASTM D638 type IV and ASTM D3039 for the elastic modulus and strength [43]. To
sum up, tensile standards were not particularly investigated for AM technologies, but they have been
discovered and listed as presented in Table 1.

Table 1. Different tensile standards used in AM technologies.

Tensile standard name Standard designation Description
Similar to ASTM D638, is split into
five sections taking into account
the various sample types such as
film, isotropic fiber composites,
and unidirectional composites.

Determination of tensile prop-
erties for plastic.

Part 2: Test conditions for ex-

trusion and molding plastics.

ISO 527-2-2012

Determination of tensile prop- Specific to fiber reinforced compo-
erties for fiber reinforced plas- sites. The use of this part may be
ISO 527-4:1997 tic composite. necessary for specific reinforce-
Part 4: Test conditions for iso- ments or manufacturing proce-
tropic and orthotropic. dures.



https://doi.org/10.20944/preprints202306.0945.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 June 2023 d0i:10.20944/preprints202306.0945.v1

4 of 21

Basic test method to produce ten-

Standard test method for ten- sile properties of plastics. There

ASTM D638 . . . are several types of dog-bone ge-
sile properties of plastics .
ometry. Need for high-strength re-

inforcing.

The basic test procedure for high
modulus fiber composites' tensile
Standard test method for ten- characteristics. Requires a speci-
ASTM D3039 sile properties of polymer ma- men with a rectangular form. Alt-
trix composite hough additive materials do not
match reinforcing standards, flaws
are reduced by rectangular form.

Even though it is not always possible to optimize the parameters for every design and polymeric
system, learning more about the geometry shapes properties relationship of additively-manufactured
geometries could help researchers create better parts for future applications. Although specimen
shape and size play a critical role, their influence on the obtained data has not been extensively stud-
ied. This knowledge gap is significant since the irregularity of the data hinders the ability to make
reliable comparisons both within the provided information and across technical reports. In this study,
the test specimen shape and grasping were investigated to determine the tensile performance. It is
necessary to understand the effect of changing the selected design of tensile geometry shape and
printing parameters on the tensile properties of the FDM test specimens. Therefore, the present study
forms part of an investigation into exploring the design freedom of 3D printing. The variables se-
lected for this experiment were chosen based on the experience and knowledge of the researchers.
Five different geometry shape specimens’ configurations have been prepared, (ISO 527, three types
of ASTM D3039, and ASTM D638) of PETG polymer. The specimens have been produced in 3D print-
ing with two different building orientations (flat, and on-edge) by using the FDM technique to exam-
ine the effects of using different orientations on the tensile strength and elongation at the break. More-
over, computational simulations using the finite element method (FEM) have been employed to com-
pare different specimen geometries. The influence of various geometry shapes and building orienta-
tion on the tensile properties of 3D-printed PETG has rarely been studied before. This research is an
area for which there is limited information published about how to apply these different geometry
shapes to the tensile properties of PETG.

2. Materials and Methods

2.1. Manufacturing of 3D-Printed Specimens

The tensile test samples were fabricated on a commercial 3D printing machine “Geetech A20M”
of FDM type. The working area of the printer is 255 x 255 x 255 mm, which has allowed production
of several parts at the same time. To gain a thorough understanding of the mechanical characteristics,
the material's processing parameters could be varied while producing the specimens on the FDM
printer. Changes in process parameters were applied to the CAD design, which was generated by
the CAD program "Solidworks 2021" and exported as stl file, using the slicing software Ultimaker
Cura 5.2.1. The parameters performed while printing the specimens are described in Table 2.

Table 2. The fixed 3D printing process parameters used for manufacturing the specimens.

Parameter Value Unit
Layer thickness 0.2 mm
Initial layer height 0.24 mm

Print speed 60 mm/s

Infill speed 30 mm/s
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Wall speed 25 mmy/s
Printing temperature 230 °C
Building plate temperature 70 °C
Infill density 100 %

Polyethylene terephthalate glycol (PETG) has been used for the manufacturing of specimens.
The PETG filament is a black color branded Filanora and having a diameter of 1.75 mm. The Mechan-
ical properties of PETG filament are listed in Table 3.

