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1 | INTRODUCTION

Additive manufacturing (AM) processes have attracted the interest of the scientific and industrial community for their
ability to generate parts with complex geometries without adding extra cost. In conventional manufacturing processes,
there is a direct relationship between the cost of a component and the complexity of its geometry, and this relationship is
not established directly by AM processes. In particular, AM manufacturing processes are of interest to composite material
manufacturers. This is due to this technology is capable of creating parts with a higher degree of complexity (inclusion of
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ribs, recesses, areas of different curvature, etc.), but it is also possible to reduce manufacturing cycle times and inherent
costs. Among the different AM methods, selective laser sintering (SLS) and additive layer manufacturing (ALM) are the
most suitable due to lower energy and material costs, as well as greater design accuracy and minimum waste materials.
Moreover, the new tendencies in industry includes the use of ALM 3D printing technique not only for prototyping but also
for the manufacturing of structural parts with loading capacity. Thus, it is a key issue to have an accurate understanding
of the mechanical behavior of ALM parts. Some of their appealing characteristics are related to sostenibility that should
be taken into account at every design and manufacturing steps. In this sense, the use of thermoplastics (commonly used
in ALM procedures) allow several recycling strategies. On the other hand, the improvement of the mechanical properties
of this kind of plastics can be achieved by the inclusion of reinforcements as short or continuous fibres, that is, obtaining
a composite material.

In the recent years composites development have grown considerably. Nowadays, its use in light-weight struc-
tures includes safety, behavior and realibility requirements. Nevertheless, there are still several aspects to be analyzed
for a wider use of composites. Some of these aspects are related to the manufacturing process sostenibility and
reciclability. That is why, the use of thermoplastic based composites are gaining importance lately.! The use of ther-
moset based composites and established manufacturing processes are nowadays associated with high production times
and related cost increments. Moreover, this processes generate a large amount of scrap material producing a costly
life cycle.

An alternative to classical manufacturing processes is ALM. In particular fused deposition modeling (FDM) allows
the use of raw materials that can be reused, for example, thermoplastics. An interesting example is shown in Reference
2, where a novel FDM technique that includes recycling and remanufacturing of PLA reinforced with continuous carbon
fibres is presented. It is remarkable that tensile and bending strength performance was better for remanufactured parts.
With regard to the effects on dimensional stability of thermoplastics parts, the mechanical properties and thermal prop-
erties, carbon and glass fibre reinforcements are of interest, but also reinforcements of natural origin. In Reference 3, the
behavior of filaments made of an ABS matrix reinforced with oil palm is presented. Specifically, strength, stiffness, dimen-
sional stability and void ratio of materials manufactured by FDM are analyzed, concluding the improvement in average
stiffness and strength as the weight proportion of oil palm increases. In Reference 4, the rheological properties of the
inclusion of HBN fillers in ABS is studied, with positive effects in terms of viscosity and no differences with respect to ABS
pellets except by their thermal conductivity behavior. A review on the use of this 3D printing technology including relevant
aspects associated with materials, CAD models, prototyping, freedom on customized design and deposition techniques
can be found in References 5,6. Nowadays, 3D printing is being used in different kinds of industries and applications.
Some examples includes its use in biomedical applications, for example, bone and organ regeneration,’” hip protheses,’
and personalized sockets for amputed zones.’ In the aeronautics field, the manufacturing of rotors'® or even the entire
fuselage!! of unmanned aircraft vehicles (UAV) are good examples of the current 3D printing usage. Although there is a
great variety of polymers that can be used in FDM, obtained mechanical properties are usually worse (in terms of stiffness
and strength) than those obtained with other high-tech materials as metals or composites. Moreover, parts manufactured
by FDM usually generates holes and pores, associated with the filament deposition, limiting its applicability. Thus, sev-
eral authors have analyzed the properties obtained by reinforcing those thermoplastic polymers with continuous fibres.
Behavior under tensile loading is analyzed in References 12,13. The effect of temperature and pressure in the adhesion
of layers as well as in the carbon fibre content is analyzed in Reference 14. It is interesting to notice that the inclusion of
carbon fibres in 3D printed parts improved the mechanical properties of the polymeric matrix. New developments in 3D
printing techniques allowed to have panels with variable stiffness allowing a better buckling performance. A numerical
analysis of this kind of configurations including critical buckling load and non-linear failure mode analyses is presented
in Reference 15. In Reference 16, inter and intra laminar fracture properties of polyamide reinforced with continuous
carbon fibre is studied. The above mentioned investigations, among others, have proven that the use of continuous fibres
is the best option to improve the mechanical properties of a thermoplastic matrix. Nevertheless, in parts with complex
geometries (as those designed for 3D printing) is not always feasible to include a continuous fibre reinforcement every-
where. In particular, these zones are related to abrupt changes in the geometry which also coincides with stress raiser
zones (i.e., corners, notches, etc.).!” An intermediate solution is the use of polymers reinforced with short fibres in those
critical zones. The resulting composite including short fibres present better properties than those obtained using the poly-
meric matrix without reinforcement.!® Other investigations have also analyzed the tensile, bending and impact behavior
of these kind of 3D printed composites.'®>?° The printing bed position and the infill percentage effect on the dimensional
control and obtained mechanical properties of 3D printed coupons is shown in Reference 21. More recently, experimental
results of tensile and fracture toughness tests of coupons made of Onyx® (a commercial filament including short carbon
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fibres embedded in a nylon matrix supplied by Markforged®??) showed a clear anisotropic behavior.?* Similar conclusions
were obtained for ABS coupons manufactured by FDM under tensile, bending and impact loading.?**°

