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Abstract: The transformation of powertrains, powered by internal combustion engines, into electrical
systems generates new challenges in developing lightweight materials because electric vehicles
are typically heavy. It is therefore important to develop new vehicles and seek more aesthetic and
environmentally friendly designs whilst integrating manufacturing processes that contribute to
reducing the carbon footprint. At the same time, this research explores the development of new
prototypes and custom components using printed composite materials. In this framework, it is
essential to formulate new approaches to estimate fatigue life, specifically for components tailored
and fabricated with these kinds of advanced materials. This study introduces a novel fatigue life
prediction approach based on an artificial neural network. When presented with given inputs,
this neural network is trained to predict the accumulation of fatigue damage and the temperature
generated during cyclic loading, along with the mechanical properties of the compound. Its validation
involves comparing the network’s response with the load ratio result, which can be calculated using
the fatigue damage parameter. Comparing both results, the network can successfully predict the
fatigue damage accumulation; this implies an ability to directly employ data on the mechanical
behavior of the component, eliminating the necessity for experimental testing. Then, the current
study introduces a neural network designed to predict the accumulated fatigue damage in printed
composite materials with an Onyx matrix and Kevlar reinforcement.

Keywords: composite; fatigue; additive manufacturing; damage; lightweight materials

1. Introduction

In the global economy, electromobility has become a central issue for automotive
original equipment manufacturers and their suppliers. In addition, additive manufacturing
(AM) is a key strategy for development time reduction, reducing or eliminating the tooling
in other conventional processes in the future, such as foundry or stamping. Although AM
components have been primarily used in prototyping, recent interest has been directed to
their use as functional components in low production or customised components. This was
because their structural strength and durability can increase their mobility applications,
such as in automotive and aeronautical industries, generating lightweight structures [1,2].

However, these components must overcome mechanical and behavioural effects
through manufacturing, which generates a thermal history. This history has detrimental
effects on such components’ mechanical properties, particularly in their long-term applica-
tions, as it causes damage due to dynamic and cyclic loads. All manufacturing processes
inherently have variability in geometric tolerances, temporal changes and source material
variations from different suppliers. However, in the case of AM, the main variables generate
changes in the result (e.g., the cooling times and deposition speed of the material) when
such materials transform from a semi-liquid process through the injector and form into a
volumetric component. This variability poses a challenge for predicting the mechanical
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behaviours in loads ranging from quasi-static to dynamic applications as transient or cyclic
loads, similar to fatigue. This hinders the implementation of 3D-printed components in
functional applications that must withstand cyclic loads without failure, cracks, stiffness or
strength reduction in composites (matrix/reinforcement). Otherwise, these components
will remain applied only in non-structural components [3,4].

Plastics, like metals, develop accumulated damage from repeated loads, which propa-
gate until they reach a critical value along the surface or at an interface [5]. Although there
are sometimes similarities between plastics and metal components, their damage processes
are different. In metals, the damage nucleates and localises in a fissure that increases its
length, propagating the crack until the catastrophic length develops failure. In composites,
fatigue failure can be reached by mechanisms such as in heat generated by loads developing
a stiffness reduction and matrix/fibre cracking debonding and delamination (interfacial
failure) [6,7]. The fatigue process may be split into three main stages—nucleation, crack
growth and failure—and the time for each stage depends on the materials and their con-
stituents. In damage evaluation, the matrix, fibre or interface may be analysed considering
the coupling element. In predicting component inter-phase failure, cohesive elements can
be used to evaluate the softening that can generate relative displacement, delamination and
fibre cracking, even under quasi-static loads [8,9]. This changes the mechanical behaviour
of a material. This kind of change develops an accumulated process for cyclic loads, also
known as fatigue failure. Thus, developing structural components printed with composites
is important [10].

