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Abstract: Due to the versatility of its implementation, additive manufacturing has become the en-
abling technology in the research and development of innovative engineering components. However,
many experimental studies have shown inconsistent results and have highlighted multiple defects in
the materials’ structure thus bringing the adoption of the additive manufacturing method in practical
engineering applications into question, yet limited work has been carried out in the material mod-
elling of such cases. In order to account for the effects of the accumulated defects, a micromechanical
analysis based on the representative volume element has been considered, and phase-field modelling
has been adopted to model the effects of inter-fiber cracking. The 3D models of representative volume
elements were developed in the Abaqus environment based on the fiber dimensions and content
acquired using machine learning algorithms, while fulfilling both geometric and material periodicity.
Furthermore, the periodic boundary conditions were assumed for each of the representative volume
elements in transversal and in-plane shear test cases,. The analysis was conducted by adopting an
open-source UMAT subroutine, where the phase-field balance equation was related to the readily
available heat transfer equation from Abaqus, avoiding the necessity for a dedicated user-defined
element thus enabling the adoption of the standard elements and features available in the Abaqus
CAE environment. The model was tested on three representative volume element sizes and the
interface properties were calibrated according to the experimentally acquired results for continuous
carbon-fiber-reinforced composites subjected to transverse tensile and shear loads. This investigation
confirmed the consistency between the experimental results and the numerical solutions acquired
using a phase-field fracture approach for the transverse tensile and shear behavior of additively man-
ufactured continuous-fiber-reinforced composites, while showing dependence on the representative
volume element type for distinctive load cases.

Keywords: additive manufacturing; carbon-fiber-reinforced composites; phase field modelling;
micromechanics; representative volume element

1. Introduction

Additive manufacturing (AM) technology of polymeric materials has more frequently
been adopted in engineering applications [1,2], especially for prototyping in research and
development [2,3], with prospects in mold tooling and tool jigs, limited-run production
parts, service parts, maintenance and repair, and lightweight solutions in automotive in-
dustries [4-6], as well as in medical applications [7-9]. A comprehensive review aiming
to synthesize the most relevant studies on carbon-based nano-composites was conducted
in [10]. The authors discuss the mechanical and electrical properties of materials reinforced
with carbonaceous nanofillers, such as graphene nanoplatelets and carbon nanotubes, and
their compatibility with the requirements for biomedical applications, emphasizing the
potential of the specific electrical, thermal, and mechanical properties of CNTs fillers in
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multifunctional, hight-strength, lightweight, and self-lubricating wear resistant composites.
In addition, a comprehensive review on graphene nanofillers in metal matrix composites for
biomedical applications was conducted in [11], highlighting the influences of nano-additive
phases on cytotoxicity and the tailored mechanical properties achieved in implants by
adopting scaffold structures. All thing considered, the application of AM technology was
also further extended by the introduction of particle or fiber fillers to achieve the benefi-
cial properties of these reinforcing materials. The prospects of embedding nanofillers in
additively manufactured composite materials were investigated in [12], highlighting the in-
creased strength and stiffness achieved when the components are reinforced with fibers and
fillers, which led to a significant amount of research being concentrated on material selec-
tion and enhancing the characteristics of cost-effective printed components [12]. However,
the experimental observations on the behavior of these enhanced materials show incon-
sistency with the performance of their conventionally manufactured counterparts [13-15],
which has also been found as one of the major obstacles to the adoption of AM in the current
industries [16]. A comprehensive review of the application of AM composites has been
revied in [17], highlighting its potential in medical applications. A comprehensive review
of the application of AM composites has been revied in [17], while the enhancement of the
dielectric and thermal properties of polymeric composites by the addition of fillers was
investigated in [18,19] respectively. The mechanical properties of carbon-fiber-reinforced
specimens containing various LSSs were studied in [20]. While these reinforced materials
exhibit heterogeneity, the AM components manifest in manufacturing inherent deposition
deficiencies which are often attributed to the microscopic voids and inclusion [15,21,22].
Among these defects, the AM parts also depend on various controllable manufacturing
parameters as well as the mechanical properties of the constituents, which often results
in data inconsistencies and issues uncertainty in the prediction of the material behavior.
These FDM-induced flaws were further studied in [21-23], indicating the necessity for
microscopic analysis and NDT component examinations, as well as quantification of the
deficiencies which affect the mechanical behavior of AM CFRP composites; however, the
modelling approaches which account for the effects of the AM process are limited.

In order to calculate the resulting material properties in novel composite AM extru-
sion mixtures, microstructural analysis of these heterogenic materials is essential. This
can be achieved by analyzing a representative volume element (RVE) designed accord-
ing to the available microstructural information on the constituents’ geometries and be-
haviors, as shown in [24-27], as well as being proven valid in multiple studies [28-33].
The constituents” geometry can be acquired from 2D microscopy [13,34] and then pre-
pared using Al-thresholding [35] for statistical evaluations, based on which, and some
assumptions, the RVE is built or it can be analyzed from the 3D uCT scans [36,37] us-
ing the voxel approach [38]. Such models are prepared in a CAE environment where
each of the constituents adopts its constitutive behavior. Since these material models
are usually acquired from macroscale analyses, additional assumptions on the inter-
material contact behavior [13,28,39,40] have to be adopted. In commercial FEA software,
these interactions are implemented using cohesive elements [28] or alternatively using
phase-field modelling [39-41].

