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Abstract. Additive Manufacturing (AM) is a rapidly growing field in both the researching and the
industrial world, as it produces highly customized and geometrically complex objects. The most well-
known AM technology for plastics is Fused Filament Fabrication (FFF), in which a thermoplastic
filament is melted and extruded through a nozzle on the printing bed. A wide variety of printing
parameters affect the quality of the printed objects, such as printing speed, infill density, infill pattern,
build orientation, layer height, etc. In literature, there is already extended research of the impact of the
printing parameters on the mechanical properties of the most common thermoplastics, such as ABS and
PETG. However, the development of advanced thermoplastic materials, such as Nylon composites
reinforced with carbon fibers (Nylon-CF), requires a further investigation of the effect of the printing
parameters on those advanced composites. In the current study, an in-depth correlation of all the major
printing parameters (infill pattern, infill density, dual line infill and printing speed) with all the major
mechanical properties (tensile strength, compressive strength and bending strength) of Nylon-CF is
carried out.

Keywords: Fused Filament Fabrication (FFF); Nylon-Carbon Fiber (Nylon-CF); tensile strength;
compressive strength; bending strength.

1. Introduction

Additive Manufacturing (AM) has become a very popular field for both the
researching and the industrial world, due to its ability to give lightweight products
with high customization and geometrical complexity [1]. In AM, the final product is
fabricated with layer-by-layer deposition of melted material on a printing bed.
According to the printing material, different AM technologies have been developed,

such as Laser Powder Bed Fusion (LPBF) for metals and
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developed, such as Laser Powder Bed Fusion (LPBF) for metals and
Stereolithography (SLA) and Fused Filament Fabrication (FFF) for thermoplastics

[2].

Specifically, in Fused Filament Fabrication (FFF), a thermoplastic filament
is melted and then extruded through a nozzle on the printing bed [3]. In order to
control the quality of the printed object, several printing parameters should be fine-
tuned. Such parameters are printing speed, infill density, infill pattern, build
orientation, layer height, raster angle, extrusion temperature, nozzle diameter and air
gap, etc. [4].

Most of the papers in literature investigate the effect of these parameters on
the mechanical properties of the most conventional thermoplastic materials, such as
ABS and PETG. Es-Said et al. [5] printed with FFF ABS samples with different
raster angles. They observed that the highest strength is achieved for 0°, whereas 45°
and 90° lead to layers delamination. Ashtankar et al. [6] examined the effect of
building orientation on the tensile and compressive strength of FFF-produced ABS
samples. They observed that by increasing the orientation from 0° to 90°, both tensile
and compressive strength are reduced. Baich et al. [7] studied how infill density (low
density, high density and double density) affects tensile, compressive and bending
strength of FFF-printed ABS specimens. Higher strength is achieved by the high-
density samples, whereas higher compressive and bending strength is achieved by
double-density samples. Durgashyam et al. [8] fabricated with FFF PETG samples
and observed that a combination of low layer height, high infill density and medium
feed rate leads to higher tensile strength, whereas a combination of low infill density,
low layer height and medium feed rate results in the best flexural properties. Yadav
et al. [9] fabricated with FFF ABS, PETG and 50%ABS-50%PETG specimens. The
results showed that the tensile strength is, mostly, affected by the extrusion
temperature and the infill density. Srinivasan et al. [10] showed that in case of FFF-
printed PETG specimens, increased infill density, increases tensile strength and
decreases surface roughness.

Although there is, in literature, an in-depth investigation of the effect of
printing parameters to the mechanical properties of the most well-known
thermoplastic materials, such as ABS and PETG, there is a need to extent these
mechanical properties investigations and into more advanced thermoplastic
materials, which have started to gain a significant space into the industry, due to their
superior mechanical properties. Such a material is the Nylon-Carbon Fiber (Nylon-
CF). Nylon-CF is a composite filament of nylon polymer, blended with carbon fibers
and demonstrates enhanced strength, stiffness and durability properties. These
properties make Nylon-CF appropriate for multiple applications, such as prototyping,
tooling and end-use products for aerospace and automotive industries. For this
reason, researchers have started to study the mechanical properties of Nylon-CF
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FFF-printed products. De Toro et al. [11] carried out experiments with FFF-printed
Nylon-CF and showed that infill density has the most crucial role in both tensile and
bending properties, whereas infill pattern affects mainly the bending behaviour.
Leoén-Becerra et al. [12] investigates the effect of build orientation on the roughness
of FFF-fabricated Onyx (short carbon-filled fiber nylon) samples. The lowest
roughness was observed in the flat print orientation. Sedlacek et al. [13] developed
with FFF and compared pure PA6 nylon and PA6 with short carbon fibers. They
showed that carbon fibers affect the strength and the heat deflection of the specimens.
The research, till now, regarding FFF-fabricated Nylon-CF is very interesting, but it
is not so extended like in other more conventional materials. So, in order to better
understand the mechanical behaviour of FFF-fabricated Nylon-CF, all the major
printing parameters should be correlated with all the major mechanical properties of
Nylon-CF.

