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ABSTRACT

A finite element approach for the simulation of composite parts with complex geometry realized by continuous fiber
reinforced additive manufacturing is described. The embedded elements technique was adopted to accurately represent
the layout of matrix and fibers while retaining an effortless finite element model setup. A simple specimen geometry
with three different fiber layouts was chosen for experimental testing to allow the comparison of the embedded
elements approach with conventional analytical or numerical methods for stiffness assessment. A complex specimen
geometry with multiple notches was also printed, with three different fiber layouts, to further validate the use of the
embedded elements technique in presence of 3D printed fiber deposition patterns for which conventional methods could
not be applied. This study showed that the embedded elements approach, compared to more traditional techniques based
on homogenization, may allow an accurate prediction of stiffness with the additional ability to model complex fiber

deposition patterns, a simpler finite element analysis setup and a potentially richer output.

Keywords: Embedded elements; Reinforced composite; Continuous fiber; Finite elements; Mechanical

Characterization; 3D printing

Glossary of acronyms

AM  Additive Manufacturing FEA Finite Element Analysis
CAD Computer Aided Design FEM Finite Element Method
CAE Complete Abaqus Environment FFF  Fused Filament Fabrication
CFF  Continuous Filament Fabrication MN  Multi-notch

CLPT Classic Laminate Plate Theory ROM  Rule of Mixture
EE Embedded Elements RP  Reference Points
FE Finite Element VAS Volume Average Stiffness

1. INTRODUCTION

Additive Manufacturing (AM) is an innovative approach to industrial production that facilitates the creation of ad hoc,
lighter, and optimized components. Key advantages associated with AM are a greater freedom in design, with the

possibility of creating complex geometries thanks to optimization algorithms (topology and generative design), and a
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reduction of waste during production, as well as of the possibility to reduce the number of parts needed to create
assemblies [1,2]. The materials suitable for AM production are many and heterogeneous and may be available in
various formats: powders, filaments, chips, micro-spheres, liquid, etc. Materials for engineering applications include
polymers, metals and ceramics [3,4], but the range is constantly evolving as a result of an increasingly specific demand
for targeted applications. In the latest years, the production of composite materials realized through AM has made great
steps forward, overcoming problems related to the limits of the printed part properties, the rate of production and
printed part dimensions [5].

For composites, Fused Filament Fabrication (FFF) has evolved into Continuous Filament Fabrication (CFF) processes,
which enable the reinforcement of complex parts with fibers in a more effective way in comparison with the
conventional composite production methods [6]. While CFF reinforced parts can achieve similar (or higher) mechanical
strength and stiffness compared to aluminum alloys, the development of a wider scientific knowledge in terms of
mechanical behavior and numerical modelling is still necessary, due to the young age of the CFF technology. For
example, the properties of these new materials are difficult to predict because they depend on the arrangement and type
of fibers, on the matrix material and on the production process [7]. In fact, due to their anisotropy and heterogeneity, a
mechanical characterization of composite materials is not straightforward. Although there are no standard mechanical
testing methods that are specific of CFF, ASTM D638 [8] and ASTM D3039/3039M [9] standards are commonly used
for tensile testing as CFF materials tend to be associated to laminates, being produced with a succession of layers.

The range of properties reported in literature is wide because there is no standard composite specimen and parameters
such as fiber quantity and orientation are freely adjustable. As an example, in [10], the elastic modulus E ranged from
7.6 to 51.7 GPa and the ultimate tensile strength (Rm) ranged from 96.6 to 436.7 MPa. In [11] the ranges were 2.1-23.7
GPa and 27.2-304.3 MPa respectively for E and R and in [12], 47.75 GPa and 684 MPa were reported for E and Rp.
Considering the complexity of these materials and the high number of tunable process parameters, it is clear how a
numerical approach could be very useful for design and optimization purposes, as well as to reduce the efforts
associated with experimental characterizations.

From this point of view, the heterogeneous material resulting from embedding the fibers into the matrix is usually
represented as a homogeneous orthotropic lamina. The elastic constants (i.e. Young’s moduli, Shear moduli, Poisson’s
ratios) can be derived from micromechanical models, ranging from the simple Rule of Mixture (ROM) for the
determination of E; or vi2, to more sophisticated approaches to estimate matrix dominated properties, such as Ez or Gz,
or even the out-of-plane response [13]. Having determined the elastic properties of a single lamina, the behavior of a
laminate can then be investigated using analytical approaches, such as the Classic Laminate Plate Theory (CLPT), or
numerically. In this latter case, one can take advantage of the tools, available in most finite element method (FEM)
codes, for the definition of orthotropic laminae and laminate layup basing on lamina properties and local coordinate
systems to manage different fiber orientations.

For example, CLPT was used to predict in-plane mechanical properties of continuous carbon fiber composites in [14],
while the elastic properties of fiber reinforced 3D printed specimens were predicted using Volume Average Stiffness
(VAS) method in [15]. This latter method uses micromechanical models to determine the effective properties of each
single FFF-printed component. Subsequently, a coordinate system transformation is applied to the solid and infill layers
and volume averaging of the stiffness matrices of each of the cross-sectional regions is performed. Micromechanical
models can include specific features associated with FFF, such as porosities or different infill percentages, by treating

the layers as plastic/void composites, as proposed in [16]. An analytical model based on VAS was also used in [17] to
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predict elastic properties of 3D printed coupons. In [18] elastic properties were predicted as a function of volume
fraction V¢ by fitting experimental data and using the ROM.

Considering numerical analysis, finite element (FE) models with layered shell elements and homogeneous orthotropic
lamina properties were adopted in [19] for tensile loading, in [20] to model three-point bending, and in [12] to simulate
tests on coupons with open-hole configurations. Similarly, in [16] a finite element analysis (FEA) was developed using
shell elements with composite lay-up, but in association with Hashin’s damage initiation model to predict failure.

In general, it can be concluded that conventional modelling approaches based on homogenization were successfully
applied for the simulation of the mechanical response of coupons for testing. Usually, these specimens exhibit a straight
geometry with a fiber distribution similar to traditional composites, at least in the gage region, where fibers are
uniformly aligned along the specimen axis (or at an angle).