The phase field approach was initially developed to overcome the problems of moving
interface boundaries and topology adjustments when simulating the morphologies of
evolving interfaces in cases of merging or division [42,43]. Based on the initial formulations
presented in [44,45], the model uses a set of field variables ¢ which are described using
partial differential equations (PDEs) and they distinguish the two phases (0 and 1), between
which a smooth transition is assumed when calculated in the proximity of the interface [46].
These sets of variables are continuous functions of time and spatial coordinates and can
be integrated without explicit treatment of interface conditions [42,43]. By adopting the
thermodynamic free energy approach, the phase field evolution can be defined in terms of
temperature, strain, or concentration to predict various changes in microstructural features,
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leading to frequent application in simulations of microstructural evolutions [47] and the
modelling of fracture mechanics [48].

Since complex crack trajectories and crack branching [49] can be achieved with arbi-
trary geometries and dimensions without tempering with the FE mesh, the application of
this approach has been adopted for modelling various complex phenomena [49] including
stress and temperature-induced transformations in shape memory alloys [50], function-
ally graded materials [51,52], hyper-elastic materials [53,54], compressive shear fracture
in basalt, cement mortar and sandstone [55], chemo-mechanically assisted fractures [56],
hydrogen embrittled alloys [57], piezoelectric [58], and fiber-reinforced composites [59,60].
However, despite still being limited in engineering applications, there are several reported
applications in commercial FEA software including MATLAB [61-63], Python [64,65],
Abaqus [46,50,57,66-71], and COMSOL [55,72], many of which are published in open-
source archives. The constitutive relations used in these phase-field implementations are
based on [45,73] as the AT2 and the AT1 model, respectively, and some of the presented im-
plementations include the regularized cohesive zone model PF-CZM based on [74-77] while
adopting newton monolithic [57], one-pass AM/staggered [57], or iterative AM/staggered
solver algorithms [71] for acquiring solutions [49].

Furthermore, the development of solution algorithms for the coupled deformation-
fracture problem was presented in [49,57,78,79]. The total potential energy is minimized
according to the displacement field u and phase field ¢, while @ is solved as a damage
variable [80] at the finite element node instead of at the integration point as in cases of
local damage models [46]. This is achieved using a user-defined element (UEL) prior to the
implementation of the user defined material model (UMAT), which limits the modelling
and visualization capabilities of commercial software [46]. This has been accounted for
in [46,80] by adopting the similarity between the phase field balance and heat transfer
equations which enables the calculation of phase-field damage ¢ variable as an additional
degree of freedom without the necessity for the UEL mesh definition. To retain all of the
the Abaqus built-in modelling and meshing features, this approach has been implemented
for the micromechanical damage modelling of AM carbon fiber-reinforced thermoplastic
polymer (CFRP) composite RVE and validated on experimentally acquired data. All things
considered, this work is focused on the application of the phase field approach in modelling
the microstructural failure of AM CFRP composite RVE subjected to tensile and shear
loads. Therefore, as an extension to the previously published work where the RVEs were
modelled based on continuum mechanics and cohesive finer/matrix interfaces [13,81],
the behavior of the AM CFRP composite was modelled in this work using a phase field
modelling approach, introducing microscopic damage and showing better scalability of the
RVE based on microscopic imaging in contrast to the previously acquired results in [13,81].

2. Materials and Methods

The consistency of an AM material may vary due to the ratios and microscopic
properties of the constituents, the chemical properties of the sizing agents, layer thickness,
nozzle diameter, humidity, filling type, and density, as well as the extrusion speed and
temperature [82]. Since many of these parameters could be controlled, an iterative design
process in novel material development is essential. Therefore, a micromechanical modelling
approach based on the representative volume element has been proposed in this work.

The CFRP composite specimens for microscopic analysis were designed as 12 layered
25 x 25 mm laminated plates with a cross-ply stacking sequence equal to [0/90,/0/90,]s,
as shown in Figure 1, and additively manufactured using a Markforged X7 3D printer. This
LSS was adopted after a preliminary microstructural examination of similar AM composites.
A similar LSS is used in acquiring the multiaxial response through uniaxial tensile tests on
rectangular specimens [83], which was also studied in [14]. This sequence also enables the
measurements of unidirectionally reinforced layer composition and gives a better insight
into laminar dimensions, layer-wise defect accumulation, and repeatability issues between
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single, double, and multiple adjacent layers. However, these specimens did not account for
the lengthwise defect accumulation due to uneven material solidification.

25

Y
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-

Figure 1. CFRP laminate sample [81]: (a) sketch in the x-y plane, and (b) LSS details.

The specimens were then cut along and perpendicular to the dominant fiber direction
in order to acquire x-z and y-z cross-sections, while the x-y cross-section is acquired by
grinding the polymeric top layer of the specimens. The cross-sections were polished and
prepared for observation using the FEI-QUANTA-250-FEG scanning electron microscope.
The acquired images were inspected and, due to the ununiform matrix background, the
images were segmented based on pixel classification using Trainable WEKA segmentation
machine learning algorithms which are readily available in FIJI [35] open-source software.
The acquired results were statistically evaluated and compared with the data available
in the relevant literature. Following the comparison, the RVEs were designed according
to [13,31,84], while adopting the microscopic properties acquired from the four middle
layers. The first case (RVE-1) was designed as a single fiber unit cell; the rectangular and
hexagonal fiber arrangements have been adopted for the second (RVE-2) and the third
(RVE-3), respectively, while keeping the smallest possible RVE size for the measured fiber
volume ratio to increase the computational efficiency. However, to acquire more accurate
results from the analysis of small-size RVEs, the fibers were placed at the RVE boundary
edges [84], while ensuring geometrical, material, and mesh periodicity [13,31]. This was
adopted for the cases of rectangular and hexagonal fiber arrays, while for the unit-cell case,
both conditions could not be fulfilled.

