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Abstract

Numerous processing parameters combined with long-duration fatigue tests
pose a major challenge when assessing the fatigue parameters of 3D-printed
structures. In this research, a fatigue-testing method is introduced where
sample is excited with random-signal profile enclosing sample’s natural fre-
quency. The innovative sample design is tailored for 3D-printing and is
frequency-tuneable. The proposed approach results in significantly shorter
fatigue tests due to higher loading frequency and simultaneous testing of
multiple samples. Additionally, tracking of sample’s natural frequency and
damping during fatigue tests is applicable. The proposed method was exper-
imentally verified on PLA samples; obtained results were comparable with
the available literature.
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1. Introduction

Fused Filament Fabrication (FFF) is the most widely used [1] additive-
manufacturing (AM) technology. Although limited to thermoplastic materi-
als, FFF has gained significant attention from the scientific community for
a wide range of applications, from single-process-printed accelerometers [2]
and embedded wires [3] and sensors [4] to various types of metamaterials [5].
Considering the advantages of AM and the possible use of biodegradable ma-
terials such as polylactic acid (PLA), FFF represents a promising alternative
to conventional injection-molding technology for the production of functional
components and systems. To ensure the reliability of the components manu-
factured with FFF and subjected to dynamic loads during their service life,
a comprehensive characterization of their mechanical properties is necessary.

The mechanical properties of components produced with FFF are highly
dependent on the processing parameters (e. g. printer-bed and nozzle tem-
perature, nozzle diameter, layer height, infill pattern and density, feed rate,
number of perimeter layers, etc.); Khosravani et al. [6], for example, studied
the influence of printing speed and raster angle on the mechanical properties
of PLA parts under a static load. In addition, thermoplastic materials used
for FFF show a strong dependence on loading (strain rate, loading frequency,
etc.) and environmental conditions (temperature, humidity, ageing), as stud-
ied by Luo et al. [7]. Clearly, extensive experimental studies are required for
a thorough characterization of FFF components.

Although most studies of FFF components deal with static tensile and
flexural tests, recently there has been an increased interest in the fatigue
properties of FFF components, see Rouf et al. [§]. One of the first studies of
the fatigue of FFF components was performed by Afrose et al. [9], followed
by studies by Jerez-Mesa et al. [10] and Gomes-Gras et al. [11], which investi-
gated the fatigue life of FFF PLA in the low-cycle regime. A comprehensive
study at the high-cycle fatigue limit was conducted by Ezeh et al. [12], in
which the influence of load ratio and raster orientation on the fatigue proper-
ties of FFF PLA components were investigated, followed by another study by
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Ezeh et al. [13], focusing on the presence of a notch. Mayén et al. [14] studied
the effect of raster angle and heat treatment on the fatigue life and hardness
of FFF PLA samples with a cylindrical geometry. Interest in the fatigue of
FFF components is not limited to PLA; recent studies on the fatigue of 3D-
printed ABS by He et al. [I5] and Ziemian et al. [16], wood-induced PLA by
Travieso-Rodrigues et al. [17], plain PA6 by Terekhinna et al. [18], carbon-
fiber-reinforced PA6 by Li et al. [19], biodegradable polymer materials (PBS
and PBAT) by Zhang et al. [20] and friction-stir-welded joints between PLA
and ABS by Parast et al. [2I] were published. Shanmugam et al. [22] and
Crawford and Martin [23] report that accelerating fatigue tests by increasing
the loading frequency can potentially lead to ductile fatigue failure and a
significantly shorter fatigue life. Consequently, low loading frequencies are
required, resulting in long test times, which, in combination with a variety of
processing, loading, and environmental parameters, are the main bottleneck
in the fatigue characterization of FFF components.

When the loading frequency exceeds the quasi-static range and coincides
with the frequency range of the component’s natural frequencies, failure due
to vibration fatigue [24] can occur. This depends on the modal properties
of the component (natural frequencies, mode shapes, and damping) and the
type of loading. The dynamic response of FFF components recently attracted
the attention of researchers: Xue et al. [25] investigated the influence of
processing parameters on the natural frequency and damping ratio of a FFF
PLA component, Medel et al. [26] observed good repeatability of sample’s
natural frequencies and a large scatter of the damping ratios for a given set
of processing parameters. In the study by Palmieri et al. [27], the fatigue
failure of a FFF PLA component was achieved under vibration loading, and
excellent agreement was found between the actual fatigue lives at a loading
frequency of approx. 200 Hz, and the estimated fatigue lives, obtained from
fatigue tests at a frequency of 4 Hz. Although the extrapolation of the
loading frequency did not appear critical in [27], the strong dependence of
the polymer’s mechanical characteristics on the strain rate indicates the need
for a thorough investigation of the fatigue parameters of a FFF component
as a function of the loading frequency and strain rate.

