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ABSTRACT

The growing demand for high-specific strength, lightweight materials drives research and innovation in
manufacturing industries. Composite materials are emerging as viable alternatives to traditional metals and alloys
as they address these critical industry requirements effectively. Advancements in additive manufacturing technology
have transformed the fabrication of composite materials with tailored mechanical properties. However, there is a
limited understanding of the material properties of composites manufactured through three-dimensional (3D) printing
technology. This work aims to provide a better understanding of the relationship between the 3D printing process
parameters and mechanical properties of the carbon fibre materials. Specifically, the study reports the effect of raster
angle and infill pattern on the flexural and impact properties of onyx-reinforced carbon fibre composites. Major
findings from this study reveal that there is a significant decrease in flexural strength with an increase in raster
angle due to parallel deposition of fibres. In addition, the triangular infill pattern had the highest energy absorption
when compared to all other equivalents. The 0° raster angles with solid or rectangular infill patterns and 45° raster
angles with triangular or solid patterns are ideal for applications with high flexural strength and impact resistance,
respectively.
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(CFRP) composites are prevalent in aircraft control surfaces,

The relentless pursuit of lightweight, high-performance
materials remains crucial for innovation and advancement
in aerospace, maritime and automotive industries, where the
weight of the component plays a crucial role in the operation of
the system. Composite materials play an important role in this
endeavour, which allows the combining properties of multiple
materials. However, traditional composite manufacturing
methods offer less design flexibility and intricacy, the need for
skilled personnel and high capital investments

Additive Manufacturing (AM) of reinforced thermoplastics
has revolutionised the manufacturing industry. In the American
Standard of Testing Materials (ASTM) Society, AM is defined
as the process of joining materials layer by layer to create
physical objects from 3D Computer-Aided Design (CAD)
model data'. The advantages of composites are further enhanced
by AM, which makes it feasible to create complex geometries
and optimise material distribution to achieve desired structural
properties. This technology allows for precise control over the
orientation and alignment of continuous fibres paving the way
for the fabrication of architected composites. Integrating 3D
printing with composite materials can produce lightweight,
strong, improved noise and vibration properties and highly
tailored components for various applications ranging from
fighter aircraft to prosthetics. Carbon fibre-reinforced polymer
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fuselages and brake systems. For example, the brake systems
of commercial aircraft like Boeing 737 NG? and fuselage and
stabilizers of Lockheed Martin F-35 are made of CFRPs for
superior performance and handling advantages®. Similarly, in
the automotive industry, composites contribute to improved
crashworthiness and fuel efficiency*.

Composite materials are gaining extensive demand in
maritime applications such as propellers, hatch covers, hulls,
masts, and bulkheads. Composite propellers have proved
efficient than their metallic counterpart in both hydrodynamic
and structural aspects. The deflection created due to the
hydrodynamic loads during operation has modified the blade
profile, thereby improving the propulsive efficiency’.

The mechanical properties of the 3D-printed
thermoplastics depend heavily on certain process parameters.
This includes build orientation®, number of fibre layers’, fibre
volume percentage?, infill pattern’, layer thickness!?, raster
angle!!, and extrusion temperature'?. An infill pattern is defined
as the geometric shape or pattern in which the materials are
deposited inside the printed object. Common infill patterns
include grid, triangular, honeycomb, rectilinear, circular,
and Gilbert curves. In addition, raster angle is defined as the
direction in which fibre reinforcement is deposited within each
layer.

Pyl!!, et. al. investigated the effect of various raster
angles ([0°], [0°/90°], [0°/90°/+45°], [+45°]) of carbon fibre-
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reinforced nylon composite, comparing it with traditionally
manufactured composite. Martin®3, et al. explored the effect
of fibre orientation lines on the tensile properties of both
Glass fibre and carbon fibre-reinforced nylon composites. He
studied 45°-45,0°-0°, 45°-90° and 90°-0°. He identified that
fibre orientation significantly impacted the composites' tensile
strength.