Table 3. Properties of PETG polymer material [51].

Properties Value Unite of measure Standard
Density 1.3 g/em?® ISO 1183
Tensile strength 42 MPa 1SO 527
Tensile modulus 5250 MPa 1SO 527
Elongation at break 7.4 % 1SO 527
Flexural strength 70 MPa 1ISO 178
Heat resistance 75 °C ISO 75

Table 4. Standard and specifications of each specimen type manufactured.

Width of Width over- Length over- Thickness of Thickness Radius of Tab bevel
Standard narrow sec- ", [mm] all [mm] narrow sec- ..o [mm] curvature angle []
tion [mm] tion [mm)] [mm]
ASTM D638 13 19 165 3 3 R76 -
ISO 527-2 10 20 150 3 3 R60 -
ASTM R
3039/3039M 20 20 165 3 3 - 0
ASTM 3039 angle 20 20 175 2 5 - 15°
ASTM 3039 angle 20 20 175 2 5 - 90°
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(c) (d)

(e)
Figure 1. Different geometry shapes of tensile test specimen drawn by SolidWorks software according

to the standard (a) ASTM D638, (b) ISO 527-2, (c) ASTM D3039-15°, (d) ASTM D3039-90°, and (e)
ASTM D3039-0°.

The standards used for manufacturing the targeted specimens and the dimensions and other
specifications of each specimen’s type are mentioned in Table 4. Figure 1 illustrates all specimen de-
signs created by using Solid Works software. All these tensile standard-shape specimens created were
printed in two build orientations (flat and on edge) to determine the effect of print orientation on the
mechanical properties as well. Figure 2 illustrates the specimen design orientations used for the pro-
duction of the tensile testing samples.

Long inner lines (rasters)

Short rasters

] More shells/contours

On edge

Figure 2. Build orientations examined (flat and on-edge).

2.2. Experimental

The experiments in this study were made to assess the influence of tensile test specimens' geom-
etry on the mechanical characteristics and mode of failure. The Zwick/Roell Z100, a universal testing
device, was used to test specimens for tensile strength. There have been ten different sets of speci-
mens were prepared (coming from five cases of standards with two build orientations), as shown in
Figure 3a. As mentioned in section 2.1, the specimen dimensions were according to the ASTM D638,
ASTM D3039 (0°, 15°, and 90°), and ISO 527-2 for tensile testing of PETG polymer. Three identical
specimens (printed with the same print settings) from each set were tested under similar conditions.
Figure 3a shows groups of tensile test samples according to different geometry shapes (standards).
The tensile behavior determination included the tensile strength, tensile Young's modulus, and the
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failure form under the specified conditions. The modulus of elasticity determined experimentally
within the elastic range by using an extensometer in order to study the strain rate sensitivity (visco-
elasticity) (see Figure 3b). Extensometer, which is attached to tensile test specimens while testing, is
an instrument for measuring elongation and helps calculate Young's modulus precisely. Also, from
the extensometer measurements, the mechanical properties could be obtained are; nominal strain at
tensile strength (€tm), stress at break (0B), strain at break (€B), and nominal strain at break (€tB). Each
specimen is fixed by the grips as it is seen in Figure 3b. The specimens were stretched at a steady
speed of 3 mm/min along with their longitudinal axis until they broke.
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(b)

Figure 3. Tensile testing (a) sets of tensile specimens of different geometries, and (b) extensometer

attached to the specimen during tensile testing.

2.3. Modeling of tensile tests by using finite element method

A series of numerical simulations were performed using the finite element method (FEM) to
have a more detailed vision of the effect of specimens’ geometries on the mechanical properties. The
commercial software ANSYS 17.2 was used in these simulations.