In order to distinguish between the fiber, the matrix, and the fiber /matrix interface
behaviors, each RVE domain was divided into three subdomains. The model was dis-
cretized using coupled temperature-displacement hexahedral elements (C3D8T), with the
predefined temperature field indicating the initial state of damage within the material.
Furthermore, the linear elastic behavior was assumed for the phase field damage frame-
work [33], while the fiber and matrix’s mechanical properties were adopted from [85]
and [86], respectively; as shown in Table 1. The constituents’ properties were adopted from
the literature since the commercially available data are available only for the UD composite
reinforced in the direction of the layers with the elastic modulus of 60 GPa and tensile
strength of 800 MPa [87], while the matrix data are available for the AM polymer used
in the secondary nozzle, and not in the analyzed CFRP material. The toughness K;c was
adopted for polyamide according to [88] and recalculated to acquire the G¢ values. In
contrast to the fiber and the matrix, the values for the interface properties were assumed
and calibrated according to the experimentally observed material behavior.
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Table 1. Constituents” mechanical properties.

Fiber Matrix Interface
Elastic modulus, E1; [MPa] 191,000 3000 100
Poisson ratio, v [/] 0.2 0.3 0.3
Toughness G, [k] /m?] 0.763 1 0.3
Phase field length, I [mm] 1x 1074 1x1073 1x1073

In order to appropriately simulate the behavior of the surrounding material, periodic
boundary conditions (PBC) have been enforced on the RVEs boundary corners, edges, and
surfaces [28,30-33], where the PBCs and the node constrain equations were defined using
the automated procedure presented in [31,32]. However, instead of focusing on extracting
the elastic properties, the procedure was modified to calculate the material degradation
and damage using user-defined subroutines and simulate the complete material response
until failure.

The mesh sensitivity was studied on three distinctive cases of RVEs with assumed
hexahedral fiber placement. The curvature maximal deviation factor /1/L was assumed
as 0.01 for each of the tested cases, while the approximate element sizes were adopted as
25x107%,3x107*,4 x 10*, and 5 x 10~* which resulted in 1,115,403, 60,860, 53,876, and
33,781 elements, respectively. Returning consistent results within the elastic region, the
models were discretized using coupled temperature-displacement hexahedral elements
(C3D8T) assuming the approximate element size equal to 4 x 1074, resulting in mesh sizes
of 23,163, 57,300, and 53,876 elements for RVE-1, RVE-2, and RVE-3, respectively. Finally,
the models were subjected to transversal and shear loads and analyzed using a phase field
model.

In a standard phase field model formulation (AT2) presented in Equation (1), the
damage is described using the phase field variable @ which takes the values between zero
for the undamaged and one for the fully damaged material, while the damage evolution
depends on the balance between the energy stored within the material and the energy
released during fracture [46,80].

2, ¢ 22(1-¢)

Vib =5 — W'EL’ @
In this expression, the fracture toughness of the material and the strain energy density
are represented by the variables G, and ¢, respectively, while the variable [ stands for the
phase field length which is used to define the size of the damaged region. In Abaqus, this
differential equation is solved by introducing the user-defined element (UEL) before the
material model subroutine is called, thus losing the Abaqus built-in modelling, meshing,
and visualization features in the process. To account for this, a solution based on the
similarities between the phase field damage evolution and the heat transfer problem under
steady-state conditions has been presented in [46,80]. In this framework, the change in
the temperature T for a material with thermal conductivity k which is subjected to a heat
source r is calculated according to Equation (2), and since this scheme is readily available
as an Abaqus built-in feature, it was utilized for solving the differential equation for the

phase field damage evolution [46,80].

kV2T = —r )

The complete mathematical formulation of the phase field theory is presented
in [46,80,89] as well as in Appendix A, and within this framework, the initial temper-
ature is given as a predefined field variable, the material thermal conductivity is equal
to one, while the variable r is redefined according to the phase field fracture theory and
introduced using the UMAT subroutine.
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Following these assumptions, the initial temperature is usually given equal to zero
and it describes the initial state of damage, which evolves according to the phase field
damage formulation presented as r until the fully damaged state is reached. Within the
presented study, the constituents were adopted as isotropic, while presuming linear elastic
behavior based on four mechanical properties for each of the constituents including the
modulus of elasticity E, the Poisson ratio v, the characteristic phase field length scale
I, and the fracture toughness G.. Besides these variables, the model variations are also
presented in [46,80] including AT1 [73], AT2 [45], and the phase field cohesive approach
PF-CZM [74], which also takes the material tensile strength into account. Furthermore,
the monolithic and staggered solution schemes are also presented in [46,80], as well as
a hybrid [90] or anisotropic [78] approach for the volumetric-deviatoric [91], and the
spectral [78] strain energy split schemes. Within the framework of the presented research,
the standard AT2 model has been adopted for each of the constituents in all of the RVE
cases. While using the staggered solution scheme without strain decomposition in order
to achieve convergence with a larger number of iterations, the Abaqus general solution
controls Iy, Ir, I, Ic, I, and Ig have been set to 5000 [46,80]. The RVEs were analyzed
using the adopted UMAT subroutine to be compared with the experimental results.