The target of this paper is to correlate and optimize all the major printing
parameters (infill pattern, infill density, dual line infill and printing speed) with all
the major mechanical properties (tensile strength, compressive strength and bending
strength) of Nylon-CF.

2. Experimental Methods

The Nylon-CF samples were fabricated by the FFF-printer FlashForge®
Creator 3 (Zhejiang Flashforge 3D Technology Co., Ltd.). The Nylon-CF filament
was the Ultrafuse® PAHT CF15 (BASF 3D Printing Solutions BV), which is a high-
performance 3D printing filament. The samples were fabricated and tested according
to the ASTM D638-14, ASTM D695-15 and ASTM D790-15 standards for tensile
strength, compressive strength and flexural strength tests, respectively. All the
mechanical tests were carried out on an Instron® 4482 machine, which has a
maximum loading capacity of 100 [kN].

For the Design of Experiments (DOE), Taguchi method was implemented,
as shown in the Tables 1 (tensile strength) and Table 2 (compressive and flexural
strength), below:

Table 1 Design of Experiments (DOE) for the tensile strength tests.

Factor S
Infill Pattern Infill Density ,'\;I'f'llt'. LI'.”e
RUN (%) ultiplier
1 Grid 5 1
2 Grid 15 2
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3 Grid 25
4 Lines 5
5 Lines 15
6 Lines 25
7 Triangular 5
8 Triangular 15
9 Triangular 25

Table 2 Design of Experiments (DOE) for the compressive and flexural strength tests.

or Infill Line
Infill Pattern | Infill Density | Printing Speed
Run Multiplier
1 Grid 5 25 1
2 Grid 15 50 1
3 Grid 25 75 1
4 Triangular 5 25 1
5 Triangular 15 50 1
6 Triangular 25 75 1
7 Lines 5 50 1
8 Lines 15 75 1
9 Lines 25 25 1
10 Grid 5 75 2
11 Grid 15 25 2
12 Grid 25 50 2
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13 Triangular 5 50 2
14 Triangular 15 75 2
15 Triangular 25 25 2
16 Lines 5 75 2
17 Lines 15 25 2
18 Lines 25 50 2

According to the aforementioned standards, 5 samples, for each one of the
experiments in Tables 1 and 2, were tested and the mean value of these 5 samples
was extracted as a result.

The rest printing parameters were fixed for all the experiments (Table 3):

Table 3 Fixed printing parameters.

Printing Parameter Fixed Value
Nozzle Diameter 0.6 [mm]
Layer Height 0.32 [mm]
Printing Temperature 270 [°C]
Part Orientation Horizontal
Shells 2
Build Plate Temperature 130 [°C]

3. Results and Discussion

This study systematically investigates the mechanical properties of Nylon-
Carbon Fiber composites fabricated using Fused Filament Fabrication (FFF) under
varied printing parameters. The results highlight distinct trends across tensile,
compressive, and flexural strengths, which are essential for optimizing the use of
Nylon-CF in engineering applications.
Tensile Tests:
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Main Effects Plot for Ultimate Tensile Strength [MPa]
Data Means

Infill Pattern Infill Density Infill Line Multiplier |
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Figure 1. Main Effects Plot for Ultimate Tensile Strength
Main Effects Plot for SN ratios
Data Means

Infill pattern Infill density Infill line multiplier
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Figure 2. SN plots for Main Effects