Regarding the research focused in the numerical simulation of this kind of materials. In Reference 26, the damage
onset and growth of CT coupons is analysed using the Phase Field fracture model. Other studies used the extended
finite element model (XFEM) including a Cohesive Zone Model (CZM) to analyse the fracture properties and failure
modes of Single Edge Notched Bending (SENB) of ABS specimens manufactured by FDM.?”-28 Nevertheless, the numer-
ical models found in literature do not take into account the anisotropy inherent to the FDM technique and the filament
microstructure. One option, to overcome this issue, is the use of a multiscale modeling framework. In this sense, the Rep-
resentative Volume Element (RVE) concept should be used at a micro scale based on the orientation averaging to predict
the macroscopic behavior.?’ Several homogenization procedures could be used to get the equivalent properties of the RVE.

Consequently, the aim of the present research is to present an accurate and systematic multiscale finite element model
for parts manufactured by FDM. First, the equivalent elastic transversely isotropic properties of a single printed filament
are obtained. The estimation of the properties is obtained by means of a reverse engineering procedure and data from
experimental testing. The developed numerical model links different scales from deposited filament level to homogeneous
(macro) coupon level. This model is able to include the raster angle, infill pattern and porosity inherent to the FDM
procedure. Once the model is calibrated, the effect of the listed parameters over the overall stiffness of the specimens is
studied. It is interesting to recall that the feasibility to have an accurate tool allows the generation of digital twins. These
models could help designers and engineers in the optimization of parts and structures manufactured by FDM.

2 | FDM COUPLED NUMERICAL MODEL

In this section, first some basic aspects of the FDM procedure that an accurate modeling should include are briefly
described. Then, the developed numerical simulation scheme is detailed.

In FDM, the printer is feed by thermoplastic based filaments (that may be reinforced or not). The filament goes through
a heated noozle, then the fused filament is deposited in rows. When 100% infill is chosen, the filaments are put side by
side, forming a layer. Once a layer is done, a new layer is printed over the previous one finally obtaining a solid part. The
noozle translate along the plane parallel to the printing bed following location orders (toolpath) introduced by a file.

In the present research, the properties associated to Onyx® filaments and printing parameters of MarkTwo® printer will
be used. Nevertheless, it should be noted that the proposed procedure could be applied to any other filament reinforced
with short fibres.