Therefore, two sets of continuous fiber-reinforced specimens with a polyamide matrix
have been designed as flat rectangular laminates, as shown in Figure 2.

| 220

Figure 2. CAE dimensions: (a) UD-90 specimen dimensions, and (b) SH-45 specimen dimensions;
recreated according to [81].

The specimens in the first set UD-90 were designed according to the ASTM-D3039 [92]
standard as transversely reinforced, unidirectionally reinforced laminates with an LSS equal
to [90]s, while for the second set SH-45, according to the ASTM-D3518 [93] standard, they
were designed as multidirectionally reinforced laminates with an LSS equal to [45/ — 45],g
which resolves the uniaxially applied tensile loads into in-plane shear loads; the visual
representation of the adopted LSS is for each specimen set presented in Figure 3.
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PLY-1

Figure 3. (a) Layer stacking sequence for the UD-90 set, and (b) layer stacking sequence for the SH-45
set; recreated according to [81].

Both sets of specimens were tested uniaxially in quasistatic conditions with
v = 0.01 mm/s using a hydraulic testing system and monitored with both contact and
optical extensometers. The measurements have been taken on the opposite sides of the
specimens, monitoring the strains of one surface using the epsilon-tech axial extensometer
Model-3542, and the opposite one with a GOM Aramis 5M (GigE) adjustable base system
with 35 mm lenses. The image resolution was 2448 x 2050 pixels, while the cameras were
positioned at 560 mm from the specimen, with the distance between the cameras being
equal to 265 mm, closing the angle of 26°. The sensor calibration was conducted using
the software-guided protocol at 22.5 °C resulting in an average deviation of 0.048 pixels
in a measuring volume of 130 x 110 mm x 90 mm. Such a measurement protocol was
selected to check the consistency of the measurements through the specimen thickness and
to detect excessive delamination within the gauge length. The measurements have been
systematized for comparison with the RVE results and they are presented in the following
chapter.

3. Results

The results are given as the microstructural observations and macroscopic experimen-
tal results, following by design of the RVEs and numerical analysis.

3.1. Microstructural Inspection

In order to obtain the necessary input for the RVE design, the material microstructure
was examined on multiple cross-sections in the y-z, x-z, and x-y planes. The cross-sections
were polished and scanned using an FEI-QUANTA-250-FEG scanning electron microscope;
the results are presented in Figure 4.

Figure 4. CFRP SEM images: (a) y-z cross-section 1600x magnification, (b) x-z cross-section
800 x magnification, and (c) x-y cross-section 800 x magnification.
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The acquired images were inspected and, due to the ununiform matrix background, the
images were segmented based on pixel classification using Trainable WEKA segmentation
machine learning algorithms in FIJI as shown in Figure 5. In the classification process,
three sets of categories have been defined: the fibers, matrix, and voids with debris, each
associated with the appropriate pixels. This procedure was conducted on ten randomly
selected areas, while the number of included layers depended on the particular cross-
section.

?é»; WP
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(d)
Figure 5. CFRP laminate’s four middle unidirectional layers: (a) SEM image, (b) WEKA classification,
() the fiber vs. matrix probability map, and (d) voids and debris probability map.

The Figure 5b shows the classified microstructure after being analyzed based on
pixel recognition using the machine learning algorithms. The coloured regions define
the detected phases after the training sessions and correspond to the constituents: the
fibers, matrix, and voids and debris present within the analyzed material. Furthermore,
the constituent’s volume ratios were identified using the colour threshold adjustment
on multiple randomly selected images from each of the analyzed cross-sections, where
the major contribution to the result was the images containing four middle layers in the
y-z cross-section, as shown in Figure 5. Following the classification algorithm, the fibers
and the ratios of the fibers, matrix, and debris and voids were identified for each of the
selected images from which the average value was acquired and is presented in Table 2.
However, due to the irregularity of the fiber arrangement, the local fiber volume ratio was
measured on ten randomly selected 100 um x 100 pm zones within the middle four-layer
area, showing consistency with the measured average, while being inconsistent with the
constituents’” volume ratios found in material agglomerations. In contrast to the volume
ratios, the geometrical variable such as the fiber diameter and layer height could have been
measured directly from the acquired images, and additional image refinements were not
necessary for those datasets. As presented in Figure 6, the statistical analysis of the fiber
diameters showed consistency with the normal distribution, while larger data discrepancies
from the normal distribution could be observed in the layer height distribution which is
also indicated by the Anderson-Darling value lower than 0.005.
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Table 2. Volume fraction comparison.

Laminate [13] Filament [85]
Fiber volume ratio 0.536 + 0.026 0.34 4+ 0.002
Matrix volume ratio 0.41 4+ 0.02 0.66 + 0.002
Fiber local ratio 0.568 4 0.028 1 0.90 2
Fiber diameter, pm 7.00 £ 041 7.2+0.30
Layer height, pm 138.22 +5.11 /

2

1 Measurements acquired in multiple randomly selected 100 pm x 100 um zones; © measurements based on

selected fiber agglomerations [85].

120
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a [7 \ 2 —
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2 ; \ 2 60
[ 40 [
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0 =L . . = 0 R . :
5.5 6.0 6.5 7.0 75 8.0 8.5 110 120 130 140
Fiber diameter, pm Layer height, um
(a) (b)

Figure 6. (a) Carbon fiber diameter measurements, and (b) the specimen’s layer height.

