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Abstract

The inherent anisotropy and heterogeneity resulting from the inclusion of fibers into
polymers make it challenging to predict the fatigue properties of fiber-reinforced composites
manufactured by the material extrusion (MEX) process. A mathematical and computational
technique, Homogenization, offers a solution by enabling the study of materials with complex
microstructures. This approach allows for predicting behaviors effectively by upscaling the
properties of constituent microstructural components. In this article, the fatigue properties of fiber-
reinforced PETG components manufactured by MEX are predicted through a combination
of homogenization and Basquin's model. The R? value for experimental data is 0.9752 and for
homogenization analysis is 1. Such predictive methods hold promise for enhancing the
performance and reliability of advanced composite materials in various engineering applications.
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Introduction

Material Extrusion (MEX) is the most widely used and extended additive manufacturing
(AM) technology [1]. MEX generates 3D objects by extruding semi-molten thermoplastic
materials through heated nozzle/nozzles onto a platform. The process involves heating a
thermoplastic filament to its melting point and then depositing it layer by layer to create the desired
object. Various polymeric materials used for MEX include nylon, polyester, epoxy, Polyethylene
Terephthalate Glycol (PETG), Polycarbonate (PC), Acrylonitrile Butadiene Styrene (ABS),
Polylactide (PLA), Polyamide (PA), and others [2]. Each of these materials offers unique
properties that can be leveraged depending on the requirements of the specific application, such as
mechanical strength, flexibility, and thermal resistance. The versatility and accessibility of MEX
have made it a popular choice in various industries, from prototyping and product development to
custom manufacturing and education [3], [4]. Its ability to produce complex geometries with high
precision and relatively low cost has driven significant advancements in the field of AM [5], [6],

[7].

Predicting the properties of fiber-reinforced composites manufactured by MEX is difficult
due to inherent anisotropy and heterogeneity because of the inclusion of fibers [8], [9].
Homogenization is a mathematical and computational technique used in the study of materials and
structures with complex microstructures. It allows this study to predict the effective or
macroscopic behavior of these heterogeneous materials by averaging or upscaling the properties
and behaviors of their constituent microstructural components. The process of homogenization is
particularly useful when dealing with materials that exhibit significant spatial variations in their
properties or have multiple phases or constituents within their microstructure. These could include
composites, porous media, polycrystalline materials, and other heterogeneous materials. There are
two primary approaches to homogenization:

e Analytical homogenization: This method involves developing analytical expressions or
closed-form solutions to calculate the effective properties of the heterogeneous material
based on the properties of its individual constituents and their arrangement. This
approach is usually applicable to simple microstructures or periodic arrangements.

e Numerical homogenization: Numerical homogenization methods are employed when
the microstructure is too complex to yield analytical solutions. In numerical
homogenization, Finite Element Methods (FEMSs) and other computational techniques
are used to simulate the behavior of the Representative Volume Element (RVE) under
various loading conditions [10], [11]. The results of these simulations are then used to
estimate the effective macroscopic properties of the material.

The basic steps in numerical homogenization include RVE generation, microscale
simulation, upscaling, and validation as shown in Figure 1. RVE generation i.e., creating a RVE
is a crucial step in homogenization. The RVE should be a small portion of the material that captures
the essential features of the microstructure. Microscale simulations perform detailed numerical
simulations on the RVE to obtain the local responses and fields (e.g., stress, strain) within the
microstructure under specific boundary conditions. Based on the results from the microscale
simulations, use appropriate averaging techniques (e.g., volume averaging, mean-field methods)
to obtain the macroscopic or effective properties of the material in upscaling. Lastly, the validation
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step involves comparing the predictions of the homogenization process with experimental data to
ensure the accuracy and reliability of the homogenized results. Homogenization has widespread
applications in engineering and materials science. It enables engineers and researchers to study
and predict the behavior of complex materials without the need for computationally expensive and
time-consuming simulations at the microscale. This approach is particularly valuable for
optimizing material properties and designing advanced materials with desired macroscopic
behavior.

Figure 1: The basic steps in predicting fatigue life with homogenization

There are several mathematical models used to curve fit data or predict fatigue values in
materials [12], [13], [14]. Among these, Basquin’s model stands out for its simplicity and
effectiveness, particularly when applied to fiber-reinforced composites [15]. Basquin’s model can
be represented by the equation (1). Where S is the tensile stress, Nt is cycles to failure, and A and
b are material constants. Basquin’s model is highly valued in material science and engineering due
to its straightforward nature and the ability to accurately predict the fatigue behavior of composites.
By correlating stress with the number of cycles to failure, it provides a reliable method for
estimating the lifespan of materials under cyclic loading. The constants A and b are material-
specific, enabling accurate customization and prediction. These constants are determined
experimentally and are also applied to the homogenization curve. In addition to its application to
fiber-reinforced composites, Basquin's model is also utilized across various other materials and
industries due to its robustness and adaptability. This model aids engineers and researchers in
designing and evaluating materials that must withstand repeated loading, ensuring safety and
performance in practical applications.