2.3.1. Modeling

The numerical simulation is an approximation method, where the governing equations are being
integrated on every element forming the so-called numerical model. For structural analysis, the so-
called weak form was being recovered and applied according to equation 1.

faijé'uijdV = f f](SuldA (]
Q Q

This equation is applied to every finite element (Q) with its closure (9) as the boundary, and the
underlying continuum body's shape. The material was treated as an isotropic material with constant
properties in all directions. The isoperimetric Galerkin method [52,53] selects the test function (du;)
from the same Hilbertian Sobolev space as the displacement field (u;). The system was simplified,
and the linear strain measure was utilized because the deformation on a tensile test is minimal. The
strain and stress could be calculated using equations (2) and (3), respectively.

1 .
eij = 5 (wij + ;1) (:

Hooke's law can be applied because of the observed elasticity without rate effects,
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0ij = Cijluén

where the stiffness tensor of rank four (Cyjy;), the stress tensor (gy;), and the strain tensor (g;;), are
linearly connected.

2.3.2. Meshing and Boundary Conditions

In every numerical simulation, the numerical mesh plays a key role in obtaining valid results. In
order to benefit the geometrical symmetry and reducing the computational cost every specimen’s
geometrical model was clipped using its symmetry plans, resulting in only one eight of the original
geometry and half of the gripping mechanism from the experimental apparatus. Furthermore, a uni-
form element size was used except for the regions with high changing rates in cross-section areas, as
shown in Figure 4.

r‘

0.5 mm

i I'mm 0.2 mm
mm

1 mm 0.5 mm

0,00 20,00 (rmem) /L
| — o X

10,00

C) (b)

Figure 4. Symmetry planes and mesh sizing.

As for the boundary conditions, to emphasize the true geometrical effect and to exclude the effect
of different (Force vs. Elongation) curves, a uniform stress of 70 MPa was applied to every numerical
study with a frictional contact between the specimen and the gripping jaw alongside with a zero
displacement of the gripping jaw as shown in Figure 5.
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A: Static Structural
Static Structural
Time: 1, 5

[A] Displacernent

[B] Displacernent 2
[€] Displacernent 3
[BY Pressure: -70, MPa

0,00 30,00 (rmrm)
I 2 A }-:
15,00

Figure 5. Boundary conditions employed in the simulation.
3. Results and Discussion

3.1. Experimental Results

Various variables, as discussed in the literature, can effectively increase stiffness and strength.
The major variables that influence deformations and deflections include material properties, layer
binding, and FDM 3D printing parameters (mainly, infill pattern and build orientation). To delve
deeper into the characteristics of build orientations, it is helpful to look at the structure of printed
tensile test specimens in Figure 2. Every layer has inner lines and a shell (contour). The direction of
the layer contour for the flat sample is parallel to the applied tensile test force. These specimens ex-
hibited a higher likelihood of elongation due to the presence of long internal lines constructed at a
45° angle and a sufficient number of layers, resulting in increased strain. The on-edge workpiece
possesses a complex structure characterized by a cross-section with numerous layers, a narrow con-
tour, and short internal lines. This explains how these samples were pulled with a great degree of
strength during the test.

The load-displacement curves that were obtained from the tensile test for all examined shape
geometry and orientations are shown in Figure 6. It is clear that the building orientation of the 3D
printing parameter and the shape geometry has a significant impact on the values of force versus
elongation. The results were divided into two diagrams according to the building orientations and
the shapes of tensile standards examined. The highest applied loads required to reach the fracture,
for the different shape geometry, were reported to the ASTM D3039-0° (for both flat and on edge), as
shown in Figure 6. The average values (out of three testing results for each orientation) of these high-
est loads obtained were 1693 N and 2632 N for flat and on edge orientation, respectively. Compara-
bly, ASTM D638 standard specimens also showed a relatively high load ranging between 1562 N and
1890 N for flat and on-edge orientation, respectively. In contrast, the lowest loads were reported in
specimens of the ASTM D3039-15° (at the flat build orientation) and ISO 527 (at the on-edge build
orientation) with the values 1026 N and 1475 N, consecutively.
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(a) (b)

Figure 6. Load-displacement curves for (a) flat building orientation and (b) on-edge orientation.