Onyzx is formed by a nylon matrix reinforced with chopped carbon fibres, thus becoming a composite material. The
fibres represent the 12.8% in weight and most of them are aligned following the axial direction of the filament. The
filament diameter prior printing is 1.75 mm. The short fibres are prisms with a variable section with non regular area
that may be represented by an ellipse, being the mean major axis around 7.4 ym. Recalling the fibres length there is great
variability, being the shortest and the largest measured fibres around 6.4 and 246 pm, respectively, see Reference 23 for
additional details of the measurements.

Recalling printing parameters, some of the most relevant ones are described in the following: (a) nozzle temperature:
265°C, (b) thickness of each printed layer: 0.125 mm, (c) dimensional accuracy (xy) + 250 um, (d) dimensional accuracy
(z) + 100 um, and (¢) Maximum build volume (W x D x H): 320 x 132 x 154 mm?3. It should be noted that these printing
parameters are fixed in the MarkTwo® printer.

2.1 | General aspects of the numerical model

The developed numerical model is a combination of mechanical simulations of several configurations of the tensile test
that includes the effect of the FDM parameters at different scales. A summary of the experimental procedure that will be
modeled is shown in Figure 1.

One of the key parameters in FDM is the toolpath, which is the trajectory followed by the noozle when the filaments
are deposited in a layer. The sum of the layers results in the final printed part. Each layer can have a different toolpath. The
toolpath can be represented as set of polylines placed on a horizontal plane parallel to the printing bed. Figure 2 shows
an scheme of the coupled numerical model. It includes the equivalent properties of the fused filament, the toolpath and
porosity due to the gaps between the filaments.
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FIGURE 2 Customised workflow of FDM coupled numerical model.
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First, a CAD model of the part to be printed is needed. Next, a slicer software is needed for the identification of the
printing parameters. Eiger® slicer software is used for the MarkTwo®printer. The file generated by Eiger® is then imported
in the multiscale modeling software Digimat®.*° It allows to get the toolpath generated by Eiger and also to export this
information (in terms of a local orientation tensor at integration point level) to several FEM softwares. Moroever, based
on the RVE concept, Digimat is also able to include the effect of porosity induced by the gaps between deposited filaments.
Finally, the mechanical model including desired boundary conditions is done, in the present research the FEM software
Abaqus®?! is used.

The analysed model simulates a tensile test. The geometry and dimensions of the specimens are based on ASTMD
638-14 standard,?? see Figure 3. It is interesting to notice that the FDM toolpath includes a lateral wall at every layer which
follows the external boundary of the specimen. The wall is formed by a single deposited filament of 0.4 mm width. Once
the wall is done the inner part (infill) of the specimen is printed following the desired pattern.

2.2 | Multiscale approach

Due to the filament deposition follows different trajectories and angles (toolpath) one or several preferent directions could
appear in the final part. In Figure 4, two different toolpaths are shown. Moreover, the presence of short fibres within the
filament that are mainly aligned with the printing direction produces an equivalent anisotropic behavior of the part. As
a consequence the overall stiffness is affected by these parameters.

Recalling, the anisotropy behavior of the filament, it could be simplified to a transversely isotropic behavior (as done
in classical CFRPs).>* Besides, the presence of large pores is also associated with FDM (due to the gaps between deposited
filaments), being an important parameter in the equivalent material model. It should noticed that the geometry of these
pores may also affect the overall anisotropy of the part.

In Figure 5, the multiscale approach (based on the RVE concept) is depicted. The numerical treatment for the
multiscale transition is summarized in the following:

1. At macro mechanical level: Each integration point of the 3D structural FEM model is typically associated to the
RVE center. At this scale, the material behavior is assigned to the geometry to be modeled. Equivalent homogeneous
properties are assigned to each element according to the RVE corresponding to that location.
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FIGURE 5 Coupled analysis using implicit FEA solver.

2.

At meso scale: The RVE consist of a certain number of constituents. From a computational point of view including
the constituents behavior directly to a macro scale model will result in a large amount of elements. Moreover, this
model may not be solved if the number of elements is too large. In the present investigation, the RVE is made up of
the different fused filaments and their stacking sequence, obtaining a lattice kind structure. Thus, it is also possible
to include the holes (pores) that may appear between adjacent deposited filaments. Probability functions related to
orientations and different boundary conditions can be applied to the RVE. As a result, constitutive laws are obtained
at macro level.

