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Abstract: Thermoplastic parts created using the Fused Filament Fabrication (FFF) technique exhibit
transversely isotropic characteristics. The latter are associated with the development of bonds and
voids between the printed filaments, both of which are an artifact of the FFF technique and can alter
the elastic response of a part. In this study, 3D-printed nylon specimens are examined. The voids
included in the specimens are visualized using micro-CT and the elastic properties are quantified by
tensile tests. The micro-CT results illustrate that the voids are almost exclusively located between the
printed filaments and obtain convex and concave shapes while presenting a limited volume fraction.
Finally, the tensile tests indicate that the elastic properties are affected by the printing direction.
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1. Introduction

Additive manufacturing (or 3D printing) is a relatively new manufacturing technology
that offers significant advantages owing to design flexibility and the ability to produce
lightweight parts [1].

The Fused Filament Fabrication (FFF) technique is among the most upcoming 3D-
printing techniques used for the production of thermoplastic parts. The FFF thermoplastic
parts are comprised of successively printed thermoplastic filaments, otherwise known as
beads, which are extruded through a heated nozzle in a malleable condition according to
a computer design and deposited layer-by-layer on a printbed. Acrylonitrile butadiene
styrene (ABS), polylactic acid (PLA), polyamide (PA), and nylon are some of the commonly
used materials [2].

The simplicity with which these materials may be printed comes at the expense
of performance as the 3D-printed thermoplastics exhibit lower mechanical properties
compared to metals or composite materials. A key method of improving their performance
is the addition of continuous fibers in the thermoplastic matrix. In particular, the addition
of continuous Kevlar, glass, and carbon fibers has shown a significant improvement in
mechanical properties. Currently, high-end 3D printers able to print with reinforced
thermoplastics, such as the Markforged Mark Two, are commercially available [3].

High-end printers typically add by default a protective layer around each part, aiming
to ameliorate its external surface. Eiger software, as used by Markforged [4] for the
geometry slicing process, clearly specifies that items with an insufficient external cover layer
size have a lower surface quality. Lower surface quality increases stress concentrations in
certain areas, thus decreasing the overall performance of the produced parts. The protective
cover is printed around the reinforced infill and consists of the floor and roof layers, both
printed using a 45° printing pattern, and the wall layers, printed using a 0° pattern. As
a result, the finished 3D-printed parts are a mix of unreinforced matrix cover layers and
reinforced infill material. An illustration of the FFF structure is depicted in Figure 1.
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Figure 1. Example of the printing process of an FFF reinforced thermoplastic part. (a) Single reinforced
bead; (b) ensemble of reinforced beads (infill); (c) infill enclosed in protective cover constituted by the
roof, floor, and wall layers [2].

In numerical schemes, the mechanical properties, and in particular, the elastic proper-
ties, of the unreinforced layers are mostly assumed to be isotropic. Researchers used either
the elastic properties of printed specimens [5] or of unprinted nylon [2] to simulate the
elastic response of the unreinforced layers. However, both of the preceding assumptions
can lead to major modeling errors since the elastic properties of the final printed part are
heavily influenced by the manufacturing process.

Even though the properties of the initial unprinted nylon are indeed isotropic, the
3D-printed parts manufactured by the FFF technique have been observed to express trans-
versely isotropic characteristics. The deviation in the properties from the isotropic case is
primarily attributed to the non-uniform bonding patterns that are formed along the path of
the bead [6,7].

The transverse isotropy can be additionally affected by the geometry and the fraction
of the existent voids. The primary cause of porosity in 3D-printed FFF parts is the presence
of the interbead voids generated due to the ellipsoidal cross-sectional shape of the beads.
Those voids run parallel to the beads and are highly affected by the material properties
and the printing path [6,8]. The interbead voids are illustrated in Figure 1b. Voids of
structures consisting of materials such as ABS have been extensively studied [6,9,10],
whereas structures of nylon have not been similarly investigated.

Both the void geometry and shape and the elastic properties of the 3D-printed materi-
als are components critical for the modeling of reinforced and unreinforced structures and
require further exploration.

This research is focused on achieving two specific goals. Firstly, to visualize the voids
in 3D-printed nylon structures to aid the understanding of the void formation. Secondly,
to examine the elastic properties of 3D-printed nylon structures that correspond to the
orientations used for the roof and floor (£45°) as well as walls (0° and 90°) of the external
cover, and to investigate the cause of transverse isotropy in 3D-printed nylon.

