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Abstract

In this research, a representative volume element (RVE)-based FE Model is presented to estimate the mechanical properties
of additively manufactured continuous fiber-reinforced composites with different fiber orientations. To construct the model, an
ABAQUS Python script has been implemented to produce matrix and fiber in the desired orientations at the RVE. A script has
also been developed to apply the periodic boundary conditions to the RVE. Experimental tests were conducted to validate the
numerical models. Tensile specimens with the fiber directions aligned in the 0, 45, and 90 degrees to the loading direction were
manufactured using a continuous fiber 3D printer and tensile tests were performed in the three directions. Tensile tests were
also simulated using the RVE models. The predicted Young’s moduli compared well with the measurements: the Young’s
modulus prediction accuracy values were 83.73, 97.70, and 92.92 percent for the specimens in the 0, 45, and 90 degrees,
respectively. The proposed method with periodic boundary conditions precisely evaluated the elastic properties of additively

manufactured continuous fiber-reinforced composites with complex microstructures.

Keywords: Additive manufacturing, fiber reinforced composites, representative volume element, Periodic boundary condition,
mechanical properties, micromechanical analysis.

1. Introduction various reinforcements, such as carbon and Kevlar fibers, in
continuous and chopped form, are combined with a
Additive manufacturing (AM) held the widespread

attention of researchers recently and has been used in

thermoplastic matrix and then printed together. The
remarkable strength to weight ratio of AM composites
industrial applications such as electronics, biomedical, and makes them very desired for industrial applications,
aerospace [1-3]. Compared to traditional manufacturing presenting distinctive benefits over traditional composite
techniques, additive manufacturing has advantages in manufacturing methods [6].
materials waste reduction, process time saving, and complex The AM carbon fiber composites has been widely

geometrical design [4, 5]. researched. Brooks and Molony [7] designed parts for AM

To improve the performance of polymer composites,
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by aligning filaments adjacent to the load paths. Jiang et al.
[8] optimized the fiber path of the AM composite utilizing
solid orthotropic material penalization. Fernandes et al. [9]
obtained the mechanical properties of an AM composite,
Onyx, with two different continuous fiber infill patterns.
Chacén et al. [10] investigated the effect of build orientation,
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layer thickness, and fiber volume on the mechanical
properties of AM composites.

The performance of these composites significantly
depends on the fiber orientation [11]. Papa et al. [12]
investigated the effect of fiber orientation on AM composites,
utilizing tensile and compression tests, thermogravimetric
analysis, and calorimetric analysis. Zhang et al. [13]
examined build orientation and raster pattern effect on the
fracture behavior of AM composites.

The finite element method (FEM) is effectively employed
in frequent manufacturing fields as a potent tool to diminish
experimental time and costs [14, 15]. For AM composites,
the use of FEM has increased recently. Fernandes et al. [16]
compared the experimental failure characteristics of the AM
composites with finite element analysis using classical
composite failure criteria. Kalova et al. [17] investigated the
mechanical properties of a composite with a circular cross-
section profile utilizing FEM and verified the results
experimentally.

The representative volume element (RVE) method is
useful for calculating the mechanical properties of
composites using FEM. This method reflects the
complicated micro-structures of composites and gives
precise estimates [18].

In this work, an RVE-based FE Model is presented to
estimate the mechanical properties of the composite with
different fiber orientations. To construct the model, an
ABAQUS Python script has been implemented to produce
matrix and fiber in the desired orientations at the RVE. A
script has also been developed to apply the periodic
boundary conditions to the RVE. Experimental tests

validated the analysis results.
2. Experiments

To investigate the effect of the fiber orientation on the
mechanical properties of the printed composite, three
different fiber angles have been considered. A desktop
continuous carbon fiber 3D printer, Markforged Mark Two,
was used to print the tensile test specimens. The printer can
print thermoplastic parts with continuous fiber reinforcements

using carbon, glass, and Kevlar fibers.