This manuscript presents a novel approach to determining the fatigue
properties of FFF components by exciting the sample with a broadband ran-
dom signal in the frequency range of the sample’s natural frequency using
an electrodynamic shaker. The improvements of this approach over classi-
cal fatigue testing are: the fatigue testing times are much shorter, the novel
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sample design offers the possibility of frequency tuning and thus the explo-
ration of frequency-dependent fatigue parameters. In addition, the proposed
methodology allows the initial natural frequencies and damping ratios of the
FFF samples, as well as their changes during damage accumulation, to be
determined and later used to create a digital twin of the component or for
fatigue monitoring.

This manuscript is organized as follows. First, the theoretical background
of relevant topics in the fields of structural dynamics and spectral methods for
damage estimation is given in Sec. [2] Sec. [3]introduces the vibration-fatigue-
based testing methodology from the experimental and modeling aspect. Dif-
ferent sets of test samples used for affirmation of the new methodology are
presented in Sec.[dl An evaluation of all the experimental data is presented in
Sec. 5, where fatigue parameters of tested sample sets are extracted and com-
pared reciprocally, and with data from the available literature. Conclusions
are drawn in Sec. [6l

2. Theoretical background

The basic concept of accelerated fatigue testing in this research follows
the vibration-testing approach using an electrodynamic shaker [28]. An elec-
trodynamic shaker utilizes the required kinematics (commonly within the
frequency range 5-2000Hz) at the shaker armature (Fig. . The test sample
is fixed to the shaker armature; while the fixation has to be carefully designed
to provide rigid fixation conditions, the sample is regarded as a flexible dy-
namic system, see Fig. [Il This section addresses the necessary theoretical
aspects, relevant to understanding the relationship between the base kine-
matics and the damage accumulation with a consequent fatigue failure of
the sample [24]. Arising from the known kinematics of the shaker armature,
Sec. [2.1] presents the theory for obtaining the stress response in the sample’s
fatigue zone. Once the sample’s stress response is known, the spectral meth-
ods summarized in Sec. 2.2 provide an estimation of the sample’s fatigue
life. For more theoretical details on Secs. 2.1 and 2.2] the interested reader
is referred to [28] 29] and [24] 30], respectively.

2.1. Stress response under a base excitation vibration load

The absolute position of a dynamic system with N degrees-of-freedom
is defined with a vector of displacements « = (x1,...,2;,...,2y), where z;
(Fig. denotes the j-th spatial degree-of-freedom. When base excitation
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Figure 1: Concept of vibration-fatigue test (to improve clarity, the sample is oversized).

is applied to the system in terms of the displacement y the vector of rela-
tive displacements between the system and base is z = & — by, where b is
the directional vector between y and @. Assuming hysteretic damping, the
equation of motion for a dynamic system under base excitation is defined as
[28]:

Mz+iDz+Kz=-Mby, (1)

where the mass matrix M, damping matrix D and stiffness matrix K char-
acterize the system’s spatial properties. Solving the left-hand part of Eq.
as an eigenvalue problem we can obtain a set of N natural frequencies w,
and the modal matrix ®, composed of N mass-normalized mode shapes ¢,
[24]. The boundary conditions within the latter step must define a zero dis-
placement for the degree-of-freedom at which the base excitation y is applied.
Accordingly, when the excitation (i. e., the right-hand side of Eq. ) is taken
into account, the response of the sample in terms of relative displacements
is defined as [28]:

(2)

Z ¢, Mbij(w) or

w? — w? +in w2’

where ¢ is the excitability and q&r is the responsiveness of the r-th mode
shape. Introducing the vector of mode participation factors I" as [31]:

I'=%"Mb, (3)

the response at the j-th degree-of-freedom in terms of relative displacement
(Eq. (2)) can be simplified to:

H) = 3 (), ()
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When the system’s response is sought in terms of the stress vector o (w),
rather than the relative displacement vector z(w), the responsiveness of the
displacement mode shape ¢, in Eq. is replaced by the stress mode shape
+®. The stress response oy (w) at the k-th stress degree-of-freedom (Fig. [1)
for excitation with the base excitation can be obtained as:

al Fr a'¢r,k .. ..
or(w) = St in Gi(w) = Hyyp(w) - Giw), (5)
-1 T r¥r

where H,j 1 (w) is the system’s transmissibility from the base kinematics §j(w)
to the stress response oy (w) .

