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Advancements in additively manufactured (AM) carbon-fiber-reinforced-plastic (CFRP) composites for structural
applications require reliable tools to predict mechanical performance. Already, the composites are finding ap-
plications in wind turbines, Unmanned Aerial Vehicles (UAVs), space applications, etc., and are promising for
more emerging needs. Fiber volume plays a huge role in influencing the mechanical performance of the com-
posites. However, more understanding of their effects are still needed to better ascertain material performance,
which can be achieved by applying simulation modeling. This study developed a micromechanical model from
Python scripts for Abaqus command line within computer-aided engineering (CAE) environment to predict the
composites’ structural stability and mechanical performance. The verification of the finite element model by
experimental testing showed both the simulation and experimental results to match within an acceptable range.
Tensile modulus increased with fiber volume while compressive modulus shows some decreased properties with
fiber addition irrespective of fiber content for up to 25% CF volume. The overall results show a possible trade-off
between the tensile and compressive properties of the composite, which should be carefully considered in ma-

terial design for various AM applications.

1. Introduction
1.1. Finite element modeling of CFRP composites fabricated by AM

The reliability of material mechanical properties becomes more
important as various developments continue to emerge in the additive
manufacturing (AM) of carbon-fiber-reinforced-plastic (CFRP) compos-
ites for applications ranging from aerospace to automotive where they
are gaining acceptance as alternatives to metallic materials in some
structural functions. Finite element analysis (FE) has been applied as a
numerical tool for predicting the mechanical performance of engineer-
ing materials [1] including CFRP composites and can be applied to the
composites fabricated by AM.

The heterogeneity of CFRP composites can greatly increase compu-
tational requirements when determining their structural properties via
FE, as such it is usually more efficient to approximate the material
properties using homogenization techniques. Such techniques require

the selection of a portion of the composite, termed the representative
volume element (RVE) in a way that the bulk constitutive properties of
the composite are adequately represented in such element and can be
used to determine the property of the composite. As illustrated with two
RVE choices (RVE A and RVE B) in Fig. 1, the choice of RVE could indeed
be diverse, however, the size of RVE is large enough to include intricate
features of the material domain. Although evaluation of the RVE prop-
erties could be done analytically or empirically, flexibilities inherent in
numerical evaluation allow improved control of the modeling process.
As a micromechanical technique, FE requires the imposition of pe-
riodic conditions on the boundary of the RVE to reflect the periodicity in
the domain. In short-fiber plastic composites, it is common to encounter
domains with a rather random distribution of the fiber in the matrix as a
consequence of minimal control of fiber location in the manufacturing
process. The fibers are mostly randomly distributed, however, from an
FE perspective, it is usually sufficient to assume the fibers are periodi-
cally distributed in the composite as long as they are evenly spaced in

Abbreviations: AM, Additive Manufacturing; CFRP, Carbon-Fiber-Reinforced-Plastic; CAE, Computer-Aided-Engineering; FE, Finite Element; RVE, Representative
Volume Element; CLT, Classical Laminate Theory; ABS, Acrylonitrile-Butadiene-Styrene.
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the matrix.

The elastic properties of the RVE are determined by subjecting them
to a strain field where opposites faces are subjected to symmetric
displacement constraints. The average stress, 6, and strain, € are then
determined by averaging them over the RVE as provided by Egs. (1) and
(2). The three-dimensional RVE can be mathematically expressed as:

Eq. (1): Average stress over an RVE

Eq. (2): Average strain over an RVE

1
&€= E o‘,-dx
where L, B, and T are the length, breadth, and thickness of the RVE, and
the effective modulus is determined by dividing Egs. (1) by (2).