Material constitutive model for each printed filament: According to Onyx datasheet, an isotropic behavior is assumed
being its Young’s Modulus value between 1.4 and 2.4 GPa. Nevertheless, experimental testing of quasi-isotropic printed
specimens with +45/—45 and 0/90 stacking sequence configurations showed differences on the overall mechanical
behavior. These results indicate that the filaments can not have an isotropic behavior. The anisotropy is induced by
the presence of aligned fibres due to the nature of the manufacturing process. Then, a feasible assumption could be
the use of transversely isotropic properties. Thus, a uniform behavior along a plane is expected (i.e., perpendicular to
z-direction) while a different behavior occur at the perpendicular direction. In this sense, five parameters are needed
to define the filament behavior.>*

Transition algorithm: By means of a homogenisation algorithm, included in Digimat, a macroscopic constitutive law
is obtained for the RVE. Thus the mean stress and strain values are obtained for each phase of the RVE.?

. The communication between scales is done by means of Abaqus® dynamic UMAT subroutines created by Digimat®.

They include the equivalent properties of the RVE and translate this information to the integration points of the macro
scale FEM model. UMAT calculates the tangent stiffness matrix and updates it at every iteration.

2.3 | Details of the manufacturing/mechanical coupled models

From an operational point of view, the 3D printing design and manufacturing process are summarized in the following
steps:

1.

2.
3.

A CAD tool is used to design the specimen. Then the geometry is exported in a STL format. This format describes the
geometry surface as a set of triangles. This format is usually used in 3D printers.

The STL file is imported in the slicer software of the printer. Markforged printers uses an online software called Eiger®.
Eiger® allows to locate the specimen within the printing bed, to select the printing material (filaments) and to deter-
mine some printing parameters. The different available filaments include Onyx and nylon reinforced with continuous
fibres (carbon, glass and kevlar). Regarding the printing parameters, Eiger allows to choose the infill pattern, the way
the reinforcement is used, use of brim, and so forth. The software divides the process layer by layer and determines
the printing path for each individual layer.
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4. Eiger translate all the printing information to a MFP file. This file is transferred to the printer via online or a USB
drive. Then, the specimen is printed layer by layer. The chosen parameters and materials control the final geometrical
dimensions, surface finishing, printing time and mechanical properties of the printed part.

In order to adequately couple the FDM process to the structural analysis, the 3D printing trajectory should be mapped
in the FEM structural model. For this purpose, the 3D printing trajectory information is transferred, in terms of a “local
orientation tensor” that describes the raster angle, to each integration point of the 3D finite element mesh. This local
orientation tensor is described by the symmetric (3 x 3) matrix a;;, which defines an orientation distribution on the volume
element. The orientation tensor is a measure of the probability of finding filaments in a given area of the “RVE” oriented
with a preferred direction. The set of orientation tensors for each integration point forms the trajectory map followed by
the printer.

A 3D mapping algorithm based on a integration point-node approach is used. A “donor mesh” including orientation
tensor, residual stress and/or temperature data transfer the information to a “recipient mesh” where the data of interest
is mapped. This procedure includes the following steps:

1. Identify the integration points of the “recipient mesh”, that is, the structural model mesh.

2. Locate these integration points on the “donor mesh” space and select the associated triangular elements (STL file).

3. Sample the filaments associated to the trajectory map in the “donor mesh” that are located close to the identified
integration points and obtain the average orientation tensor.

4. Finally, the orientation tensors are transferred to the “recipient mesh”. The results are obtained by either an
interpolation or extrapolation of the integration point data to the mesh nodes, thus averaging or smoothing the results.

In the mapping procedure between both meshes, there is not always a perfect correspondence between elements to
be mapped and integration points where the results are evaluated. As a consequence, there will be nodal results of the
“recipient (structural) mesh” that have to be averaged based on a computational tolerance that depends on the size of the
elements of the donor mesh.

