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Abstract

The article presents the results of uniaxial fatigue tests for the high-cycle regime on a
polymer matrix composite material reinforced with Kevlar and carbon fibers, fabricated
with material extrusion (MEX) technology. The samples were manufactured according
to the ASTM D638 type-I standard, and the tests were performed under a load inversion
factor of 0.1 at room temperature, measuring the number of cycles to failure. Based on
previous results, in which different configurations were tested, tests were carried out on
specimens subjected to loads ranging from 40% to 91% of the rupture stress for Kevlar and
25.5% to 80.7% for carbon, obtaining a maximum life of 2.5 M cycles for Kevlar and 4.06 M
cycles for carbon. The observed failure modes included fiber tearing, matrix cracking, and
fiber—matrix pull-out.

Keywords: additive manufacturing (AM); material extrusion (MEX); continuous fiber
reinforced thermoplastic composites (CFRTPC); stress in thermoplastics; fatigue limit

1. Introduction

The widespread use of 3D-printed composite materials in real-loading scenarios
requires an understanding of their fatigue behavior [1,2]. Under cyclic loads, they undergo
progressive degradation in stiffness and strength [3,4], which can lead to failure at load
levels below their static strength [5]. This failure is due to crack initiation and propagation,
and loss of adhesion and fiber breakage, which reduce component lifespan [2]. Besides
providing design freedom, flexibility, and a wide range of fabrication materials [6], 3D
printing introduces anisotropy in the material (often producing a staircase surface [6]) in
addition to that inherent in composites [7], making it necessary to evaluate its fatigue
behavior and fatigue endurance to guarantee the safety, durability, and optimization of
component design in engineering applications [8]. A literature search did not reveal results
on fatigue endurance of these composites; therefore, this manuscript presents how such
results were obtained.

Additive manufacturing (AM) has revolutionized manufacturing by allowing the
fabrication of geometrically complex parts without the need for post-processing. This
technique is characterized by excellent compatibility with different materials and allows
the construction of highly complex structures [9]; however, some techniques require sup-
porting structures during printing [10], which must later be removed in post-processing.
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AM can be a bridge between topological optimization and final product manufacturing,
delivering optimized geometries without additional post-processing. Moreover, printing
costs remain practically constant even for those of parts [11]. Furthermore, manufacturing
processes in industries such as aeronautics or medicine can be complex and expensive
when performed using conventional technologies. Therefore, alternative manufacturing
methods that combine reduced post-processing requirements with adaptability have been
developed [12]. The fused deposition modeling method (FDM) is currently the most used
AM technique [13]. The use of continuous fiber-reinforced composites printed by AM can
give a static performance similar to that of some aluminum alloys [1]. However, many
components experience both static and fluctuating loads during service.

Moreover, fatigue is a common failure mechanism responsible for up to 90% of in-
dustrial failures [14], and it is more critical in composites than in isotropic materials [4,15].
Therefore, it is necessary to properly characterize these materials. There are three methods
for characterizing the behavior of a material under time-varying loads. Stress versus life
(o0-N) is applied for loads below the elastic limit, leading to an accumulation of disloca-
tions in crystalline solids. Strain versus life (e-N) is applied for loads above the elastic
limit but below the maximum stress, resulting in crack nucleation. Finally, the da/dN
versus AK method is applied when measurable cracks are present, using Paris” law to
describe crack growth [14]. Therefore, it is imperative to establish mechanical properties
for designing components capable of withstanding fluctuating load conditions. Extensive
details regarding composites: modeling fatigue and failure modes were recently reviewed
by Alamry et al. [15].

In addition, composite materials have immense applications in areas such as pro-
totypes, fixtures, control arms, joysticks, brackets, clamps, and mounts [16,17]. In the
automotive and aerospace industries, they reduce weight [15]. However, their detailed
and intricate features are often unsuitable for traditional manufacturing methods, yet their
ability to withstand repetitive loads can offset this limitation. This is where the fusion of
composites and 3D printing has come into play. However, no one type of printing is right
for every requirement [10,16], highlighting the importance of understanding the fatigue
limits of composites in the context of 3D printing [1].