A A%H G DA B B

e

29

Two filament spools are used to print a continuous carbon
fiber reinforced part. The first filament is composed of
Nylon-based thermoplastic polymer with pre-blended
carbon fiber reinforcement, or Onyx. The second strand is a
roll of continuous carbon fiber coated with an adhesive. A
cloud-based software package, Eiger, was used to modify
cad geometry and input process parameters such as the layer
height, filling percentage, type of reinforcement (fibers), and
direction of fibers.

Tensile specimens were printed according to the standard
test method (ASTM D3039) [19]. Different gripping tab
conditions were used in the gripping area: carbon fiber
reinforced plastics (CFRP), glass fiber reinforced plastics
(GFRP), and no tab. Among them, the glued GFRP tabs had
the best performance without slipping in the tensile test
procedure.

Table 1 indicates the details of the tensile specimen
printing.

Table 1 Details of the specimen printing.
ASTM D3039
250 x 15 x 1.75

Specimen geometry

Dimensions (mm)

No. of specimens 3 for each orientation

Fill pattern Hexagonal

Fiber diameter (mm) 0.125

Fiber orientation (°) 0, 45,90
Fiber fill type Isotropic
Fill density (%) 37

Roof and floor layers 2

Wall layers 2

Print time (min) 90~110

Fig. 1 shows the fiber orientations of the specimens. Fig.

2 shows the experimental tensile test specimens.
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Fig. 1 Fiber orientations of the specimens: a) 0 degree,
b) 90 degrees, c) 45 degrees, and d) the 3D view of
the tensile specimen
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Fig. 2 Tensile test specimens: a) 0 degree, b) 90 degrees,
c¢) 45 degrees.

Table 2 shows material properties of the RVE configurations
[20].

Table 2 Material properties of the RVE configurations.

Material Onyx | Carbon Fiber

Test (ASTM) D638 D3039

Tensile Stress at Yield (MPa) 40 -

Tensile Strength (MPa) 37 800
Tensile Modulus (GPa) 2.4 60
Tensile Strain at Break (%) 25 1.5

3. Finite Element Model

o

An ABAQUS Python script has been used to generate AM
specimen models and predict the elastic properties. Fig. 3
shows the RVEs for fiber angles of 0, 22.5, and 45 degrees
and the meshed RVEs. Table 3 shows the RVE
configurations. The RVE is composed of two materials: the
continuous fiber and the matrix. The matrix material, or
Onyx, was modeled as a homogeneous material because the
find short fibers are randomly dispersed. In the RVEs, the
two reinforcing fiber layers at the specimen boundaries
aligned in the loading direction were not considered because

the RVE width was much smaller than the specimen width.

(e) ()

Fig. 3 Implemented RVEs for different fiber orientations:
a) 0 degree CAD model, b) 0 degree FE model, c)
45 degree CAD model, d) 45 degrees FE model, e)
22.5 degrees CAD model, and f) 22.5 degrees FE

model.
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Table 3 Details of the RVEs.

Fiber
) ) 0, 90 45 22.5,67.5

orientation (°)
Dimensions 1.77x1.77 < 1.77x1.77x 177 x 1.77 x
(mm?) 1.75 1.75 1.75
Element type C3D8R C3D8R C3D8R
No. of

289,520 319,896 279,382
elements
Element size

325 325 325

(pm)

y

Extracting all node coordinates

y
Determining minimum and maximum coordinates for x, y,
and z directions

y

Specifying nodes of each corner, inner edge, and inner face

y

Defining each node as a set

y
Applying the relevant constraint equation between each pair
of opposite node sets in corners, edges, and faces

y
Applying the constraint equation between RVE and
reference points

A 4

End

Fig. 4 Developed ABAQUS Python script flowchart
for automatic application of PBCs.

Periodic boundary conditions (PBC) were applied to the
RVEs [21]. The displacements for the periodic RVE can be
expressed as [28]:

k k- _ .0 k k—
uft —ufT = (o — %) (1)

8t A HgAEe] =4

e

31

where u; isthe displacement, s?j is the macroscopic strain,
x; is the coordinate. The indices £+ and k— denote the kth
pair of two opposite boundary surfaces of an RVE.