However, these approaches may not be entirely consistent with the way 3D printed composites parts are manufactured,
especially when fibers are laid with different intricate patterns within each layer. In particular, the additive
manufacturing technologies allow the fiber to closely follow local changes in curvatures or paths designed according to
topology optimization [21-23]. Moreover, due to manufacturing constraints or strategies, fibers may also follow
specific patterns (i.e. isotropic/concentric) or only be placed in selected regions of the layer, differently from
conventional composites in which all the fibers within a layer are usually uniformly distributed and aligned in the same
direction. Consequently, as schematically shown in Fig. 1, when dealing with components including holes, notches or
region with high curvature, the fiber paths for 3D printed composites can be quite different from those obtained with

processes based on laminations of unidirectional layers or fabrics.

Conventional
composite
laminate

Fig. 1 — Schematic of a possible layer sequences on a generic representative geometry: conventional laminate vs. 3D
printed composite.

3D printed
composite

In this case, modelling the layer as a homogeneous orthotropic material may be not sufficiently accurate or even hardly
feasible. In fact, the geometry should be partitioned into a high number of discrete subregions, each with different
homogenized properties, depending on the local presence, number and orientation of the fibers in each layer. This could
prove being extremely challenging when the stacking sequence consists of different types of layer.

A possible approach to manage these issues is reported in [24], where an automated modeling system that creates
elements based on the orientation of the fiber, obtained from image processing of the printing pattern, was
implemented. Having defined, element by element, local orientations, two different sets of material properties were
introduced to distinguish matrix (isotropic) and fiber reinforced regions (orthotropic). In [25] instead, fibers were

simulated as a bundle with the width of 0.2 mm. To manage deposition of the fibers along curved trajectories,
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corresponding to expected maximum or middle principal stress, fibers and matrix were defined separately as different
isotropic materials, although no details on how this was implemented in the FEM code were provided.

In general, direct approaches in which matrix and fibers are represented as separate bodies, are difficult to apply to the
case of full-scale components, because of the computational cost and the complexity of model set-up when dealing with
bundles of small diameter fibers.

In this context, Embedded Elements (EE), a special finite element technique available in the commercial FEM software
Abaqus [26], could provide an alternative and efficient solution, since this allows modelling the reinforcing fibers
separately from the matrix in which they are enclosed and it is potentially applicable even for three-dimensional fiber
patterns (not laying on a plane). In particular, the EE technique can be used to specify that an element or group of
elements is embedded within its “host” elements. Basically, if an embedded node lies within a host element, the
translational degrees of freedom at the node are eliminated and its translational degrees of freedom are constrained to
the interpolated values (of the corresponding degrees of freedom) of the host element by means of weight functions
[27]. Thus, when using the EE technique, the host (i.e. the matrix) and embedded parts (i.e. the reinforcing elements)
can be meshed separately and independently, with solid or beam/truss elements respectively. Considering 3D printed
composites, this allows creating complex reinforcement architectures as sequences of individual layers, each with its
own specific spatial arrangement, while keeping the meshing of the matrix relatively simple. In the past, this method
has been used to model the behavior of beams made of reinforced concrete [28,29], or of representative unit volumes
(RVE) in the context of homogenization models of composite materials with complex architecture [30,31], or random
short fibers [32-34].

In the present work, we tested the hypothesis that, for CFF composites, the EE technique could provide a good trade-off
between the need to accurately reproduce fiber deposition pattern and that of keeping reasonably low the computational
cost and the time for model preparation. To this aim, we investigated the application of the method to 3D printed
composites obtained with a Markforged Mark Two™ printer, defining a specific workflow for the setup of a model
starting from the real fiber deposition pattern layer-by-layer. At first, EE models were compared with experimental
results on test coupons for which traditional modelling approaches could be applied. Then, EE models were also applied
to more complex non-standard specimens, specifically designed to include complex geometric features and fiber paths

that could not be modelled with homogenization techniques.

2. METHODS

2.1 Materials and specimens

All the specimens were produced with a Mark Two (Markforged — Massachusetts) FFF printer. Briefly, in the
Markforged printing process a printing head with two separate extrusion nozzles for plastic and reinforcing fiber supply
is adopted. The two nozzles do not work simultaneously and, unlike single nozzle systems, individual layers can be
reinforced as described in [35]. Markforged printers employ a 0.4 mm filament diameter and can print with nylon, short
carbon fiber—filled nylon, and a continuous fiber-filled nylon. The continuous fiber filament consists of several fibers
bundled within a nylon matrix acting as a binder to allow for a correct interlayer and intralayer adhesion. The
continuous fibers can be carbon, glass, or Kevlar [5] and are approximately 30-40 % volume fraction of the continuous
fiber filament.

In the present work, specimen regions with a continuous fiber reinforcement were printed with a Markforged
proprietary filament (usually referred as “carbon” in datasheets) consisting of several long carbon fibers embedded in a

nylon matrix acting as binder. Specimen regions without continuous fiber reinforcement were instead printed with a
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proprietary filament branded as Onyx™ consisting of a Nylon resin filled with micro-carbon fibers. While both
filaments macroscopical mechanical properties are disclosed by Markforged, their exact composition and their
constituent properties are not disclosed. For the above reasons, investigations on these filaments properties and
composition were already carried out and reported in the current literature in [36—38] to which the present research
refers. Onyx™ was printed at = 270 °C and the continuous carbon fiber filament was printed at = 240 °C.

The setup of the printing process parameters is controlled via a proprietary software (Eiger™). For unreinforced layers,
these include infill percentage, wall count and number of top (also known as roof) or bottom (also known as floor)
layers, whereas for reinforced layers the user can select fiber orientation, starting point for deposition and deposition
strategy. Two deposition algorithms are available, namely isotropic and concentric. The first allows controlling fiber
placement by the angle or by following inner and outer walls with concentric loops while the latter only allows for
concentric loops but allows selecting which features to follow (i.e. internal and/or external walls). In presence of holes,
notches, and curvatures these results in significantly different fiber patterns.