2. Materials

All samples were created by the Mark Two 3D printer (Markforged: Watertown,
MA, USA) using a nylon filament (or “Nylon End-of-Life”) and the default setting for
nozzle temperature (275°) and speed (9.2 mm/s), with the specifications of a solid fill and
isotropic pattern. The filaments were obtained from AMR Europe, a feedstock provider
for Markforged. Following the standard printing process, a stereolithography (STL) 3D
geometry was prepared in ABAQUS [11] and later imported into the Markforged Eiger
software (Markforged: Watertown, MA, USA) for slicing.

The manufacturing of parts with orientations, such as the roof, floor, and wall, requires
the printing of two structures. Structure 45, illustrated in Figure 2a, was directly printed
in a ready-to-test form, as described in the ASTM [12], using the default £45° printing
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orientation of Markforged’s Eiger software. These specimens were designed to identify the
properties of the roof and floor, which are printed by default using this orientation.

Structure 45 (a) Structure 0/90 (b)

'Y
0° printed
layers

v

+45° printed

Figure 2. The geometry of the different printed structures. (a) Structure 45 containing the
+45° printed layers; (b) Structure 0/90 containing the 0° printed layers.

Unfortunately, the limitations of the printing pattern obstruct the simple manufac-
turing of similar 0° and 90° specimens since the user is unable to print rectangular nylon
specimens using 0° and 90° printing patterns in Markforged’s Eiger software. To address
this issue, Structure 0/90 was printed vertically using a contour pattern that was likewise
employed in the creation of the walls during the printing of the reinforced parts (Figure 2b).
A triangular base support structure was additionally added to minimize severe warping—a
common problem of slender 3D-printed thermoplastics. The base structure was removed
after printing using a diamond saw and five additional specimens were shaped out of the
rectangular plate for each of the 0° and the 90° orientations (Figure 3). The 0° specimens
were cut following a direction parallel to the printing pattern, whereas a direction normal
to the printing pattern was used for the 90° specimens. The width, length, and thickness of
all specimens (illustrated in Figure 3 (c1) and (cp)) were 25, 250, and 2 mm, respectively.
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Figure 3. Preparation of the 0° and 90° specimens: (a) removal of the base; (by,c1) the cutting direction
of the 0° and 90° specimens, respectively; (b,cz) the loading direction and internal printing pattern
of the 0° and 90° specimens, respectively.

3. Testing Equipment and Process

An Instron 5885 H (Instron, Norwood, MA, USA) tensile testing machine was em-
ployed for testing the specimens in tension. All specimens were tightly attached using
pneumatic clamps to eliminate artificial torsion effects and tested using a 10-kIN loadcell.
The rectangular specimens were loaded along the long side, as illustrated in Figure 3, panels
(b2) and (cp). A DIC (Digital Image Correlation) system with two Stingray Cameras of
5 MP and 23 mm lenses were used to obtain the surface strains, and VIC-3D, by Correlated
Solutions, was used to process the DIC data. Note that an appropriate speckle pattern was
applied to every specimen prior to its testing.

The void fraction and shape were investigated using a Bruker Skyscan micro-CT
scanner (Billerica, MA, USA). Bruker’s CTAn (CT-Analyzer) 1.14 software was utilized for
processing and displayed the resulting 4K images through surface rendering. The void
fraction was calculated using CTAn’s built-in technique, which extracts data from binarized
files of specified volume sections of the structure. The measurements of the porosity
are sensitive to edge roughness potentially caused by the specimens’ post-processing.
Therefore, the roughened portions adjacent to the edges were not considered for void
fraction measurement. Bruker’s CTVox (CT-Voxel) 3.0 software was utilized for volume
rendering and void geometry visualization.

4. Results and Discussion

The findings considering the stress—strain curves of the three groups of specimens of 0°,
+45°, and 90° are summarized in Figure 4. A magnification is offered for the elastic region
below 1% strain to aid the visualization of the results. Young’s modulus and Poisson’s ratio
for each group were evaluated using the standardized process [12]. The results considering
the mean and the standard deviation of Young’s modulus and Poisson’s ratio for the five
specimens of each group are summarized in Table 1.
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Figure 4. Stress—strain curves of the 0°, £45°, and 90° specimens up to 1% and 15% strain.

Table 1. Young’s modulus (GPa) and Poisson’s ratio (—) for the 0°, £45°, and 90° specimens.