When the dynamic system is kinematically excited with a random signal
having a known one-sided power spectral density (PSD) Gy;(w) [32], the
response at the k-th stress degree-of-freedom can also be obtained in terms
of PSD as G0 (w) [24]:

Gooi(w) = [Hoys(w)|* Gyy(w). (6)

As summarized in the following Sec. Goor(w) and the material fatigue
parameters provide sufficient information to obtain a fatigue-life estimate
of the observed dynamic system at the location of the k-th stress degree-
of-freedom when spectral-damage-counting methods are used. Obviously,
the PSD of the stress response G, x(w) can be obtained by knowing the
PSD of the fundamental acceleration Gj;(w), and the stress transmissibility
Hyjp(w). Gyy(w) is usually defined in the control unit of the shaker and
maintained by a feedback loop with the control accelerometer. H,;(w)
depends on the modal parameters of the system w,, 7,, ¢, and I, which
can be obtained from an experiment or a valid digital twin.

2.2. Spectral methods for damage estimation

For a fatigue-life estimation of a mechanical component under a known
stress load in the fatigue zone, two assumptions are generally adopted [33].
First is a logarithmic relation between the number of cycles until failure N
and the stress cycle amplitude o, also known as Basquin’s law o = Sy N?,
where Sy and b present material’s properties of fatigue strength and fatigue
exponent, respectively. Second, the linear damage accumulation is assumed
to be D = ) .n;/N, where n; is the number of cycles at the stress-load
amplitude and D denotes the total accumulated damage. When the stress
load at the fatigue zone is stationary and available in frequency-, rather than

6
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in the time-domain, we are encouraged to use spectral methods to estimate
the fatigue life [24] to avoid long stress histories and reduce the computational
effort.

When the component is excited with a random signal in the frequency
range of a single natural frequency, the stress response can be regarded as a
narrow-band signal. In such a case the amplitudes of the load-cycles follow a
Rayleigh distribution [34], yielding an analytically deductible relation for the
damage intensity (i. e., damage over time unit), known as the Narrowband
method [34]:

27 C mo (7)

where k and C are the alternative notations for material’s fatigue properties
(k = —1/b, C = S;l/b). I' is the Gamma function and mg, mo are the
moments of the one-sided stress-response PSD, and are defined as [32]:

k
oo = (V2m) s r<1+§>,

m; = /O+OO W' Gyp(w) dw. (8)

If the stress time-history in any way deviates from the narrow-band sig-
nal (broadband signal, bi-modal response, ... ), alternative spectral methods
should be used [30]. For such cases, the Dirlik method [35] is widely used,
where the damage intensity is obtained with the equation:

PK = 0y b [Gl Q" T(1+ k) + (\/i)k P(1+ k/2) (G2 IR|* + Gg)J9,>

where v, Q, R, G1, G5, G3 are constants that can be calculated from the spec-
tral moments m;, where i = 0,...,4. A range of different spectral methods
exists besides the aforementioned Narrowband and Dirlik methods; the most
commonly used are available in the open-source package [36].

3. Methodology of accelerated fatigue testing with random excita-
tion

For establishing a novel methodology for the fatigue testing of 3D-printed
samples, which is based on the sample’s dynamic stress response under a
vibration load, first the appropriate geometry of the sample was designed
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(Sec. , followed by the experimental setup (Sec. and a valid stress
PSD reconstruction from a digital twin and the measured dynamic response

of the sample (Sec. [3.3)).

3.1. Sample design

The general requirements for the proposed test sample are: manufactura-
bility by FFF (or possibly other 3D-printing technologies), a single critical
fatigue zone on the sample when excited in a specific, well-separated mode
shape [37], a uniaxial stress state in the fatigue zone, and repeatability of the
boundary conditions when excited with an electrodynamic shaker. Due to the
directional printing, the sample geometry must also allow different printing
directions in the fatigue zone to observe the anisotropy of the sample’s fatigue
properties. In addition, the sample design should allow observation of the
fatigue phenomenon over a wide frequency range to investigate the influence
of strain rate and loading frequency on the fatigue properties of the sample.
The fatigue-testing methodology must be scalable and allow for a reduction
in the overall testing time when testing multiple samples simultaneously.

The proposed sample geometry is presented in Fig. [2] and consists of
three sections: the section with the fixation surfaces, the thinned section
with the fatigue zone and the inertial-mass section for frequency tuning.
The sample is fixed by clamping the marked surfaces with a M8 bolt. By
varying the dimension L the sample’s first natural frequency can be changed.
The sample’s first mode shape is presented in Fig.

Figure 2: Proposed sample geometry with the reference coordinate system.