1.2. Current state of development in the simulation modeling of AM
fabricated CFRP composites

A sizable number of experimental investigations have reported on
the effect of fiber content on the mechanical performance of AM-
fabricated CFRP composites [2-8]. However, none has applied a
computational method to examine the effect of fiber volume content on
the mechanical performance of AM-fabricated CFRP composites.
Cuan-Urquizo et al. [9], Turner et al. [10,11], Parandoush et al. [12],
and Adeniran et al. [13]. conducted detailed reviews of the computa-
tional and theoretical modeling approaches to FDM fabricated parts.
However, none of the reviewed literature examined fiber volume effects
on the mechanical performance of AM-fabricated CFRP composites.
Most of the work only considered thermoplastic materials [14-17], with
limited work on AM-fabricated CFRP composites.

The two common computational approaches to fiber-reinforced
composites found in literature: The microscopic with the microstruc-
ture modeled explicitly with as much resemblance to the structure ob-
tained in fabrication [18,19] and the macroscopic where parts are
modeled as solid continua with some homogenized effective properties
[20] were examined. The fundamental micromechanics computation of
the structure allows for the derivation of analytical expressions from
which effective Young’s modulus and effective shear modulus can be
derived for the structure-property relationship.

Other models using theoretical simulations also exist, but the ma-
jority of these also examined pure thermoplastics and not CFRP com-
posites. Casavola et al. [21] and Magalhaes [22] used classical laminate
theory (CLT) to predict the mechanical performance of partially filled
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orthotropic AM fabricated plastics as repeating unit cells and the
assumption that the filament rasters are perfectly bonded within a unit
cell. Croccolo et al. [23] predicted the mechanical response of 45° raster
specimens assuming zero air gap between the rasters. There still remains
a knowledge gap in the computational modeling of the mechanical
performance of AM-fabricated CFRP composite which this investigation
examines. Closing the gaps from the understanding provided in this
research will help to improve the development of the manufacturing
process for existing and emerging applications and to foster the overall
viability of the composites.

1.3. Research motivation

The strength and modulus performance of AM-fabricated CFRP
composites are crucial to the development and growth of the compos-
ites, making it important to reliably predict their service performance.
Hence, the investigation of these mechanical properties. Experimental
investigations by the author which examined the effects of fiber content
on the mechanical performance of CFRP composites fabricated by AM
found increasing fiber content up to 20% to improve the tensile strength
and stiffness, but some reduction in compressive strength and modulus.
This motivated to explore FE tools to verify the experimental test results.

1.4. Research outline

The paper employed a mixed micromechanical model to investigate
the effect of fiber content on the compressive and tensile performance of
AM-fabricated CF-ABS composite. It began with a brief description of the
general micromechanical modeling of CFRP composites before going on
to present a detailed account of the modeling strategy for AM-fabricated
CFRP composites using Abaqus and Python.

The results were achieved by automating:

e the generation of a model using representative volume elements
(RVE),

e extraction of results from a database, and

e calculations of effective property from results.

The three operations were accomplished via the development of
Python scripts for the Abaqus command line in a computer-aided engi-
neering (CAE) environment. The Python scripts eliminated the need for
manual model setup while allowing improved control of the modeling

process.

RVEA

EVEB

Fig. 1. An illustration of an RVE on a periodic domain.
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2. Model development
2.1. Approaches to model development

The investigations could be approached using any of the three
different kinds of techniques used in the modeling of fiber-reinforced
composites. The microscopic approach models the fibers and matrix
separately as deformable continua, however at the expense of extremely
high computational cost which makes it uncommon. A second approach
applies a macroscopic model with a composite modeled as a single
orthotropic material, while a third approach could employ a mixed
modeling technique that combines the microscopic and macroscopic
modeling of the extruded composite as a stack of series of macroscopi-
cally modeled discrete reinforced layers, in which each layer has
orthotropic properties.

According to the review of literature on the simulation models of
AM-fabricated CFRP composites conducted by Adeniran et al. [13], the
mixed-mode approach is more relevant allowing for the interlayer fea-
tures to be modeled into an RVE. Fig. 2 illustrates the orthotropic
stack-up of AM-fabricated CFRP composites (Fig. 3).

Fig. 3 presents the workflow strategy used to achieve the theoretical
model results for the fiber volume effect on the mechanical performance
of AM-fabricated CFRP composites.