The analysis of the tensile strength of Nylon-Carbon Fiber composites
fabricated using Fused Filament Fabrication (FFF) reveals critical insights into the
influence of printing parameters on mechanical performance. Given Figure 1,
notably, the main effects plots indicate that the 'lines' infill pattern yields the highest
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tensile strength. This outcome is intuitive, given that the lines were aligned with the
direction of the tensile force during testing, thereby enhancing the load-bearing
capacity of the composite. Surprisingly, the optimal infill density for maximizing
tensile strength is found to be 15%, rather than the denser 25% option. This suggests
a balance between material density and structural integrity, where too much density
might introduce flaws or stress concentrations. Additionally, the infill line multiplier
of 3 emerges as the most beneficial, significantly improving strength by adding two
extra lines to the infill, thus reinforcing the composite structure. These findings
underscore the complex interplay of infill pattern, density, and line multiplier in
optimizing the tensile properties of FFF-manufactured Nylon-CF composites,
offering valuable directions for tailoring material properties through precise control
of printing parameters. The analysis of the Signal-to-Noise (S/N) ratios for the
tensile strength of the Nylon-Carbon Fiber composites further, as showed in Figure
2, corroborates the findings from the main effects plot. The S/N ratios, which
emphasize the robustness and reliability of the tensile strength under various
experimental conditions, also highlight the lines infill pattern as particularly
effective. This consistency between the S/N ratios and the main effects plot
underscores the strength stability provided by the line orientation, which aligns with
the tensile force direction. Furthermore, the optimal infill density at 15% and the
superior performance of the three-line multiplier in the S/N analysis echo the main
effects findings, demonstrating that these settings not only enhance mean strength
but also minimize variability in performance.
Main Effects Plot for Young Modulus [GPa]

Data Means

Infill Pattern Infill Density Infill Line Multiplier

Mean

0,9

08

07

Grid Line Triangular  500% 15,00% 25,00% 1 2 3

Figure 3. Main Effects Plot for Young Modulus
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Main Effects Plot for SN ratios
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Figure 4. Main Effects Plot for SN ratios (Young modulus)

The examination of Young's Modulus for the tensile properties of Nylon-
Carbon Fiber composites fabricated via Fused Filament Fabrication (FFF) presents
intriguing results that align with trends observed in tensile strength. The main effects
plot distinctly shows that the ‘lines’ infill pattern is superior, achieving an impressive
modulus of 13 MPa. This pattern likely provides more continuous load-bearing paths
along the tensile test direction, effectively improving the elastic response of the
material. Furthermore, similar to the findings for tensile strength, an infill density of
15% is identified as optimal for maximizing Young's Modulus. This suggests that a
medium density facilitates a balance between flexibility and rigidity, which is crucial
for optimizing the elastic properties of the material. Additionally, the three-line
multiplier once again proves to be most effective, likely due to its enhancement of
the composite's internal structure, making it more resistant to elastic deformation.
Consistently, the Signal-to-Noise (S/N) ratios for Young's Modulus reinforce these
conclusions. The S/N plots follow the same patterns as the main effects,
demonstrating that the 'lines' infill pattern, 15% infill density, and three-line
multiplier not only maximize the mean modulus but also ensure stability and
consistency across test conditions. These findings confirm the robustness of these
parameter settings in enhancing the elastic properties of the composites, providing a
reliable basis for parameter selection in the fabrication of FFF-manufactured Nylon-
CF composites.

ANOVA Analysis:
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Table 3. Analysis of Variance for Ultimate Tensile Strength

Source Seq SS Contribution Adj S8 AdjMS  F-Value P-Value
Infill Line Multiplier 117.076 48.54 % 117.076  58.5378  119.36 0.008
Infill Patterns 82.324 34.13 % 82.324 41.1622  83.93 0.012
Infill Percentage % 40.821 16.92 % 40.821 204104 41.62 0.023
Error 0.981 0.41 % 0.981 0.4904
Total 241.202 100.00%

Contribution: displays the percentage that each factor (Source) in the
ANOVA table contributes to the total sequential sum of squares (Seq SS). Higher
percentages indicate that the factor contributes more to the response variance. In the
ANOVA table, the contribution rate of "infill pattern” factor is 34.13%, "infill
density" factor is 16.92% and "infill line multiplier" factor is 48.58%, the
contribution rate of "Error" factor is 0.41%.

F-value: A large F-value means that the effect of this factor is large
compared to the variance of the error. Also, the larger the value, the more important
this factor is in influencing the process response. Thus, F values can be used to
classify the factors. An F value less than one means that the effect of the factor is
less than the model error. An F value greater than two means that the factor is not
small enough, while greater than four means that the effect of the factor is quite large.
In the ANOVA table, the F values for the factors in order of ranking their effect from
largest to smallest are "infill line multiplier" with an F value of 119.36, "infill
pattern” with 83.93 and "infill density" with 41.62 respectively.