In order to investigate the applicability of the EE technique to the case of 3D printed composites, two different
specimen geometries, identified as Rectangular (R) and Multi-Notch (MN) respectively, were designed for testing and
modelling purposes.

The rectangular specimen geometry was used to compare EE both with experiments, with standard analytical
approaches and numerical modelling techniques (i.e. orthotropic shell) for uniaxial tensile loading case. This geometry
was designed according to ASTM 3039, opting for a rectangular shape because the use of CFF would cause a stress
concentration along the curvature radius between the gripping section and the gauge [39] in the case of a doghone
shape. Specimens with different fiber volume fraction V; and stacking sequences were obtained by changing the number
of unreinforced layers (only placed at the top and the bottom) and the number and orientation of reinforced layers, so to
investigate model predictions for different stiffnesses. All the rectangular specimens were 200 mm long and 15 mm
wide. The number of walls was kept as low as possible which meant only a single wall was printed. The uniaxially
reinforced specimens were designed to have the same eight unidirectional reinforced layers with fibers aligned with
specimen length but a different number of roof and floor layers (unreinforced layers): R_uni_1-8-1 had one roof and
one floor while R_uni_4-8-4 had four roof and four floor layers. The specimens R_giso_4-8-4 included instead 8
reinforced layers with £45°, 90° and O°orientations with four roof and floor unreinforced layers, stacked to create a
quasi-isotropic and symmetric composite. Table 1 shows a more detailed list of the main geometry and printing

parameters for the rectangular specimens.

R uni 1-8-1 | R uni 4-8-4 R _qiso 4-8-4
Total Thickness [mm] 1.25 2 2
Width [mm] 15 15 15
Length [mm] 200 200 200
Nominal Layer thickness [mm] 0.125 0.125 0.125
Total Number of layers 10 16 16
Number of Roof/Floor layers 11 4/4 4/4
Matrix wire orientation [°] +45/-45 +45/-45 +45/-45
Matrix layer infill 100% 100% 100%
Wall count 1 1 1
Number of reinforced layers 8 8 8
Reinforced layer positions (layer 1 = floor) from2to 9 from 5to 12 from 5to 12
Fiber orientation in reinforced layers [°] [0]s [0]s [0/45/90/-45]s

Table 1: Design and printing features/parameters of the rectangular standard specimens.

The MN specimens, which purposedly include several notches and curved regions, were used to investigate potential

advantages and limitations of the application of EE to full scale parts, providing an example of a geometry for which
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standard techniques based on homogenization were not applicable. The main dimensions and notch geometries are
reported in Fig. 2. Each specimen consisted of a total of 40 layers and the wall count was increased to two as these
specimens are bulkier. Their unreinforced layers were printed with the same infill, wire orientations and layer thickness
of rectangular specimens (100%, +45°/-45°, 0.125 mm respectively).
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Fig. 2 — Multi-notch specimen geometry. All dimensions are reported in [mm].

For the MN geometry, three different combinations of fiber layup and path were created by using concentric deposition
to place fibers along inner and/or outer curved walls or isotropic deposition to impose specific angles. For each
specimen, the stacking sequence always included a total five groups of layers starting with an Onyx group and
alternating with a continuously reinforced group. The different MN layups (see Fig. 3) were named respectively
MN_iso (two isotropic fiber groups), MN_conc (two concentric fiber groups) and MN_mix (one isotropic fiber group

from MN_iso and one concentric fiber group from MN_conc). Note that MN_mix has a non-symmetric stacking

sequence.
Concentric fiber deposition Isotropic fiber deposition
Outer and U |
Inner walls
+ 450 *.
Outer walls
90°
Inner walls . 45°
S 2 )
¥ #  concentric - mixed isotropic
Top v (MN_conc) (MN_mix) (MN_iso)

P
4 % 4 OW 4 Onﬁ
14 15 0 14 0
8 (eneroverOvertionen, IS OGSO WG NSO
BOTTOM 4 Onyx 4 Onyx 4 Onyx
(floor)
Fig. 3 — Multi-notch specimen fiber geometries and layer stacking sequences. Layer sequences for reinforced layers
read up from left-to-right as top-to-bottom to allow for a top-to-bottom table reading.

Displacement controlled tensile tests for all the specimens were carried out on an Instron 8501 (100 kN max load)
servohydraulic testing machine at a 0.5mm/min crosshead speed. No end tabs were applied on the coupons. An
extensometer (Instron 2630-107, gage length of 25 mm) was used to have a more accurate deformation output. The

sensor was mounted in the central region for the standard specimens and on the side of the central straight struts for the

multi-notch specimens.
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2.2 EE Model implementation
2.2.1  Workflow for set-up of EE model

Fig. 4 summarizes the workflow for setting up the EE model in Abaqus CAE (also known as Complete Abaqus

Environment) which is the graphical user interface module provided within Abaqus software. However, this basic
workflow is also valid for any FE software that supports EE. As a first step, embedded fibers and matrix (host) must be
generated as separate parts. The geometric model of the matrix corresponds to that of the whole part, and it is usually
straightforward to create it within a Computer Aided Design (CAD) environment. Considering fibers, the proprietary
software Eiger™, which controls the printing process, allows visualization of each individual layer but not to export
fiber architecture in a format directly usable in a CAE model. To overcome this difficulty, the following preliminary
steps were required:

1. Acquisition of each different type of fiber layers as images (i.e. screenshots from Eiger™).

2. Import the fiber image in a CAD software and create corresponding layer as 2D part.

3. Export 3D fiber parts from a CAD in neutral format and import in CAE.

4. Create 3D fiber assembly in a CAE (or even directly in the CAD) software by placing the layers at the correct

distance.

Create CAD
Part (3D solid)

Import in Eiger™ and
fiber lay-up definition

Export matrix part
(same) as .step

Acquisition of fiber layers as image
and import in CAD to create part

Import fibers part in Abaqus CAE and
create lay-up

Import matrix part in
Abaqus CAE

Assemble matrix (host) and fibers (embedded) in Abaqus CAE

Fig. 4 — Workflow for model implementation of the embedded elements on a generic representative component.

