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Abstract: Fused deposition modeling (FDM) is a widely
used additive manufacturing technique for producing
polymeric parts. While most commonly used FDM
filaments are PLA and ABS, nylon is a widely used
thermoplastic polymer in industry. This study
investigated the mechanical properties of FDM-
produced specimens made of nylon and quantified the
effect of process parameters such as raster orientation
and nozzle temperature on the mechanical properties.
As the nozzle temperature increases, specimens become
stronger with higher elongations at the break. This is
mainly due to the improved fusion between the layers,
provided by an expansion of the heat-affected zone. On
the other hand, specimens with diagonal raster
orientation exhibit higher elongations than those with
perpendicular and parallel raster. The findings also
emphasize the synergistic effects between nozzle
temperature and printing orientation, showing that
optimization should consider the two parameters
together. Overall, FDM can produce strong nylon parts
with adequate ductility suitable for load-bearing
applications. However, achieving such results requires a
detailed optimization of process parameters.
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1. INTRODUCTION

Additive manufacturing (AM) is a technology that
allows the generation of three-dimensional objects
from a CAD model through the increase of cohesion
without employing any formative or subtractive
operation. The unique capability of AM in
producing complicated shapes is beneficial for
various applications of transportation, biomedical,
and energy industries [1]. Furthermore, the
versatility of the technique allows the quick and
effective production of custom parts for consumer
products and the manufacturing of prototypes for
design iterations [2].

AM is applicable to a wide range of materials,
including metals, ceramics, and polymers. AM of
polymers employs several different techniques
developed over the years, such as selective laser

sintering (SLS), stereo-lithography (SLA), digital
light processing (DLP), and fused deposition
modeling (FDM). While most techniques are based
on the layer-by-layer production approach, the
layering methodology and the means of establishing
fusion can differ.

Fused deposition modeling (FDM) is a cost-
effective alternative among available polymer AM
techniques. Figure 1 shows a schematic view of the
FDM process. The method employs a heated nozzle
that melts and extrudes the polymer in the desired
trajectory through the motion of the nozzle in the
x-y plane. After completing the printing of a layer,
the printing stage goes down over a layer thickness,
and the process repeats until all layers are
complete.

The working principle of FDM requires that the raw
polymer is thermoplastic. Most commonly used FDM
materials include polylactic acid (PLA), acrylonitrile
butadiene styrene (ABS), polyethylene terephthalate
(PET), and polyamide (nylon). The method exhibits
many essential process parameters such as raster
orientation, infill ratio, build orientation, and nozzle
temperature, which strongly influence the mechanical
properties of the produced part [3].
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Fig. 1. A schematic representation of the FDM process

Nylon is one of the most widely used polymers in
the industry, with an annual consumption of almost
9 million tons in 2020 [4]. Nylon’s high strength,
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durability, and high wear resistance make it useful
for many applications [5,6]. This study investigates
the mechanical properties of nylon parts produced
by FDM, focusing on understanding the effect of
process parameters on mechanical performance.
The findings clarify the feasibility of nylon as an
FDM material to produce load-bearing parts and
structures.

2. EXPERIMENTAL DETAILS

An Ultimaker 2+ 3D printer printed the nylon
specimens according to ASTM D638 Standard Test
Method for Tensile Properties of Plastics [7] (see
Figure 2. The raw material used was a commercially
available Ultrafuse polyamide filament (BASF,
Germany) with a diameter of 2.85 mm. Table 1
shows printing parameters that are the same for each
specimen. A 3D printing tape ensured the proper
adhesion of the specimen on the printing stage. The
shell consisted of a single line, and the top and
bottom layers employed a single layer each to
observe the effect of raster orientation more clearly.
A Zwick/Roell Z250 universal testing machine
performed the mechanical tests with a 5 mm/min
linear displacement rate. For each process
parameter combination, five identical specimens
were printed and tested to obtain statistically
significant results. An Ultima IV diffractometer
performed X-ray diffraction over a 20 range of 5°
to 80° with a scanning speed of 1°/min used for
data acquisition.

Table 1. FDM parameters used in the study

Parameters Unit Values
Number of Top and Bottom
Layers - 1
Number of Shell Lines - 1
Infill Ratio % 100
Layer Height mm 0.2
Printing Speed mm/s 45
Bed Temperature (°O) 80
Filament Diameter mm 2.85
Nozzle Diameter mm 0.4

The study aimed to show the effects of raster
orientation and nozzle temperature on mechanical
properties. Table 2 shows a summary of the
parameters investigated. The nozzle temperature
varied between 235°C and 260°C, and for each
nozzle temperature, several raster orientations were
considered.

Table 2. Design of experiments and the associated printing

parameters
Parameter Values
Nozzle Ts:mperature 235 | 240 | 250 260
W)
Raster Orientation 45 0 45
©) +45 0 90 0
90 90

Raster orientation defines the trajectory of the nozzle
with respect to the loading axis of the specimen, as
described in Figure 2. We considered three cases,
namely, diagonal (£45°), perpendicular (90°), and
parallel (0°). The diagonal case employed alternating
directions in every other layer, as demonstrated in
Figure 2(a). While the images show some spacing
between the printed lines for clarity, actual specimens
employed 100% infill for each case.
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Fig. 2. Schematic representation of raster orientations. (a)
Diagonal (+45°), (b) Perpendicular (90°), (c) Parallel (0°).
(d) Dimensions of the specimens according to ASTM
D638 — Type IV

3. RESULTS AND DISCUSSION

Figure 3 shows the XRD data for a range of nozzle
temperatures for specimens printed with diagonal
raster. In the data, intensity values are shifted by a
constant value for clarity. The results indicate that the
nozzle temperature does not have a remarkable effect
on the spectra. The relatively broad peaks suggest a
semicrystalline structure, in agreement with the
general characteristic of polyamide [8].