Fatigue studies for AM polymer matrix composites are limited [18]. Pertuz et al. [19]
tested several configurations of volume fiber content, infill type, and fiber orientation, but
only for short lives. Harber [20] tested UV photopolymer matrix composites for up to 200
k cycles. Vidrih [21] tested Nylon matrix composites reinforced with short and woven
carbon fibers. Pertuz [22] tested Kevlar-reinforced composites under alternating bending.
Rabbi et al. [18] tested ABS reinforced with carbon fiber. A recent review of the fatigue
performance of continuous carbon fiber reinforcement composites is readily available [4],
but all studies revisited, not one reported a fatigue endurance limit.

Although recent studies have been conducted, to the best of our knowledge, there
have been no reports on the fatigue endurance of AM Nylon matrix composites reinforced
with continuous fibers. This work presents a fatigue characterization and stress-life (c—IN)
analysis of two polymer matrix composite materials reinforced with continuous Kevlar and
carbon fibers, fabricated using novel material extrusion (MEX) technology.

2. Background

This section contains the necessary foundations to provide readers with the back-
ground knowledge applied in this article.



Eng 2025, 6, 277

30f15

2.1. Additive Manufacturing

AM is a relatively new manufacturing technology that started with stereolithography
and later evolved into focused deposition modeling (FDM), nowadays defined as Material
Extrusion (MEX) by ASTM/ISO 52900 [23]. After the expiration of the Stratasys patent in
2010, the MEX technique was significantly developed. In 2015, Markforged generated a
patent [24] for the manufacturing of composite materials reinforced with continuous fibers
and printed by MEX.

MEX is a technique in which a topology is reconstructed layer by layer [25] from
a CAD file previously converted into STL format. This process is executed using the
cloud software Eiger®. The polymer filament, nylon in this case, is fed into an extruder,
heated above its melting point (260 °C, approx.), and deposited on a platform that remains
stationary during printing despite its mobility, where it cools to form the desired part. The
movement of the extruder is controlled by software that optimizes the movements and
alternates matrix deposition and continuous reinforcement [8]. A schematic of the printing
process is shown in Figure 1.

Double
Continuous extrusion
Fibre head
Nylon R /
L)
Topology X l
to build __ Y I

\ Moving
Plataform

Figure 1. Schematic of the 3D printing process on the Markforged Two printer. Adapted from [26].

When printing a part, several process parameters must be selected in the Eiger®
software to choose from on the Markforged Two® printer (Markforged, Watertown, MA,
USA) [26], such as fiber type (carbon, Kevlar, glass fiber, and high-temperature glass fiber),
fiber volume fraction, fiber layout type (concentric and isotropic, as shown in Figure 2),
matrix filling pattern (rectangular, hexagonal, triangular, as shown in Figure 2, and solid
filling), matrix filling density, matrix deposition angle, and fiber deposition angle [27].
Recently, Kargar et al. [27] found that while reducing the raster width and raster angle
produced greater strength, increasing the nozzle diameter and infill density produced
similar effects.

As with traditionally produced composite designs, the properties of AM-produced
parts depend on the fiber volume fraction, fiber arrangement and angle, and the mechanical
properties of the reinforcement and matrix materials [28]. Additionally, FDM creates an
intrinsic anisotropy in AM processes that goes beyond that exhibited by fiber-reinforced
composites [27,29]. Therefore, it is common to represent their mechanical behavior with a
model such as the rule of mixtures or a more complex model such as Melenka’s volume-
average stiffness [26].
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Figure 2. Schematic of the options for fiber layout and fill patterns in the Eiger® software.

2.2. Fatigue

It is commonly accepted that mechanical failure begins with crack nucleation [14]. In
composites, cracks generally propagate perpendicular to the loading direction [30]. In other
words, cracks advance along the tensile direction, producing separation, rather than along
compressed or laterally displaced regions. Cracks in the matrix are usually the first form of
damage in composites and act as precursors to further macroscopic damage [31].