s=A-Nf (1)

In recent literature, there has been a significant emphasis on improving RVE generation
techniques to enhance the accuracy and efficiency of FEM-based homogenization. Some studies
focus on automating the RVE generation process through Machine Learning algorithms or Genetic
Algorithms, enabling faster and more reliable simulations [16]. Additionally, researchers are
exploring ways to integrate multiscale modeling approaches, where multiple levels of material
behavior are simulated instantaneously [16], [17], [18]. This allows for a more comprehensive
understanding of how microstructural features influence the material's overall response. Moreover,
advancements in parallel computing and high-performance computing have facilitated the
simulation of larger and more complex RVESs, enabling researchers to capture finer details of the
material's microstructure and achieve more accurate predictions of its mechanical behavior. There
are very few studies that have reported the prediction of mechanical properties with the aid of FEM
and RVE in the field of AM. Korshunova et al. presented image-based numerical characterization
and experimental validation of the tensile behavior of octet-truss lattice structures [19]. Sharafi et
al. proposed a dual-scale material model to predict the influence of various processing parameters
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on the macroscale deformation using the commercial software packages, Digimat, to model the
microscopic behavior and ANSYS to predict the macroscopic response [20]. RVE with the Mori-
Tanaka homogenization approach is used to predict the maximum stress and deflection at failure
for the entire part. Nasirov et al. investigated the homogenization approach as a tool for predicting
the mechanical properties of FDM-printed parts and examined the postprocessing possibility of
microscale displacements, strains, and stresses [21]. Furthermore, Spina et al. have also researched
the effective mechanical behavior of structural elements of an FFF component with a multiscale
analysis. The development and validation of a homogenization model using a material with
elastoplastic properties and Hill’s yield criterion is presented [22]. In this paper, the
homogenization technique through the Workbench tool is utilized including RVE generation. The
predicted mechanical tensile properties obtained from the Workbench tool are integrated into
Basquin's model to validate their accuracy and reliability in predicting fatigue properties.

Materials And Methods

For homogenization, the basic material properties for PETG and Short carbon fiber (SCF)
were incorporated into ANSYS Material Designer (MD). The material properties of PETG and
SCF are shown in Table 1 and Table 2. The two-scale homogenization was utilized for this research
as depicted in Figure 2. The 3D-printed composites underwent homogenization using the ANSYS
MD software. Initially, the neat material inputs were defined in the Engineering Data and MD
module, which were subsequently placed into the Workbench workspace via drag and drop.

Table 1: The material properties of PETG

Density 1270 kg/m3
Young’s Modulus 1.72E+09 Pa
Poisson’s Ratio 0.48
Bulk Modulus 1.4333E+10 Pa
Shear Modulus 5.8108E+08 Pa

Tensile Yield Strength 4.7E+07 Pa

Table 2: The material properties of SCF

Density 1800 kg/m3

Young’s Modulus X direction 2.4E+11 Pa

Young’s Modulus Y direction 2.4E+10 Pa

Young’s Modulus Z direction 2.4E+10 Pa
Poisson’s Ratio XY 0.2
Poisson’s Ratio YZ 0.4
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Poisson’s Ratio XZ 0.2

Shear Modulus XY 9E+09 Pa
Shear Modulus YZ 8.214E+09 Pa
Shear Modulus XZ 9E+09 Pa
MACROSCALE

MICROSCALE

Figure 2: Two-scale homogenization

The homogenization process involved analyzing microscale RVEs of the composite. RVE
is generated as shown in Figure 3. These computed matrices were then utilized for macroscale
homogenization. Microscale RVE meshing involved employing both conformal and periodic
meshing techniques as shown in Figure 4. After computing, the engineering constants/material
constants are obtained as a result as shown in Figure 5, which then is fed as input further for the
static structural tool. In the static structural tool, tensile properties are determined at the
macroscopic level. The macroscale tensile specimen geometry was designed in SolidWorks and
then exported in IGES file format for ANSYS meshing as given in Figures 6 and 7 respectively.
Meshing was performed using quadrilateral linear elements with a 0.5 mm element size. Fixed
support and force of 3550 N applied are shown in Figure 8. After computing, the tensile strength
is obtained for the SCF-PETG specimen, and this property is then given as input to Basquin’s
equation.
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Figure 3: RVE Generation

Figure 4: Meshing of RVE
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Figure 5: Engineering constants / Material Constants
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Figure 7: Periodic meshing applied
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Figure 8: Fixed support and force applied
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For validation study with experimental data, specimens were printed with the geometry
chosen for the research based on the ISO 11782-1:1998(E) standard [23], as illustrated in Figure
9. SCF PETG material was used from a Push Plastic manufacturer [24]. A CAD model was created
using SolidWorks and saved in STL format. This STL file was then imported into PRUSA slicing
software, where the printing parameters such as infill density 100%, infill pattern align
rectilinear/unidirectional laminate [0°]50, nozzle diameter 0.4 mm, nozzle temperature 240°C, bed
temperature 90°C, layer height 0.05 mm, and infill angle 0° were configured. The software
generated a G-code, which the PRUSA i3 MK3 printer used to print the specimens.

