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Abstract

Carbon fiber reinforced 3D printer filaments are currently gaining popularity due to their ability to combine the
exceptional ease of use typical for FDM (Fused Deposition Modeling) with the outstanding mechanical
properties of CFRP (Carbon Fiber Reinforced Polymers). In this research, ABS-CF10 carbon-reinforced ABS,
which is the latest product in the Stratasys company commercial offer, was investigated. The reference material
was ABS-M30, which is a versatile and well-known FDM thermoplastic with a wide range of applications. The
Stratasys F170 3D printer was used to produce the samples. Two different infill styles with two different infill
densities were used: Sparse (35%, 80%) and Sparse Double Dense (35%, 80%). Tensile (ISO-527) and
flexural (1ISO-178) properties were determined using the ZwickRoell Z5.0 universal testing machine. The
results indicate that both ABS and ABS-CF exhibit increased strength and stiffness with higher infill density.
Carbon fiber reinforcement significantly enhances the strength and modulus of elasticity compared to neat
ABS. Differences were observed between Sparse and Sparse Double Dense infill styles at the same infill
densities, depending on whether ABS or ABS-CF was tested. The study highlights that CF10 Sparse 35%
demonstrates superior strength and modulus of elasticity relative to the mass of the final product.

Keywords: fused deposition modeling (FDM); acrylonitrile butadiene styrene (ABS); Carbon Fiber Reinforced
Polymers (CFRP); mechanical properties; 3D printing parameters

1. Introduction

Additive manufacturing (AM) represents a significant advancement in contemporary materials
science. One of the most commonly used 3D printing methods is Fused Deposition Modeling (FDM),
which allows for the production of items from various materials. Additionally, 3D printing plays a
social role by providing access to affordable technology for those with basic technical knowledge [1].
It plays an important role in various fields, such as archaeology, by enabling the creation of colorful
replicas of ancient artifacts, thereby promoting knowledge among the public while preserving
invaluable relics [2].

The impact of infill patterns on the mechanical properties of 3D printing has been intensively studied
[3]. Comparisons are made between different infill styles, such as rectangular and hexagonal infills
[4], and various styles including Cartesian, Rhomboid, Octagonal, and Starlit structures are being
investigated [5]. When there is considerable freedom in designing infill styles, optimization may
require a hybrid statistical approach based on artificial intelligence [6].

ABS is renowned for its excellent resistance to environmental conditions compared to ASA, HIPS,
and PLA [7]. The study of ABS prints has been the subject of numerous research efforts. Mechanical
properties are often determined using three-point bending tests [8] with evaluations of failure modes
[9]. Additionally, static tensile tests are conducted to assess mechanical properties, with a particular
focus on evaluating printing parameters [10].
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FRP composites are utilized in diverse applications, such as military vehicles, shelters, safety
equipment during warfare, fighter jets, warships, and submarine structures [11]. The use of 3D
printing with carbon fiber-reinforced filament is becoming increasingly common [12]. The significant
potential of this technology is further evidenced by the ability to obtain recycled carbon fibers, which
could be a game-changer in addressing the recycling issues of CFRP [13]. However, passing carbon
fibers through the extruder can weaken their strength [14].

In the context of 3D printing, carbon fiber reinforcement can be used not only in ABS but also in other
polymers, such as nylon [15]. Other materials used in 3D printing, such as polyamide, are also being
studied for the impact of carbon fiber additives on their properties [16]. Additionally, other reinforcing
fibers, such as polypropylene (PP) [17] and glass fibers [18], are also used in 3D printing.

It is essential to study materials printed using the FDM method and reinforced with carbon fiber,
including conducting typical tests for plastics such as Dynamic Mechanical Analysis (DMA). DMA is
a modern research tool that allows for precise measurement of viscoelastic properties or other
mechanical properties of a material as a function of temperature by applying an oscillatory force to
the sample [19].

2. Materials and Methods
2.1 Materials and Printing Procedures

This study employed two materials: ABS and carbon fiber-modified ABS. ABS-M30, a thermoplastic
from Stratasys, was chosen for the ABS samples due to its suitability for initial prototyping and
various applications in 3D printing. ABS-CF10 filament was used for samples containing carbon
fibers. Depending on specific requirements, carbon fiber-reinforced ABS can replace certain metal
components, enabling the creation of complex geometries that are impractical with traditional
machining methods. ABS-M30 has a density of approximately 1.01 g/cm?, whereas CF10 has a
higher density of around 1.10 g/cm3.

The samples were printed using a Stratasys F170 3D printer, which operates with GrabCAD Print
software. Two different infill styles were utilized: Sparse and Sparse Double Dense. Additionally, two
different infill densities were employed: 35% and 80%. Figure 1 illustrates the arrangement of a
series of samples for static tensile testing and samples for three-point bending on the tray.

Samples for:

- Flexural testing

- Tensile testing

Figure 1 — Sample distribution on the tray.
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2.2 Tensile and flexural testing

Determination of tensile properties was conducted according to 1SO-527 standard. The samples
were shaped as typical dog-bones with a cross-sectional area of 4 mm x 10 mm. Determination of
flexural properties was carried out in accordance with 1SO-178 standard. Rectangular samples
measuring 4 mm x 10 mm x 80 mm were tested. Both tests were performed using a ZwickRoell Z5.0
universal testing machine. For the static tensile test, pneumatic grips and a ClipOn extensometer
were used. During the three-point bending test, the span between specimen supports was 64 mm
and the test speed was 2 mm/min. Each series consisted of 10 samples.

For each sample series, the relative mass was determined, which was estimated by the 3D printer
software as the mass of the flexural testing sample divided by the mass of a sample made of pure
ABS with Solid infill style, i.e., 100% infill density.