An ABAQUS Python script has been developed to
automatically implement the PBC to any given RVE to apply
periodic boundary conditions. Fig. 4 shows the developed

Python script flowchart.
4. Results and Discussion

The effect of the fiber orientation on the mechanical
properties of additively manufactured fiber reinforced
composites was investigated using the micromechanical
finite element method and experimental verification. Fig. 5
shows the stress-strain curves of the additively manufactured
composites with different fiber orientations. Table 4 shows
the prediction accuracy of Young's moduli of the additively
manufactured composites at different fiber orientations. The
predictions of 45 and 90 degree specimen showed good
agreements with the measurements, while the accuracy is
less for 0 degree specimen. The two reinforcing fiber layers
at the specimen boundaries can cause the difference between
FE models and experimental results. In addition, the
inclusion of the nonlinearity of fiber and matrix properties
may increase the prediction accuracy. Overall, the
implemented micromechanical homogenization RVE can
predict the elastic modulus in very good agreement with the

experimental results.

250 ‘
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o Exp (90°)

——FEM (90°) .
150 F i

200 F

True Stress (MPa)
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Fig. S stress-strain curves of the AM composites with
different fiber orientations.
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Table 4 Young's modulus of the additively manufactured

composites with different fiber orientations.

Fiber orientation (°) 0 45 90
Measured Young's

39.81 14.79 12.54
modulus (MPa)
FE Predicted Young's

33.34 14.45 13.15
modulus (MPa)
Prediction accuracy
%) 83.73 97.70 92.92

(V]

Fig. 6 shows the variation of the Young’s moduli with the
fiber angles. The fiber angles of 22.5 and 67.5 degrees were
also analyzed. The Young’s modulus decreases with the
increase of the fiber orientation angle, but did not show

much difference when the fiber angle becomes larger than

45 degrees.
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Fig. 6 Young’s modulus variation with fiber angle to

loading direction

Fig. 7 shows the Von-Mises stress distribution at the
strain of 0.005 of the additively manufactured composites
with different fiber orientations. Figs. 8 and 9 show the Von
mises stress and logarithmic strain frequencies for different
fiber orientations, respectively, at the strain of 0.005. The
results show that the strain is homogeneous while the stress
distribution splits into two in the 0 degree specimen because
of the mechanical property difference of the fiber and matrix.

For 45 and 90 degree specimens, high strains occur locally

A9 - 1A

o

but the amount of stress distribution split decreases.

S, Mises S, Mises
(Avg: 75%) (Avg: 75%)
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Fig. 7 Von-Mises stress distribution of the additively
manufactured composites with different fiber
orientations: a) 0 degrees, b) 45 degrees, and c)
90 degrees.
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Fig. 8 Von-Mises stress frequencies of the additively
manufactured composites with different fiber
orientations: a) 0 degrees, b) 45 degrees, and c)
90 degrees.
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Fig. 9 Logarithmic strain frequencies of the additively
manufactured composites with different fiber
orientations: a) 0 degrees, b) 45 degrees, and c) 90
degrees.

5. Conclusion

A micromechanical homogenization RVE has been
implemented to predict the mechanical properties of
additively manufactured fiber-reinforced composites with
different fiber orientations. The following conclusions are
achieved:

(1) The implemented algorithms and scripts for RVE
construction with fibers aligned at an angle and imposing
periodic boundary conditions successfully generated RVE
models for calculating mechanical properties of continuous
fiber-reinforced composites.

(2) The prediction of the RVE-based FE analysis using
periodic boundary conditions precisely predicted the elastic
properties of composites with complex microstructures with
good accuracy. It implies that the RVE-based finite element
analysis can be used to predict the mechanical properties of
the additively manufactured continuous fiber-reinforced
composites.
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