Accordingly, 3D fibers and matrix were imported in Abaqus CAE as separate parts, so that each could be assigned
different material properties and section/element types. Fibers and matrix were then assembled, and the embedding

constraints were added by associating the host volume to the binder and the embedded volume to the fibers.

2.2.2  Matrix and fiber material models

When compared to the more classic and previously mentioned analytical approaches, a great advantage of the EE
technique is that there is no need to calculate equivalent orthotropic properties for the reinforced layers. The properties
of matrix, binder (host elements) and fibers (embedded elements) are instead required. First, area and profile to be
associated with fiber cross-section must be defined. Markforged carbon filament, as schematically shown in Fig. 5,
actually consists of several carbon fibers embedded in a nylon matrix that acts as binder [36]. According to literature,

the diameter of the whole filament (before extrusion) is in the range 0.340-0.374 mm and its fiber volume fraction
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(Vi ) is about 34.5% — 36.4% [10,14,40]. Basing on the estimated Vs s within the filament, one can determine the
amount of carbon fiber that is being printed and its associated effective cross-sectional area. In fact, while modeling
each single fiber is obviously unfeasible, fibers can collectively be represented as a single equivalent fiber with an
effective area As calculated as per equation (1):

Af = Apy Vs fur ey
where Ay is the area of the ideal extruded filament section. As shown in Fig. 5, the filament is extruded into an

approximately rectangular section with the same area, so one also has:

At = bryhsy (2)
Assuming a rectangular shape for the single equivalent fiber too, one can write

However, the dimensions br and hr are somewhat arbitrary and we opted to determine these values from As by
maintaining the original form factor, i.e. by combining eq. (1), (2) and (3) into eq. (4) to equally rescale both the width
and the thickness by the factor of V7, :

behy = A = AriVr s = bruhpu Vi i = (bfil\/Vf,fil)(hfil\/ijil) (4)

a) Reinforcing filament
(binder + carbon fiber) e

b) Reinforcing filament
after extrusion

A,
6.
,}hp@

Asu
- ’}fa
Ly
A oy,

b A " ¢) EMBEDDED carbon fiber

\ into the binder matrix :
P - g
I . |
] ] o
! |
T bf 1

Fig. 5 — Continuous carbon fiber filament: raw 3D printed filament and idealization of the embedded element cross-
section representing the extruded filament.

Following Markforged material datasheet, a filament diameter of =~ 0.38 mm was assumed, resulting in A equal to
0.1125 mm?, by equal to 0.9 mm and hy; equal to the layer height (0.125 mm), from which the dimensions of equivalent
fiber cross-section can be determined once Vs s is fixed. The extruded width, by, of 0.9 mm was also corresponding to
the fiber-to-fiber distance estimated from Eiger™ slicing images and resulted in a very reasonable 1:1 extrusion ratio.
Within the FE model, the resulting profile section of As was then associated with the elastic modulus E;of the “pure”
carbon fiber. The mechanical properties of the fiber used by the Markforged printer have already been investigated in
literature: Van der Klift [37] tested samples with fibers aligned unidirectionally and determined an elastic modulus Es=
231.4 GPa for a Vi = 34.5% at filament level, a value that was subsequently assumed also in [24]. In [38], values of 191
GPa with Vi i = 36% and 187 GPa with Vs s = 33.9% were instead reported respectively for tests carried out after
pyrolysis or acid digestion of polymeric matrix. Since these values are quite different, the choice of E; and its associated
cross-section dimensions and Vs i, may quite significantly affect model prediction. Therefore, the EE FE analyses were

ran using two different data sets to define the linear elastic isotropic properties for the carbon fiber so that a range of

(@0l



predictions could be identified. Specifically, following [38] and [37], a modulus of 191 MPa associated with a Vs g of
36% were used to catch a more compliant fiber behavior and a modulus of 231.4 GPa with a 34.5% Vs i were instead
used to catch a stiffer fiber behavior. It is worth noting that carbon fibers may exhibit anisotropic properties. Since
properties of the Markforged carbon fiber in the transverse direction are difficult to determine and were not reported in
the above-mentioned studies, their values were assumed from the work of [30].

For the host matrix and unreinforced layers, a linear elastic isotropic behavior was also assumed. Following [38], the
Onyx used for unreinforced layers matrix was given a value of Em = 1200 MPa, whereas for the matrix binder

surrounding the fibers a value of Enz = 800 MPa was used.

2.2.3  Simulation of tensile tests with EE

Tensile tests on rectangular and multi-notch specimens were virtually replicated using FEM software Abaqus by
Dassault Systemes.

In order to correctly simulate load application and boundary conditions, the specimens were partitioned, creating two
side regions, with length corresponding to clamped area, and a tie constraint to reference points (RP). One of the RP
was fixed and the other was prescribed the same translation as per experimental data, measuring the reaction force (or
vice versa). In the central region a further partition was introduced by adding two measuring points with an initial
distance equal to that between extensometer blades. This setup allows the definition of a virtual extensometer and an
easy and consistent comparison of every quantity with experimental findings. Fig. 6 shows the boundary conditions and
measuring points for the multi-notch specimen only as the same boundaries and measuring points are also used for

rectangular specimens.

Blocked
RP %
clamped

surface

extensometer

Moving RP with
applied displacment

Fig. 6 — Multi-notch specimen with the applied boundary conditions and measuring points.

As shown in Fig. 7 for the multi-notch mixed configuration, the specimens were also partitioned along the thickness

direction, to assign different properties to the unreinforced regions, and the embedding constraint was added.
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Reinforced layers with
Embedded Fibers

Onyx layers

Fig. 7 — Example of a specimen partitioning and fiber embedding strategy (mixed configuration of the multi-notch
specimen is shown).

The matrix was assigned second order solid elements with reduced integration (Abaqus label C3D20R) whereas for the
fibers, second order beam elements (Abaqus label B32) were used.