Srinivasan', et. al. compared the effect of different infill
patterns on the tensile properties of composites, finding that
the grid pattern exhibited superior tensile strength compared
to triangular, honeycomb, and rectilinear patterns. Ning'?, et
al. investigated the effect of carbon fibre content and length
on tensile strength, finding a significant increase in tensile
strength and Young’s modulus with higher carbon fibre content
and length.

Previous studies have mainly examined the influence of
process parameters on tensile properties, while only limited
literature is available on flexural and impact properties.
Ghebretinsae et al. fabricated onyx carbon fibre composite
samples with solid infill (100 % infill density) to examine
their flexural properties alongside tensile properties'®. Hu'?,
et al. aimed to better understand the flexural behaviour of
PLA-reinforced carbon fibre composites by analysing the
influence of print temperature, print speed, and layer thickness.
According to their findings, layer thickness significantly
impacts flexural properties, with thin layers producing superior
results. Print speed and temperature had a minimal influence
compared to layer thickness.

Impact  property literature on fibre-reinforced
thermoplastics was even less than the limited flexural property
literature. Prajapati', et al. focused on the influence of fibre
layers on the impact strength of onyx glass fibre composite, and
they identified that with an increase in the number of layers,
there was a significant increase in impact strength. Hetrick!’
conducted a charpy impact test on onyx-reinforced Kevlar fibre
to determine the optimal fibre stacking sequence and analyzed
their failure modes. It was found from the above literature data
that the impact resistance of the 3D printed structure is highly
dependent on the mesostructure geometry. The mesostructure
is a function of the infill density and the infill pattern.

The mechanical characteristics of 3D printed items made
by material extrusion of polyamide-based filament reinforced
with 15 % chopped carbon fibres and three different infill
patterns-grid, triangle, and lines-with a 50 % infill density are
examined®. Following specimen testing, the grid infill pattern
had the lowest average value across the two mechanical test
types; however, the values are larger than in the literature.
Tarfaoui?!, et al. studied investigated the tensile properties of
3D-printed polyethene terephthalate specimens reinforced with
carbon fibre for two infill patterns and four densities. Three
infill densities-20 %, 50 %, and 75 %-were used to compare
rectilinear and honeycomb infill designs at 100 %.

As expected, the results showed that the tensile strengths
and Young's moduli of all examined infill patterns rose in tandem
with the infill densities. The design with the maximum tensile
strength and Young's modulus has a 75 % honeycomb and
100 % infill density. The honeycomb was the perfect infill
pattern with 75 % and 100 % densities, offering great strength
and stiffness.
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Investigating the mechanical and dynamic behaviours
of 3D-printed composite structures under tensile and impact
testing was conducted®?. Onyx layers, triangle infill patterns
(30 % and 40 % infill density), and continuous carbon fibre
layers (two, four, six, and eight layers) are among the designed
sample kinds. Scanning electron microscopy (SEM) and X-ray
micro-computed tomography (uCT) investigations visualised
the morphological characterisation and the delamination and
damage of the composite structures. The study's findings
showed that adding layers of carbon fibre reinforcement
improves the composite constructions' tensile strength and
stiffness.

From the aforementioned literature, it is evident that
a crucial gap remains in understanding how infill patterns
and raster angles affect the flexural and impact behaviour of
onyx-reinforced carbon fibre composites. Limited research
has specifically addressed these properties in this particular
material combination. There is a necessity to understand the
effects of these two critical properties due to its practical
application in aerospace maritime and automotive industries.

Hence the present work aims to bridge this knowledge
gap by systematically investigating the effects of four distinct
infill patterns (grid, triangular, honeycomb, and rectilinear)
and three different raster angles (0°, 45°, and 90°) on the
flexural and impact properties of onyx-reinforced carbon fibre
composites using experimental methods.