Figure 7(a-c) presents the results of the ultimate tensile strength, tensile modulus, and tensile
strain of the tested specimens. In terms of the tensile strength, it can be seen from Figure 7a that at
flat build orientation samples, the values ranged between 23.2 MPa and 28.25 MPa, where the best
strength was for ASTM D3039-0°. However, the on-edge build orientation showed higher tensile
strength ranged between 36.45 and 48.32 MPa, and the better values were from ASTM D3039-15°. In
both flat and on-edge orientations, the lowest tensile strengths were to the ISO 527specimens. The
increased tensile strength of these specimens is due to their reliable geometry shape which avoided
the weak spot at the neck (curvature) of the specimens of ASTM D638 and ISO 527. Therefore, the
applied load was distributed across a larger area, resulting in higher resistance to failure. Regarding
the effect of print orientation, generally, the on-edge specimens revealed much higher tensile strength
as compared to the flat-printed ones. For instance, the average of the ASTM D3039-0° tensile strength
for on-edge orientation was 39.52% higher than that of the flat orientation. Furthermore, the increased
tensile strength of ASTM D3039-0° for flat and on-edge orientations was higher than the ISO 527
geometry shape (the weakest) by 17.87% and 21%, respectively. In comparison between ISO 527 and
ASTM D638, the tensile strength average of ASTM D638 specimens was higher than the average of
ISO 527 specimens by 13.27% and 19.5% for flat and on edge orientation, respectively.
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Figure 7. Results of different geometry shape specimens during tensile test for flat and on-edge build
orientations (a) tensile strength, (b) tensile Modulus, and (c) tensile strain.

In terms of the tensile modulus, the flat build orientation values were ranged between 1188 MPa
and 1622 MPa, where the best values were from ASTM 3039-0°. On the other hand, the tensile mod-
ulus of the on-edge build orientation ranged between 1660 MPa and 2773 MPa, and the better values
were from ASTM D3039-90° (see Figure 7b). In addition, the tensile modulus of ASTM D3039-0° was
26.74% and 40.15% higher than the ISO 527 geometry shape (the lowest modulus) for the flat and on-
edge orientations, respectively. In comparative between ASTM D638 and ISO 527, the average of
ASTM D638 specimens was 14% and 21% higher than the ISO 527 geometry shape for flat and on-
edge orientations, consecutively. Concerning the tensile strain (see Figure 7c), its values were ranged
between 2.73% and 4.21% (for both orientations), where the best values were to the ASTM D3039-0°
and ASTM D638 together, while the lowest value was to the ISO 527. The tensile strain average value
of the ASTM 3039-0° at on-edge orientation was 9.5% higher than the flat orientation of the same
shape.
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The average value of other tensile test mechanical properties (i.e., €tm (nominal strain at tensile
strength), ob (stress at break), €b (strain at break), and €tb (nominal strain at break)) of each geometry
shape are tabulated in Table 5.

Table 5. The average value of €tm, ob, €b, and €tb for each geometry shape examined.

Specimen’s standard &tm ob €b &b
(%) (MPa) (%) (%)

ASTM-D638-Flat 4.7 19.5 4.7 5.7
ASTM-D638-On-edge 59 19.9 9.5 11.2
ISO 527-Flat 4.6 13.4 4.4 5.6

ISO 527-On-edge 5.6 17.1 75 9.2
ASTM-D3039-0-Flat 4.2 22.79 7 7.5
ASTM-D3039-0-On-edge 5.23 44.3 4.5 5.2
ASTM-D3039-15-Flat 3.9 23.3 52 58
ASTM-D3039-15-On-edge 54 48.3 4 54
ASTM-D3039-90-Flat 3.7 16.8 3.8 4.2
ASTM-D3039-90-On-edge 4.4 37.9 2.7 4.4

By testing FDM dog bone shape specimens, Kay [54] credited the lower tensile strengths and a
higher degree of disassembling to the use of ASTM D638, which is not recommended (according to
him). The researcher highlighted how failures frequently happened in the neck area of dog bones
manufactured with FDM as a result of stress concentration in the part's transition zones. Neverthe-
less, notable enhancements were observed when conducting tests on parts in accordance with ASTM
D3039. It is important to note that ASTM D638 is primarily intended for testing conventional poly-
meric bulk materials, while the additive manufacturing parts in question more closely resemble com-
posite structures [54]. Conversely, ASTM D3039 is specifically tailored for evaluating composite ma-
terials based on their geometry. Consequently, it is anticipated that these parts would exhibit higher
values for ultimate tensile strength and modulus due to a greater proportion of continuous polymer
extruded fibers spanning the length of the gauge section.