When a structural component is subjected to repetitive loading well below the elastic
limit, the recommended design method is the stress-life (0—N) approach, also referred
to as high-cycle fatigue. Basquin’s rule describes this phenomenon [14], as shown in
Equation (1).

o= AN/ (1)

where 0 is the fatigue stress, Ny is the number of failure cycles, and A and b are constants
that are adjusted depending on the material. Although the Basquin rule is an empirical
relation, constant A indicates the fatigue stress at failure, whereas b represents the rate at
which stress decreases as the number of cycles increases. A straight line is obtained by
plotting Equation (1) on a bilogarithmic plane (Ny, o). Uniaxial fatigue tests are typically
conducted with a load inversion factor R = —1, as defined in Equation (2). However,
compressive loads in slender samples may induce unintended failure mechanisms, such as
buckling [14].

R = Omin/ OMax 2)

Regarding fatigue studies on FDM-printed composite materials with a nylon matrix,
two studies have been conducted under axial loading. The data [19,32] referred to here
correspond to a 20% matrix fill, with a triangular pattern and fiber at 0° to the load axis,
which showed the best results, whereas the data in [8] correspond to samples with six and
12 fiber layers oriented parallel to the applied stress. In [19,32], the Basquin combined with
the Weibull distribution as recommended by [14] was applied, whereas in [8], the results
were fitted using an ANOVA test to extract the average value. A probable reason for the
difference between the two studies is likely the mean stress value used. Specifically, [19,32]
performed tests at R = —1, while [8] used R = 0.1. Evidence shows [31,33,34] that fatigue
can induce fiber buckling in composites, even under a positive load ratio.

Static test data for different filling patterns, orientations, and fiber types were reported
in [19,32]. Figure 3 shows the o-¢ curves for specimens following ASTM D638-14 [35]
using Nylon with triangular infill at 20% and 50%, and hexagonal infill at 50%. It can be
observed that increasing the infill percentage from 20% to 50% produces no appreciable



Eng 2025, 6, 277 50f 15

gain in strength but does reduce strain to failure from 0.15 to 0.20%. On the other hand, the
advantage of adding continuous fibers is clearly seen, showing an ultimate tensile strength
of 166 MPa for carbon and 115 MPa for Kevlar.
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Figure 3. 0-¢ curves reported for different filling patterns [32].

On the other hand, the axial strain is estimated using the elastic relationship shown in
Equation (2) [14], representing the linear region shown in Figure 3.

P

*T AE

)

where P is the applied axial force, A; is the cross-sectional area, and E is the modulus of
elasticity calculated in the proportional region of the stress versus strain curve, as shown in
Figure 3.

2.3. Data Adjustment

The least squares method (LSM) is commonly used to fit experimental data into an
arbitrary model. LSM is an optimization algorithm that seeks to find a constant value that
approximates a set of measured data to the selected model. In the case of a linear model
such as Y(x) = kx + Yo, a set of p data pairs can be fitted using Equation (4).

(4)

_ a (Yi_Ym)(Xi—Xm)
= ; (X; — X)?

1
where k is the slope, Y, and X, are the averages of the number p of data pairs to be fitted,
and Yo is the cutoff point on the vertical axis.

3. Materials and Methods

The samples were drafted in SolidWorks®2023 (Concord, MA, USA),exported to an
STL file, and then loaded into the Eiger® platform, where the printing parameters corre-
sponding to the best static performance were those previously reported [32]. Subsequently,
4 mm thick samples, following the ASTM D638-14 type I standard [35], were printed on a
Markforged Two printer® (Markforged, Watertown, MA, USA). The nylon for the matrix
and the Kevlar and carbon fibers used as continuous reinforcement were provided by
Markforged. The mechanical properties of the individual materials used in this study [36]
are shown in Table 1. Furthermore, the fiber volume content was 16% for carbon and 20%
for Kevlar.
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Table 1. Mechanical properties as provided for individual components [36].

Material Eq [GPa] o1 [MPa] Relative Density
Nylon 1.7 33.5 1.1
Standard used ASTM D638 ASTM D638 NA
Kevlar fiber 27 610 1.2
Carbon 60 800 1.2
Standard used ASTM D3039 [37] ASTM D3039 NA

NA is standard for Not Available.