Figure 6 shows a graphical representation of the described procedure for the tensile test on specimens oriented at
+45/—45. On the one hand, the data associated with the manufacturing process (geometry and deposition path of the
filaments) is described. On the other hand, the data associated with the structural problem of the tensile test, including

Finite Element Fabrication
Mesh Donor Mesh

Toolpath from Printer
Software

Finite Element structural
mesh. Receiving mesh

Local Orientations field

aj
0.0 0.25 0.5 0.75 1.0

FIGURE 6 Mapping approach combining FDM toolpath and structural FEM. a;; is dimensionless value of the local orientation tensor,
in the analysed models 0 and 1 represent the vertical and horizontal directions, respectively.
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loads and boundary conditions, are imposed. Using both models, the data transfer is able to generate the orientation
and/or porosity tensor map of the RVE to be included in the coupled model.

Once the FDM problem is connected to the structural analysis through the “mapping” of the toolpath. The porosity
phase at the meso-scale could also be included. This porosity is associated to certain printing patterns depending on the
infill percentage and pattern (shape of the lattice). Operationally, this porosity is associated with the filament deposition
as discussed in the previous section and which depends mainly on the width of the printed filaments, in this case 0.4
mm. In the first analysis included in the present research, no porosity phase is included as the characterisation of Onyx
is aimed and infill 100% is used. Then, some lattice patterns are analyzed and associated porosity phases are used.

The bridging between the different modeling levels is done by weak coupling. In this sense, to evaluate the macro-
scopic mechanical response (in terms of forces, stresses, strains or damage parameters) homogenisation techniques of the
RVE are used to calculate the stiffness tangent matrix. For this purpose, a large number of simulations with the chosen
constitutive law and parameterisation of the “RVE” (for a given number of preferred orientations and applied loads) is
done. This step allows generating a database of the material under different loading configurations. It is a previous step
to solve using the implicit solver of ABAQUS. From a practical point of view, it could be considered equivalent to launch-
ing a large campaign of experimental tests including various orientations and loads. For each orientation, the meso-scale
model is identified. The set of “meso” models defines the final model at the macro scale. A dynamic user material sub-
routine (UMAT) is created by Digimat® for each integration point of every structural 3D element. The original orientation
tensor of the toolpath is interpolated or extrapolated to locally rotate the material coordinate system and couple the 3D
printing trajectory as input data. Depending on each orientation, the stiffness properties associated with the material
database of the meso model, previously calculated, are evaluated at each integration point.

3 | LINEAR ELASTICONYX CHARACTERIZATION: REVERSE
ENGINEERING

The aim of this section is to determine the equivalent properties of each deposited Onyx filament. It should be recalled that
MarkForged printing parameters do not allow to manufacture unidirectional specimens. As the 100% infill pattern tends
to generate quasi-isotropic macroscopic properties by printing the layers following a cross-ply sequence (i.e., +45/—45
or 0/90). Nevertheless, experimental results showed that 0/90 and +45/—45 specimens present a very different behavior.
This results clearly indicate that each deposited onyx filament present an anisotropic behavior. The reverse engineering
procedure is based on the numerical solution of several FEM models including different anisotropic properties for the
deposited filaments and infill patterns that are compared with the corresponding experimental data. The variable that is
chosen for comparison is the apparent stiffness in the loading direction obtained in the FEM models and the experiments.

From a microscopical point of view, the fused filaments includes fibres oriented in a preferential direction. Thus, a
homogenized transversely isotropic behavior can be considered at mesoscale.>* Then, five variables are needed to char-
acterise this behavior: E11, Eay, G2, G23, vi2. Being 1 associated to the printing direction, while 2 and 3 are the direction
of the fused filament cross section.

Based on anisotropic elasticity, G,; can be related to E»; and v,3 by:

Ex

Gy = —2
3 2(1 + V23)

€]

It should be recalled that v,; and G,3 values are not easily obtained from experiments. Thus, in the present study the
following assumptions are taken:

1. vy and vy, are set from the bibliography.3*
2. Gy, is set equal to G,3 and they are determined using (1).
3. Eq; and E,; becomes the only independent parameters to be determined by the reverse engineering procedure.