Figure 8 shows the broken specimens after the tensile test. As it is well known, the breakage/fail-
ure is much better to be in the middle of the gauge section than other parts of specimen. Obviously
from Figure 8, the broken area for the on-edge orientation was always near the edge of the specimen;
the breaks near the gripping area, which is not recommend. In general, the on-edge orientation of
FDM samples tends to yield higher strength, as indicated by the findings from various standards
investigated. However, the impact of orientation is particularly notable when considering the ASTM
D638 and ISO 527 standards. These observations align with the results reported by Aliheidari et al.
[55], supporting the notion that the mechanical properties are directly influenced by the distinctive
characteristics of the layered structure, specifically the adhesion between the layers.
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(a) (b)

Figure 8. Specimens’ broken area (a) flat orientation and (b) on-edge orientation.

In contrast, the fracture in most of flat printed specimens was almost in the middle. To distin-
guish in which geometry shape and printing parameter the specimen’s failure was better, the broken
area was given a percentage out of 100% (called the good breakage area) considering the fracture
place from the middle of the sample; the closer to the middle the higher the percentage, and vice
versa. Therefore, if the broken area is near the neck/edge, then it is not considered to get the good
fracture. Figure 9 shows the percentage of the good breakage area based on the specimens’ fractures
depicted in Figure 8.

120%
Hflat Mon-edge

100%

80%

60%

40%

- I l
0% — - —

ASTM D638 ISO 527 ASTM D3039- ASTM D3039- ASTM D3039-
0° 15° 90°

Figure 9. The percentage of good breakage area of specimens.

3.2. Numerical Results

In structural analysis, the material’s stress — strain curve can be expressed in two different meth-
ods, linear and nonlinear curves. In the linear analysis, the material’s stress — strain curve is assumed
to be a linear curve, while using the nonlinear method requires implementing a digital form of the
true material stress — strain curve. In this research, both methods were used to evaluate the ability of
linear models to capture the physical phenomena correctly. Young's modulus was considered 5250
MPa in case of linear and nonlinear modelling. Additional properties of nonlinear modelling are
Yield strength of 70 MPa and Tangent modulus 10 MPa. Table 6 presents the maximum Von — Mises
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stress for every specimen with its shape-specific stress-increasing effect since the stress of 70 MPa
was used in the boundary conditions.

Table 6. Von — Mises stress values of different tensile geometry specimens.

Linear Model Nonlinear Model
Specimen Maximum Stess  Multiplier factor Maximum Stess Multiplier factor
(MPa) % (MPa) %

ASTM D638 115.64 39.47 89.17 21.50
ASTM D3039-0° 149.11 53.05 77.18 9.30
ASTM D3039-15° 77.27 9.41 71.51 211
ASTM D3039-90° 337.1 79.23 71.33 1.86

ISO 527-2 77.18 9.30 71.32 1.85

From the results in Figure 6, it can be clearly observed that the linear stress — stain model multi-
plier factor, the equivalent stress while the nonlinear model, gives closer values to the value used in
the simulation settings. To further investigate the effect of geometrical shape on stress and strain
distribution, contour plots of equivalent Von — Mises stress and strain were generated to emphasize
the local stress riser’s locations. Figures 10 to 14 show these plots for specimens’ type ASTM D638,
ASTM D3030-0°, ASTM D3039-15°, ASTM D3039-90°, and ISO 527-2, respectively. Stress and strain
plots show stress risers located in the transition area from the gripping location to the middle narrow
area, especially in the specimens ASTM D638 and ASTM D3039 (see Figures 10, 11, 12, and 13). How-
ever, the specimen shape ISO 527 — 2, Figure 14, has no or little stress risers at the gripping area, and
the maximum stresses concentrate in the narrow/gauge section, as it should. This conclusion suggests
that the specimen type ISO 527-2 is more stable when tested in materials’ mechanical studies since it
is barely affected by the fixture and clamping mechanism as compared to the other specimens.