The characteristic element lengths were set to 3+6 mm for fiber elements and 1+2 mm for matrix elements with possible
smaller lengths over the thickness. As element lengths were kept similar, the number of elements ranged from less than
19000 (= 14500 for the matrix and ~ 4300 elements for the fibers) for the specimen R_uni_1-8-1 to ~ 35000 for bigger
specimens. A small mesh size sensitivity (at current size) was checked by running simulations with up to three times
less and three times more elements for both the specimen geometries: stiffnesses, forces, displacements and stresses
usually deviated of a few percent from the current results in the worst cases.

Non-linear geometries and materials were not considered as the current study is not aiming at an accurate description of
the failure phenomena. For this reason, non-linearities caused by local damage effects (crack or matrix/fiber debonding)
or macroscopic effects such as a visco-plastic response of the involved polymers were not included.

Overall, the computational cost of FE simulations was limited, and even the slower analyses required less than 5-10
minutes on a standard quad-core CPU with 32GB ram. Considering the limited computational cost, no backwards
convergence study was performed to check the maximum element size granting sufficient accuracy for each specimen

geometry and reinforcement configuration.

3. RESULTS AND DISCUSSION

3.1 Experimental tensile tests on standard specimens

In Fig. 8, the applied load is plotted against the displacement measured by the extensometer. The curves are almost
linear until failure and a good repeatability is evident. The main results are summarized in Table 2, in which the
subscript “u” stands for “ultimate” and denotes the failure condition.

As expected, the highest loads were sustained by unidirectional samples (R_uni_1-8-1, R_uni_4-8-4), for which failure
occurred at similar level because they have the same reinforced layers. The quasi-isotropic specimens, R_qiso_4-8-4,
failed at lower load levels because of the lower number of layers with 0° fiber orientation. Accordingly, the fact that
quasi-isotropic specimens showed a more matrix dominated behavior also led to a slightly higher the elongation at

break when compared to uniaxial specimens.
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——R_uni_1-8-1_exp01

16 ——R_uni_1-8-1_exp02
14 ——R_uni_1-8-1_exp03
——R_uni_4-8-4_exp01
12 ——R_uni_4-8-4_exp02
——R_uni_4-8-4_exp03
=10 ——R_giso_4-8-4_exp01
= 8 ——R_qiso_4-8-4_exp02
= ——R_qiso_4-8-4_exp03
o
g 6
4
2
0

0 0.1 0.2 0.3 04 05
dL (extensometer) [mm]

Fig. 8 — Experimental tensile tests for rectangular specimens shown as load-displacement curves.

Considering stiffness, the elastic modulus Eex, was calculated on the whole deformation range of the tests since, the
high fiber content (compared to multi-notch specimens) led to a quite linear response during all test stages. Specifically,
the maximum value of modulus Eey, was obtained with the specimen R_uni_1-8-1 due to the unidirectional
reinforcement and higher Vi, whereas the most compliant response was observed for the quasi-isotropic specimen in
which most of the fibers are not aligned with the loading direction. The noticeable difference in modulus for the two
types of uniaxial specimens is due to their different thickness while having the same number of reinforced layers since
the nominal stress was calculated as the ratio between the applied force and the nominal dimension of the specimen
cross-section.
R_uni_1-8-1 (Vs=25.4%) | R_uni_4-8-4 (V;=15,6%) | R_qiso_4-8-4 (Vi = 15,6%)
Test1 Test 2 Test 3 Test1 Test 2 Test3 | Testl Test 2 Test 3
Fu[kN] | 10650 13160 12880 14580 13510 13740 5950 6050 5600
ALy [mm] | 0.279 0.327 0.336 0.335 0.319 0.334 0.419 0.413 0.414
ou [MPa] 566 704 696 486 446 459 200 197 185
& [mm/mm] | 0.0111 | 0.0131 | 0.0135 | 0.0134 | 0.0128 | 0.0134 | 0.0167 | 0.0165 | 0.0165
Eexp [MPa] | 52500 53700 51180 36200 35100 34170 12000 12200 11270

Table 2: Results of tensile tests on rectangular specimens. The elastic modulus and the ultimate (failure) quantities are
reported for each test.

Interestingly, though not the primary aim of this work, different failure mechanisms were observed at final failure (see
Fig. 9), including delamination processes and layer breakage, both close to the grips and in the central region of the

specimen.

R_uni_4-8-4

Fig. 9 — Failure of tensile tests on rectangular specimens. One specimen of each type is reported. From left to right:
R_uni_1-8-1, R_uni_4-8-4 and R_qiso_4-8-4. Failure regions are highlighted with dotted red circles.
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3.2 Simulation of tensile tests on standard specimens

As shown in Fig. 10, results of FE model with EE were compared with experimental data considering equivalent
nominal stress-strain curves with the equivalent nominal stress being calculated as the ratio between applied force and
nominal dimension of the specimen section and nominal strain as the displacement of extensometer points over their
initial distance.

Fig. 10 and Table 3 also include numerical prediction using the FE model setup with composite shells instead of EE.
The elastic properties of the homogeneous orthotropic lamina used in this latter model were calculated through classic
micromechanical models from the average fiber and matrix properties used in the EE model. Average properties were
used for the composite shell model instead of the full range used for the EE to simplify data visualization for Fig. 10.
Similarly, Table 3 sums up all the elastic moduli by using average properties (in this case the average is also used for
EE).

More specifically, the average value for Eris 211200 MPa and the average Vs is 0.352 with the corresponding calculated
homogeneous orthotropic lamina moduli being Ex = 67570 MPa, E2 = 1200 MPa, G2 = 428 MPa and vi2 = 0.33. The
out-of-plane shear moduli Gi3 and Gz; were instead simply assumed equal to Gi2. This assumption is confirmed by the
lower and upper limits of the shear moduli that were recently identified for MarkForged carbon fiber composites in
[41], where a range of 0.23-0.24 to 1.21-1.24 GPa was reported for G,z and a nearly coincident range of 0.24-0.26 to
1.44-1.51 GPa was reported for G1o. Nevertheless, a sensitivity analysis was run by assuming the extreme values and
negligible effects were identified with output variations being always < 1%. While the determination of out-of-plane
constants values was beyond our purposes, it should be remarked that for complex loading modes a more accurate
determination could be necessary. The other elastic constants were also in good agreement with [41].