The results of the statistical evaluations have been compared with the values published
in the relevant literature, and the differences between the volume ratio acquired from the
sample using microscopy and from the filament using pyrolysis are highlighted in Table 2.
The comparison yielded consistency for the values of fiber diameters, while significant
discrepancies were documented for the total and local fiber volume ratios since different
machines and parameters were used in manufacturing.

Conclusively, despite the microstructural inspection having been proven valid for the
identification of the constituents’ properties, it also disclosed the inconsistent repeatability
of layer thickness in the AM process, which is seldom discussed, but essential for the
performance of fiber-reinforced composite laminates. Despite the comparison with the
relevant data in the literature yielding consistency for the values of the fiber diameters,
significant discrepancies were observed for the total and local fiber volume ratios. These
discrepancies could be influenced by the distinctive machines and parameters used in the
manufacturing process but they were also expected since the microstructural images were
extracted from the laminated specimen [13], instead of the filament presented in [85].

3.2. Experimental Acquisition of Lamina Properties

In order to identify the mechanical properties of AM continuous-fiber-reinforced
composites, experimental studies on transversal and shear behavior have been conducted,
following the guidelines presented in ASTM-D3039 [92] and ASTM-D3518 [93] standards.
The dimensions of each specimen were assessed in multiple cross-sections within the gauge
length using a digital micrometer, and the acquired values for the widths and thicknesses
were averaged and are reported in Table 3. The acquired values were analyzed, showing
inconsistencies in comparison with the CAE data, as presented in Figure 2, caused by the
removal of the support material. Therefore, to represent the manufactured material more
accurately, the measured values were adopted in the numerical analysis.
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Table 3. Dimensions of the additively manufactured specimens.

Length (L), mm Width (W), mm Thickness (), mm
UD-90 220 26.903 + 0.154 1.33 £0.017
SH-45 220 27.250 + 0.017 2.30 +0.017

The specimens were subjected to uniaxial tensile loads and monitored with both
contact and non-contact strain measurement techniques. During the experimental protocol,
it was confirmed that the behavior of AM UD-90 specimens is highly influenced by the
matrix response and also the fact that these specimens exhibit inferior mechanical properties
in comparison to their injection-moulded counterparts [86]. The material bonding defects
influenced by the fiber /matrix interface and the raster-induced defects of the additive
manufacturing process act as stress concentrators which can be observed in Figure 7 as
localized strains between the deposition paths. Consequently, these effects diminish the
strength and stiffness of the AM materials, and due to their stochastic nature, they cause
material inconsistencies, which is also confirmed by the scatter in the experimental data,
and thus had to be considered in material modelling.

Strain_x,% Strain_x,% Strain_x,%
2.000 6.000 6.000

1.800
5.250

5.250
1.600

4.500 4.500

+—{1.400
3.750 3.750
1.200

1.000 3.000 3.000

0.800

2.250 2.250

0.600
1.500 1.500

0.400

0.750 0.750

0.200

0.000 0.000 0.000

y y y

(b) (© (d)
Figure 7. DIC images of the 50 mm gauge length during the experimental procedure: (a) UD-90
pre-failure, (b) UD-90 at failure, (c) SH-45 at 5% of shear strain, and (d) SH-45 at 5% of axial strain.

Additionally, the SH-45 specimens represent a specific case of multidirectionally
reinforced laminates where the adopted LSS induces multiaxial in-plane shear stress during
uniaxial tension, while, similar to the case of UD-90, multiple strain localizations can
be observed, as shown in Figure 7. In contrast to the UD-90 case, the SH-45 specimens
demonstrated more consistent results up to 2% of shear strain, which is followed by an
increase in data scatter up to 5% of shear strain. The anticipated ductile behavior for
the SH-45 specimens resolves in the fiber rearrangement phenomenon which can lead
to 25% of strain before failure. Since these large strains are not applicable in composite
structures, the ASTM-D3518 standard [93] recommends limiting the observations of the
experimental results at 5% of shear strain, in case the failure does not occur before. The
shear strength in SH-45 specimens was also acquired according to the ASTM standard as the
intersection between the shear stress—strain curve and the 0.2% offset of its shear modulus.
The experimentally acquired data were systematized and prepared for comparison with
the numerical results for each of the RVEs.

3.3. RVE Design

According to the acquired microscopic constituents’ properties, three sets of RVE
models have been developed as presented in Figure 8, where RVE-1 represents a unit cell
containing only one central fiber, while both RVE-2 and RVE-3 contain another fiber which
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is divided into four quarters placed in the RVE corners to ensure better model predictions
using a smaller RVE. Furthermore, to account for the material bonding deficiencies, both
the fiber/matrix and the raster-induced bonding inconsistencies have to be accounted for.
However, since the scale of raster-induced defects exceeded the minimal RVE dimensions,
both the matrix/fiber and the deposition contact deficiencies have been introduced together
at the fiber /matrix interface as a distinctive subdomain.

(@) (b) ()

Figure 8. (a) Single-fiber unit cell (RVE-1), (b) RVE with rectangular fiber placement (RVE-2), and
(c) RVE with hexagonal fiber placement (RVE-3).