Table 1 summarizes the input data that generate the (5 x 6) matrix of FEM models to be solved which is the base of
the reverse engineering procedure to determine the equivalent properties of each deposited Onyx filament. The obtained
apparent stiffness is then compared to both test configurations: 45/—45 and 0/90. The stiffness E1; is increased in incre-
ments of 2400 MPa, while E,, is increased in increments of 240 MPa. The rest of the variables are obtained as indicated
in the previous paragraph.
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TABLE 1 Properties used in the reverse engineering procedure.

Property E;; (MPa) E;, (MPa) V12 Va3 G2 = Gy3 (MPa) (1)
Min 2400 480 0.32 0.45 165
Max 7200 2880 0.32 0.45 993
Increments 1200 480 — — 165
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FIGURE 7 Obtained numerical apparent stiffness (E*¥) and mean experimental apparent stiffness for: (A) +45/—45 configuration and
(B) 0/90 configuration.
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FIGURE 8 Isolines corresponding with the intersection of the obtained numerical models and the experimental data.

From the coupled numerical model, the resultant force on a tensile test configuration under displacement control is
obtained. With this FEM value, the numerical stress-strain virtual behavior curve is evaluated for a tensile test specimen
(Figure 3) in the centre zone along 25 mm. This length was chosen to be equal to the zone where the extensometer was
located in the experimental campaign.

The different pairs (E1; and Ep, values) produces a surface that describes the obtained apparent stiffness, see Figure 7.
The intersection of this surface with the plane associated with the obtained experimental apparent stiffness creates an
isoline that represent the values that adequately models the mechanical behavior. The intersections for 0/90 and +45/—45
configurations using the mean experimental values are presented in Figure 7A,B, respectively. In Figure 8, the continuous
lines represent the isolines obtained using the mean experimental value of the apparent stiffness. The discontinuous lines
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represent the isolines obtained using the minimum and maximum experimental values of the apparent stiffness. Blue
lines are associated with +45/—45 configuration while red lines are associated to 0/90 configuration. Thus, the zone where
the isolines converges represent Eq; and Ep, values that correctly represent the behavior on both test configurations.

Table 2 shows the optimised properties determined by the reverse engineering procedure to numerically characterize
the transversely isotropic behavior of the fused filament.

4 | NUMERICAL-EXPERIMENTAL CORRELATION

The aim of this section is to evaluate the accuracy and reliability of the numerical model. On the one hand, the appar-
ent stiffness is analysed as a function of the toolpath of the deposition process for specimens with 100% infill and two
quasi-isotropic configurations 0/90 and +45/—45. On the other hand, the porosity effects associated with the FDM pro-
cess itself and different infill patterns is studied. Further details associated with the testing campaign and the cases tested
can be found in Reference 23.

4.1 | Manufacturing of 100% infill FDM specimens

Asmentioned previously, the specimens are manufactured with the MarkTwo printer from the company Markforged. The
dimensions of the specimens are shown in Figure 3. There is no specific standard for testing 3D printed short fibre rein-
forced thermoplastics, so ASTM D638 is used as a basis. It should be noted that the width used in the centre cross-section
is larger than the limits set by the standard. This decision was taken in order to have bigger area of material with preferred
orientations. The design of the specimens is done using a CAD software, generating the STL files. Then, it is imported
to Eiger slicer software. Then, the part is printed by depositing layers of Onyx filaments. After deposition, the filaments
cool down and as result a solid part with adequate dimensional stability and stiffness is obtained. Figure 9 shows a micro-
graph of a 0/90 specimen cross-section at 10x magnification showing the distribution of the short fibre reinforcements
that characterize the material under study. This micrograph allows us to identify the short fibres with the preferred ori-
entations according to the test trajectory. Moreover, large porosity zones can be clearly seen. Similar observations were
reported in Reference 23.