2. METHODOLOY

The testing specimens were fabricated using a Mark
forged Mark-II industrial-grade carbon fibre 3D printer. It uses
continuous filament fabrication technology similar to that of
FDM but has the additional capability to add reinforcement
material into the polymer matrix. This printer has two nozzles,
each with its own extrusion head and filament spool. One lays
down the matrix filament (Onyx), while the other deposits
a continuous composite material (Carbon fibre) strand. A
continuous set of carbon fibres was reinforced within onyx,
a nylon polymer embedded with micro-chopped carbon fibres
for sample preparation. Figure 1 depicts the image of the actual
machine used for the fabrication process.

Figure 1. Image of the 3D printer machine used for the coupon
fabrication.

For the current study, the temperature of the printing
heads for Onyx and carbon fibre were set to 275 °C and 270
°C, respectively, while utilising an unheated printing bed.
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These temperatures were selected based on their significant
influence on material viscosity, directly affecting printability
and layer adhesion!®. The choice of layer height plays a crucial
role in defining the level of detail and interlayer adhesion in
the printed parts, and the software was set to a height of 0.125
mm to optimize the print quality.

A smaller layer height results in finer detailing and
stronger interlayer adhesion but increases the printing time.
Conversely, a larger layer height reduces printing time but
compromises precision and part strength!’. So, it is essential to
optimize these printing according to material characteristics and
experimental requirements. This study sets these parameters
after multiple tests and adjustments, as initial attempts resulted
in inferior composite samples due to fibre discontinuity and
poor adhesion between different layers. A total of 12 coupons
for each type of test with different combinations of raster angle
and infill pattern were fabricated.

The Eiger software from Mark Forged allows multiple
types of fiberfill, including concentric, isotropic, all-wall and
all-hole. Although the software allows the printing of various
infill patterns, the orientation of matrix materials is predefined
at + or — 45 degrees. While the fibre can be laid at any different
angles as inputted, the matrix material always starts at +45
degrees and is followed by -45 degrees. Figure 2 depicts the
2D view of the orientation of the reinforcement material.

(b)

(c)
Figure 2: 2D view of matrix fibre orientation (a) Matrix
with Onyx +45°; (b) Matrix with Onyx -45°; and
(¢) Reinforcement of carbon fibre with isotropic
patterns and 1 concentric ring.

The geometry of the flexural test coupon is based on
ASTM D790% (see Fig. 3 and Fig. 4 for actual fabricated
coupons). According to classical beam theory, the fibres above
the neural axis experience compressive stress while those
below experience tensile stress. The key principle is that the
stress at the neutral axis is zero. For flexural test specimens, the
arrangement of carbon fibre layers was guided by this theory,
ensuring that no reinforcing fibre was placed at the theoretical
centre. Therefore, ten layers of onyx with 0.125 mm each were
arranged in the middle. Specifically, four layers of carbon fibre
were placed above the central Onyx core, followed by another
four layers of carbon fibre below the core. The bottommost and
topmost four layers were filled with onyx to keep the fibre from

contacting the testing nose. This also makes it easier for the
fibres to be deposited and prevents the material from breaking
down on the printing bed when the sample is removed. In
addition, as recommended by Markforged, two layers of wall
with 0.80 mm for the wall sides were provided.

The Impact test coupon’s dimensions (see Fig. 5 and
Fig. 6 for actual fabricated coupons) were based on ASTM
D6110%*, and the fibre arrangement differed from the previous
specimen’s. Out of the total of one hundred and two layers,
the floor and roof were filled with four layers of onyx, similar
to that of the previous flexural test specimen. Thirty-four
layers of onyx were filled in the middle, and thirty layers of
fibres were printed above and below the middle layers. This
type of continuous stacking of fibres was chosen ahead of the
alternating stacking sequence, which might have one layer
of onyx and one layer of Carbon fibre, as these specimens
displayed superior energy absorption?. This is because, during
the printing process, the adhesion between adjacent fibre
layers is better than the adhesion between a fibre layer and an
onyx layer. Generally, charpy test specimens can be printed
in four different ways, notch up, notch down, notch on any
of the sides, and vertically built notch. In this work, the up-
build orientation was selected as it has proved to have the best
performance among all the build orientations®. The samples
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Figure 3. Geometry view of the coupons for flexural tests
(a) front view; (b) side view; (c) top view; and (d)
isometric view.