The shell model showed a good prediction of experimental results, and this was to be expected since matrix and
reinforcement geometries are similar to those of classic laminate composites. A correspondingly good fit with
experimental findings was also obtained with the EE models and both the EE and the shell models showed low
deviation from experimental data for the whole strain range of the test since the linearity of experimental data was high

from start to failure.
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Fig. 10 — Tensile tests for (a) R_uni_1-8-1, (b) R_uni_4-8-4, (c) R_qiso_4-8-4. Finite element results are shown for the
composite shell approach as black dotted lines and as range for the EE technique (due to the two different data sets
used). Experimental curves are shown as continuous colored lines.

Finally, the apparent elastic modulus was also compared with analytical predictions using ROM (where applicable) and
the classic method of effective constants calculated from ABD matrix as described in [13]. ROM was exclusively
applied for specimens including layers with 0° orientation only (i.e. R_uni_1-8-1 and R_uni_4-8-4). The theoretical
effective modulus Ex rom in the loading direction was obtained from the following equation:

Exrom = EfVr + EbinderVoinder + EonyxVonyx (5)
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in which Vy, Viinder and Vonyx are the volume fractions of the three constituents involved. These can be easily calculated
from the geometry of the section, the number of reinforced and unreinforced layers and the number of reinforced
filaments printed per layer, for which the actual amount of fiber is estimated basing on the fiber volume fraction in the
filament, Vi s

Alternatively, the effective (or apparent) elastic constants of a laminate Ex cLer can be calculated by treating the
specimen as a laminate for which ABD matrix and its inverse can be calculated from the properties of the layers and
their orientations. The method is also applicable to specimen R_qgiso_4-8-4, which includes different orientations, and

the elastic modulus in direction X can be calculated as:

1
E = (6)

XCLPT tA’ll

Where t is the thickness of the laminated specimen and A’ ; is the first coefficient of the matrix A’, obtained by
inversion of ABD matrix. In order to determine the coefficients of ABD matrix, the reinforced layers were again
considered as equivalent orthotropic laminae with the same elastic properties as in FE composite shell model.

All the different predictions (included EE) reported in Table 3 are carried out by considering intermediate values of E;
and Vi (i.e. Er = 211200 MPa and V; = 0.3525) to simplify data visualization.

R_uni_1-8-1 R_uni_4-8-4 R_qiso_4-8-4
E [MPa] ‘ error [%] | E[MPa] | error [%] | E [MPa] | error [%]
Experimental (average) 52460 - 35160 - 11820 -
FEM - Embedded Elements 54330 3.6 34410 -2.1 11710 -0.9
FEM - Composite shell 54290 35 34380 -2.2 12230 35
ROM 54300 35 34390 -2.2 - -
Effective constants (CLPT) 54200 3.3 34330 -2.4 13780 16.6

Table 3: Comparison of experimental and predicted elastic moduli, E, of rectangular specimens. The reference modulus
for error calculation is always the experimental modulus.

Clearly, for rectangular specimens the EE technique can be as effective as traditional numerical or analytical approaches
in achieving a very good fit of test results. In addition, the FE EE model also allows highlighting the stress acting at
fiber level separately from the matrix thus capturing both the global response and local stress gradients (see Fig. 11 for
rectangular specimens stress maps). Remarkably, when the applied load reached the levels corresponding to
experimental failure, the maximum principal stress in the fibers for all the specimens were in the range 3200 — 3600
MPa, which compares really favorably with the fiber strength of 3465 MPa reported in [37].

Overall, the application of EE technique could be considered validated against this set of experimental tests with

standard geometries.
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Fig. 11 — Maximum principal and Von Mises stress maps for embedded fibers and matrix respectively. Maps are taken
from the stiffer fibers [37] simulation at the corresponding experimental failure displacement. From left to right:
specimen R_uni_1-8-1, R_uni_4-8-4, R_giso_4-8-4. Maximum legend values are failure stress for the carbon fibers

[37] and yield stress [38] for the Onyx matrix.

3.3 Tensile tests on multi-notch specimen

Experimental data of tests on multi-notch specimens are presented in Fig. 12 in which the applied load is plotted as a

function of the extensometer displacement. Among the three examined configurations, MN_iso was the stiffest (two

isotropic fiber groups), MN_conc was the more compliant (two concentric fiber groups) and MN_mix featured an

intermediate behavior (one isotropic fiber group from MN _iso and one custom concentric fiber group from MN_conc).

12

10

Load [kN]

o N B~ O

——MN_iso_exp01
——MN_iso_exp02
——MN_iso_exp03
——MN_conc_exp01
——MN_conc_exp02
——MN_conc_exp03
——MN_mix_exp01
——MN_mix_exp02
——MN_mix_exp03

0.04

0.12

dL (extensometer) [mm]

0.16 0.2

Fig. 12 — Experimental tensile tests for multi-notch specimens shown as load-displacement curves.

Considering failure, the specimens broke at different location, depending on the type of reinforcement, as shown in Fig.

13.
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Fig. 13 — Failure regions of a tensile test. Specimens from left to right: MN_iso, MN_conc and MN_mix. Top and
bottom images represent two different specimens for MN_iso and MN_conc and the two different sides of the same
specimen for MN_mix. Failure regions are highlighted with dotted red circles.

For the isotropic configuration failure occurred for both specimens on the outer central strut, close to the end of the
axial slot. Crack extended to the central strut in one case while followed the reinforcement contour close to the circular
border in the other.

For the concentric specimens the failure occurred at the edge marking the transition between the clamping area (i.e. the
straight and wide region at specimen end) and the section with a curved profile.

For the mixed specimen a more complex failure sequence was observed, possibly because of the asymmetric layer
stacking sequence which introduced flexural effects caused by bending-extension coupling. Failure occurred on the net
section across the small hole for the isotropic reinforcement side of the specimen, whereas on the opposite specimen
side, the crack started from the outer edge, was then deflected by the concentric fibers around the curved profile and the

hole until final failure was reached on the opposite side.