In previous studies [12, 27] planar FFF samples were used to observe
the influence of the infill raster angle. To reduce the influence of print-layer
orientation and the perimeter filaments in [12], 27], the angle between the
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Figure 3: Normal stress distribution in y direction for sample’s first mode-shape.

print-layers and the loading direction was kept at 90° and the perimeter fil-
aments did not vary between the samples. However, crack initiation rarely
occurs in the interior of the sample, which is characterized by the configu-
ration of infill filaments, and more commonly occurs on the surface of the
sample, which is defined by the configuration of the perimeter filaments.
Therefore, in this research the sample is sliced in three spatial directions (x,
y and z, as noted in Figs. [2| and . With that, we can obtain samples with
an identical geometry, but different orientations of the perimeter filaments
and print-layers compared to the direction of maximum stress load o, see
Fig. [ In this way, it is possible to evaluate the influence of perimeter config-
uration on the sample’s fatigue life. To reduce its influence on fatigue life, in
this study the infill was set to a rectilinear pattern with 100% infill density.
Further details regarding the tested samples are given in Sec. [4.2]

3.2. Simultaneous fatigue testing of multiple samples with broadband excita-
tion

The proposed test methodology is based on vibration testing with a ran-
dom vibration signal using an electrodynamic shaker. The underlying con-
cept for determining the fatigue parameters from vibration testing is sum-
marized in Fig. 5| and is presented next. First, the vibration load is defined
within the shaker controller in terms of the acceleration PSD Gy;(w) (6)
and controlled by a feedback loop. To reduce the changes in the stress re-
sponse PSD G, 1 (w) due to changes in the sample’s natural frequency during
the test, the Gy;(w) was defined with a constant amplitude over the entire
excitation-frequency range. The excitation-frequency range includes the first
natural frequencies of the tested samples, which vary from sample to sam-
ple depending on the length of the inertial mass L. With a wide frequency
range of random signal excitation and different weight lengths L between
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Figure 4: Proposed printing directions and their influence on filament orientation in the
sample’s fatigue zone.

samples, it is possible to achieve different loading frequencies in a single test
and observe their influence on the fatigue parameters.

The dynamic response of the sample results in a narrow-band stress in
the fatigue zone (Fig. , leading to damage accumulation and eventual fa-
tigue failure. Monitoring the actual Go,(w) on each sample with strain
gages would increase the preparation time for the test and could also prove
infeasible due to the relatively large strains of the sample’s polymer material.
Therefore, the response of the sample is monitored with a non-contact laser
vibrometer to which a scanning mirror head is attached to monitor multiple
samples during testing. In this way the response of the sample is measured in
terms of velocity #;(t) (Fig.p)) and, by knowing the excitation signal g(t), the
transmissibility H;; j(w) can be obtained [29]. Applying modal identification
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methods [29] we can determine the initial values of the first natural frequency
wy and damping ratio 7; of the sample and their changes during the fatigue
test. Combining wy and 7, with a parametric digital twin (explained in detail
in Sec. [.3)), we obtain the valid stress transmissibility Hyy s (w) and the
stress PSD Gyo i (@ Finally, the fatigue parameters b and Sy can be as-
sessed by minimizing the difference between the experimentally determined
fatigue life and the calculated fatigue-life estimate using the selected spectral

method, see Sec. [2.2]
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Figure 5: Schematic presentation of testing procedure.

3.8. Digital twin and stress PSD reconstruction

Based on the measurements of transmissibility H;;;(w), a parametric
digital twin is required to obtain a valid reconstruction of the stress PSD
Goor(w) for the fatigue zone. In this research the digital twin was built
with input parameters of length L and Young’s modulus E. The process of
combining the digital twin with measured Hyj ;(w) is summarized in Fig. [f]
and explained next.

Although the geometry of the sample is well defined, the processing pa-
rameters of the FFF and the deviation of the printing material inherently

11
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Reconstruction (Eq. (5)): Heyp(w)

Figure 6: Procedure for H; 1 (w) reconstruction by combining response measurement and
digital twin.

lead to differences between the initial digital twin and the sample. Hence, the
measurement of H;j; ;(w) on the sample and the measured wy and r; are used
to determine the actual modulus of elasticity £ and its damping properties.
Once E is known, the digital twin produces a valid first stress mode-shape
+¢1. To obtain the stress transmissibility Hy; 5 (w) for the k-th stress degree-
of-freedom in the frequency area of the first natural frequency, only the mode
participation factor I7] is still needed , which can be numerically obtained
from b, M and ® and depends on the sample’s geometry (length L) and
the material’s density p, only.

4. Experimental research

The proposed method is here tested against 4 different types of samples,
manufactured from PLA by FFF. The samples differed in the printing direc-
tion as a variation of the processing parameters (x, y or z direction, Fig. 4)
and in color as a material variation (blue or gray colorant). This section
presents the detailed experimental setup, the processing parameters of each
sample set, the preliminary measurements and the results obtained directly
from the fatigue tests.