In a prior investigation of fatigue characterisation [11], an alternative approach using
four-point bending was reported. This method incorporated a polymeric matrix composite
material reinforced with embedded short fibre and continuous Kevlar fibre. The study
employed numerical modelling and microscopy analysis to reveal the origin of failure
modes. The numerical results were validated using experimental tests. Therefore, the
computational model was validated using bulk mechanical properties instead of a complex
model, which can require mechanical fatigue properties at each component of the composite
material. One more study [12] reported that an ultrasonic fatigue test was conducted on a
carbon-fibre-reinforced plastic material manufactured by 3D printing to assess its fatigue
performance. In this study, we focused on specimens with two carbon fibre directions,
including both unidirectional and BD (bidirectional) configurations. The designed specimen
was extensively analysed across a range of low to high cycles during an ultrasonic fatigue
test, and the differences in the lifespan of each specimen were accurately compared and
validated. Another work, [13], examined the impact resistance of hybrid composites
produced with material extrusion (MEX). The study involved applying impact energies of
20 J, 30 J, 40 J and 50 J to the specimens using the drop hammer impact test. The evidence
presented in this work stated that the hybrids were proven to have robust impact resistance,
exhibiting minimal damage and serving as effective high-energy absorbers.

Although the initial stress–strain behaviour of thermoplastics is linearly elastic, the
non-linear development of viscoelasticity happens gradually with time. Printed composites
generally reach a low elastic modulus, complicating their applications where displacement
is a critical constraint [14–16]. Due to the viscoelastic characteristics of 3D-printed composite
materials, the damage generated by cyclic loads must be predicted. This can be carried
out using non-destructive techniques by monitoring the stiffness of a component and
analysing its variation. It is important to consider the mechanical behaviour and physical
response through temperature monitoring. In its nature, damage accumulation is an
irreversible process that can be evaluated using a thermographic camera to monitor the
heat generated by the internal friction of materials. This work deals with the accumulated
damage prediction of fatigue in composites using neural networks in different frequency
tests. Although the durabilities between 3 and 5 Hz were similar, the damage transitions
were different. Using numerical techniques, such as neural networks, the fatigue life of
composite materials printed in 3D can be predicted.
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2. Damage in Composites

In structural components, the lifetime of the product must be predicted to guarantee
that the operation is free of failure over time. At the beginning of component use, damage
is not present and the concept of remaining life may be used. After transient, dynamic or
quasi-static loads cause damage, the remaining life is partially consumed, and the damage
is normalised between 0 and 1. When the damage reaches catastrophic failure, a value of 1
is attained, and there is no remaining life. This accumulated damage process is developed
through dislocations, cavity slip bands, micro-crack nucleation, micro-propagation and
macro-crack initiation and propagation until it reaches a specific length or modifies the com-
ponent behaviour. To assess internal variables, measurements can be taken at macroscopic
levels, including monitoring dynamic behaviour through techniques such as acoustic emis-
sions or analysing the frequency response. Additionally, changes in mechanical response,
such as stiffness behaviour, can be monitored.

Printed composite components can be considered a closed system, where the input
mechanical energy w generated by loads is the result of the thermal energy ∆Q modified
by the internal energy ∆U [10]. For viscoelastic materials, cyclic loads generate mechanical
energy recovered for elastic behaviour. However, by its nature, some energy is transformed
by damping characteristics (i.e., dissipated as thermal energy). This process changes the
structural strength and generates an accumulated irreversible damage process expressed as
a function of the mechanical energy:

W = ∆U + ∆Q (1)

Using its thermal characteristics and considering that the only source of heat is gener-
ated by the loads, the effect of external heat is eliminated defining a reference, an internal
heat source is not present before a crack and component behaviour using thermal evolution
can be expressed as

λ▽2T = ρcṪ − σij : ϵijplastic + AiV̇i − T
(

∂σij

∂T
: ϵijelastic +

∂Ai
∂T

Vi

)
(2)

where λ is the thermal conductivity, T is the maximum temperature, c is the specific heat,
σij is the stress tensor and ϵijelastic and ϵijplastic are the elastic and plastic strain tensors; Vi
stands for the internal variables related to the FDM printed component (Liakat).

During cyclic loads, the printed component dissipates heat via conduction. This
dissipation is greater through all the components than the heat concentration on the fissure.
Under this assumption, the term λ▽2T can be neglected and the elastic tensor can be
roughly approximated to zero. The equivalent damage by the stress in the plastic strain is
related to the temperature as follows:

ρcṪ = σij : ϵijplastic + AiV̇i +
∂Ai
∂T

ViT (3)

When constant material characteristics are considered, the damage process of the
stiffness degradation with the temperature can be analysed [17,18].