Figure 4. Fabricated coupons for flexural tests.
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Figure 5. Geometry view of the coupons for impact tests (a) front

view; (b) side view; (c) top view; and (d) isometric
view.
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Figure 6. Fabricated coupons for impact tests.

were printed identically as per the literature'®, where the length
of the coupon was reduced to save printing time and cost.

Figure 7. Impact test machine depicts the images of impact and
UTM, respectively, where the coupons were tested for
their mechanical properties, developed using the 3D
printer.
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3. FLEXURAL AND IMPACT TEST

A three-point bending test as per ASTM D790 was carried
out with a Universal Testing Machine UTS Shimadzu AG-
Xplus 50 KN machine with a Imm/min displacement rate. The
load (F) was applied and the deflection (y) of the specimen
was calculated. The flexural strength (o) and flexural modulus
(E ﬂex) of the specimen with length (L), breadth (B) and depth
(D) was calculated using the following equations respectively.

o o 3FL
! 2BD? M
_FL
flex = app2.
4BDy @)

The Charpy impact test was performed as per ASTM
D6110 standards using an Impact Testing Machine. Notched
specimens were subjected to a swinging hammer with known
mass. The energy absorbed by the material (/,)is noted, and
the impact strength of the specimen is calculated using the
following Eqn.:

o=y 3

4. RESULTS AND DISCUSSION
4.1 Flexural Test Results - Influence of Raster Angle
Table 1 depicts the results conducted for the flexural test
with various raster angles. The outcome of the investigation
revealed distinct effects on flexural performance across the
composite specimen. With the increase in the raster angle,
a reduction in the flexural strength was observed. For example,
specimens with a hexagonal infill pattern displayed a flexural
strength of 105.448 MPa at a 0° raster angle, which decreased
to 59.238 MPa at a 45° angle and further to 51.738 MPa at
a 90° angle (Fig. 8). This trend was evident among all the
infill pattern types. Generally, 3D printed materials exhibit
characteristics similar to laminated structures due to their layer-
by-layer construction. The maximum force that a 3D-printed
composite can withstand is heavily dependent on the fibre
orientation and the direction of force applied. This dependency
arises due to the anisotropic nature of these materials.
Therefore, the specimen with a 0° raster angle exhibited
higher flexural strength because the deposited fibre layers
parallel the bending plane and offer more resistance to the
bending force. Similarly, a raster angle of 90° exhibited
minimum strength as the loading axis became parallel, and
hence, the unbroken fibres at each layer were not able to
hold the material together, resulting in failure. The decrease
in flexural strength as the raster angle increases could be
attributed to the alignment of the print layers and how the
internal structure responds to bending forces. At lower raster
angles (e.g., 0°), the layers are more aligned with the direction
of the applied force, providing better resistance to bending.
However, as the raster angle increases, the layer alignment
becomes less efficient in resisting bending, leading to reduced
flexural strength. This phenomenon highlights the sensitivity
of mechanical behaviour to fibre orientation, with higher raster
angles introducing inefficiencies in load transfer and stress
distribution.
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Table 1. Results of the flexural test

Raster anele Flexural Flexural
©) g Infill pattern  strength (MPa)  modulus
(GPa)
0 Hexagonal 105.448 17.679
45 Hexagonal 59.238 4.541
90 Hexagonal 51.738 6.698
0 Rectangular 121.058 19.403
45 Rectangular 67.207 4.799
90 Rectangular 52.386 3.196
0 Triangular 116.646 21.116
45 Triangular 56.122 3.164
90 Triangular 45.346 3.533
0 Solid 136.170 10.189
45 Solid 57.764 6.284
90 Solid 50.283 3.378
140 Triangular
== Solid
Rectangular
120
_ =8-—Hexagonal
£
5 100
o
8
]
T 80
5
60
40
0 45 %

Raster Angle (°)

Figure 8. Comparison plot between flexural strength vs raster
angle for various infill patterns.