2.2. Micromechanical model generation for AM fabricated CFRP
composites

2.2.1. AM process features

Interlayer features are distinguishing factors of the AM fabricated
components [7], which influence mechanical performance. The layers
are characterized by relatively large triangular voids of similar sizes
which are formed as gaps between the print beads during deposition.
According to different investigations in the literature [4,24,25], the
extent of the porosities is controlled by process factors. Zhang et al. [24]
described interlayer porosities to be influenced by raster angles. Ning
et al. [4] in their investigation of 0 — 15% CF-ABS composite calculated
the porosity value to range from 2 — 10%, while their other study [26]
found up to 15% degree of porosity. A preliminary investigation by the
author using a micro CT scan found a porosity value range from 11 —
14% for CF-ABS composite fabricated at different deposition tempera-
tures [27]. Thus, an assumption of a 15% degree of porosity for this
investigation.

2.2.2. RVE mesh generation
A python script accepting multiple configurations of the fiber

RVE
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diameter, Fp, fiber length, Fj, fiber volume fraction, V fiber Young’s
modulus, Ef, matrix Young’s modulus, Ey, fiber Poisson ratio, up, matrix
Poisson ratio, up, fiber density, Dp, matrix density, D,, was applied to the
input values to determine other secondary parameters in the construc-
tion of an Abaqus input deck.

A piece of the test specimen as illustrated in Fig. 4 was modeled with
an RVE via micromechanical FE, and the RVE was formulated with
features sufficient to capture the constitutive characteristics of the
overall specimens. The micromechanical FE was achieved by exploiting
functionalities within Python and Abaqus software to automate the
development of an input deck for a vast number of configurations. Such
configuration was applied to explain the effects of the various fiber and
matrix material parameters seen in Fig. 3 on the modulus properties of
the composite.

The edge length, Ej, of the RVE was determined by Eq. (3) given as:

EL :(XFD

Eq. (3): Edge length calculations formula for an RVE where o was a
factor used to control the size of the RVE to capture an interlayer. Setting
o to 30 was sufficient to assume a dimension of an edge length of an RVE
size that fits equal halves of print beads encompassing an interlayer. The
number of fibers, Nf, needed to realize a particular Vr was then deter-
mined by Eq. (4) given as:

_AViE;
- mFF,

F

Eq. (4): Number of fibers calculations for volume fractions

Hexahedral meshing was employed in meshing the domain as shown
in Fig. 5 to build an FE model of the resultant mechanical modulus. The
model was created from the meshing of domains with prescribed prop-
erties and dividing the domain into smaller regions called elements
whose properties are more easily determined. The elements were
defined by nodes that capture the extent of the elements in the domain,
with nodes connecting adjacent elements within the same vicinity and
transmitting loads and constraints from one element to another as seen
in Fig. 5.

A hexahedral mesh was generated with the edge length, E; and the
number of elements connected to the edge of the RVE, Eg,. Automati-
cally generating a hexahedral mesh allowed the interpretation of the
vast number of configurations that could influence the mechanical
properties of the composite without incurring large modeling times as
observed in manual mesh generation using commercial software. The
number of nodes on the edge was therefore set as Eqy + 1, with the co-
ordinates of the nodes determined between 0 and Ey along the X, Y, and
Z cartesian axes. This is illustrated for a 2 x 2 x 2 mesh in Fig. 6a and

Carbon Fiber

ABS Matrix

Fig. 2. Orthotropic layer stack-up of AM fabricated CFRP composites [13].
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Fig. 3. Flow chart of python script developed to analyze the mechanical properties of the AM fabricated CFRP composite via micromechanical finite

element modeling.

Fig. 4. Features of the Representation Volume Element (RVE) used in the

then combined to realize a regular nodal cloud shown in Fig. 6b.

The nodes were numbered from the bottom up, representing Z equal
to 0 planes. Then, from the X and Y equal to E; planes and then to the X
and Y equal to O planes. Eight lists of nodes were constructed as the
nodes for each hexahedral element with each element having a node in
each list. This was achieved by initiating a global list of all nodes and
then dissociating boundary nodes that should not belong to a nodal set.
The dissociation was achieved by testing nodes at the extrema of the
RVE with E; and then removing them from the nodal sets.