4.1. Ezxperimental setup

The experimental setup with 8 simultaneously tested samples is shown
in Fig. [7] The laser vibrometer Polytec PDV-100 with an attached scanning
head monitored the response of each tested sample. As illustrated in Fig. )
for the actual test the j-th degree-of-freedom at the location of the response
measurement is denoted with 1 and the k-th stress degree-of-freedom at the

12
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fatigue zone is denoted with 2. The samples were sequentially monitored for
10 seconds to assure good averaging (1 second intervals with 50% overlap and
applied Hamming window) of the frequency-response function. The excita-
tion acceleration was measured with a control accelerometer at the fixation
adapter. The measurement protocol provided the sample’s Hyj;1(w) every
80 seconds. Such an experimental setup was used for all the samples tested
in this study; however, the established methodology can be expanded to a
much larger number of simultaneously tested samples.

ingle-point las
ribrometer with

& clectro dynamic |geE=
shaker

Figure 7: Experimental setup of fatigue test; a) complete setup, b) two tested samples.

4.2. Sample sets, vibration loads and preliminary tests

The samples (Fig. [2)) were produced from blue or gray 1.75-mm PLA
filaments from the same material supplier (Plastika Tréek). For transition
from the sample’s CAD model to the manufacturable G-code the following
settings were used: 0.2-mm layer height, 100% rectilinear infill with 45° raster
angle to the global coordinate system (Fig. [2) and 2 layers of perimeter.

The samples were fabricated using a commercially available Prusa i3
MK3S+ 3D printer with the processing parameters as follows: 0.4-mm nozzle
diameter, 220°C nozzle temperature, 25 mm/s for external-perimeter print-
ing speed, 45 mm/s for internal-perimeter printing speed and 80 mm/s for
infill printing speed. Total production time for a single sample with 30-mm

13
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length L of the inertial mass (Fig. [2) was 65 min and 120 min for z direction
and y direction print, respectively.

In addition to the variations in the printing direction and colorant, the
weight length L of the samples was also varied between 9 mm and 30 mm
in 3-mm increments. The weight length is not directly related to the fatigue
properties of the material; however, the length L alters the natural frequency
of the sample and therefore can be used to evaluate the effect of the loading
frequency on the fatigue parameters of the polymer filament in potential
future research. In the present study, 106 samples were tested, distributed
over the combinations of influencing parameters given in Tab. [I}

Table 1: Quantity of tested samples.

Fabrication parameter Weight length L [mm)]
Print direction ‘ Color || 30 27 24 21 18 15 12 9| X
x 2 2 6 6 0 0 0 0|16
Y blue || 4 3 4 3 4 4 4 4] 30
s 8 8 8 8 0O 0 0 0| 32
gray | 0O 0 O O 8 8 6 6| 28
] )M \ 106 ‘

The Gj;(w) frequency range was set to 200-800 Hz and the levels of
Gjii(w) were 0.05, 0.1, 0.15, 0.2 and 0.4 g?/Hz. As the fatigue tests were con-
ducted, eventually the initiation and the progression of the crack appeared
on every sample, which resulted in a decrease of its natural frequency, which
served as a real-time monitoring of the damage accumulated for an individual
sample [37].

In the existing studies on the fatigue of polymeric materials [12} 13|, [38],
the loading frequencies of classical quasi-static fatigue tests are set to less
than 20 Hz, mainly to prevent a significant temperature rise on the sam-
ple. Since the samples in this study were loaded at frequencies above 250
Hz, it was necessary to experimentally determine the potential temperature
rise on the sample before performing the actual fatigue tests. Hence, the
temperature measurements were performed on four pre-samples with maxi-
mum weight length L (30 mm) to ensure the maximum value of I - ,¢; .,
i. e., the enumerator in H,;2(w), Eq. . The four pre-samples enclosed all
the combinations of the processing parameters, stated in Tab. [I and were
tested simultaneously with an acceleration load of Gy;(w) level of 0.2 g*/Hz.

14
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With such a combination of sample geometry and vibration load the high-
est damage rates and lowest fatigue lives were targeted, according to the
planned subsequent fatigue tests. The temperatures at the fatigue zones of
the pre-samples and the temperature on the fixation plate were measured
with a Telops FAST M3k infrared camera. The measured temperatures are
presented in Fig. [§ from which we can observe the maximum increase of the
temperature is 5°C. With the glass-transition temperature of the 3D-printed
PLA being 55-65°C [39] it was concluded that the temperature rise to 27°C
(i. e., 4°C above ambient temperature) is acceptable.
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Figure 8: Temperature on pre-samples during fatigue test.