In order to check the significance of the discretization on the numerical results, a mesh
sensitivity analysis was conducted on the RVE-3 case. The models were meshed using
hexahedral elements (C3D8T) with characteristic lengths of 2.5 x 107%,3 x 1074, 4 x 1074,
and 5 x 1074, resulting in 1,115,403, 60,860, 53,876, and 33,781 elements, respectively,
returning consistent results within the elastic region, while deviating from the average
values for the post-yielding region in the case of 2.5 x 1074, as presented in Figure 9.

20 -

—— UD-90-1
UD-90-2
UD-90-3
—— UD-90-4

151
——0.00025

— = 0.0003

- = 0.0004
— - =0.0005
101

Stress, MPa

0 T T T
0.0 0.5 1.0 1.5

Strain, %

Figure 9. Comparison between the experimental results and the RVE-3 response for characteristic
element length in the range from 2.5 x 10~% to 5 x 1074.

Since the presented discrepancies were less significant than the scatter within the
experimental dataset, the characteristic element length of 4 x 10~ was adopted for all of
the RVE cases. With the mesh size adopted, and the domains discretized, an automatized
procedure [31] was adopted for enforcing the periodic boundary conditions for transverse
and in-plane shear cases. In order to include the failure analysis of heterogenic materials,
the procedure was modified to use the phase-field model subroutines presented in [46,80].
The necessary mechanical properties for the fiber and matrix materials were adopted from
the literature, while the properties for the interface were fitted according to the experimental
results. The RVEs were analyzed in the ABAQUS CAE environment, with them reaching
convergence in each tested case, and the results are compared with the experimentally
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acquired data as presented in Figure 10, thus showing consistency for the transverse case
and deviations from the experiments in the in-plane shear.

251 ——UD-90-1 . 50+ d
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Strain, % Shear strain, %
(a) (b)

Figure 10. Comparison between the experimental and the numerical results: (a) transversally loaded
unidirectionally reinforced case, and (b) the in-plane shear case.

According to the data presented in Figure 10, there is a consistency between the
modelled behaviors for the transverse tensile cases regardless of the RVE type. Furthermore,
the model predictions correspond to the experimentally acquired data returning values
within the scatter range. However, when subjected to in-plane shear loads, the RVE-1 and
RVE-2 diverge from both the experimental results and the results acquired for the RVE-3,
underestimating the shear strength and modulus, which in contrast are overestimated by
the RVE-3 response. Furthermore, the resulting contour plots of the damage index are
presented in Figure 11, thus supporting the interfiber damage initiation.

Damage index
050

Damage index Damage index
046
042
037
033
029
025
020
0.17
0.12
0.08
0.04
0.00

Damage index Damage index Damage index

(d) (e) ()

Figure 11. Damage evolution in the transverse tensile and shear cases: (a) damage index of 0.5 in
transverse tension, (b) damage index of 0.75 in transverse tension, (c) failure in transverse tension,
(d) damage index of 0.5 in shear, (e) damage index of 0.75 in shear, and (f) failure in shear.

As shown in Figure 11, both RVEs subjected to transverse tensile and shear loads
manifest a damage initiation at the fiber/matrix interface, which is then propagated in the
matrix region, resulting in fracture. Since the fibers within the RVEs are evenly distributed
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by the assumption of the hexagonal array, the crack path is significantly influenced by their
placements. Therefore, to investigate the crack path evolution, a randomly distributed fiber
array should be adopted in further studies. All things considered, it has to be emphasized
that despite the transverse micromechanical behavior being well represented, the in-plane
shear cases do not follow the experimental results after 1% of shear strain and predict a
complete loss of bearing capabilities after exceeding the shear strength calculated according
to the ASTM guidelines, which is not the case in these laminates. Therefore, different
techniques for the experimental identification and modelling of shear behavior in AM-fiber-
reinforced composite materials should be considered.

4. Discussion

In order to predict the behavior of additively manufactured composite materials
based on the material microstructural parameters and the constituents” arrangements, a
micromechanical modelling approach based on the representative volume element has
been proposed in this work. The microscopic analysis was conducted on the representative
(25 x 25 mm) cross-ply specimens through multiple cross-sections. Despite acquiring a lot
of information on the material microstructure which was validated with the relevant data
from the literature and then implemented in the RVE design, it was not possible to recognize
any of the deposition paths in either of the cross-sections. This could be caused by the fact
that the small specimen size, which is manufactured faster than the previously deposited
layer, could have been completely cooled, resulting in a more homogenous microstructure
without the characteristic triangular void patterns found in large-scale prints. Therefore, a
scale-oriented microstructural inspection should be considered in further studies to address
this issue. Furthermore, the 2D microscopic inspection in multiple cross-sections did not
offer a complete insight into the materials’ microstructure. The reference coordinate system,
the printing direction, and misalignments were difficult to establish without assumptions.
Therefore, a pCT approach should be considered in the future both for the microstructure
and the inspection of failure mechanisms.

In this study, the RVEs were designed assuming various geometrical fiber arrange-
ments with consideration given to the measured fiber volume ratio, while keeping the
RVE surfaces symmetrical to enable periodic mesh generation and the implementation
of the periodic boundary conditions. Such RVEs fulfill both the geometrical and material
periodicity conditions; hence, the fibers complete each other if RVEs’ segments are ar-
ranged together. However, the geometrical arrangement in these RVEs does not reflect the
proper nature of the fiber arrangement found in these materials. Therefore, a statistically
random fiber distribution or an input from the pCT scan should be considered in future
studies. Three distinctive cases of RVEs were developed in the Abaqus CAE environment
based on the results from microscopic inspections. The analysis was conducted using
the phase-field fracture model available as an open-source UMAT subroutine, where the
phase-field balance equation was related to the heat transfer equation readily available
in the Abaqus CAE environment, hence avoiding the necessity for a dedicated UEL. This
ensured the adoption of standard elements and features available in Abaqus and therefore
the application of automatized procedures for enforcing the periodic boundary conditions
for transversal and in-plane shear cases. In this analysis, the linear elastic constituents’
behavior was assumed, while the fracture properties were calculated according to the
available properties for similar materials. Thus, for better insight into the microstructural
behavior, these properties should be measured.