The main aspects that detrimentally affect the fatigue strength and residual life can
be summarised as loads, design, material (matrix and reinforcement) and manufacturing.
The reinforcement structure, lay-up sequence, residual stress due to the manufacturing
process, stress ratios and frequency and waveform of the cyclic loading affect fatigue
strength. Figure 1 shows the interrelation between the main parameters that influence the
accumulated damage generated by fatigue.

Although the parameters that contribute to fatigue strength in composites are similar to
those in metals a priori, their performance and monitoring exhibit changes. Cyclic loading
involves the transition process of traction plus compression, depending on maximum-
and minimum-amplitude ratios. The failure of composites under compression involves
different mechanisms, and these show a lower strength compared with those under tensile
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loading. Ideally, the aim is to strengthen the matrix of a component with fibres that behave
as a single material; however, the stiffness ratio may result in the separation of certain types
of loads, such as compression.

Figure 1. Parameters in fatigue strength in printed composites.

The most common failure mode for stiff fibres embedded in a compliant matrix is
known as micro-buckling. It can occur along two competing modes: without a phase shift
(Figure 2b) or without a phase shift (Figure 2c). It could generate a fibre fracture as an
isolated material but with debonding and general failure at a composite level [19].

(a) (b) (c)

Figure 2. Schematic behaviour of cyclic loads in printed composites: (a) composites under cyclic
load, (b) compression with matrix and reinforcement in phase and (c) schematic types of debonding
of layers.

The cyclic loads applied to a structural component depend on a load history, which is
generated by its operating conditions. Inherently, some levels of dispersion exist because
of factors like the sequence of loads, variations as a function of the mean load value
and fluctuations within the load itself due to the relationship between the minimum and
maximum value of the cycle (R), as seen in Figure 3.

Damage in composites is non-linear. Although it is evaluated based on the response
of the matrix and reinforcement, mechanical strength decreases under loads in three stages,
as shown in Figure 4. These materials are sensitive to damage, and their structural strength
can be analysed through static, fatigue, creep analyses and the relationship among these
failures. Static mechanical responses can be used as input information for the dynamic
processes of damage accumulation [20].

Fibre-reinforced composites have been widely used in aerospace, marine, automotive
and advanced engineering applications in recent years because of their high-quality me-
chanical properties. However, these structures always suffer from cyclic loading during
their service life. The damage propagation in these structures is accumulated in a damage
process, as in other materials. However, the main difference lies in two main response
materials: from the matrix and from reinforcement. As a unit, these composites have a
general strength that is reduced (Figure 5).



J. Compos. Sci. 2024, 8, 12 5 of 14

Figure 3. Schematic definition of the ratio between the minimum and maximum amplitude in a
cyclic load.

Figure 4. Damage evolution process in printed composites.

Figure 5. Mechanical strength reduction as a function of dynamic loads.

The composite strength is reduced by obtaining a response with a lower stiffness k
which is related to the material properties through the Young modulus. Its value can be
used as a measure of damage using ko at failure k f and kn at nth cycles. The fatigue damage
parameter DN can be defined as

DN =
ko − kn

ko − k f
(4)

The stiffness can be measured by performing measurements during the test at different
intervals [21,22] or a priori during the operation. Ref. [23] proposed a real-time composite
prediction method combining Bayesian inference and sensors. This method involves using
measurements as parameters in a closed-loop system to obtain the load and corresponding
displacement data under the same measurement conditions.

The degradation of fibre direction strength during fatigue cycling is assumed to follow
a simple linear degradation per cycle. The residual strength Rr

I I in the fibre direction is
expressed by

Rr
I I = Rs

u −
m

∑
i=1

(Rs
I I − σm)

Ni
N f σm

(5)
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where m is the number of fatigue cyclic blocks, Ni is the number of fatigue cycles, Rs
u is the

static fibre direction strength and Ni is the number of cycles to failure in constant amplitude
at σm. However, evaluating the printed component as a unit, the stiffness degradation is
evaluated considering the matrix and fibre overall response [24].