Consequently, the elements array for the 2 x 2 x 2 mesh is:

2 4 5

micromechanical FE model.

35 6
5 7 8
5 6 8 9
10 11 13 14
11 12 14 15
13 14 16 17
14 15 17 18

M1
2
4

10
11
13
14
19
20
22
23

11
12
14
15
20
21
23
24

13
14
16
17
22
23
25
26

14
15
17
18
23
24
26

27 |

Each row in the matrix shown contains hexahedral elements. The
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Hexahedral mesh in

. rectangular domain
Adjacent
Element
Hexahedral Nodes
Element
Fig. 5. Illustrations of aspects of the finite element mesh.
@ (0.0.E) 27 24 21
26 23 20
/ x 25 B 19
0,0E/2
® (0.0.E2) ) 18 13 12
17 14 11
° 4 g 10
(0,0,0) (Er/2,0,0) (E1,0,0) 16 13
o 9 6 3
(0, E1/2,0)
® 8 5 2
(0, E1,0) 7 4 1
(a) (b)

Fig. 6. Illustration of a 2 x 2 x 2 hexahedral mesh generation strategy (a) Axial point vector (b) Emergent hexahedral mesh.

number designates the nodal identification numbers which are the po-
sitions of the nodes in another array. A truncated form of the nodes array
is:

0 0 0
0 O05E, O
0 E, 0
E. E E

The first row is node 1 while the last row is node 27. The meshing
strategy offers greater control of the FE by eliminating the need to
iteratively generate a new mesh for convergence or parametric studies.

Nr fibers were embedded within the hexahedral mesh by exploiting
the Abaqus beam element and embedded element facilities. The fiber
locations were randomly generated with respect to the X, Y, and Z car-
tesian coordinates, with the starting and endpoints lying within the
bounds of the RVE, which mathematically can be expressed in Eq. (5) as:

0,0,0 <X, Y, Z < Ep, EL, By

Eq. (5): Fiber location within the X, Y, and Z coordinates. where i is
the index of the fiber/ beam.

The endpoint of the fiber/ beam is determined by adding a vector [0,
0, F] to its starting point to orient it with respect to the Z-axis. A fiber is
accepted into the mesh only if a collision is avoided with other previ-
ously generated fibers, as determined by two criteria. The first criterion
checks that the X-Y distance (distance calculated from the X and Y co-
ordinates) between the starting point of the fiber is greater than the fiber
diameter, Fp, for all existing fibers. The second check ensures the Z
distance of the fiber must be greater than F; and fiber placement in the
mesh is only rejected if it fails both acceptance criteria. The fiber
element generation stops once the total number of fibers is equal to Ng. A
representative configuration of the resulting mesh with fiber hosted

within the bound of a hexahedral is shown in Fig. 7.

The nodes on the beam/ fiber elements are fully embedded within
the hexahedral mesh and therefore constrained by the response of these
3D elements. In modeling these fibers, the Abaqus code was applied such
that the translational degrees of freedom from the beam elements were
removed. As such, the movement at the ends of the beam elements was
subject to the translational degrees of freedom of nodes in the hexahe-
dral elements. Load and constraints imposed on the matrix boundaries
were therefore correctly transmitted to the beam elements. Hexahedral
elements were associated with the properties of the matrix material
while the anisotropic properties of carbon fibers were imposed on the
beam elements. These properties are presented in Table 1.

Boundary conditions were defined, which involvedimposing loads
and constraints experienced by the domain at the boundaries. The
meshing and imposition of boundary conditions were implemented in a
series of equations which were then solved and post-processed. Abaqus
software with the capability to minimize the efforts in performing three-
dimensional analysis from first principles was employed to realize a
satisfactory solution. Young’s modulus and Poisson ratio values were
applied to construct the elemental stiffness needed to determine the
composite’s compressive and tensile modulus. Each elemental stiffness
was assembled in an array to realize the properties for the entire domain,
with the properties of the elements and domains specified in vectors,
arrays, and tensors.