TABLE 2 Fitted properties determined by the reversed engineering procedure.
Ey; (MPa) E,; (MPa) Vi V23 Gy, (MPa)
4504 1916 0.32 0.45 660.64

FIGURE 9 Printed coupon with 0/90 configuration and magnification 10x.
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4.2 | Numerical results

The coupled FEM model developed in the previous sections and the properties obtained in the reverse engineering proce-
dure are used herein. The model provides the numerical stress versus strain curves analogous to those of the test campaign
(in the initial elastic part). Figure 10 shows the a;; component of the orientation tensor (for both toolpath configura-
tions) obtained after the mapping between meshes (manufacturing and structural model). It is interesting to notice that
the model is also able to capture the orientation of the filaments in the wall zones (specimen perimeter). Table 3 summa-
rizes the maximum, minimum and mean apparent stiffness associated with both toolpath configurations analyzed in the
experimental test campaign and the one obtained from the numerical model.

As aresult of the virtual testing, the experimental and numerical stress versus strain curves are compared in Figure 11.
Discontinuous lines are associated to experimental results. It can be concluded that for both configurations an acceptable
fit between numerical and experimental results is observed at the initial linear elastic zone. It should be noticed that from
a design point of view an adequate characterization of the elastic properties is very important. Experimental results show
a non-linear behavior for strain values larger than 0.5%. Thus, numerical results do not remain valid out this range. It is
interesting to recall that estimated properties allow to capture that the 0/90 configuration model present a significantly
higher stiffness than +45/—-45 configuration model.

Moreover, in order to validate the initial hypothesis that for an adequate simulation of 3D printed parts, the printed fil-
ament should include a transversely isotropic behavior. Two additional numerical models are done assuming an isotropic
filament behavior based on the manufacturer’s own properties (E = 2.4 GPa, v = 0.3).22 The other numerical parameters
(toolpath, mesh) were the same. Figure 11 also shows the curves obtained for the 0/90 and +45/—45 configurations when
isotropic behavior is assumed. It is interesting to notice that both curves including isotropic behavior are superimposed
for both toolpath configurations. Thus, an anisotropic character should be taken into account for capturing the toolpath
effect showed by experimental results.

—— = | 1]

—————— B ————
i
|
— 4=a11 L e— — a-ll L —
0.0 0.25 0.5 0.75 1.0 0.0 0.25 0.5 0.75 1.0
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FIGURE 10 a;; component of the orientation tensor for an intermediate layer oriented (A) 0° and (B) 90°.

TABLE 3 Apparent stiffness obtained experimentally and numerically.

Experimental Numerical
Configuration Min Max Mean RevEng
0/90 (MPa) 3053 3671 3277 3277
+45/—45 (MPa) 2087 2639 2376 2377
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FIGURE 11 Numerical-experimental correlation. Coupled analysis using implicit FEA solver.

5 | MODELING POROSITY EFFECT ON 3D PRINTED PARTS

Using the proposed coupled numerical model, the effects of the porosity induced by the FDM process is analyzed from a
numerical point of view. Specifically, the tool is applied to (a) elucidate the effects that the infill percentage and pattern
have on the stiffness of the specimen and (b) analyze the presence of porosity due to filament deposition.

5.1 | Infill percentage and pattern

The effect on the global structural response of a specimen with an infill percentage lower than 100% and with triangular
and hexagonal geometric patterns is analyzed. It should be noticed that from a simulation point of view this effects are
included as a porosity phase. Thus, the trajectory patterns that generate the infill patterns under study are implemented
on the same geometrical model by means of Eiger. The additive manufacturing scheme consists of 20 layers of 0.1 mm
thickness. The printer impose that the bottom and top layers (two layers each) must be 100% infill and with a +45/—45
pattern for an adequate support of the inner lattice patterns. Then, the remaining layers (16) are printed following a trian-
gular or hexagonal lattice pattern. Figure 12 shows the pictures of the design of the analyzed patterns for an intermediate
layer.

Then, the mapping is carried out following the procedure described in the previous sections, transferring the toolpath
data to the integration points of the mesh of the structural problem. The FEM model of this section also includes the
orientation tensor and also defines a new phase which is the porosity associated with the infill percentage and pattern.
Thus, a set of elements with null stiffness is generated. In Figure 13, the local porosity phase associated to one of the
internal layers is presented.