3. Damage Analysis Using an Artificial Neural Network

An artificial neural network (ANN) is an adaptive process used to simulate relation-
ships between the source of information (input) and the expected behaviour (output) by
adjusting these relationships through different weights (w). The selection of inputs de-
pends on the phenomenological process analysed; sometimes, the chemical composition
may be used to get the mechanical responses as output [25]. In other analyses, mechanical
responses are used as inputs, with the addition of synthetic responses for improving the
development of relationships and predict fatigue life.

The printing process and the filament used have an impact on the mechanical be-
haviour and durability [26,27]. However, despite considerable advancements in AM
techniques, 3D-printed parts still face issues related to fatigue life according to the ther-
mal process generated during their processing. Thus, non-linear analysis can be used to
reduce the time and development cost in AM to improve the overall mechanical strength
of materials [28,29] .

Thus, ANN has been proposed for predicting fatigue life. The backpropagation
algorithm adjusts the weights in a supervised training process. For this process, the data
employed are divided into training, validation and testing data. All the inputs are fed to
the neuron. The phenomenon analysed is related to an expected output based on different
weights wi to connect two neurons along the network at different kth layers, expressed by

neti,k =

[
∑

j
wi,j,koutj,k−1

]
+ θi,k (6)

where wi,j,k is the weight for node j in the (k − 1)th layer to node i. The interconnected
weights are iteratively updated until the mean square error is reduced and is inside a
threshold value. The process is updated by

wji(t + 1) = αwji(t) + ηxi f ′(netk
j )

N

∑
i=1

(di − zi) f ′(netO
j )wij (7)

where di is the desired response, zi is the actual response, η is the learning rate, t is the
iterative sample, xi is the input pattern and netO

j is the input to the connection at node j
located at the th layer.

The inputs are connected using a hidden layer, and the topology of the proposed
ANN is shown in Figure 6. Therein, the inputs x are the load amplitude, mechanical
properties such as normalised stiffness and its components (force and displacement) and
the temperature at different cycles; the damage evolution and the desired output are the
cycle results of the experimental tests.

Figure 6. Multilayer neural network.
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4. Additive Manufacturing

All specimens in this study were printed using the same Markforged printer, using
an Onyx (2.4 GPa tensile modulus and 1.2 g/cm3 density) as a matrix and Kevlar (27 GPa
tensile modulus and 1.2 g/cm g/cm3 density) as a reinforcement with a configuration of
0°, 45°, 90° and 135°. The layer height was 0.1 mm. Figure 7 shows the schematic printing
process with temperatures of 275 ◦C and 145 ◦C for Onyx and Kevlar, and every filament
had its own nozzle.

The percentages of fibre (onyx) and reinforcement (kevlar) depend on the reinforce-
ment layers. In the case of three layers of reinforcement, this configuration is 78% matrix
and 22% fibre. In another case of two-layer reinforcement components, the composition is
84% matrix and 16% reinforcement. In one-layer reinforcement configuration, there is 94%
matrix and 6% kevlar reinforcement, respectively.

Figure 7. Schematic printing process.

5. Experimental Tests
5.1. Quasistatic Tests

The effect of maximum- and minimum-load ratios on the fatigue life of composite
materials has been reported. Herein, tests were performed on components only with the
matrix (Onyx), matrix plus one reinforcement layer (Onyx + 1C), matrix and two layers
(Onyx + 2C) and matrix and three reinforcement layers (Onyx + 3C) in order to understand
the effect of tensile and compressive loads. An expected behaviour is a different response
between the traction and compression. The tensile and compression tests were performed
in an Instron universal machine. Figure 8 shows the compression test.

Then, the true stress and strain are computed using the following equations:

σt =
P
A

eεt (8)

εt = ln(1 + δ) (9)

(a) (b)

Figure 8. Cont.
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(c) (d)

Figure 8. Compression test. (a) Printed component in test machine (b), response with onyx, (c), be-
haviour with reinforcement of Kevlar and (d) final failure.

The reinforcement behaviour can be observed for the strain-to-tensile curve response
(Figure 9a). Because constant zones were observed for each reinforcement when only
the Onyx matrix was used, the response was of a conventional material. However, with
compression (Figure 9b), the decay after the maximum value was obtained, and only an
abrupt change in the rupture of one of the fibres was observed.