0° Specimen +45° Specimen 90° Specimen
Young’s modulus (GPa) 0.48 + 0.02 0.42 +0.02 0.53 £+ 0.02
Poisson’s ratio (—) 0.42 +0.02 0.40 + 0.05 0.45 + 0.03

One-way ANOVA (analysis of variance) was used to compare the Young’s moduli of
the three groups of specimens. The results depict a statistically significant difference in the
means at a 95% significance level (p-value < 1 x 1077). Since the one-way ANOVA is an
omnibus test statistic, the post-hoc single-step multi-comparison Tukey’s HSD (honestly
significant difference) test was conducted to determine the group pairs that differ signifi-
cantly, by comparison of all pairs of means. The results depict that there is a statistically
significant difference between all pairs of groups (p-value < 1 x 10~3), therefore confirming
that the elastic behavior of the material depends on the printing orientation and thus the
modeling schemes should use the appropriate properties. In particular, the longitudinal
elastic modulus of the roof and floor layers (£45° specimens) should not be used for
the walls (0° specimens) since they differ by 16.3%. The difference is further amplified
when comparing the Young’s modulus of the roof and floor layers to the transverse elastic
modulus of the walls (90° specimens), which differ by 31.8%.

On the other hand, implementing the ANOVA test for the findings of Poisson’s ratio
demonstrates that there is no statistically significant difference between the mean values of
the three groups at a 95% confidence level.

In the literature, the Young’s modulus of the 3D-printed nylon specimens fabricated by
Markforged printers has been reported in the range 0.29-0.9 GPa [13-16], with the majority
of the studies reporting results near the lower end of the range [14-16]. In this regard, the
measurements of this study are well in agreement with those presented in the literature.
Finally, it is important to underline that the 3D-printed specimens exhibit a different perfor-
mance in comparison to the extruded nylon (Young’s modulus 0.35-3.5 GPa) [17,18]. This
result has been previously linked to the bonding between the beads and the calorimetric
behavior of the printable materials [19]. For the present case, an indication of the bond-
ing capacity is the exhibition of a brittle fracture by the 90° specimens, which are loaded
normally in the printing direction.

The reconstructed view of the 3D geometry using CTVox for Structure 45 and Structure
0/90 is shown in Figure 5. The micro-CT scan displays a void architecture that mimics long
cylinders stretching parallel to the beads and positioned at regular intervals. In Structure
0/90, the distance between layers of the voids is roughly proportional to the height of each
bead, whilst in Structure 45 to the thickness of the bead. For Structure 45, the alternate
+45° layers are evident. The shape of the voids is both concave and convex in Structure
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0/90, while in Structure 45 a convex shape is more prominent. Magnification images of the
voids were added in Figure 5 to aid the visualization of the voids’ shape.

Structure 4 (a)

W o

Figure 5. Micro-CT images of the voids (depicted in white) within the nylon matrix (depicted in
black) for (a) Structure 45 and (b) Structure 0/90.

The void fraction of Structure 45 is approximately 0.07% and 0.10% for Structure 0/90,
which is low compared to other printed materials. For example, printed ABS 0° specimens
have a void fraction of 6.9% when printed using the same printing pattern and similar
printing parameters (270° printing temperature and 12.7 mm/s printing speed).

The differences in elastic properties have previously been attributed to voids generated
during the specimen production process [2]. However, given the low overall porosity in the
nylon specimens, the existence of voids is unlikely to be the source of the transverse isotropy.
As a result, the bond established between neighboring beads is most likely the reason for
the final part’s transversely isotropic character. This statement is further supported by
analytical and numerical models for structures containing such voids [7]. Furthermore, this
bond is likely the cause of the deviation noted between the tensile and flexural behavior
of the printed parts [20]. Even in reinforced specimens tested in delamination, where the
specimens are primarily under flexion [21], the drop in Young’s modulus is approximately
35% [22]. The above require further study on the influence of the bond on the mechanical
properties of 3D-printed parts to quantify its effects.

5. Conclusions

The current article investigates the elastic properties of 3D-printed materials. The
elastic properties of the nylon specimens were printed in the 0°, 45°, and 90° orientation
patterns and tested in tension, demonstrating an orientational dependency. Micro-CT
scanning was used to evaluate the void shape and void fraction. Convex and concave voids
were visualized to run parallel to the printing direction. The porosity of all the observed
structures was less than 1%, and the tensile specimens’ transverse isotropy was attributed
to bond formation between the neighboring beads.

Considering the above, two important conclusions can be extracted from the present
work. Firstly, the bond between the adjacent beads will lead to final parts with transversely
isotropic properties. Secondly, even with very low void concentrations, the final printed
part must be regarded as transversely isotropic.
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