P-value: P-value is a probability that measures the evidence against the null
hypothesis. Lower probabilities provide stronger evidence against the null
hypothesis. To determine whether the relationship between the response and each
term in the model is statistically significant, the P-value of the term is compared to
the significance level for the null hypothesis evaluation. The null hypothesis asserts
that there is no relationship between the term and the response. Typically, a
significance level of a=0.05 works well. A significance level of 0.05 indicates a 5%
risk of concluding that a relationship exists when in fact it does not.

P-value < 0.05: The relationship is statistically significant.

If the p-value is less than or equal to the significance level, we can conclude
that there is a statistically significant relationship between the response variable and
the term.

P-value > 0,05: The relationship is not statistically significant

If the p-value is greater than the significance level, we cannot conclude that
there is a statistically significant relationship between the response variable and the
term. The model can be re-fitted without the term.

In the ANOVA table the P value of the factor "infill line multiplier” is 0.008
< 0.05, the factor " infill pattern™ is 0.012 < 0.05 and the factor "infill density" is
0.023 < 0.05 therefore we conclude that all the factors are statistically significant.
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Table 4. Analysis of variance for Young Modulus

Source Seq SS  Contribution AdjSS AdjMS F-Value P-Value
Infill Line Multiplier 45352 44.00% 45352 22.6761 46.99 0.021
Infill Patterns 22.799  22.12% 22,799  11.3995 23.62 0.041
Infill Percentage % 33.953  32.94% 33.953 169763 35.18 0.028
Error 0.965 0.94% 0.965 0.4825

Total 103.069  100.00%

From Table 2, on the other hand, for maximizing the elasticity measure, the
contribution of infill density comes second after the infill line multiplier factor, while
all factors have a large effect and are statistically significant.

Compression Tests:

Main Effects Plot for Means
Data Means
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Figure 5. The primary effects of the processing parameters on the compressive strength of
the produced specimens were analyzed using Taguchi's L18 array DOE. The average
compressive strength of the fabricated specimens is represented by the dashed gray line.

Main Effects Plot for SN ratios
Data Means
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Figure 6. The graphs demonstrate the primary impacts of the processing factors on the
compressive strength signal-to-noise ratio. The dashed gray line indicates the average
signal-to-noise ratio of all the manufactured specimens

The study examines how different processing factors of Fused Deposition
Modeling (FDM) affect the compressive strength of the specimens. Figure 5 shows
the graphs of each processing parameter. The findings suggest that the percentage of
infill and printing speed have a minimal impact on the resultant compressive strength
of the specimens. Augmenting the infill % leads to a marginal augmentation in the
compressive strength of the specimen, in line with the anticipated linear correlation,
since it provides additional material to counteract the applied stress. Similarly, there
is a nearly direct correlation between printing speed and compression strength of the
specimens, where an increase in printing speed results in a decrease in compression
strength. This phenomenon can be explained by the potential of greater printing
speeds to diminish material deposition, leading to a subsequent decrease in adhesion
between the layers. The infill pattern is identified as the parameter that has the most
significant influence on the compression strength. More precisely, the triangle infill
design produces the greatest compression strength values, whilst the grid and linear
infill patterns produce the lowest values. The infill line multiplier has the second
highest impact on the resultant compression strength. Augmenting the infill line
multiplier leads to a proportional augmentation in the infill percentage of the
specimen, resulting in a bigger mass of the specimen. This setting enhances the
rigidity of the infill material. In order to optimize the Signal-to-Noise (S/N) ratio and
improve the consistency of compression strength measurements for the specimen, it
is advisable to utilize a double infill line, a triangle infill pattern, a 25% infill
percentage, and a printing speed of 50 mm/s. The parameters described are
anticipated to result in the greatest level of consistency in the compression strength
of the specimens, as shown in Figure 6.

For Compressive Yield Strength, the Figures 7 and 8 are presented below,

Main Effects Plot for Means
Data Means

Infill Line Multipiier Infill Patierns Infill Percentage % [Printing speed mmis |

Mean of Means
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Figure 7. Plots of the main effects of the processing parameters on the compressive yield
strength of the fabricated specimens investigated using Taguchi’s L18 array DOE, the
dashed gray line represents the average compressive yield strength of the fabricated
specimens

Main Effects Plot for SN ratios
Data Means
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Figure 8. Plots of the main effects of the processing parameters on compressive yield
strength S/N ratio, the dashed gray line represents the average S/N ratio of all the fabricated
specimens.