Symmetric boundary conditions were imposed on the boundary
nodes of the RVE. The boundary nodes were identified by the frequency
of the nodal identification numbers in the elements array. Interior nodes
were connected to eight elements as illustrated in Fig. 8 while the
boundary nodes were connected to less than eight elements in the ele-
ments array. The boundary nodes were further classified into surface
nodes, edge nodes, and corner nodes which was necessary to impose the
appropriate boundary condition on the RVE. The boundary surface
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«— Hexahedral Element

Fiber Element

Fig. 7. Emergent mesh: beam/ fiber element hosted with hexahedral elements.

Table 1
Material properties used in the micromechanical FE model (Based on Mattson
et al. [28] and Pardini et al. [29].

Material Property Axis Carbon Fiber ABS
Tensile Modulus (GPa) X 20.0 3.0
Y 20.0 3.0
Z 237.0 3.0
Compressive Modulus (GPa) X 20.0 10.0
Y 20.0 10.0
Z 237.0 10.0
Poisson Ratio X 0.3 10.0
Y 0.3 0.3
Z 0.3 0.3
Fiber Diameter (um) - 7
Fiber Length (um) - 150 -
Density (Ton/mm3) - 1.33 x 10-9 2.00 x 10-9
Tol (mm) 0.05 0.05

nodes were connected to four elements, the boundary edge nodes to two,
and the corner nodes were connected to single elements.

Nodes within each class were paired and equation constraints were
imposed on the pairs to enforce boundary nodes separated by a distance
Ej, displaced by the same amount.

The surface nodes were further classified into six groups namely
those on the minimum X, Y, and Z and those on the maximum X, Y, and
Z. Fig. 9aillustrates the maximum X, Y, and minimum X, Y planes. Nodes
on the maximum planes are paired to another node on its corresponding
minimum plane which is at a distance Ej, to the node on the maximum
plane. The pairing algorithm accepts a set of boundary surface nodes on
the maximum plane and the set of surface nodes on its corresponding
minimum plane. The distance between the nodes in each set is then
calculated using Eq. (6).

U; = \/(xmx = 2>+ Oe = Vo) + @ — Zom)

Interior nodes connected to eight elements

Eq. (6): Formula for calculating the distance between each nodes set
where Uj is the distance of a node in the maximum plane to the i node in
a corresponding minimum plane; mx and mn denote the maximum and
minimum planes while x, y, and z represent the coordinate of the nodes
in the X, Y, and Z cartesian axes.

The node with U; = Z,, is paired with the nodes on the maximum
plane as shown in Fig. 9. It should be noted that the edge nodes were not
included in the first constraining operation and as shown in Fig. 9a were
excluded from the colored regions. Also, the maximum and minimum Z
planes were also not depicted with colors to enhance the clarity of the
image. However, nodes on these planes were paired similarly to those on
the X and Y boundary planes as illustrated in Fig. 9b.

In a second operation, nodes on the edge lying on two maximum
planes were constrained to the closest node on the diagonally opposite
edge which should be the edge lying on the corresponding minimum
planes. Fig. 10 depicts paired edges in the modeling operation.

The other edge nodes were also constrained according to Fig. 11,
where the edge nodes lying on the intersection of maxima and minima
planes were paired and constrained to other edge nodes on a swap of
such combinations. For example, the node on Edge K lying on maximum
plane X and minimum plane Y was paired and constrained to the closest
node on Edge T which exist on minimum plane X and maximum plane Z.

Constraining the edge in this manner minimizes the number of
constraint equations required and avoids conflicts between the different
constraints. The corners of the RVE cubes were not constrained as a
preliminary study suggests this has minimal impact on the simulated
results. The distance between paired nodes on all edges was constant for
all, with the value determinable from Pythagoras’s theorem. This dis-
tance is depicted in Fig. 12, showing a projection of the link to the
minimum X plane.