The presence of the porosity phase results in a variation of the apparent stiffness of the specimens. Numerical results
are shown in Figure 14. As expected, a decrease of the infill percentage derives in a decrease of the apparent stiffness. The
differences reduces when lattice structures are used. In particular, the apparent stiffness for hexagonal pattern specimens
with 37% and 50% infill percentage is very similar. Regarding the shape of lattice patterns, the triangular pattern shows
an overall stiffer behavior (due to its geometrical shape). It is also interesting to verify that numerical results are differ-
ent when anisotropy effects are taken into account. Thus, it can be concluded that we cannot exclude this effect when
modeling 3D printed parts.

5.2 | Porosity effect due to filament deposition
At the meso-scale level, the model can take into account the effect of porosity associated with the RVE. Typically 3D

printed parts present a lattice type microstructure, which is characterized at the RVE modeling level with the following
parameters:
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FIGURE 12 Analysed infill patterns designed in Eiger. (A) Triangular pattern 50% infill. (B) Triangular pattern 37%. (C) Hexagonal
pattern 37%.
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0.0 0.25 05 0.75 1.0

FIGURE 13 Porosity infill mapped. (A) Triangular pattern 37% infill. (B) Triangular pattern 50%. (C) Hexagonal pattern 37%. (D)
Hexagonal pattern 50%. (E) Material density countour.

1. Filament width to filament height ratio.
2. Bonded line percentage of the deposited filament in the RVE height direction.
3. Bonded line percentage of the deposited filament in the RVE width direction.

In order to analyze this effect, a modified RVE has been generated on the 0/90 configuration, see Figure 15. Thus, an
RVE with the same filament width to filament height ratio equals to 1:5 and relative bonded height equal to 0.2 have been
set. It should be noticed that, changes in the bonded area percentage results in larger voids. Thus, two relative bonded
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FIGURE 14 Infill pattern effect. (A) Triangular pattern. (B) Hexagonal pattern. (c) Comparative lattice shape.
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FIGURE 15 Porosity effect due to filament deposition.

width are compared: (a) the default value 0.8 and (b) 0.3 which represent large pores as those observed in the microscope.
In view of the numerical results presented in Figure 15, it can be concluded that modifications in the height/width ratios
and the bonded line percentage can significantly modify the apparent stiffness of the specimen.

6 | CONCLUSIONS

A numerical study has been presented with the aim of generating a simulation tool able to include the filament anisotropy
and toolpath effects of 3D printed parts. In particular, transversely isotropic behavior for the short fibre reinforced plastic
material (Onyx) used in FDM manufacturing is analyzed. This numerical approach is validated with experimental results.
Then, a virtual test model is obtained that couples the manufacturing problem with the structural FEM model. This model
can include the microstructure induced by the additive manufacturing process itself.

It is concluded that, even for Onyx parts with 100% infill, a different global structural response is observed depending
on way the filaments are deposited. This anisotropic behavior, observed in Reference 23, is analyzed numerically in this
paper for two different stacking sequences. Based on experimental results and using a reverse engineering procedure the
linear elastic transversely isotropic parameters of each printed filament are obtained.

The effect of the porosity phases associated with the infill percentage and pattern are also analyzed. An adequate
characterization of this variables will allow engineers to define customized designs in terms of stiffness criteria.

As future possibilities, the use of this numerical approach may help in precisely characterize the fracture properties of
this kind of materials. This characterization is essential in applications where damage is expected and it also may allow
to reinforce where needed. Thus, this numerical tool is a step towards an accurate and reliable characterization of the
properties and designs, allowing to introduce 3D printed parts in primary structures with extended safety requirements.
The actual limitations of the proposed model is that it only models the initial linear behavior. Nevertheless, from a design
point of view, it is always desirable that parts work only on linear elastic regime.
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Future studies could analyze more complex geometries such as sandwich structures that includes top and bottom
laminates and an intermediate zone with honeycomb patterns. Further numerical analysis may also focus in the nonlinear
part of the stress-strain behavior of the printed filaments. The nonlinearity could be associated to the plasticisation and/or
the damage of the matrix.
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