4.2 Flexural Test Results - Influence of Infill Pattern

The solid infill pattern displayed maximum flexural
Strength at 0° raster angle as shown Table 2, displaying an
optimal configuration for load distribution along a continuous
pathway. The absence of internal voids in solid infill promotes
more uniform material distribution and load-bearing capability
throughout the specimen. The rectangular-shaped infill
consistently demonstrated superior flexural strength ranging
from 52.386 MPa at 90° raster angle to 121.058 MPa at 0°
raster angle and has lines in both diagonal directions. These
lines increase the adhesion and reduce the formation of pores.
When the specimen has fewer pores, it has higher structural
stability and strength. The 0° raster angle had the highest
flexural stiffness of all the infill pattern types, followed by the
45° and 90° raster angles, which showed the lowest flexural
stiffness.

4.3 Flexural Test Results-Stress Strain Curve

The stress-strain curve is a graphical description of
a material’s behaviour during the continuous increase of
loads. The plot can be generated to investigate its mechanical
properties at various loads such as tensile, compression,
bending, torsion and shear. The stress-strain curves were
directly obtained from the UTM for incremental loads of

various specimens of the 3D-printed composite. Figure 9
shows the stress-strain curve for various combinations of infill
patterns and raster angles. Specimens with solid infill patterns
consistently demonstrated the highest ultimate tensile strength
(UTS), with values ranging from 136.170 MPa at 0° raster
angle to 50.283 MPa at 90° raster angle. It is evident that the
0° raster angle, irrespective of the infill pattern type, exhibits
the highest flexural modulus, indicating stiff behaviour. The
stress-strain curve featuring the rectangular infill pattern at a
0° raster angle exhibited an atypical failure mode characterised
by a sudden drop in stress immediately after reaching the
yield point. Unlike other specimens at the same raster angle,
which displayed a gradual plastic deformation post-yield, the
rectangular pattern failed abruptly.
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Figure 9. Stress-strain curves for different infill patterns
with three raster angles: (a) solid; (b) hexagonal;
(c) rectangle; and (d) triangle.

4.4 Impact Test Results: Influence of Raster Angle

The 45° raster angle displays maximum impact strength
followed by 0° as shown Table 2. The specimen with 90° raster
angle exhibited the lowest value of impact strength. In general,
when the fibre orientation is parallel to the direction of the
force, the material exhibits superior structural properties. In
this case, though the 0° raster angle was parallel to the direction
of force applied, it was laid along the length of the material,
which was larger than its width. The 45° raster angle showed
better impact resistance than the zero-degree raster angle as
the fibres were oriented at an angle to the direction of force
applied, and also, the fibres were laid along the width, which
was the shorter side.

The 45° infill pattern offers enhanced impact strength
due to its diagonal orientation, which helps distribute forces
more evenly across the printed part, providing better resistance
to both vertical and horizontal impacts compared to patterns
aligned with the axes. This orientation also allows for improved
load distribution, as the diagonal lines act like beams, absorbing
and dispersing forces more effectively than rigid patterns like
grid or rectilinear. Additionally, the 45° pattern promotes
better layer bonding by creating more overlap points between
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adjacent layers, strengthening the material’s resistance to shear
forces during impacts. In a few cases, specimens with 0° and 45°
raster angles had no significant difference in impact strength.
The 90° raster angle displayed the lowest value because of the
fact that the fibres were laid perpendicular to the direction of
force applied.

Table 2. Impactstrength and energy for various infill patterns
and raster angle

Raster Impact Impact
angle (%) Infill pattern energy (J) strength
(kJ/m2)
0 Hexagonal 10 12.649
45 Hexagonal 10 12.649
90 Hexagonal 8 10.119
0 Rectangular 12 15.178
45 Rectangular 12 15.178
90 Rectangular 8 10.119
0 Triangular 28 35.417
45 Triangular 32 40.476
90 Triangular 26 32.887
0 Solid 16 20.238
45 Solid 20 25.298
90 Solid 14 12.649