Figure 4(a) shows stress-strain curves of specimens
printed at 260°C with 0° raster orientation. The good
agreement between individual tests indicates the
high repeatability of the printing and the testing.
Figure 4(b) shows example stress-strain curves as a
function of nozzle temperature for the raster
orientation of #45°. The results demonstrate a
monotonic increase in strength and elongation at
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break with increasing nozzle temperature. The
nozzle temperature of 260°C provides the best
results, with an elongation at break exceeding 200%,
which is considerably higher than conventionally
produced polyamide specimens [3].
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Fig. 3. XRD results of specimens printed at a range of
nozzle temperatures
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Fig. 4. (a) Stress-strain curves for 0° raster and 260°C nozzle
temperature. (b) Example stress-strain curves for each
nozzle temperature for the case of £45° raster orientation

Figure 5 shows example stress-strain curves
corresponding to three different raster orientations for
the case of 260°C nozzle temperature. The results
demonstrate that there is a dramatic effect of raster
orientation on the mechanical properties. A relatively
high is observed for the case of the parallel raster, in

agreement with previous studies on FDM-produced
parts [9]. This behavior is mainly due to the high load-
carrying capacity provided by the continuous line of
deposited polymer in the direction of loading.

On the other hand, the elongation at break exhibits
an unusual trend. The lowest ductility is observed
for the case of the parallel raster in this study, which
tends to provide the highest elongation values in the
literature [10,11]. Our results indicate that the
diagonal raster provides the highest ductility, and
the perpendicular raster lies in between these two
extremes.
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Fig. 5. Representative stress-strain curves for different
raster orientations of diagonal (+45°), perpendicular (90°),
and parallel (0°)

Figure 6 shows the photographs of the respective
specimens after testing, in line with the stress-strain
data. All specimens in the figure were printed by
using a nozzle temperature of 260°C. A careful
observation of the parallel raster specimens indicates
that the failure is close to the grip regions of the
gauge section. This might indicate a stress
concentration effect due to the unique printing
trajectory of the associated case.
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Fig. 6 Post- testlng photographs of representatlve
specimens corresponding to different raster orientations. a)
Diagonal raster (£45°), b) Perpendicular raster (90°), c)

Parallel raster (0°)

Figure 7 and Table 3 summarize the results for all
combinations of nozzle temperatures and raster
orientations considered in this study. Figure 7(a) and
(b) show the results of the ultimate tensile strength
(UTS) and elastic modulus, respectively. An increase
in the nozzle temperature improves UTS in every
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case of raster orientation. This is mainly due to the
increase in the temperature and width of the heat-
affected zone, which establishes superior fusion
between the printed lines and layers.

On the other hand, the extent of improvement by
changing the nozzle temperature depends on the raster
orientation. The highest sensitivity to nozzle
temperature is observed for the case of the diagonal
raster, and for the perpendicular raster, the effect
becomes less pronounced. For the case of 260°C, the
strength values of parallel and diagonal raster are
virtually the same, suggesting that an ideal level of
fusion has been established between the printing lines.
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Fig. 7. (a) UTS variations as a function of nozzle temperature
and raster orientation. (b) Elastic modulus variations as a
function of nozzle temperature and raster orientations

Table 3. Summary of mechanical testing data

Raster Teg;g;fure UTS | UTSSt
Orientation C) (MPa) | Dev. (MPa)
+45° 235 24.4 2.7
+45° 240 27.0 52
+45° 260 40.2 1.8
90° 240 31.3 0.73
90° 250 32.3 0.52
90° 260 33.5 0.94
0° 240 33.6 2.3
0° 250 39.9 0.46
0° 260 39.7 0.40

Elastic Elastic Elongation | Elongation

Modulus | Modulus St. v, St. Dev. (%)
(MPa) | Dev.(vpa) | P | StDev- (%
403 16 22.9 7.2
354 31 83.1 59
467 26 235 15
749 65 23.4 2.9
869 66 37.2 20
849 70 70.2 58
1518 221 12.1 3.1
1739 9 19.3 046
1685 63 16.0 1.2

The effect of raster orientation can also change
dramatically with temperature. For the case of 260°C,
the highest UTS is achieved for diagonal raster. On
the other hand, the same orientation results in the
lowest UTS for the case of 240°C. The results
suggest that there is a synergistic interaction between
nozzle temperature and raster orientation. The
samples with higher elongations at break tend to have
more pronounced UTS values due to the positive
slope of the stress-strain curve, which makes the
problem even more complicated.

Compared to the UTS trends, elastic modulus shows
a minor variation with nozzle temperature. On the
other hand, the raster orientation has a significant
influence on the elastic modulus. The highest
modulus is observed for the case of the parallel raster,
and the diagonal raster exhibits the lowest modulus.
The high stiffness of the parallel raster can be
explained by the strong and continuous lines of
polymer along the loading direction. In the case of
perpendicular and diagonal raster, the weaker
interfaces experiencing tensile loading increase the
compliance of the specimens.

4. CONCLUSIONS

This study investigated the mechanical properties of
nylon parts produced by fused deposition modeling
(FDM). The results show that FDM nozzle
temperature and raster orientation are critical
parameters that directly influence the mechanical
properties. The most desirable results were obtained
for the highest nozzle temperatures combined with
the diagonal raster.

The results demonstrate that FDM can produce strong
and relatively ductile nylon parts suitable for load-
bearing applications. However, the selection of
process parameters should be made carefully to
ensure optimum performance.
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