R]OO,QO

iT\ 50,00 ﬁso.oo }
10.4
T - X

Figure 9: Specimen geometry (All dimensions are in mm)

The ultimate tensile strength (UTS) is determined by conducting static tensile tests with a
strain rate of 5 mm/min on the three replicates of specimens with the 810E4-15 Dynamic Test
System, and then the average is taken as UTS. The result of tensile tests is presented in Table 3.
After getting UTS, the fatigue characteristics of the material were assessed using the same
machine. Testing was conducted under tensile-tensile conditions with a stress ratio of 0.1. Four
different stress levels were selected for the study, with three specimens tested at each level for
fatigue analysis, as outlined in Table 3. The tests were performed at a frequency of 3 Hz, under
controlled environmental conditions of 54-61% humidity and temperatures ranging from 19-23°C.
The Newton test machine controller/software was used to manage test parameters, with
Proportional/Integral/Derivative (PID) values set for precise waveform control, using proportional
values of 1100-1400, an integral value of 100, and a derivative value of 0. The results are presented
in S-N curve format as shown in Figure 11. The S-N curve was generated using a power curve fit
in Excel, which helped determine the material constants A and b for Basquin’s equation. Once
these parameters were established, the equation was applied to the UTS obtained from
homogenization. For four different stress levels - 65 MPa, 60 MPa, 55 MPa, and 46 MPa—the
number of cycles was predicted. Subsequently, the curve was fitted using a power curve in Excel
for further analysis.
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Table 3: Stress Levels

1 66 6.6
2 56 5.6
3 52 52
4 46 4.6

Result and Discussion

The UTS value is determined from the homogenization analysis and incorporated to form
an S-N curve by using Basquin’s equation. The tensile strength result is shown in Figure 10. The
comparison of experimental and homogenized results is shown in Table 4. The UTS value induced
in the experimental set-up for commercial filament [25], layer height 0.05 mm, unidirectional
laminate [0°]50 is 71.05 MPa when 3552 N load was applied. In ANSYS workbench, static
structural analysis the force is applied as 3550 N, and the maximum stress was determined with
Maximum Principal Stress theory. The obtained value for ultimate stress was 80.77 MPa from
ANSYS. For the validation study, the value obtained in homogenization for the tensile test and the
material constants A and b are then given as input to Basquin’s model to get the S-N curve as
shown in Figure 11. The R? value for experimental data is 0.9752 and for homogenization analysis
is 1 as given in Figure 11. In this case, the experimental data has a strong correlation, while the
homogenization analysis shows a perfect fit, suggesting highly accurate predictions in the
homogenization model.

00 35,00 70.00(mm)
]

Tabular Draha e i i i e D e D T D T D D D e D
| Time [s] | [ Minimum [MPa] |[¢" Maximum [MPa] |[¥ Average [MPa] |
1|1 13.882 80.774 43.077

Figure 10: Results for Ultimate Tensile Strength
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Table 4: Comparison of experimental and homogenized results

Force Applied 3550 N 3552 N
Equivalent Max. Stress / 80.77 MPa 71.05 MPa
Ultimate Tensile stress

70 Validation Study

65 * ® Experimental

60 ..Q ® Homogenization
< s
Ss5 %
a .00
é 50 *,.'.-.-.0.-...... .. y= 91.195)(»0.071
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40
0 5000 10000 15000 20000
Number of Cycles

Figure 11: Validation of the fatigue result for experimental and homogenization analysis

Conclusions

In this study, we utilized the homogenization technique via the Workbench tool, including
RVE generation, to predict the mechanical tensile properties of SCF-PETG composite components
produced by MEX. These predicted properties were incorporated into Basquin’s model to assess
their accuracy in forecasting fatigue behavior. The integration of homogenization results with
Basquin’s model effectively predicted the fatigue life of these composite components. This
approach demonstrates that, with known tensile strength of fiber-reinforced composites and
Basquin’s model constants, fatigue life can be accurately estimated. It successfully bridges the gap
between numerical simulations and empirical modeling, providing valuable insights into the
fatigue behavior of SCF-PETG composites under cyclic loading.
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