4.4 Impact Test Results: Influence of Infill Pattern
Figure 10 illustrates the impact forces values of various
infill patterns raster angle. From the results, it is evident
that the triangular infill pattern displayed maximum impact
resistance. This is due to the mesostructure, which balances
factor intensity and crack propagation. Unlike the solid infill,
the triangular pattern features gaps between the printed lines.
These gaps act as disruptions during crack formation. As a
crack begins to grow, it encounters these interruptions, forcing
it to change direction and resisting its continuous propagation.
In the case of the triangular pattern, the interruption of crack
propagation in the fracture region helps increase the material’s
energy-absorbing ability. This can also be due to the solid infill
pattern taking much more time to print; hence, the inter-laminar
bonding between each layer will be low. Higher printing time
will also result in the generation of air gaps and voids, which
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80
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Figure 10. Variation of Impact strength analysis for different
infill patterns and raster angles.
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will further reduce the strength of the material. The hexagon
and rectangular infill pattern types depict a lower impact
resistance than others; no significant difference was observed
in their performance.

5. COMPARISON WITH EXISTING LITERATURE

The results from the current study on the effects of
raster angle and infill pattern on flexural and impact strength
align with trends found in existing research, although some
differences in specific results are noted. According to the
results, flexural strength decreases with increasing raster angle,
with the highest strength observed at 0° raster angle. This
pattern is consistent with previous studies, such as those by*"
2 who reported similar reductions in strength as raster angles
increased. This behavior can be attributed to the anisotropic
nature of 3D-printed materials, where the alignment of fibers
with the applied load plays a critical role in the material’s ability
to resist bending forces. In present study, the rectangular infill
pattern exhibited the greatest flexural strength at 0°, which
supports findings from literature*® who observed that patterns
with diagonal lines enhance material strength due to better
adhesion and fewer voids between layers.

Regarding impact strength, the present study results show
that the 45° raster angle provided the highest impact resistance,
followed by 0° and 90°. This finding matches the results of
literature?®?, where diagonal orientations, such as 45°, improve
impact resistance by distributing forces more effectively.
Conversely, 90° raster angles resulted in the lowest impact
strength, which has been similarly reported in literature’® who
explained that this orientation weakens the material’s ability
to resist impact forces due to the perpendicular alignment of
the fibers to the applied force. Furthermore, the present study
found that the triangular infill pattern outperformed others in
terms of impact resistance, which is consistent with research
by literature®', who highlighted that patterns like triangles,
which introduce interruptions in crack propagation, are more
effective at energy dissipation.

Although solid infill patterns provided high flexural
strength, their impact resistance was relatively lower compared
to the triangular pattern, corroborating findings from literature*
who noted that solid patterns tend to have lower energy-
absorbing capacity due to weaker inter-layer bonding and
the potential formation of voids. Overall, the current results
align well with the existing literature, confirming that raster
angle and infill pattern significantly influence the mechanical
performance of 3D-printed materials, with fiber orientation
and pattern geometry playing crucial roles in determining the
material’s response to various loading conditions

5. CONCLUSION

Given the rapid rate at which additive manufacturing
is evolving, it is critical to fully understand the variables
that affect the mechanical characteristics of 3D-printed
composites. This research addresses this need and provides a
better understanding of how changes in infill pattern and raster
angle affect the flexural and impact behaviour of onyx carbon
fibre-reinforced composites. The composite comprises onyx
as the matrix material and carbon fibre as the reinforcement
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material. The samples were additively manufactured using fused
filament fabrication technology in 12 different combinations of
infill patterns and raster angles. Due to the anisotropic nature
of 3D printed composites, significant variations in mechanical
properties were expected. Confirming the hypothesis, the fibre
layup orientation and infill pattern significantly impacted the
flexural and impact strength of a material. From the findings, it
is possible to conclude that a 0° raster angle with either solid or
rectangular infill patterns is optimal for applications requiring
high flexural strength. At the same time, 45° raster angles with
either triangular or solid patterns are ideal for applications
where high impact resistance is required. Future researchers
may explore various specimen varieties, angles, and printing
technologies for a more comprehensive analysis.
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