The findings suggest that the processing factors have a comparable effect
on the yield strength as they do on the compression strength. Infill patterns have an
equal impact on both the yield strength and compression strength, as well as on the
elastic modulus. The triangle infill pattern achieved the highest maximum yield
strength, as shown in Figure 7. The strength of the material improves proportionally
with the increase in infill percentage. However, there is no substantial further
improvement in the yield strength beyond a 15% infill percentage. In contrast,
increased printing speeds have an adverse impact on the strength of the material.
According to Figure 8, the Signal-to-Noise (S/N) ratio for yield strength is
maximized when the same processing parameters are used.

5 15 25

Table 5. Analysis of Variance for Compressive strength

N Source
Infill Line Multiplier
Infill Patterns
Infill Percentage %
Error
Total

Seq SS
193.120
151.497
7.334
80.103
470.601

Contribution Adj SS

41.04%
32.19%
1.56%
17.02%
100.00%

193.120
151.497
7.334
80.103

Table 6. Analysis of variance for compressive yield strength
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25 50 75

AdjMS F-Value

193.120 24.11

75.748  9.46
3.667 0.46
8.010

P-Value
0.001
0.005
0.645
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Source Seq SS  Contribution AdjSS AdjMS F-Value P-Value
Infill Line Multiplier 96.902 21.16% 96.902  96.902 15.15 0.003
Infill Patterns 213.444  46.61% 213.444 106.722 16.69 0.001
Infill Percentage % 8.870 1.94% 8.870 4.435 0.69 0.522
Error 63.943 13.96% 63.943 6394

Total 457.919 100.00%

Contribution: This indicates the proportionate contribution, expressed as a
percentage, of each factor (source) in the ANOVA table to the overall sequential
sum of squares (Seq SS). Greater percentages indicate a higher level of contribution
from the factor to the variation in the response. The ANOVA table displays the
contribution percentages of the components as follows: "Infill line multiplier”
contributes 41.04%, “Infill patterns" contributes 32.19%, "Infill percentage"”
contributes 1.56%, "Printing speed" contributes 8.19%, and the remaining 17.02%
is attributed to mistake.

The ANOVA table displays the F-values for the components, listed in
descending order of their influence: "Infill line multiplier" has the greatest F-value
of 24.11, followed by "Infill patterns” with 9.46, "Printing speed” with 2.41, and
"Infill percentage” with 0.46. The ANOVA table shows that the P-value for the
factor "Infill line multiplier” is 0.001 and for "Infill patterns™ is 0.005. Both of these
values are less than the significance level of 0.05, showing that both factors are
statistically significant. The remaining factors have P-values exceeding 0.05,
indicating that they lack statistical significance.
3-point Bending Test:

Main Effects Plot for Means
Data Means
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Figure 9. Plots illustrating the impact of processing factors on the flexural strength of the
fabricated specimens were analyzed using Taguchi's L18 array Design of Experiments
(DOE). The dashed gray line indicates the average flexural strength of the fabricated
specimens.

Main Effects Plot for Means
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Figure 10. The plots illustrate the primary impacts of the processing factors on the flexural
strength signal-to-noise (S/N) ratio. The dashed gray line indicates the average S/N ratio of
all the produced specimens.

The flexural test results are presented in Figure 9, displaying the mean
values obtained from each of the five repeated specimens. The parameters examined
in this study include the flexural fracture stress and flexural strength, Flexural
Strength, and the energy required to produce the specimens. For the signal-to-noise
ratio, a bigger value is preferable. The signal-to-noise ratio (S/N ratio) is employed
to maximize these desired mechanical properties.

The study examines how different processing factors of Fused Deposition
Modeling (FDM) affect the flexural strength of the specimens. Figure 9. The charts
of each processing parameter are shown. The findings suggest that the impact of the
infill percentage and printing speed on the flexural strength of the specimens is less
significant compared to the other parameters. Higher infill percentages lead to a
proportional increase in the flexural strength of the specimen, since it introduces
additional material to withstand the applied load. Similarly, there is a nearly direct
correlation between printing speed and compression strength of the specimens,
where an increase in printing speed results in a decrease in compression strength.
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This phenomenon is ascribed to the potential that increased printing velocities could
diminish the amount of material being deposited, leading to a subsequent decline in
the bonding between the layers.