Figure 4a shows the shape and dimensions of the specimens with a thickness of 4 mm,
whereas Figure 4b shows a carbon fiber-reinforced sample being tested. The tests were
performed at 5 Hz, and data were acquired at 40 Hz. According to [38], test frequencies
up to 8 Hz do not affect the results because excessive self-heating is not induced by the
stretching and contraction of polymer chains. A total of 8 carbon-reinforced samples and
13 Kevlar-reinforced composites were successfully tested.

165

25 33 50 4

| | | NN

19
13

Figure 4. Sample used: (a) Dimensions per ASTM D-639—I [35]. Measurements in mm. (b) View of
the sample testing mounted on the universal testing machine.

To estimate the strain value required to obtain the stress values for each test,
Equation (3) was used with the E and oy« values reported in [19,33]. It is important
to highlight that although the material used was a composite, the properties shown in
Figure 3 are bulk material properties. In the case of classic composite materials [39], if the
percentages of matrix or fiber vary, the rule of mixtures or a more advanced method is
used to predict mechanical properties [26] based on the independent properties illustrated
in Figure 3. In the case of composite materials printed by MEX, it is even more complex
because there are more variables to configure a part, as shown in Figure 2. However,
the sample configurations used in this study were the same as those reported in [19,32].
Therefore, it is valid to use Equation (3) to relate elasticity, force, and displacement.

Figure 5 shows an example of the PID controller command and feedback signals. The
results show that the amplitude and frequency responses of the machine adjust according
to the fine-tuning of the PID constants supplied, providing the appropriate mean and
amplitude values for the applied fatigue load.
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Figure 5. Comparison of command signal and PID controller response.

Finally, the failed samples were broken under liquid N, to preserve the surface, and
pictures were taken using a scanning electron microscope (SEM). To ensure conductivity, the
samples were gold-plated and then placed in a Vega 3 Tescan SEM (Brno, Czech Republic)
operating between 5 and 10 keV equipped with a tungsten filament.

4. Results
4.1. Mechanical Results

Figure 6 shows an example of the stress—strain loop for a Kevlar sample subjected
to 64.7% of the static load. It shows the evolution of stress—strain hysteresis after 10 k,
81 k, 157 k, and 402 k cycles. The results show that the loading and unloading paths are
different and that the sample needs more stress to produce the same strain by the cycle.
This could be attributed to energy dissipation through matrix—fiber pull-out, matrix plastic
deformation, and possibly fiber cracking. The sample ultimately endured 405 k cycles.

O VS. €

20 — MPa

i—---10

- --81 s
60 1 — 157
40 +
20 +

= mm / mm
0

0 0.001 0.002 0.003

Figure 6. Exemplary results of the strain—stress hysteresis loop at different cycles (in thousands) for
the Kevlar specimen subjected to 64.7% of the maximum static stress.
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Figure 7 shows the result of the applied stress versus life displayed at failure in a
semi-logarithmic graph. The data obtained in this study were unified with previously
published fatigue data for the same type of specimen [19,33]. As the stress decreased, the
number of failure cycles tended to stabilize, as expected. The lowest stress applied to the
samples was 49.4 MPa, resulting in 2.5 M cycles for Kevlar, and 40.9 MPa lasting 4.06 M
cycles for carbon. The arrows indicate when the tests were stopped. The fatigue endurance
limits for the carbon- and Kevlar-reinforced samples delivered stress values above static
strength (16.8 MPa for triangular infill at 50% of density), as shown in Figure 3 for the
non-reinforced samples and superimposed in Figure 7. It is confirmed that the addition of
continuous fibers improves strength.

MPa o vs. Log(N)
140
O Kevlar
120
o] ¢ Carbon
100 :
o — Static
80 FoO
[ [m]
F 0o
60 [ o 8 o
40 _ ® < o> <o o>
20 E
0 : 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1IO6|X L|40g(1\|1f)l
0 1 2 3 4 5

Figure 7. Stress versus life results on a Log scale. Arrows indicate tests run out.

By performing a linear fit to the unified data, as described in Equation (4), according
to Basquin’s rule [14], the constants for Equation (1) were obtained, as shown in Table 2,
together with the coefficients of determination (R?) and the fatigue endurance limits. Guo
et al. [4] showed that carbon composite materials with a higher elastic modulus exhibit
higher fatigue strength. In this case, the carbon composite has a higher stiffness than the
Kevlar (Figure 3), and this difference is observed up to 500 k cycles. After this number of
cycles, the results show an overlap.