In order to acquire the transversal tensile and in-plane shear mechanical properties of
AM CFRP composites, macroscopic evaluations were conducted on unidirectional, trans-
versely reinforced UD-90 and multidirectionally reinforced SH-45 laminates, respectively.
Both cases were tested uniaxially, where for SH-45, the adopted LSS resolved the uniaxial
tensile stresses into in-plane shear. As anticipated, the transverse behavior was confirmed
to be dominated by the matrix’s mechanical properties; however, the overall material
response was inferior to that of the injection-moulded counterparts found in the literature,
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thus it was attributed to the fiber/matrix interface and the raster-induced defects of the
additive manufacturing process. These effects act as stress concentrators and reduce the
strength and stiffness of the AM materials, which was also confirmed in the scattering
of the experimentally acquired data. These effects were also documented in the SH-45
specimens, which showed 2% divergence from the average before reaching 5% of shear
strain. Therefore, both the fiber/matrix and the raster-induced bonding inconsistencies
had to be accounted for in the material modelling. However, as the scale of raster-induced
defects exceeded the size of the adopted RVEs, both the matrix/fiber and deposition contact
deficiencies were introduced uniformly at the fiber /matrix interface. Since this approach
is not physically consistent, yet based on an assumption, a multiscale representation to
distinguish these effects should be considered in further studies. However, the proper-
ties of the fiber/matrix interface or the material deposition contact need to be acquired
experimentally.

5. Conclusions

Numerical calculations of the transverse tensile and in-plane shear micromechani-
cal behavior of AM CFRP materials based on the material microscopic analysis and the
macroscopic response were presented in this study. The procedures used in material man-
ufacturing and preparation for microscopic inspections were discussed, the positive and
the negative aspects of the adopted approach were presented, and the key features for
acquiring better results in further studies have been highlighted. The RVE design based
on geometrical assumptions and supported by the microstructural measurements was
also discussed, where many benefits of using uCT over microscopy have been presented.
Furthermore, the presented microstructural analysis is based on the proposed analogy
between phase-field fracture and the thermal conductivity differential equations since
it supports the ABAQUS built-in features, thus enabling the development and analysis
of the periodic RVEs using the phase-field fracture theory. This approach simplified the
domain divisions based on the various materials and their interfaces, as well as the load
application and finally the visualization of the acquired result. Furthermore, both the data
scatter and the DIC images confirmed that the inconsistencies in AM CFRP composites
are caused in the contact zones of the deposited material. However, since the scale of
these deficiencies exceeded the size of the proposed RVEs, the effects were introduced
together with the fiber /matrix influence at the constituents’ interface. The negative aspects
of this approach were discussed, and a multiscale approach with experimentally acquired
interface properties was proposed for further study.

All things considered, this study confirmed consistency between the experimental
results and the numerical prediction using the phase-field fracture approach for the trans-
verse tensile behavior of AM CFRP composites. The numerical results were independent
of the RVE type, returning values within the range of the experimental scatter. However,
when analyzing the in-plane shear behavior, RVE-1 and RVE-2 revealed divergence from
both the experimental results and the results acquired for the RVE-3, thus underestimating
the shear strength and modulus of the tested materials. In contrast, RVE-3 overestimated
the mechanical properties in the case of in-plane shear. It was shown that despite the trans-
verse micromechanical behavior being well characterized using this phase-field modelling
approach, the in-plane shear cases do not follow the experimental results after 1% of shear
strain. Furthermore, after exceeding the shear strength calculated according to the ASTM
guidelines, the model predicts a complete specimen failure which does not occur in the
experiments. Therefore, different techniques for experimental identification and modelling
of shear behavior in AM-fiber-reinforced composite materials should be considered in
future work.
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Appendix A

A formulation of the phase-field fracture theory reproduced according to [46,80,89].
The strain tensor is calculated based on the displacement field vector u, under the assumption
of small strain sand isothermal conditions, as shown in Equation (A1) [46,80,89].

e = % <VuT + Vu) (A1)

The degree of damage is described with a continuous phase field scalar ¢ which takes values
between zero and one, regarded as undamaged and fully damaged material, respectively [46,80,89].
The smeared crack approach is used to represent the discrete nature of the cracks, and it is regulated
by a length scale variable I > 0, under the approximation of the fracture energy over a discontinuous
surface I'; where 7y is the crack surface density functional, while the material toughness is given by
G¢, as shown in Equation (A2) [46,80,89].

b= /chs ~ /ch(qp,vq))dv (A2)
r Q

Under the assumption that the phase field depends only on the solution of the displacement
problem, the external traction forces are not included in the calculation of the principle of virtual
work, as shown in Equation (A3).