(a) (b)

Figure 9. Stress-strain curves: (a) tensile and (b) compression.

5.2. Transient Response

The creep curve represents the elastic instantaneous response, which is etarded elastic
deformation due to the viscous behaviour. Although this is partially reversible, it takes time
to conduct. Figure 10a shows the response of the matrix when the cyclic load is applied.
As shown in Figure 10b, the displacement was increased until failure. Interestingly, a
significant interaction of stiffness and displacement evolution was also observed.

(a) (b)

Figure 10. Stiffness measurement at a cyclic load of 0–1500 N: (a) displacement response vs. time and
(b) dynamic stiffness.

Figure 10b shows how damage is accumulated based on the dynamic stiffness.
Figure 10a shows the evolution of the damage based on what is required for more displace-
ment to reach the constant load.

Figure 11 shows the behavior of printed components with reinforcement. Figure 11a–c
show the response of applying the load of 0–1500 N, suspending the test at 24 h without
failure (run out). Figure 11d shows an approximation of the first two cycles, where the
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first plastic deformation is observed. For components with reinforcement, a more linear
discharge zone is observed; however, at the end of it, a non-linear recovery is observed,
which depends on the number of reinforcement layers.

(a) (b)

(c) (d)

Figure 11. Dynamic stiffness at cyclic load of 0–1500 N: (a) three reinforcement layers, (b) two
reinforcement layers, (c) one reinforcement layer and (d) comparison of the first two cycles of onyx
with and without reinforcement.

5.3. Fatigue Tests

A uniaxial fatigue test machine was used to evaluate the cyclic response (Figure 12). A
load of 2000 N was applied using a relationship of R = −1, and tests were performed at 2,
3, 4 and 5 Hz.

Figure 12. Test set-up for fatigue assessment.

Turning now to experimental evidence, measurements of the mechanical behaviour as
force vs. displacement were performed considering the thermal history (Figure 13). The
evolution of the temperature has a direct relation with the accumulated damage. Figure 13a
shows the generalised temperature throughout the component. After the first stage of
the damage, the increase tended to be located at the expected failure zone (Figure 13b).
This temperature was then localised at critical points (Figure 13c) until the final failure
(Figure 13d).
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(a) (b) (c) (d)

Figure 13. Temperature evolution until failure.

The stiffness was evaluated regarding the history of evolution as a function of temper-
ature. At high temperatures, the scatter of stiffness increased at all frequencies (Figure 14).
Figure 14a, 14b, 14c and 14d show the sampling performed during the tests at 2 Hz, 3 Hz,
4 Hz and 5 Hz, respectively.

(a) (b)

(c) (d)

Figure 14. Stiffness evolution as a function of temperature at different frequencies. (a) 2 Hz, (b) 3 Hz,
(c) 4 Hz and (d) 5 Hz.

6. Results and Discussion

Predicting the accumulated damage behaviour of advanced materials under cyclic
loads is important to predict their fatigue life. By knowing the accumulated damage
and the residual life, printed components of composite materials can be developed for
structural and functional use. To this end, processes that consider non-linear processes
must be developed. Figure 15 shows different failures. Figure 15a shows matrix cracking,
Figure 15b shows matrix/fibre cracking, Figure 15c shows matrix/fibre debonding and
Figure 15d shows the complete failure.

Figure 16 presents the failure mechanism. Figure 16a illustrates the areas of brittle
failure in the contour of the component and ductility within the part near the reinforcing
fibre. Figure 16b shows that there is no reduction zone in the area of the filament of the
printed matrix, showing brittle behaviour. In Figure 16c, it is shown that the filaments
have a reduced area in the failure area, showing ductile failure. It is believed that the space
between the printed filaments generates a stress concentrator.

The change in stiffness over the useful life of the component was analysed to know
the effect of the load frequency on damage evolution, as shown in Figure 17. The damage
transition zones were different. At 2 Hz of load (Figure 17a), a smooth transition zone
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was observed in the first and second stages of the residual damage. However, an abrupt
change was observed between the second and third stages. Meanwhile, at 5 Hz, a smooth
transition zone was observed in both zones. The final failure propagation was very fast, as
shown in Figure 17d. Although the duration was similar at load frequencies of 3, 4 and
5 Hz, the behaviour was not.