Table 2. Fitting constants for Basquin’s rule and fatigue stress limit.

Fiber

2 . . .
Reinforcement A b R Fatigue Limit, MPa
Kevlar 121.4 —0.047 91.1% 46.15
Carbon 2357 .4 —0.263 88.31 42.8

4.2. Failure Modes

Figure 8 shows an example of cracks in the polymer matrix. Although the specimens
could continue to support the load, the tests were stopped at that point due to a drop
in the applied load caused by the presence of a crack in the matrix. As described by
Nairn [30], composite materials begin to fail in the matrix, which is generally the least
resistant component. The initial crack propagates through the matrix until it encounters
a fiber, from which it can either cross the fiber if the load is sufficiently high or follow a
path parallel to the fiber. The second mechanism is the most common and is visualized as
fiber-matrix detachment [34]. Figure 8a shows a crack in the matrix, whereas Figure 8b
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shows a wrinkle in the matrix with no apparent rupture, which could be an indication of
fiber buckling. Such wrinkles have been previously reported [18]. This latter phenomenon
can be explained by the high slenderness ratio of the fiber, which has a diameter of 0.4 mm.
Although the tests in this study used a positive axial load, the fibers acted as columns when
the hydraulic actuator cylinder moved in the return stroke, and the fibers experienced a
compression load. If that compression produces buckling, it could force a crack in the
surrounding matrix, as shown in Figure 8a. These wrinkles have been reported before
during fatigue bending [22]. When the component loses its original stiffness, it is usually
due to matrix cracking [4], and the life prediction method changes from the —N method,
used in this study, to the da/dN versus AK method, which seeks to establish the remaining
life to avoid sudden failure. Furthermore, Figure 8c shows a lateral view where matrix
buckling can be observed. The matrix collapses during the compression part of the load,
causing buckling. Failure mechanisms, such as initial cracks in the matrix and continuous
fiber buckling, have been explained in more detail elsewhere [4,31] and are consistent with
the damage mechanisms observed in this study. Finally, Figure 8d shows that the matrix

can be seen completely cracked, but the fibers are still holding the load.

Matrix crack Fiber buckling

~Matrix buckling

Matrix rupture/tearing

Figure 8. Exemplary view of macro failure aspect for specimens: (a) cracks in the matrix in a Kevlar
sample, (b) buckling of fibers in a Kevlar sample, (c) lateral view showing matrix buckling in a Kevlar
sample, (d) macro failure aspect in a carbon sample.
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After the tests were stopped, samples were broken in liquid N, and observed under
SEM. Figure 9 shows a close-up of a carbon-reinforced sample after 108 k cycles. On the
top right-hand side, one can see matrix tearing, which likely started as a wrinkle; at the
bottom left-hand side, fiber-matrix pull-out is visible, probably following matrix cracking,
and finally, broken fibers appear at the bottom left corner as the last stage. Carbon fiber
is known to be a strong but brittle material. Hence, the fibers were expected to break.
Moreover, this observation aligns with [2], who documented the presence of matrix cracks
between neighboring fibers, which ultimately caused the fibers to split and break.

SEM HV: 50kV
SEM MAG: 100 x
View field: 2.08 mm

Figure 9. Low magnification view of a carbon sample after 108 k cycles.

Figure 10 shows a high magnification view of a Kevlar-reinforced sample after 809 k
cycles. Torn fibers and fiber-matrix pull-out are visible. Matrix tearing and breaking were
observed, although not reported here, and had been previously reported [22]. The existence
of matrix fissures between neighboring fibers, which ultimately caused the fibers to split
and break, was observed, as reported recently [2]. Kevlar fiber is a tough material, so fibers
do not usually break immediately, but they accumulate damage in the matrix and at the
fiber—matrix interface, which eventually leads to local breakage and ultimately fiber tearing.
Therefore, failure under cyclic loading for the Kevlar-reinforced composites is progressive,
with fibers that may both break and tear.
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SEM HV: 5.0 kV WD: 40.30 mm I || I VEGA3 TESCAN

SEM MAG: 2.25 kx Det: SE Performance in nanospace

Figure 10. Zoomed in view of a Kevlar-reinforced failure surface after 809 k cycles.