The parameter that has the greatest influence on the flexural strength is the
infill line multiplier. More precisely, the double infill line produces the highest
flexural strength numbers, whilst the infill line multiplier 1 produces the lowest
values. The infill patterns have the second highest impact on the final flexural
strength. Utilizing a lines design yields superior flexural strength, while a grid
pattern exhibits the lowest values of flexural strength. The triangle pattern is in
between these two extremes.

In order to optimize the Signal-to-Noise (S/N) ratio and improve the
consistency of flexural strength measurements, it is advisable to employ a double
infill line, a lines infill pattern, a 25% infill percentage, and a printing speed of 25
mm/s. The parameters described are anticipated to result in the greatest level of
consistency in the flexural strength of the specimens, as shown in Figure 10.

Main Effects Plot for Means
Data Means
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Figure 11. The primary effects of the processing factors on the flexural break stress of the
produced specimens were analyzed using Taguchi's L18 array DOE. The average flexural
break stress of the fabricated specimens is represented by the dashed gray line.
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Main Effects Plot for SN ratios
Data Means
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Figure 12. The graphs demonstrate the primary impacts of the processing parameters on the
flexural break stress S/N ratio. The dashed gray line indicates the average S/N ratio of all the
fabricated specimens.

The findings suggest that the flexural break stress is affected by the
processing factors in a manner that is comparable to their impact on flexural strength.
The printing speed has an equal impact on both the flexural break stress and flexural
strength, as well as on the elastic modulus. It is worth mentioning that the printing
speed of 25 mm/s achieved the highest maximum flexural break stress, as shown in
Figure 11. The flexural fracture strength rises proportionally with the increase in the
percentage of infill. The triangular infill design appears to produce superior results
in terms of flexural break stress, whilst the lines pattern exhibits nearly identical
performance. The grid infill pattern reduces the flexural break stress values. The
infill line multiplier has a comparable impact on flexural strength, but it is the least
significant factor. According to Figure 12, in order to get the highest Signal-to-Noise
(S/N) ratio for flexural break stress, the processing parameters need to remain the
same, except for the infill pattern which should be triangular.

Table 7. Analysis of Variance for Flexural Strength
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Source Seq SS  Contribution AdjSS AdjMS F-Value P-Value
Infill Line Multiplier 12.4723  49.24% 12.4723  12.4723 20.01 0.001
Infill Patterns 4.3362 17.12% 4.3362 2.1681 348 0.071
Infill Percentage % 05338  2.11% 0.5338  0.2669  0.43 0.663
Printing speed mm/s 1.7562]  6.93% 1.7562  0.8781 1.41 0.289
Error 6.2335 24.61% 6.2335  0.6233

Total 253320 100.00%

Table 8. Analysis of Variance for Flexural break stress

Source Seq SS  Contribution AdjSS AdjMS F-Value P-Value
Infill Line Multiplier 0.8326  4.23% 0.8326  0.8326 0.76 0.404
Infill Patterns 2.7621 14.03% 2.7621  1.3811 1.26 0.325
Infill Percentage % 2.2813 11.58% 22813  1.1406  1.04 0.389
Printing speed mm/s 2.8519 14.48% 2.8519 14260 1.30 0.315
Error 10.9642  55.68% 10.9642 1.0964

Total 19.6921  100.00%

The Analysis of Variance (ANOVA) for flexural strength and flexural
break stress provides significant insights into the influence of various printing
parameters on the mechanical properties of Nylon-Carbon Fiber composites. In the
flexural strength analysis, the most critical factor proved to be the infill line
multiplier, which showed a substantial contribution of 49.24% to the model with an
F-value of 20.01, indicating a highly significant effect (P-value = 0.001). This
suggests that the infill line multiplier greatly influences the composite's ability to
resist bending forces, which is crucial for applications requiring high flexural
strength. Conversely, other factors such as infill patterns, infill percentage, and
printing speed demonstrated less impact. Infill patterns and printing speed showed
some influence with F-values of 3.48 and 1.41, respectively, but their contributions
were not statistically significant at conventional levels (P-values of 0.071 and 0.289,
respectively). The infill percentage contributed minimally to flexural strength
variations, as reflected by a low F-value of 0.43 and a non-significant P-value of
0.663, indicating that changes in percentage infill do not considerably alter the
flexural strength within the tested range. For flexural break stress, the ANOVA
results indicated a more evenly distributed but generally non-significant influence
across all tested parameters. The highest contribution came from printing speed,
contributing 14.48% with an F-value of 1.30 (P-value = 0.315), followed closely by
infill patterns and infill percentage, which showed similar contributions and non-
significant P-values. The infill line multiplier, despite being a significant factor in
flexural strength, showed a minimal and non-significant effect on flexural break
stress (P-value = 0.404). These findings suggest that while certain parameters
significantly affect flexural strength, such as the infill line multiplier, their impact
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on flexural break stress is less pronounced. This differentiation in parameter
influence highlights the complexity of 3D printing settings on material properties,
underscoring the need for careful selection and optimization of parameters based on
the specific mechanical property requirements of the final product.