/{(7 e+ Wi + E-OV LAV & /(T-(Su)dS (A3)
Q Q)

In the Equation (A3), the Cauchy stress tensor is represented by ¢, which is work-conjugate to
the strains represented by e. The traction T is defined for the outward unit normal n at boundary 90},
and it is work-conjugate to the displacements u [46,80,89]. The work-conjugate to the phase field ¢ is
given by w, while ¢ is the micro-stress vector, a work-conjugate to the V¢, as the virtual quantity is

given by 4 [46,80,89].
In the material domain ), the local force balance is calculated according to the expressions given
in Equation (A4), assuming on = T and ¢&n = 0 boundary

conditions on 9} [46,80,89].
Vio=0, Vi—w=0 (A4)

The generalized expression for the potential energy is presented in Equation (A5) [46,80,89],
where the elastic strain and the facture energy densities are given by i and ¢, respectively, and g(¢)
represents the degradation function [46,80,89].

W(e(u), &, Vo) = 9(e(u), g(d) + ¢(b, V) (A5)
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By adopting the degradation function g(¢) and assuming the criteria presented in Equation
(A6) [46,80,89], the value of the potential energy is decreased with the increase in damage in the
material [46,80,89].

1
g(1)=0 (A6)
§'(¢) <0, forgel01]
According to the presented assumptions, the expression for the fracture energy density is given
in Equation (A7) [46,80,89], where the length scale of the phase field is represented by [, ¢y is a
scaling constant, and w(¢) is a geometric crack function, as the damage growth is realized with the

stored elastic energy which is characterized by the elastic strain energy density ¢y in the undamaged
state [46,80,89].

1
9(6, V) = Gev(6, V) = Ge g (w(0) + P Vo) (A7)

In order to prevent the crack development in compression, the fracture driving force is decom-
posed to the active and inactive parts, represented by 1" and ¢, , respectively [46,80,89], which leads
to the definition of the elastic strain energy density presented in Equation (A8) [46,80,89].

Pp(e(u),g(9)) = yg (e(w), &) + g (e(w)) = g(d)y (e(w)) + ¢y (e(w)) (A8)

The damage irreversibility is represented as d) > 0, and it is achieved using the history field
variable H which fulfills the Karush-Kuhn-Tucker (KKT) conditions presented in Equation (A8) [46,
80,89].

Py —H <0, H>0, H(pg —H) =0 (A9)

This leads to a history field definition for a specific time referred to as ¢ over a total time given

by 7, as shown in Equation (A10), and the reformulation of the potential energy is shown in Equation
(A11) [46,80,89].

H = maxicjo,o| ¥y (¢) (A10)
W = g(@)H+ Ge - (@) +1170F ) (A1)

Scalar micro-stress scalar w and the micro-stress vector ¢ are calculated according to the expres-
sions presented in Equations (A12) and (A13), respectively [46,80,89], which were incorporated into
Equation (A14), and this leads to the phase field evolution law presented in Equation (A15) [46,80,89].

oW , G
_ — J () R
©W=5vp 8 H+ 10, (¢) (A12)
oW !
¢= T G Vo (A13)
GC w/(d)) 2 / _
- ( LAY ¢) g (G)H =0 (A14)

The heat transfer analogy is based on the evolution of the temperature field T in a specific time ¢
as shown in Equation (A15) [46,80,89], where the thermal conductivity of the material is represented
by k, the specific heat is represented by cp,, and the density is represented by p [46,80,89].

oT
2 _
kV-T — pcpﬁ =—r (A15)
If steady-state conditions are assumed, the %—f reduces to zero, and the expression is simplified
as shown in Equation (A16) [46,80,89].
kV2T = —r (A16)

In order to correspond with Equation (A16), the phase field evolution law presented in Equation
(A14) can be rearranged as shown in Equation (A17) [46,80,89].

OH , w($)

24 _
Vi = IG. 212

(A17)

According to [46,80,89], this analogy can be adopted considering the equivalence between the
temperature and the phase field (T = ¢) assuming the thermal conductivity is equal to one (k = 1)
and by defining the heat flux according to the internal heat generation, as shown in Equation (A18),
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while in order to compute the Jacobian matrix, the heat flux rate of change is defined according to

Equation (A19).
_ 8 ($)2Hcw _ w' ()
r= IC. TE (A18)
or _ g"(d)2Hcw w'(d)
b IG. 22 (A19)

Since the total potential energy is minimized according to the displacement field u and phase
field @, while @ is being solved at the finite element nodes such as a damage variable at the finite
element node instead of at the integration point as in the case of local damage models, the calculation
would require the user-defined element (UEL) before the implementation of the user-defined material
model (UMAT). However, since this approach uses the heat transfer analogy, the UMAT subroutine
can be run without the necessity for the user-defined element.

Steps for the implementation of the subroutine [89]:

e  Define the user material with five material properties including the Young’s modulus E, Pois-
son’s ratio v, phase field length scale [, fracture toughness G, and the tensile strength f; which
is applicable for the phase field cohesive zone models, while otherwise neglected
Set a solution-dependent state variable (SDV)

Define the material conductivity equal to one

State the analysis step as coupled temperature-displacement with steady-state or transient
options, a constant increment size, a separated solution technique, and symmetric equation
solver matrix storage

° Change the values of the solution controls parameters Iy, Ir, Ip, Ic, I, and Ig to 5000, to avoid
convergence problems due to large number of iterations

e  Define the initial temperature condition equal to zero to describe the undamaged material in the
initial step

e  Adopt the element type as coupled temperature-displacement
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