4.8. Reconstruction of Gyga(w)

Following the procedure for reconstruction of H,;2(w) (Eq. , Fig. @, the
parametric digital twin and the measurement of H;;1(w) are required. The
output variables of the parametric digital twin are summarized in Fig.[9] The
samples are excited at the first natural frequency and therefore the location of
the fatigue failure is identical for all the samples. Consequently, a single mode
participation factor I and a single stress modal constant for the critical stress
degree-of-freedom ¢ 2 are needed from the digital twin, Figs. [Oh) and ),
respectively. Further, the damping ratio n; is obtained from the measurement
(Fig.[6) and with known pre-defined level of excitation PSD Gy;(w) the stress
PSD Gp2(w) @ can be fully reconstructed. The transition from measured
H;;(w) to a valid reconstruction of G,y a(w) @ is shown in Fig. on an

15



0 actual sample with label SNOO1 and weight length L = 21 mm. It should
be emphasized that with the presented approach a valid reconstruction of
Goo2(w) can be performed on-the-fly for every tested sample without any
computational effort.

0.10

0.09

@ 0.081

o 0.071

0.06 1

0.05-— ;
10 20
L [mm]

Figure 9: Parametric model results, required for valid reconstruction of G4 2(w) for given
weight length L and measured natural frequency f1; a) mode-participation factor for first
mode shape I'1(L), b) Young’s modulus E(L, f1), ¢) stress modal constant ,¢1 2(L, E) at
the fatigue zone.

4.4. Experimental results

355 By monitoring an individual sample’s FRF the observations of modal
parameters at the beginning and throughout the test were possible before
the actual assessment of the material’s fatigue parameters and are presented
next. The measured H;j;;(w) were evaluated with the Least-Squares Com-
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Figure 10: Dynamic properties of sample SN001, a) measured and modeled transmissibility

Hjj1(w), b) modeled and reconstructed Gyo2(w) for Gyj;(w) with constant level of 0.1
2
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plex Frequency (LSCF) algorithm implemented in an open-source Python
package pyEMA [40] by setting the highest order of the polynomial to 10.

Fig.|11]|presents the initial values of the samples’s natural frequencies from
which we can observe good repeatability between samples with equal fabri-
cation parameters and a low influence of the printing direction. However, a
significant difference is observed for the natural frequencies between samples
with different colors, although the material and geometry should be identi-
cal for samples with the same weight length. Further, Fig. and Tab.
present the initial damping ratios of the undamaged tested samples. There,
we can observe significantly higher mean values of the damping ratios for the
samples made from gray filament. Additionally, observing the blue samples,
the samples printed in the y direction show higher standard deviations when
compared to the samples printed in the x and z directions.

Both modal parameters, the natural frequency and damping ratio, which
have a direct influence on the G, 2(w) at the fatigue zone, are evidently sub-
jected to significant uncertainties and hence cannot be estimated beforehand
without any experimental activities either for the estimation of the expected
fatigue life or for an assessment of the fatigue parameters for particular fab-
rication conditions.

Fig.[L3|shows the changes of the natural frequencies for all the tested sam-
ples during the fatigue test, grouped by fabrication parameters. Evidently,
the samples within a particular sample set show good repeatability concern-
ing the frequency-drop rate once the natural frequency begins to decrease.
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Figure 11: Natural frequencies of samples before the fatigue test.
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Figure 12: Damping ratios of undamaged tested samples.

On the other hand, the distinct differences regarding the frequency-drop rate
are manifested between the four sample sets and indicate the significant in-
fluence of the print direction and also, to a certain extent, the influence of
the colorant. Fig. presents the development of damping ratios for the
tested samples during the fatigue tests. In addition to the information about
the initial damping values (Fig. , we can observe that the damping ratios
increase according to the natural-frequency drop and are strongly dependent
on the crack propagation.
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Table 2: Initial damping ratios 77 of sample sets.
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Figure 13: Decrease of natural frequency f; for tested samples.

0 5. Results and discussion

In vibration fatigue, significant changes in natural frequencies and damp-
ing ratios are regularly observed before complete breakage of the test-sample
occurs. For metal structures, a threshold of a 2.5% frequency drop is com-
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monly adopted for declaring the fatigue failure of a tested sample [41], [42].

35 For 3D-printed PLA samples, the natural-frequency drop can occur in the
earlier stages of fatigue test (Fig. ; therefore, the reference drop in this
study is increased to 5%. It should be noted that the G,42(w) of an individ-
ual sample was reconstructed using the average value of the damping ratio
1 during the identified fatigue life.