4. Conclusion

This study provides a detailed analysis of the mechanical properties of
Nylon-Carbon Fiber composites manufactured using Fused Filament Fabrication
(FFF). By examining tensile, compressive, and flexural strengths under various
printing parameters, significant insights were gained into the optimization of these
properties for industrial applications.

The tensile tests showed that the 'lines' infill pattern, when combined with
a 15% infill density and a three-line multiplier, produced the highest tensile strength,
enhancing the load-bearing capacity of the material. This configuration led to an
optimal tensile strength of up to 18 MPa and a Young’s modulus of 1.58 GPa,
demonstrating that precise control over the infill parameters can lead to substantial
improvements in performance. The consistency and reliability of these settings were
validated by the Signal-to-Noise ratios, ensuring that the enhancements in
mechanical properties are both significant and dependable.

In compressive strength tests, while the infill pattern and line multiplier
impacted strength, their effects were less pronounced than in tensile strength tests.
The optimal settings that favored higher infill percentages and specific infill patterns
still provided a modest increase in compressive strength, with the best configurations
achieving up to 35 MPa, indicating improved rigidity and load-bearing capacity
under compression.

Flexural strength testing highlighted the critical role of the infill line
multiplier, which substantially influenced the material's ability to resist bending
forces. The best settings, involving a double infill line and specific speeds and
patterns, led to a maximum flexural strength of 94 MPa. These parameters were
crucial in distributing stress and strain across the composite during bending tests,
thereby enhancing its structural integrity under flexural loads.

In summary, this research has systematically explored how the adjustment
of key printing parameters can manipulate the mechanical properties of Nylon-
Carbon Fiber composites in targeted ways. Each set of mechanical tests—tensile,
compressive, and flexural—has its own set of optimal print settings, highlighting the
need for a nuanced approach to the 3D printing of advanced composite materials.
Future studies could further refine these findings by exploring the interaction effects
between parameters and extending the analysis to include dynamic loading
conditions and long-term material behavior. This would provide even deeper insights
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into the practical applications of FFF technology in producing high-performance
parts for aerospace, automotive, and other demanding industrial sectors.
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lIoanic T. Xpucromyny, Baciniki E. Anekconysy, Aurenoc I1. Mapkomyiioc,
Adinn, I'penis

EKCHEPUMEHTAJIBHE JOCIILIKEHHA MEXAHIYHUX
BJACTHUBOCTEN KOMITO3UTIB HEMJIOH-BYTJIEIEBE BOJIOKHO,
BUT'OTOBJIEHUX I3 IIJIABKUX HUTOK

AHoTauis. Aoumusne supodnuymeo (AM) — ye cany3sv, aka weuUoKo po36uUaAcmvbCsi K y O0CTIOHUYLKOMY,
Mmax i 8 NPOMUCIOBOMY C8IMi, OCKLIbKU 00380J5€ 8UPOOIAMU OyiHce THOUBIOVATIbHI MA 2e0MEMPUYHO
cknaonui 06'exmu. Hausioomiworo mexuonocicio AM 0ns niacmmac € supobHuymeo 3 niagienoi Humku
(Fused Filament Fabrication, FFF), 6 skitt mepmoniacmuuna numka po3sniagiaemscsi i 6UOAGIIOEMbCsl
uepes COnno Ha OpyKkapcuky niaacmuny. Ha sxicms Hadpykoeanux o0'ekmie eniuearme pisHOMAHImMHI
napamempu OpyKy, maki aK WeUOKicmb OpYKY, WINbHICHb 3aNO6HEHHS, MATIOHOK 3ANOBHEHHS,