(a) (b) (c) (d)

Figure 15. Damage during tests: (a) internal cracking, (b) matrix/fibre failure, (c) matrix/fibre
debonding and (d) final failure.

(a) (b) (c)

Figure 16. SEM analysis: (a) comparison between ductile and brittle failure, (b) brittle behaviour and
(c) ductile behaviour.

(a) (b)

(c) (d)

Figure 17. Normalised stiffness vs. normalised cycles: (a) 2Hz, (b) 3Hz, (c) 4 Hz and (d) 5 Hz.
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Figure 18 compares the damage evolution at different frequencies, comparing the
prediction with neural networks. The need to conduct life prediction using non-linear
methods is evident because of the materials’ inherent non-linear behaviour. Thus, methods
that update the behaviour of mechanical responses during evaluation must be developed.

(a) (b)

(c) (d)

Figure 18. Damage prediction with neural network: (a) 2 Hz, (b) 3 Hz, (c) 4 Hz and (d) 5 Hz.

For metal alloys, approximately 80–90% of the total fatigue life is required for crack
initiation, whereas approximately 10–20% is required for crack growth. Once a crack is
initiated, the crack grows relatively fast. For composites, approximately 10–20% (or less)
of the fatigue life is related to crack initiation, 75–85% is related to crack growth and
approximately 5% of the damage is related to rapid catastrophic failure. The last rapid
growth can be seen at the load frequencies of 2, 3 and 4 Hz (Figure 17a–c). However, only a
smooth transition can be seen at 5 Hz.

The overall behaviour of the damage was determined using the responses shown in
Figures 14, 17 and 18. When the stiffness has a linear (flat) response, as in Figure 13, the
temperature rises. After the heat accumulates and finally increases, the stiffness drops.
These results suggest an association between the load velocity and the transitions between
the residual life stages.

For monitoring damage evolution, the initial and final stiffness of 5000 ± 500 N and
1300 ± 500 N were used. The failure temperature was 65 ◦C ± 2 ◦C, except for the test
frequency of 4 Hz, where a temperature of 76 ◦C was reached to achieve the final stiffness.
The ratio between the minimum and maximum loads of the load was R = −1. The amplitude
of the maximum cycle, based on the compressive force, should be defined. The maximum
compressive force was one-fifth of the compressive force when we had three reinforcement
sections. In all cases, a reduction in the compressive stress was observed. However, when
only Onyx was used, the maximum strength was one-third of the tensile stress, as shown
in Figure 10. In accordance with the present results, previous studies have demonstrated
that the filament alignment results in a structural response related to the load case, where
the tensile behaviour depends on the filament orientation relative to the loading direction,
as described by the authors of [4].

Although three stages of damage were expected, using Figures 17a and 18a, we
can define four areas at 2 Hz. The recovery of the response generated practically linear
behaviour, i.e., there was no abrupt change or constant reduction between 0.25% and 0.65%
of the normalised cycles. Material parameters were used to improve fatigue life prediction,
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resulting in the use of additional tests. One of the advantages of neural networks is the
direct use of data from mechanical behaviour, eliminating the need for experimental testing.

7. Conclusions

We analysed the damage accumulation process in composite printed parts of Onyx
with a reinforcement of Kevlar. The findings of this research provide insights into fatigue
life prediction using neural networks.

• Fatigue life prediction in thermoplastics is complex as they initially behave linearly, but
this behaviour changes to their non-linear response over time due to their viscoelastic
response.

• The damage accumulated by fatigue in composite materials can be predicted using
the result of the load ratio, which can be expressed using the stiffness obtained by the
maximum and minimum loads applied to the component.

• Neural networks were used to predict the fatigue life of components manufactured
using AM with an Onyx matrix and reinforced with Kevlar, considering a constant
amplitude load. The predictions using ANNs had errors of 0.0015%, 0.083%, 0.02%
and 0.012% at 2, 3, 4 and 5 Hz, respectively.

Notwithstanding the relatively limited sample, this work offers valuable insights into
the analysis of the fatigue life of composite printed components. The generalisability of
these results is subject to certain limitations. For instance, it cannot be extrapolated to other
conditions.
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