400 Fig. ) shows the number of load cycles until the frequency drop thresh-
old is reached for different stress loads, characterized by the estimation vari-
able ormg; the results resemble the linear trend on a logarithmic scale ob-
tained by the classical quasi-static fatigue test, and confirm the applicability
of the proposed approach for fatigue testing. Evidently, a large number of

ws load cycles can be achieved in a relatively short time; for example, sample
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SN107 marked in Fig. ) with f1=690 Hz reached 2.08 - 10® load cycles in
83.6 hours. However, due to the random signal excitation, the load ampli-
tude is variable and corresponds to the Rayleigh distribution, as shown for
sample SN107 in Fig. ) From this, it can be seen that the endurance

a0 limit of 2 - 10° cycles was exceeded for amplitude ranges below 5.5 MPa.
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Figure 15: a) Fatigue lives, presented in load cycles at first natural frequency f; until
failure at orums, b) cycle amplitude distribution for sample SN107.

5.1. Assessment of fatigue parameters

orms and the number of load cycles at the first natural frequency f;
are not a direct measure of damage rate in the fatigue zone; therefore, the
material fatigue parameters b and Sy cannot be extracted from the results
shown in Fig. ) To obtain an accurate damage rate and, consequently,
to assess the fatigue parameters of a particular sample type, the appropriate
spectral method (Sec. should be applied to the reconstructed G,y 2(w).
In the present research, the Dirlik method (Eq. @) was applied, providing
a fast and reliable estimate of the damage rate, even in cases with increased
damping or bimodal response, which could be investigated with the proposed
methodology in future studies.

Based on the linear characteristic of the SN curve on a logarithmic scale,
a cost function Q(b, Sy) between the actual and estimated fatigue lives for
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a particular set of N samples was defined as the variance of the differences
between T, and T,:

N
Q(b, Sy) = Z 1081 (Tact,i) — 10g1o(Lest,i (b, Sf)>>2- (10)

Evaluation of (b, Sf) for a particular sample set within the expected
ranges of b and Sy provides a single global minimum where the amount of
the experimental results (Fig. improves the localization of the optimal
(b, S¢) pair.

Fig. [16| shows the assessed fatigue parameters along with the comparison
between the actual and estimated fatigue lives for observed sample sets and
95% confidence intervals. From Fig.|16/a good correlation is evident for both
sample sets printed in the z direction, while sample sets printed in the x
and y directions show wider confidence intervals. For the samples printed
in the z direction, the larger deviations from the predicted mean occur at
longer fatigue lives and lower load values. The set of samples printed in
the y direction, unlike the remaining three sample sets, covers a complete
range of weight lengths (Tab. [1)) and consequent load frequencies (Fig. ;
its deviation from the predicted mean in Fig. indicates the possibility of
frequency-dependent fatigue parameters for PLA. With the established test-
ing methodology, the phenomenon of frequency-dependent fatigue parame-
ters can be effectively investigated and represents one of the short-term chal-
lenges. However, the obtained results are valid for loading frequency ranges
generally observed in environmental testing and do not represent an extrap-
olation of fatigue results at lower operating frequencies of fatigue-testing
machines.

The obtained SN curves for particular sample sets are presented in Fig.
together with the relevant results from the literature. Focusing first on the re-
sults obtained with novel accelerated-fatigue-testing methodology, it is clear
that the printing direction and consequently the orientation of the perimeter
filaments have a large impact on the durability of the 3D-printed structures.
Comparing the expected number of cycles for identical PLA material at a
load amplitude of 10 MPa, the fatigue life of the sample can be prolonged
from 1.4 -10* cycles for samples printed in the y direction, to 8.3 - 10* cycles
for samples printed in the z direction, to 7.0 - 10° cycles for samples printed
in the x direction. To put this in a different perspective: by changing the
manufacturing direction of 3D-printed PLA structures, we can improve the
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Figure 16: Comparison of actual and estimated fatigue lives for assessed fatigue parameters
for tested sample sets with marked 95% confidence intervals.

durability of the structure by a factor of 500, well over two orders of mag-
nitude. Here, it should be noted that, as expected, the samples printed
in the x and y directions represent the most fatigue-resistant and the least
fatigue-resistant sample types, respectively (Fig. . As confirmed by the ex-
perimental results, the highest fatigue life of the 3D-printed PLA structure
can be achieved when the perimeter filaments are parallel to the principal
stress, while maintaining the same processing parameters. In order to achieve
optimal fatigue life of the PLA mechanical components under high-cycle fa-
tigue, parallelism between the layer normal and the principal stress should
be avoided at all locations where stresses exceed 40% of the maximum load
stress on the component.