3.4 Simulation of tensile tests on multi-notch specimens with EE

In general, the EE model satisfactorily predicts the stiffness of the various specimens in the linear elastic regime even in
presence of a complex geometry with notches and curvature variations. In particular the difference between concentric
and isotropic deposition, as well as the intermediate response for the mixed configuration, were correctly identified. In
this regards, equivalent stiffness values were calculated as the linear regression of the load signal over a predefined
extensometer displacement range. In addition, stiffness was calculated on two different displacement ranges for
experimental data: exp_k@0mm, is the stiffness calculated on the first 100 samples (with the extensometer reaching less
than a 0.01 mm displacement) and exp_k@0.1mm is the value calculated on a 0.1 mm displacement range. Stiffness

values are summed up in Fig. 14.
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Fig. 14 — Multi-notch specimens stiffness compared with the FE EE prediction range. Experimental stiffness is reported
for both the initial value (exp_k@O0mm) and the value calculated for at 0.1 mm extensometer displacement
(exp_k@0.1mm).

A slight stiffness overestimation is evident in both Fig. 14 and Fig. 15 where the experimental load-displacement curves

of MN specimens is plotted together with the FE EE range prediction to evaluate the effect of different assumptions of

fiber properties and characteristics on non-trivial geometries.
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Fig. 15 — Tensile tests for multi-notch specimens: (a) MN_iso, (b) MN_conc, (c) MN_mix. EE Finite element results are
shown as range (due to the two different data sets used) while experimental curves are shown as continuous colored
lines. As calculating an equivalent nominal stress is not feasible due to specimen geometry, all data is represented as

load-displacement curves.

This discrepancy is especially clear when compared to the predictions for the simple rectangular specimens previously

reported. However, it is also evident this experimental dataset shows a stronger nonlinearity, which is particularly

noticeable on MN_conc specimens. This nonlinearity can also be appreciated by looking at the stiffness reduction from
the initial value exp_k@Omm to the value calculated on the wider displacement range, exp_k@0.1mm: MN _iso loses

1.5%, MN_conc 7.5% and MN_mix 3.5%.

In this perspective, stiffness prediction is in fact very good when directly comparing the compliant fiber FE EE

simulations to the initial experimental stiffness exp_k@Omm (see again Fig. 14). Moreover, it should be noted that

missing on nonlinearities is not a limitation of the EE model itself, but rather the obvious consequence of linear
elasticity assumption for matrix and fibers. In fact, the same type of limitation would apply if more conventional
approaches based on homogenized properties were attempted. More interestingly, this scenario suggests that it may be
necessary to account for fiber damage and polymeric matrix nonlinear response, especially when the number of
reinforced layers is limited (i.e. Vris low) and fibers are not aligned with loading directions which is actually the case of

a generic 3D printed composite. In addition, an accurate knowledge of constituent properties is paramount to achieve

good accuracy.

On a side note, stiffness overestimation could also be regarded as something linked to a non-ideal microstructure of the

specimens where voids could be present and deficient Onyx-binder bonding interactions could occur. Indeed, it is
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reasonable to assume that such non-idealities would be more noticeable on massive specimens due to lower Vi and a
wider Onyx-binder interface area. As for the nonlinear response, the same type of limitation would apply to more
conventional approaches based on homogenized properties and it is EE-specific. If anything, the EE technique should
facilitate the implementation of more complex modelling assumptions.

The failure locations can also be compared with maximum principal stress contour maps in the fiber architecture, as
shown in Fig. 16 and Von Mises stresses in the matrix.

. | concentric
FIBERS s N side
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Fig. 16 — Maximum principal and Von Mises stress maps for embedded fibers and matrix respectively. Maps are taken
from the stiffer fibers [37] simulation at the corresponding experimental failure displacement. From left to right:
specimen MN_iso, MN_conc and MN_mix. Maximum legend values are failure stress for the carbon fibers [37] and
yield stress [38] for the Onyx matrix.

Although no damage mechanism was implemented in the current FE analyses, matrix and fiber stress maps are still
useful to check whether critical locations are predicted correctly or not. The stress range for Von Mises maps reported
in Fig. 16 was fixed on a maximum value equal to the ultimate tensile stress from [37] for fibers and the yield stress
from [38] for the matrix.

Regarding critical stress locations, the isotropic configuration (MN_iso) showed the peak fiber stress in the central
region, within the central strut, in good agreement with the failure location observed experimentally (Fig. 13).

For the concentric configuration (MN_conc) the peak stress was also located in the same region where failure occurred:
at the transition between straight and curved regions of the outer profile, showing how most of the load is borne by the
fibers following the outer contour. When tensile load is applied these fibers get straightened and suffer higher stress
levels, whereas the inner slots and hole are shielded.

For the mixed configuration the peak stresses were observed close to hole on the side of the specimen reinforced with
the isotropic strategy, whereas the same location showed lower stress levels on the other side of the specimen. A similar
behavior can also be observed on matrix stress maps. Interestingly, this peculiar stress distribution is well corroborated
by the experimental failure: specimens failed in the same area, but crack followed different patterns on the two side of
the specimens, as clearly shown in Fig. 13.
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Finally, as shown Fig. 17, the EE model is also able to capture the characteristic bending-extension coupling determined
by the asymmetry of the stacking sequence in the MN_mix configuration, further confirming the potential usefulness of

the model.
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Fig. 17 — Displacement magnitude (in [mm]) maps with a 12x deformation scale factor to appreciate the huge
differences in deformation modes due to the different reinforcement strategies. From left to right the specimens:
MN _iso, MN_conc, MN_mix.

4. PERSPECTIVE WORK AND LIMITATIONS

As discussed in the previous section, the results obtained with EE modelling technique are in good agreement with
experimental findings for multi-notch and rectangular specimens. Of course, any model necessarily embodies
simplifying assumptions and even for the EE modelling technique some limitations must be considered.