Mathematically, the distance between the nodes is given by Eq. (7)

U =/E}: +E}

Eq. (7): Formula for calculating the distance between edge nodes

Boundary corner nodes

/

o

/7

&

connected to one element

ON

Boundary surface nodes
connected to four elements

Boundary edge nodes

|~ —  connected to two elements

Fig. 8. Classifying boundary nodes based on their element connectivity within an RVE.
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Fig. 9. Illustration of pairing nodes on the maximum and minimum planes of the cartesian coordinate axes.
Node lying on the common edge for maximum

X and Y were paired with the closest node
— edge common to minimum X and Y.

@ y

_/
@
N

Fig. 10. First operation in constraining edge nodes where edge nodes lying on intersecting maximum planes were paired with their corresponding edge nodes in
intersection minimal planes.
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Figure 11. Second operation in constraining edge nodes where edges lying on maximum planes were paired with their corresponding edge in intersection mini-
mal planes.
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Fig. 12. Illustration of the distance between edge nodes.
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A spare node was created at a distance from the RVE which served as
the point where a strain is imposed, with the node coordinate set to:

[12E, E, Ep]

The 1.2 factor was used to move a node beyond the region occupied
by the RVE. This node was constrained to the nodes on the surface of a
maximum plane of interest in the iteration with a displacement load
imposed on the “spare” node which is transferred to the maximum plane
owing to the constraints.

A strain, S;, -0.0001 was applied at the “spare” node for compression,
while a positive strain, S,, 0.0001 was applied for tension, with the
corresponding displacement calculations given by Eq. (8). These
displacement calculations were used together with the fiber and matrix
material property values presented in Table 1 to simulate both the
tensile and compressive modulus results.

U=SE

Eq. (8): Displacement calculations for edge nodes

2.3. Experimental investigations

The experimental part of the investigation was conducted by com-
pounding the different percentages of the CF-ABS composites using a
Brabendar Pre-Center Mixer (CWB Brabender Instruments Inc., Duis-
burg, Germany). The various fiber composition composite samples were
then crushed into smaller bits using a Pelletizer (Fritsch, Idar-Oberstein,
Germany) and subsequently extruded into filaments using a filamenting
extruder machine (Felfil Evo, Turin, Italy). Details of the experimental
test procedure is referenced as part of a different publication by the
author [6].

3. Results and discussions
3.1. Results extraction from the database

Simulations using 0.05, 0.10, 0.15, 0.20, and 0.25 carbon fiber vol-
ume fractions, Vy, in the ABS matrix were run to better understand the
effect of fiber content on the compressive and tensile modulus of the
composite. The model data was written to an Abaqus input deck, then
solved with the Abaqus command, followed by a mesh convergence
study at Egy set as 10, 20, 30, and 40 for all three cartesian axes to
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ascertain the effective modulus in the X, Y, and Z directions.

The mesh convergence was done to determine the most suitable
mesh for the investigation. The 30° edge element was found suitable
enough, with the displacement and stress results extracted at this
number for the axial modulus calculations. A convergence study was
conducted for the X, Y, and Z cartesian axes, respectively in which the
material properties were found to be in alignment between the different
E,y settings. Fig. 13 shows the results of the convergence study in the Z
cartesian axes.

3.2. Discussions of results

The result presents a tensile and compressive modulus evaluation of
fiber volume effect on the mechanical performance of AM-fabricated
CFRP composites using a finite element model which was further veri-
fied with experimental results. The modulus-to-weight ratio of CFRP
composites is an important factor in the selection of the composites and
the choice of fabrication technique. Hence, the importance of being able
to reliably predict this property. The property defines stiffness, which
measures the resistance of the material to permanent deformation on the
application of force, and at a fundamental level the bond strength be-
tween atoms that make up the composite. Such understanding for AM-
fabricated CFRP composites is needed to further the knowledge base
in the current state of the art of fiber volume effect on the mechanical
performance of the composites.