4.3. Discussion

The experimental results shown in Figure 6 describe the experimental fatigue curve
obtained for two composite materials consisting of a nylon matrix reinforced with continu-
ous fibers (carbon and Kevlar) and demonstrate the characteristic behavior of composite
materials subjected to high load cycles. The achieved service life of up to 4.09 million
cycles for the carbon-reinforced and 2.49 million for the Kevlar-reinforced composites
indicates a considerable fatigue endurance limit under the alternating load. However, the
failure mechanisms evidenced by fractography show progressive degradation in both the
matrix and fibers. This is evidenced by the cyclic o-¢ shown in Figure 6, as also reported
by Harber [20], where the difference between the applied and dissipated energy can be
observed. This difference in energy has been attributed to the failure mechanisms discussed
below. Fiber breakdown and matrix tearing in the carbon-reinforced samples, Figure 9,
reflect the accumulation of microstructural damage due to repeated cyclic stresses, affecting
the load transfer capacity between the fibers. The failure of the carbon fibers is seen as
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a clean cut that is characteristic of brittle fracture. On the other hand, the tearing of the
fibers in the Kevlar-reinforced samples, shown in Figure 10, suggests that once the matrix
is compromised, as exemplified in Figure 8a, the fibers continue to withstand the loads
until they reach their limit, eventually causing their failure by tearing. Such evolution is
schematically shown in Figure 11. Together, these mechanisms explain the progressive
decrease in the capacity of the samples to withstand external loading. Understanding the
failure mechanism is essential for choosing a precise and reliable material model capable
of accurately simulating the behavior of the material being tested and designing safe and
effective structures. Therefore, it is necessary to choose a material model that accounts for
matrix and fiber mechanical properties, volume fiber fraction, fiber—-matrix adhesion, and

fiber orientation.

Through
Matrix
crack

Fiber-
Matrix
Load Load I'¢ debonding

3
Loac / Fiber Loac Flber
rupture tearing

Figure 11. Schematics of failure mechanisms evolution. Blue arrows indicate load direction.

On the other hand, although porosity is widely documented in samples manufactured
by MEX, it did not initiate cracks or lead to failure in the composite materials. This
indicates that, in this case, porosity did not significantly compromise the structural integrity
or fatigue strength of the material.

Finally, the observed failure mechanisms highlight the importance of optimizing
fiber-matrix adhesion, including appropriate matrix and fiber storage under controlled
low-humidity conditions that influence adhesion quality. The individual strength of each
phase cannot be improved by the end user, leaving only alternatives such as HIP (Hot
Isostatic Pressing) [21] treatments to improve mechanical response.

5. Conclusions

Fatigue testing using the stress-versus-life method was performed on samples of a
polymer matrix composite material reinforced with continuous Kevlar and carbon fibers
printed using the novel MEX technique. It is evident that using continuous fiber reinforce-



Eng 2025, 6, 277 13 of 15

ment in conjunction with a polymer base material allows for mechanical behavior that
cannot be achieved with unreinforced polymers alone. This use of fibers allows AM to
achieve a new level of performance and enhances its use in product design. Thus, it was
established that reinforced components can withstand at least 2.49 M axial load cycles
if subjected to stresses below 46.15 MPa for Kevlar and 4.09 M cycles for carbon when
subjected to stress below 42.8 MPa at a load inversion factor of R = 0.1. This allows a
designer to project components able to withstand fluctuating load operating conditions
with known fatigue limits

The damage progression was evidenced by the changes in the stress—strain loops as the
samples showed relaxation. Such relaxation is attributed to fiber tearing, matrix breaking,
and fiber-matrix pull-out, which were observed by SEM as causes of failure, as reported
in the literature. In this case, wrinkles were also observed in the matrix, with no apparent
rupture. This was attributed to fiber buckling. These failure mechanisms agree with what
has been reported in the literature.
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