2.3 Optical microscopy

The optical microscopy examination was conducted using an Olympus BX53M device. The dark field
technique was employed with an exposure time of 60 ms and a magnification of 5x.

2.4 DMA

For this study, a Netzsch 242 E Artemis device was used to conduct a three-point bending test,
which is one of the most commonly performed tests in DMA. This test involves placing the sample
on two supporting edges and applying a dynamic force to it. After initially analyzing the material's
elastic properties, a three-point bending fixture designed for soft materials was employed.
Subsequently, the sample was heated and cooled according to a preset temperature program. For
this study, only the results obtained during heating the material from -70 °C to +120 °C at a heating
rate of 3 K/min are presented. The force oscillated at a frequency of 1.0 Hz.

3. Results

3.1 Tensile testing

The measured values of the Young’s modulus in relation to relative mass are presented in Fig. 2.
Samples made of ABS-CF10 exhibit significantly greater tensile stiffness than those made of pure
ABS. Additionally, the density difference between the two filaments causes the CF10 samples to be
shifted to the right on the graph compared to ABS. An infill density of 80% slightly improves stiffness
compared to 35%, but it also evidently increases the relative mass. Infill style does not have a
significant impact on the stiffness modulus, although the application of Sparse Double Dense results
in a slightly higher relative mass compared to Sparse.
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Figure 2 — Young’s modulus in relation to relative mass.

The obtained tensile strength values in relation to relative mass are presented in Fig. 3. When tensile
strength is considered a priority, the best properties are achieved with CF10 material using a Sparse
infill style and 80% infill density. When minimizing the density of the structural material becomes
increasingly important, CF10 Sparse 35% shows an advantage over CF10 Sparse Double Dense

35%, ABS Sparse 80%, and ABS Sparse Double Dense 80%.

Relative mass [-]

Figure 3 — Tensile strength in relation to relative mass.
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3.2 Flexural testing

The obtained values of the modulus of elasticity in flexure are presented in relation to relative mass
in Fig. 4. Nominally, the highest flexural modulus values—an average of 2.72 GPa with a sample
mass estimated by the software to be 4.39 g—were achieved with CF10 material, using Sparse infill
style and 80% infill density. CF10 Sparse 35% exhibits slightly lower flexural modulus—an average
of 2.61 GPa—and a lower sample mass of 4.14 g. This represents a 5.7% decrease in mass with a
3.9% decrease in stiffness. Additionally, the graph shows less variation in the results compared to
tensile stiffness.
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Figure 4 — Flexural modulus in relation to relative mass.

The obtained flexural strength values in relation to relative mass are presented in Fig. 5. As in
previous observations, the best results were achieved with CF10 material using Sparse infill style
and 80% infill density, but CF10 Sparse 35% achieved slightly lower results with a significantly lower
sample mass. For both flexural modulus and flexural strength, it is more evident than in the case of
tensile testing that for pure ABS, the Double Sparse infill style is more advantageous, while for
ABS-CF10, the Sparse infill style yields better results.
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Figure 5 — Flexural strength in relation to relative mass.

3.3 Optical microscopy inspection

Optical microscopy allowed for the observation of the material's failure modes. The analyzed sample
was made of ABS-CF10 with a Sparse Double Dense infill style and 80% infill density. The sample
was broken during bending. Both the compressed area and the tensioned area were observed. The
compressed area, compared to the tensioned area, had a less developed surface. This made it
easier to focus on the area over a larger fracture surface (Fig. 6). In the image, carbon fibers are
indicated by the red arrows. It is also evident that there are few voids between the filament paths
(white arrows). The dominant type of failure mode is intra-layer/trans-raster failure.
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Magnification: 5x

Figure 6 — Fracture of the CF10 sample damaged under compression.

In Fig. 7, the area damaged under tension is presented. Due to the developed surface, it is difficult
to focus on the details. Significant voids causing the separation of individual filament paths are visible
(gray arrows). It can be concluded that in addition to trans-raster failure, there is also inter-raster
bond failure. Fibers that have been pulled out are indicated with gold arrows.
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Magnification: 5 x

Figure 7 — Fracture of the CF10 sample damaged under tension.

3.4 DMA

Based on the thermogram shown in Fig. 8, it can be observed that as the tested object reaches its
glass transition temperature, the storage modulus E’ undergoes a significant drop, while the loss
modulus E” peaks. The temperatures corresponding to these transitions are depicted on the graph,
along with the values of the respective moduli at temperatures relevant to the extreme operating
conditions of passenger aircraft structures. Both samples were fabricated using ABS-CF10 material
with 80% infill density. The blue line represents Sparse infill style, while the black line represents
Sparse Double Dense infill style. The similar patterns in the graphs for both samples result from the
identical material properties. The slightly higher glass transition temperature observed for Sparse
Double Dense may be attributed to the greater mass of the sample.
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Figure 8 — DMA results for CF10 samples with 80% infill density and different infill styles.

4. Conclusions

Modification of ABS with carbon fiber leads to a notable enhancement in strength and stiffness, albeit
with an increase in material density. Optical microscopy allowed for observing the CF10 failure
mechanism, which explains the superiority of CF-modified ABS over pure ABS.

Similarly, higher infill density enhances mechanical properties but also raises the structural
component's density, a critical consideration in aviation. Depending on the criteria applied, opting for
lower infill density may be advantages.

Regarding the effect of infill style on mechanical strength, it can be noted that Sparse Double Dense
yields better results while Sparse performs worse for pure ABS. Conversely, for ABS-CF10, Sparse
performs better than Sparse Double Dense. DMA studies did not reveal a significant impact of infill
style on the thermomechanical properties of CF modified ABS.
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