3.2.1. Tensile modulus

The tensile modulus results are presented in Fig. 14. The experi-
mental samples were tested according to ASTM D638 [30], with
modulus values measured as a ratio of the applied stress to the resulting
strain. Like the compressive modulus, the tensile modulus was calcu-
lated from the ratio of initial tensile stress to the corresponding strain,
and specifically determined from the slope of the tangent to the elastic
region of the curve from the (0,0) origin. The theoretical model was
determined by subjecting the RVE to a positive strain field where op-
posites faces are subjected to symmetric displacement constraints. The
average Stress, 6, and strain, € to generate the modulus values deter-
mined by averaging across the RVE.

The trends of the results for both the experimental and theoretical
model showed an increasing effect of the fiber volume on tensile
modulus, which also aligns with reported experimental investigations in
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Fig. 13. Mesh convergence study in the Z cartesian axes to ascertain the effective modulus in the orthotropic composite.
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the literature on AM fabricated CFRP composites [2-5,31,32]. However,
there were some variances between the experimental and simulated
results which could be due to limitations in accurately incorporating
some AM process Features such as intra-bead porosities, fiber-matrix
interfacial properties, etc., into the simulation model. This inability to
accurately measure and incorporate some of the AM process Features
into the model accounts for the higher values in the simulated results
because in real situations the properties would reduce to be similar to
that observed in the experimental result. Data for the experimental
investigation was limited to 20% CF due to the ease of fabrication
challenges beyond that fiber volume. Also, further development on the
model will be required in future tests for more accurate predictions.
The degree of statistical significance for the FE results could not be
obtained due to their only being a single FE model. On the other hand,
the experimental results seen in Table 2 using the two-sample test
(P<0.005) show an insignificant effect for 10% fiber volume, but a
significant effect thereafter up to 20% CF. The general increase as fiber
volume increases can be ascribed to the increasing presence of aligned
fibers and their ability to hold the matrix together. Duty et al. [2,31]
showed that increasing CF volume to 20% increases the tensile strength
and modulus of CF-ABS up to ~66 MPa and ~12 GPa, respectively. Ning
et al.’s [4] investigation agrees with this observation for up to 15% of the
CF volume that they investigated. Love et al.’s s [33] investigation of
13% CF also supports the claim that CF additions increase tensile
strength and stiffness, and thermal conductivity, decreased the coeffi-
cient of thermal expansion, and greatly reduced the distortion of the
parts. Similarly, Mohammadizadeh et al. [32] reported an increase of up
to 40% in the tensile strength and 80% modulus properties for AM

Table 2
Degree of significance testing of tensile modulus from fiber volume effect.

Modulus (GPa) Axial Tensile

Fiber Volume ABS (0%) 10% 20% 30%
Mean 2.54 2.77 3.70

Variance 0.05 0.02 0.01

Observations 5 5 5

Df 3 4

t Stat -1.524 -8.952

P(T<t) two-tail 0.225 0.001 -

t Critical two-tail 3.182 2.776

fabricated PA matrix reinforced with 8% CF.

3.2.2. Compressive modulus

The result for the compressive modulus is presented in Fig. 15. The
experimental results were measured from the ratio of the applied stress
to the resulting strain in samples tested according to ASTM D695 [34].
The modulus values for the different fiber contents were calculated from
the ratio of initial stress to the corresponding strain, specifically deter-
mined from the slope of the tangent to the elastic region of the curve
from the (0,0) origin.

For the FE model, the compressive modulus was determined by
subjecting the RVE to a strain field where opposites faces are subjected
to symmetric displacement constraints. The average Stress, ¢, and strain,
€ to generate the modulus values were then determined by averaging
over the RVE.

While the experimental results show some decrease in compressive
modulus with the fiber additions irrespective of fiber volume for the
10% CF — 30% CF tested, results from the theoretical model also show a
reducing but insignificant effect of fiber addition. The differences in the
experimental and theoretical results could be accounted for by recog-
nizing that there is insufficient information to accurately measure and
include certain AM features such as intra-bead porosities, fiber-matrix
interfacial strength, etc. in the current FE model.