Further examination shows a very good agreement between PLA samples
with different colorant, printed in the z direction. Such good correlation
was not expected beforehand, considering that there are relevant differences
between the Young’s modulus of the material [43], evident in the different
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values of the natural frequency in Fig. and also between the damping
ratios of the samples (Fig. and Tab. , where the mean values differ
by almost 50%. Another important point that can be derived from these
results is the importance of including the actual damping ratios in the fatigue-
life evaluation. Slight changes in sample damping can lead to a significant
change in the stress-response PSD which result in discrepancies of fatigue-life
estimates [44]. The exact damping ratio for the individual sample tested is
provided by the established methodology and is also included in the fatigue-
parameter assessment, increasing the reliability of the results obtained and
the subsequent fatigue-life estimates.

Only slight differences can be observed between the samples printed in the
y and z directions, especially in the area of high-cycle fatigue. For low-cycle
fatigue, the samples printed in the z direction exhibit higher fatigue resis-
tance. This is an important observation for mechanical parts designed for
low-cycle fatigue life, when the optimal perimeter filament cannot be assured
on critical locations. In such cases, the layer-normal should be perpendicu-
lar to the maximum principal stress to achieve the highest possible fatigue
resistance.

The available fatigue data from previous studies [I1], 12}, 27] do not give a
unanimous answer about the fatigue properties of PLA. This is not a surprise
because, for example, Vanaei et al. [45] in a single study observed a 10-fold
change in the fatigue life of PLA samples just by varying the printing tem-
perature by 10°C. If different PLA manufacturers and variable fatigue test
conditions (especially loading frequency) are taken into account in addition
to different processing parameters, some scatter between the results of differ-
ent studies is to be expected. This is also shown in Fig. [I7, which presents
a comparison between the SN curves of PLA obtained with the newly in-
troduced vibration-fatigue methodology and previous studies obtained with
classical fatigue tests at lower frequencies [12), 27] or with the rotational
bending fatigue test [11, 46]. In general, the new methodology of accelerated
fatigue testing with random excitation provides similar fatigue resistivity of
the material in the case of well-oriented filaments (x direction print) when
compared to a similar sample design in [27] and to the most robust samples
in [I2]. Good agreement with existing studies is also evident for the less
favourable orientation of the filament (printed in y and z directions) com-
pared to a similar sample design in [46] and to a rectilinear-infill pattern
without perimeter layers in [12]. The obtained SN curves are on the slightly
conservative side also due to the low threshold for the frequency drop of 5%
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Figure 17: SN curves for the sample sets studied and comparison with previous studies
[1T, 12, 27, 46].

6. Conclusions

This research work deals with the vibration fatigue of PLA mechanical
parts manufactured with FFF. The proposed method of accelerated fatigue
testing involves the random signal excitation of FFF samples with innova-
tive geometry design, allowing an evaluation of different manufacturing and
environmental parameters in relation to fatigue resistance, with particular
attention on the orientation of the perimeter filaments. Although significant
uncertainties are inherent to any dynamically excited 3D-printed structure,
this study overcomes the problem by constructing a digital twin for an indi-
vidual sample. Compared to classical fatigue testing, the proposed method-
ology of accelerated fatigue testing with random excitation offers several
enhancements, especially for polymer FFF components:

e Fatigue testing is performed in the frequency range of actual environ-
mental testing, eliminating the uncertainty due to the extrapolation of
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test results obtained at lower loading frequencies.

The proposed method can identify and quantify the frequency-dependent
fatigue properties of a material.

With minimal effort (sample preparation, indirect stress PSD measure-
ment with a vibrometer) and in significantly less time, meaningful and
reliable results can be obtained. In this study, the effective test time
for 106 test samples is 226 hours.

Shorter testing times allow for a larger number of samples tested in a
given time. Consequently, the proposed method is suitable for a com-
prehensive evaluation of various processing and environmental factors
on the fatigue properties of 3D-printed components and could also be
used for quality assurance between different PLA batches, if applied
appropriately.

The novel fatigue-testing methodology simultaneously provides infor-
mation about the development of the natural frequency and damp-
ing ratio during damage accumulation; this information is required for
valid numerical modeling and can be also proven relevant for structural
health monitoring during service life.

In the presented study, special attention was paid to confirm the reliability
of the new method of accelerated fatigue testing. The results presented in
this manuscript regarding the fatigue parameters of the samples from FFF
PLA show a considerable mutual correlation as well as a good agreement
with the available data from previous studies. Considering the shorter times
for conducting the fatigue test, the newly introduced methodology is best
suited to fatigue testing on larger sample sets. In all, the presented method
of accelerated fatigue testing with random vibration represents a fast and
reliable method of fatigue test that provides an additional information about
the fatigue resistance of dynamically loaded 3D-printed components.
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