Nonlinear Results Linear Results
A: Static Structural A: Static Structural
Equivalent Stress 2 Equivalent Stress 2 i
Type: Equivalent (wvon-hdises) Stress Type: Equivalent {von-Mises) Stress
Unit: MPa Unit: MPa
Tire: 1 Tirne: 1
115,64 Max
89,172 Max 102,34
75434 50,234
69,697 7753
59,939 64,826
Sp2a2 521
y W7
40,485 26712
047 14,008
2,01 1,3031 Min
11,27
1,53
A: Static Structural A: Static Structural

Equivalent Elastic Strain 2
Type: Equivalent Elastic Strain
Unit: mm/fmm

Equivalent Elastic Strain 2
Type: Equivalent Elastic Strain
Unit: mm/mrm

Tirme: 1 Time: 1
0,017341 Max 3'312926285 Max
0,015447 |,

0,013553 0017229
0,011658 0,014803
Y 0,012378
0,0097641 i e
0,0073693 g

00039754 00075263

0,0040811 0,0051007

0002675
0,0021867 | _
Figure 10. Stress and strain contours for specimen ASTM D638.

Nonlinear Results Linear Results
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Equivalent Stress
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Figure 11. Stress and strain contours for specimen ASTM D3039-0°.
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Figure 12. Stress and strain contours for specimen ASTM D3039-15°.
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Nonlinear Results
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Figure 13. Stress and strain contours for specimen ASTM D3039-90°.

Nonlinear Results
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Figure 14. Stress and strain contours for specimen ISO 527-2.
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4. Conclusions

The effect of standard specimens’ geometry shape, manufactured using FDM technology, on the
mechanical characterization of polymers has been achieved in this study. For uniaxial tensile studies,
five various geometries were studied with different building orientations (flat and on-edge) for PETG
material. Also, a comparison of specimens’ geometries was studied numerically using the finite ele-
ment method in order to determine stress risers’ locations in every specimen. Based on the results
obtained, the following observations can be drawn.

The preferred specimen geometries for tensile testing of FDM parts are typically in the form of
dumbbell and rectangular shapes, as indicated by current standards. However, there is a lack of con-
sensus regarding the superior geometry choice between these two options. Based on available data,
it is suggested that rectangular samples with straight edges, such as those conforming to ASTM
D3039, offer more favorable mechanical characteristics compared to dumbbell-shaped samples with
curved edges, as seen in ASTM D638. Experimental results demonstrate that the use of the ASTM
D3039 rectangle shape, supported by straight edges, reduces the occurrence of abrupt transition
zones and early failures caused by stress concentration. Conflicting results for different geometry
shapes may arise due to various factors, including the type of feedstock material employed (amor-
phous vs. semi-crystalline, pure polymer vs. composite material, etc.), printer configuration and
printing parameters, as well as the specific test procedures utilized.

Regarding the effect of print orientation, the best tensile properties were for the on-edge building
orientation specimens (39.4% higher than the flat) due to their robust inner structure.

The numerical results showed that the specimen type ASTM D638 had a huge stress concentra-
tion in the transition in cross section area near the gripping location. That was repeated in the ASTM
D3039 in a similar manner. Nevertheless, the specimen type ISO 527-2 had no or little stress raisers
near the gripping area while the higher stresses located in the narrow/gauge section isolating the
stresses from the clamping location.

In conclusion, the majority of current standards are appropriate for testing parts made using
additive manufacturing (AM). However, additional advice is needed to handle the engineering prop-
erties measurements made using AM techniques. Methodologies to evaluate the performance of
novel materials and their suitability for particular platforms must be standardized as 3D printing
progresses from a tool for prototyping to a mass-production manufacturing technique.
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