Just as was seen with the tensile results, the degree of significance
testing for compressive modulus could not be obtained for the FE results
due to only one data point generation feature of the model. However, a
visual examination of the FE model data trends suggests an insignificant
effect for fiber additions up to 30% CF. The experimental results on the
other hand using a two-sample test as seen in Table 3 show a negative
significant effect of fiber additions irrespective of the fiber volume for
the 10 — 30 % CF investigated. This negative effect in compression which
is different from that seen in tension is from the difference in the
effective fiber function and fiber-matrix interface deformation under the
two different loading modes. Hence, the difference in effective fiber
actions under the different loading modes.

The reduction in the experimental compressive modulus with fiber
additions corresponds to a similar result from studies by Mohammadi-
zadeh et al. [32] which compared the compressive properties of AM
fabricated PA with those containing 15% CF volumes of short fiber and
also continuous fiber. They found a reduction in the compressive
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CFRP composites.

Table 3
Degree of significance testing of compressive modulus from fiber volume effect.

Modulus (GPa) Axial Compression

Fiber Volume ABS (0%) 10% 20% 30%
Mean 10.1 8.2 8.4 8.4
Variance 0.9 0.0 0.2 0.3
Observations 5 5 5 5

Df 3 4 6

t Stat 4.123 -0.836 -0.013
P(T<t) two-tail 0.026 0.450 0.990
t Critical two-tail 3.182 2.776 2.447

modulus of both short and continuous fiber CF-PA composites, which
they ascribed to micro-buckling, matrix-fiber splitting, and fiber kinking
as the main cause of failures in the compression of AM-fabricated CFRP
composites. They related stress concentration at the fiber ends due to the
application of compressive load as the main cause of premature failure,
where the stress concentrations result in the generation of cracks at the
interface of fiber and matrix to weaken the part. Studies by Thompson,
Fletch et al. [35-37] for compression molded parts also found the roles
of small imperfections, such as porosity and fiber misalignment in the
formation of kink bands which are present in CFRP composites to affect
compressive modulus. However, the absence of micro buckling and fiber
kinking in the tensile mode resulted in higher tensile strength with fiber
additions. The kink bands are absent in tension but in compression
where they serve as stress concentration points to reduce material
properties.

The existence of the weaker fiber-matrix interlayer regions in CFRP
composites creates reduced mechanical strength in the compression
mode which is subjected to shearing actions. This is against the activity
in pure matrix material where the weak fiber-matrix interlayer region is
absent, and bonding is between the material of the same surface energies
and interlayer compatibilities. The theory of fiber-matrix interfacial
effects on compressively loaded composites proposed by Greszczuk [38]
can be applied to explain the reducing compressive strength with
increasing fiber content in AM fabricated CFRP composites. This is
because compression loading more easily affects the fiber-matrix inter-
face because of the shearing nature of failure propagation typical of the
loading mode. They presented both experimental and theoretical studies
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on the failure modes of compressively loaded composites to support the
theory that the composites exhibit much lower strength than predicted
by the micro buckling theory. This is the result of the lower fiber-matrix
interface properties which are much lower than the average properties
of the entire composite.

4. Conclusions

In this study, the micromechanical model which considered Python
scripts for the Abaqus command line in a computer-aided engineering
(CAE) environment was used to confirm experimental results which
investigated the compressive and tensile modulus of AM fabricated
CFRP composite. The conclusions drawn are as follows:

1 Tensile modulus increases in an upward trend with fiber additions as
determined from the experimental and theoretical investigations for
the up to 20% fiber volume examined.

2 Compressive modulus is insignificantly or negatively imparted by
fiber additions from the FE observation of insignificant fiber addition
effects and the experimental observation of a reduction in modulus
with increasing fiber volume.

3 The differences in the tensile and compressive modulus trends can be
ascribed to the differences in the effective fiber characteristics under
the two different loading modes.

4 In considering AM fabricated CFRP composites, there are some trade-
offs between tensile and compressive properties, which should be
given due consideration in materials design.
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