On the one hand, the EE model setup greatly simplifies materials definition with respect to other modelling approaches,
as it is not required to calculate equivalent orthotropic properties nor to create local coordinate systems to manage
material orientation, which could be extremely difficult dealing with complex lay-ups. On the other hand, the
architecture of embedded fibers must be created, and this requires converting images from slicing software into 3D
parts and then assembling the layers in the correct order and position in the host matrix volume. Since no direct export
option is available in the closed-source Markforged software, some tedious manual work is therefore unavoidable. From
this point of view, working with an open software or having the option to extract tool paths from Markforged software
would allow a direct conversion of the sliced fiber patterns to a CAD part, greatly reducing the time needed to set up the
model correctly. An alternative could also be the option of having a proper image-export feature in the Markforged
software to build an automatic routine for the conversion of the fiber pattern image to a CAD part.

Additional possible issues with the embedded element technique can arise when volume redundancy is not negligible.
In fact, with the EE approach the host matrix is usually a full solid, with no cavities or empty volumes at fiber locations,
thus a 100% fiber-matrix superposition is present. This feature greatly simplifies the design and the discretization of the
matrix while also avoiding the need contact interactions at matrix/fiber interfaces, however, the price to pay is that the
redundant matrix volume contributes to the overall stiffness and density of the component. For the examined
configurations, the high difference between the elastic modulus of the carbon fiber and the polymeric matrix, the
relatively low Vs, and the quasi-static testing conditions, ensure that the additional stiffness and mass caused by matrix
volume redundancy are negligible. In general, this volume redundancy can also be mitigated by compensating fiber
properties for the added stiffness and mass, but careful considerations should always be carried out when compensation

becomes necessary to achieve an otherwise insufficient accuracy.
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In addition, care should be exerted when evaluating stresses at fiber level and predictions should be regarded as
estimates since the single embedded fiber is not meant to represent each single fiber of the layer. Actually, when the
filament is extruded the single fibers are displaced and distributed in the layer at different positions and height, as
shown in [38][15]. Therefore, the predicted stress in the fiber is closer to the real ones especially when fibers are loaded
along their axis and subject to membrane loading. The presence of high bending loads or extreme curvature changes of
fiber paths may locally reduce accuracy. The choice of the profile shape associated with the embedded element is also
somewhat arbitrary. Here we opted for a rectangular section to account, at least in an approximate way, for the fact that
fibers after extrusion are spread over the layer, but different strategies could be used. In the author experience, for the
present model using equivalent circular profiles or splitting the section into more sub-sections (i.e. three or five) did not
change the model predictions.

An alternative approach could also be to consider the filament as a homogeneous fiber whose elastic modulus can be
calculated using ROM. For example, by adopting values in [38], this would correspond to assume E = 69 GPa. In this
case a rectangular profile can also be selected, but differently from the previous approach, the cross-section area of the
profile associated to the embedded element should be equal to that of the whole filament (Asi, or 0.9 mm wide and
0.125 mm thick in our case). This approach could bring the advantage of removing the need to model the binder
material, effectively reducing model setup even more, while also giving a (probably) accurate bending response if fibers
are distributed uniformly inside the extruded reinforcing filament. However, this is nonetheless a homogenization
technique and thus brings some limitations such as the ideally unfeasible definition of a damage criteria since binder
and fibers undergo much different damaging mechanisms.

Finally, by comparing experimental results and model predictions, some discrepancies could be noticed especially when
experimental responses deviated from linearity. These aspects, clearly related to damage occurring in the fiber or in the
matrix, were not captured by the present version of the model, in which both phases were considered as linear elastic. It
should be noticed however, that splitting the modelling of the fiber and of the matrix opens to further opportunities from
a constitutive modelling point of view. As an example, the next developments of the model could be to include elasto-
plastic or visco-plastic response of the matrix and/or a damage model for the fibers. Assuming an isotropic nature of the
matrix, robust models already in use could be adopted, without the need to adapt complex theories to the anisotropic
nature of a composite material. Similarly, since delamination was observed as a possible failure mode, the possibility to
apply cohesive elements technique could be explored as well as the application XFEM models to predict crack
propagation.

In the end, while the simple rectangular specimen showed a better agreement in terms of FEM vs experimental data, a
slight overestimation of stiffness could be identified for multi-notch specimens. This discrepancy can probably be
regarded as a non-ideal microstructure where voids and imperfect bonding between reinforced layers and Onyx matrix
could be present. In fact, it is reasonable to assume that these non-ideal features would be more influential on complex
specimen due to higher Onyx presence, higher thickness and higher number of reinforced layers causing wider Onyx-
binder interface areas. In this sense, besides the typical voids caused by the FFF process the presence of porosities could
be also justified by the reinforcing filament dimensions. In fact, the ideal reinforced filament area after deposition
should be 0.9 mm wide and 0.125 mm thick, corresponding to a filament diameter of ~ 0.3785 mm (assuming a 1:1
length ratio justified by the presence of carbon fibers) but the current literature reports variations of measured diameter
in the range of 0.340-0.374 mm [10,14,40].
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S. CONCLUSIONS

Considering the comparison between experimental tests and FE analyses on rectangular coupons and multi-notch
specimens, the following concluding remarks were identified:

e The proposed approach, centered on the use of embedded elements in a finite element environment to represent
fiber reinforcement, can be as effective as traditional approaches, based on composite shells with homogenized
orthotropic properties, when dealing with standard specimen configurations used for material characterization.

e In comparison with conventional methods, either analytical or numerical, EE FE provides the additional
opportunity to model complex fiber deposition patterns common to 3D printing technologies, which could not
otherwise be implemented with approaches based on homogenized equivalent properties.

e The EE FE model provided accurate estimates of the stiffness of the 3D composite even in presence of
notches, curvatures or when combinations of concentric and isotropic deposition strategies were used. The
setup of the model can be a bit tedious depending on the complexity of fiber layup, but this additional work is
compensated by the straightforward definition of the constituents material properties.

e The current version of the model misses on capturing nonlinear responses, which could be relevant for some
types of 3D printed composites, due to the linear elasticity assumption. On the other hand, independent
constitutive modelling of fiber and matrix can open new possibilities to refine predictions when the behavior

under highly non-linear conditions (i.e. at failure) is of interest.
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