166



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

opienmayisi no6yoosu, eucoma wapy mowo. Y nimepamypi sce iCHYIOMb IPYHMOBHI QOCHIONCEHHS
BNIUBY NAPAMEMPI8 OPYKY HA MEXAHIYHI 61ACMUB0CMI HAINOWUPeHIWUX mepmoniacmis, maxux sk ABS
i PETG. Oonax pospobka cyuacnux mepmoniacmuiHux Mamepianie, MaKux sk HeulOH08i KOMNO3umi,
apmosati gyeneyesumu gonokHamu (Nylon-CF), sumaeae nooansuio2o 0oCiiodiceHHs GnIuU8y napamempis
OpyKY Ha yi Komnosumu. Y O0anomy OOCHONCEHHI NPOBEOCHO NO2UONEeHY KOPeayilo 6CIX OCHOBHUX
napamempie OpyKy (MAIIOHOK 3aN0GHENHSL, WITbHICTb 3aN08HEHHS, 080PIOKO8E 3aN0GHEHHS | WUOKICTb
OPYKY) 3 YCIMA OCHOBHUMU MEXAHIYHUMU 61ACTUBOCMAMU (MIYHICMb HA PO3PUE, MIYHICMb HA CIMUCK |
MIyHICMb HA 6ueut) Heunony 3 eyeneyesum onokHom (Nylon-CF). Bunpobyeanns na posmsieHenms
nokaszam, wo "ninigna" cmpykmypa 3anoenenus 6 noecomamui 3 15% winenicmio 3anosmenHs i
MPUTTHITHUM  MYTLIMUNTIKAMOPOM 3a0e3neyye Haueuwyy MIYyHICMb HA PO3MSCHEHHs, NiOSUYIoulU
mpumansry 30amuicme mamepiany. Taka konghicypayis do36oauna 00csemu OnMUMAaIbHoi MiyHocmi Ha
pospus 0o 18 MIla i moodyns Onea 1,58 I'lla, doemoncmpyiouu, wo mounuil KOHMpPOb NAPAMEMpPIE
3aN06HEHHA MOdIice Npuzsecmu 00 3HAYHO20 NOMINMUWIEHHS eKCHAYAMAYIUHUX —XAPAKMEPUCTHUK.
Tlocnioosnicms i HAOTIHICMb YUX HALAWMYBAHb OYIU NIOMBEPONCEHT CNIBBIOHOUEHHAM CUSHAT/UYM, 5IKe
2apanmye, wo NOKPAUJeHHs] MEXAHIYHUX GLACMUGOCMeEN € 3HAYHUM [ Haoiunum. Takum uunom, ye
00CTIOIHCEHHS CUCEMHO BUBYHUIO, K PECYTIOBANHS KTIOYOBUX NAPAMEMPIE OPYKY MOJiCe YINeCHPAMO 8AHO
BNIUBAMU HA MEXAHIUHT GIACMUBOCHI] KOMNOUMIB 3 HEULIOH-8Y2]1eYeB8020 60IOKHA. J]11 KOJICHO20 HAbDOpy
MEXAHIYHUX GUNPOOYEAHb - DO3MALYSAHHS, CMUCHEHH MA 32UHAHHA - € CGill HAOIP ONMUMATLHUX
napamempis OpyKy, wo RIOKpecioe HeoOXiOHICMb HI0AHCO8aH020 nidxody do 3D-0pyky nepedosux
Komnosumuux mamepianie. MatiOymHi O00CTIONCEHH MOXNCYMb YMOYHUMU YI GUCHOBKU, GUEHUGUIU
ehexmu 63aemMO0Ii Midic napamempamu i po3WUPUSUIU AHATI3, GKTIOYUBUIU 8 HbO2O OUHAMIUHI YMOBU
HABAHMAJICEHHs | 00820CMPOKOSY NOGeOIHKY Mamepiany. Lle dano 6 we enubuie po3ymMinHA npaKmuiHo20
sacmocysanis mexnonocii FFF 'y eupoOHuymesi 6ucokonpoOyKmMusHux oemaneil Oas aepoKOCMIYHOIL,
asmomoOinbHOI ma iHWUX 8i0N0BIOANLHUX 2ay3ell NPOMUCTIOB0CHII.

Karouosi caoBa: esupobnuymeo naaskux numox (FFF); neinon-eyeneyese eonoxno (Nylon-CF);
MIYHICMb HA PO3PUB, MIYHICb HA CIMUCK, MIYHICMb HA BUSUH.
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