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ABSTRACT

With the growing industrial demand for materials that can withstand dynamic loads, composite 3D
printing, particularly utilizing continuous fiber reinforcements, presents a promising solution. This study
investigates the toughness of three fiber-reinforced materials, namely carbon fiber, Kelvar, and fiberglass,
by conducting Charpy impact tests. The results reveal that fiber-reinforced 3D materials significantly
outperform standard 3D printed components, with fiberglass showing the highest toughness. These
findings demonstrate that fiber-reinforced 3D printed materials offer a viable alternative for applications

requiring high toughness and dynamic resistance.
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I.  INTRODUCTION

As technology evolves at an unprecedented pace, industries
are experiencing a shift in how products are designed and
manufactured [1-2]. One of the most influential developments
in this transformation is Additive Manufacturing (AM), often
known as 3D printing, which is the layer-by-layer creation of
an item from 3D model data utilizing raw materials including
powder, liquid, and solid (filament) [3]. In recent years, AM
has made significant development and is now regarded as a
creative solution to many of the difficulties that traditional
manufacturing methods confront [4-6]. This transformation is
further supported by advancements in raw materials, with
composite printers now widely available and metal 3D printers
gaining traction in the market [7]. One of the key advantages of
3D printing is the minimal waste generated during production,
which has contributed to its growing popularity and made it
one of the leading methods for cost-effective manufacturing [4-
51

However, the layer-by-layer stacking mechanism of AM
has inherent weaknesses that can lead to mechanical failure
under loading. Process parameters and the mature of AM are
among the most significant contributors to these failures. To
address this issue, researchers are exploring several strategies,
such as consolidation during or after the printing process, the
use of reinforcement composite materials (nanoparticles,
chopped fibers, and continuous fibers), and optimization of

process parameters [8, 9]. For instance, to improve the
mechanical performance of 3D-printed continuous fiber
composites, authors in [10] utilized the annealing process,
serving as a heat treatment technique. This treatment involves
annealing the 3D printed part below its melting temperature for
a specified time, which causes transformations in the polymer.
Composite materials generally, offer significant benefits, such
as up to 60% weight reduction, alongside improvements in
mechanical properties [11, 12]. Fiber-reinforced continuous 3D
printing is an extrusion-based technique in which two separate
print heads work together to build the part. This method uses
two distinct materials to ensure excellent properties: the matrix
and the fiber reinforcement. Sine these materials have different
thermal properties, two separate filaments are used, each
processed by a dedicated print head [13-18].

Charpy impact testing is a widely used method for
evaluating the toughness of materials, including 3D-printed
parts. This test involves striking a notched sample with a
pendulum and measuring the energy absorbed by it as it
fractures. In [19], authors compared two plastic materials of
Fused Deposition Modeling (FDM) technology, polylactic acid
(PLA) and acrylonitrile-butadiene-styrene (ABS) using Charpy
testing. Other studies have examined how the filling direction
affects energy absorption [20]. Similar tests have been
performed in continuous fiber reinforced 3D printing,
observing the effect of filling direction on specimens.
However, a comprehensive comparison of fiber-reinforced
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materials in dynamic applications has not yet been conducted
[21]. The aim of the current study is to compare the energy
absorption capacity of carbon, glass fiber, and Kevlar
reinforcement materials, using a Charpy hammer.

II. METHODOLOGY

A. 3D Printing Method

The samples were manufactured using the Markforged
Mark Two printer (Figure 1). Both the printer and the matrix
material used belong to the same manufacturer, with the matrix
material being part of the Onyx product family. Onyx is a
composite filament designed for fiber-reinforced printing,
serving as the enclosing material for the reinforcing fibers.

Fig. 1. Tllustration of the 3D printer used (Markforged Mark Two).

During the production of the sample parts, the Onyx matrix
material was reinforced with Kevlar, fiberglass and carbon
fiber materials. The samples were designed using CAD
software, the dimensions of which correspond to the standard.
Before printing started, the designed part was exported to
Standard Triangle Language (STL) format. Figure 2 depicts the
3D model of the printed piece.
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Fig. 2. (a) 3D model and (b) main dimensions of test specimens.

Fiber-reinforced materials possess varying properties,
which can affect the required number of reinforcement layers.

To ensure comparable measurements, the same fill ratio was
applied to all reinforcing materials, thereby standardizing the
layer count and avoiding discrepancies. Table I presents the
printing parameters of the reinforced materials.

TABLE L. 3D PRINTING PARAMETERS OF FIBER
REINFORCED MATERIALS
3D Printing Parameters Material Specifications
Fill style Linear
Wall layer number 2
Roof layer 2
Onyx layer number 4

During the 3D printing process, the samples were designed
with a material distribution of 5-40-10-40-5 %. This means that
the outermost 5% of the sample (at both the top and bottom)
and the central 10% consist of Onyx matrix material. The
remaining 40% in the intermediate structure is composed of
various reinforcing materials (carbon fiber, Kevlar, or
fiberglass). This design was necessary because the diameter of
the reinforcing fibers differs between the materials, which
affects the total number of layers required to construct the
samples. Specifically, carbon fiber has larger diameter
compared to Kevlar and fiberglass and as a result, carbon fiber
reinforced sample contains 101 total layers, while the other two
require 127 total layers to achieve the same reinforcement ratio.
To ensure consistency in the reinforcing material, the number
of reinforcing layers was adjusted. The carbon fiber-reinforced
specimen has 40 reinforcing layers in the intermediate sections,
while the Kevlar and fiberglass-reinforced specimens have 51
reinforcing layers each. This adjustment ensures fair
comparison across the different materials." Figure 3 displays
the structures of the test pieces created with the Eiger software.

Kevlar

\

Carhon Fiber
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Fiberglass
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Fig. 3. Layer by layer construction of the test pieces using Eiger software.

B. Charpy Test

The tests were conducted in accordance with ASTM D6110
standard [22], using a Charpy hammer (type MQ_PSD-50-2),
as shown in Figure 4. The Charpy testing process began with
Kevlar fiber-reinforced specimens, followed by carbon fiber-
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reinforced samples, and concluded with glass fiber-reinforced
specimens. For each type of reinforcing material, three
specimens were tested, and the average of the recorded values
was calculated for evaluation.

Fig. 4.

Charpy testing machine.

III. RESULTS AND DISCUSSION

Figure 5 illustrates the condition of all nine test pieces after
Charpy test was completed.

Kevlar  Carbon Fiber Fiberglass

Lll ||| ‘||

Fig. 5. The results of the specimens after Charpy testing.

The results for Kevlar and carbon fiber specimens were
consistent with expectations. However, the fiberglass
specimens displayed unexpected results. Specifically, the
fiberglass samples exceeded the measuring range of the
machine, meaning that the test could not register their full
resistance. Unlike the Kevlar and carbon fiber specimens,
which experienced complete fractures, the fiberglass specimens
only deformed without breaking under the impact.

Based on the results of the Charpy test, it was not possible
to precisely determine the impact resistance of the glass fiber-
reinforced samples. To illustrate their performance in the rest
of this study, their values are denoted as +50 J, indicating that
they surpassed the machine’s maximum measurable limit. The
results of the impact on the ither samples were clearly visible
during the test and Figure 6 depicts the outcome values. The
average impact of the carbon fiber-reinforced samples was 9.1
J and 12.2 J of the Kevlar fiber-reinforced samples. The
analysis indicated that the glass fiber-reinforced specimens
exhibited the highest resistance to dynamic forces, followed by
Kevlar-reinforced specimens, with the carbon fiber reinforced
specimens showing the lowest resistance.
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Fiberglass Carbon fiber Kevlar
Fig. 6. Diagram of the impact energy (J) of the fiber-reinforced
specimens.
Fig. 7. Examination of fractured pieces of (a) carbon-fiber, and (b)

Kevlar-fiber under a microscope.

After testing, the fractured pieces were examined under a
microscope, revealing the layer tears caused by the hammer’s
impact. For the glass fiber reinforced specimens, no breakage
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occurred. Instead, the samples were deformed by the force of
the hammer. Due to this, no micrographs were taken, and a
detailed analysis of fiberglass deformation was not performed.
Figure 7 highlights the layer-by-layer construction of the
printed samples, showing the full structure of each layer. A
closer look of these images clearly reveals the effects of the
hammer’s high-impact force on them, showing the thinning and
tearing of carbon and Kevlar fiber reinforced specimens.

IV. CONCLUSIONS AND FUTURE WORK

This study examined the impact resistance of three different
fiber-reinforced materials used in composite 3D printing, with
the goal of helping users select the most suitable material for
various practical applications. Among the tested materials,
fiberglass reinforcement demonstrated a ductile behavior,
absorbing the most energy (+50 J), while the Kevlar and carbon
fiber reinforcements presented a more brittle behavior
absorbing a small amount of energy.

Future research should focus on investigating the effects of
post-heat treatment on the materials discussed in this study.
While previous studies have shown that post-heat treatment can
enhance the properties of continuous fiber-reinforced 3D
printed specimens, it remains to be determined how much
improvement it can bring to the fiberglass, Kevlar, and carbon
fiber-reinforced materials. Further studies should explore how
structural modifications of the reinforcing material matrix
influence the results, with the goal of understanding the
potential performance gains and identifying optimal treatment
methods for these materials.
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