Received: 25 March 2025

Revised: 17 April 2025

W) Check for updates

Accepted: 22 April 2025

DOI: 10.1002/pc.30004

RESEARCH ARTICLE

INSPIRING Polymer
PLASTICS
PROFESSIONALS  COMPOSITES

WILEY

Investigation and assessment of mechanical properties
of co-extrusion with towpreg continuous carbon fiber
reinforced thermoplastic composites manufactured
using material extrusion

Nabeel Magsood > ® |
Katefina Skotnicova? |

13D Technologies and Robotics
Laboratory, Department of Laser
Technologies, Center for Physical Sciences
and Technology, Vilnius, Lithuania

*Faculty of Materials Science and
Technology, VSB - Technical University
of Ostrava, Ostrava, Czech Republic

*Department of Production Engineering,
Faculty of Mechanical Engineering and
Design, Kaunas University of Technology,
Kaunas, Lithuania

“School of Engineering, Ulster University,
Belfast, Northern Ireland, UK

*Functional Polymers Research Unit,
Materials Research and Technology
(MRT) Department, Luxembourg Institute
of Science and Technology (LIST),
Luxembourg

Correspondence

Nabeel Magsood, 3D Technologies and
Robotics Laboratory, Department of Laser
Technologies, Center for Physical Sciences
and Technology, Savanoriu Ave. 231, LT-
02300, Vilnius, Lithuania.

Email: nabeel. maqsood@ftmc.1t

Funding information
European Commission

Genrik Mordas® |
Jawad Ullah*

Marius Rimasauskas® © |
| Joamin Gonzalez-Gutierrez’

Abstract

Additive manufacturing (AM) is an advanced technique to fabricate a complex
geometrical structure using polymer, metals, ceramics, and composite materials.
Fused filament fabrication (FFF) is the most widely used extrusion-based AM
technique to manufacture polymer and composite parts. Continuous carbon fiber
(CCF) is a lightweight high-strength material that offers exceptional mechanical
durability and performance when incorporated with polymers; it significantly
enhances their performance. To print continuous fibers using the material extru-
sion technique, various methods have been adapted according to the AM tech-
nology. In this study, a self-developed co-extrusion with towpreg method was
employed to fabricate the continuous fiber polymer composites in which both
the materials polymer filament matrix and CCF reinforcement were inserted sep-
arately and extruded together through a single nozzle. Two important printing
process parameters (layer height and line width) were considered with different
ranges to investigate their influence on the mechanical properties (tensile, flex-
ural, shear and compressive), air void volume, and fiber volume fraction. The
results obtained demonstrate that both parameters have a significant impact on
the properties and are mostly influenced by the layer height of the samples. The
group of composite specimens with the layer height of 0.4 mm and line width of
1.0 mm showed the highest tensile, flexural, shear, and compressive strength of
372.68, 247.59, 42.83, and 184.19 MPa, respectively, with the minimum air void
volume of 13.84%. Furthermore, the research outcomes highlight that the com-

posites properties can be optimized by adjusting printing process parameters.
Highlights

« Co-extrusion with towpreg process was employed to fabricate CCFRTC.

« Layer height and line width were investigated for their influence on

properties.
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1 | INTRODUCTION

Additive manufacturing (AM), also known as 3D printing, is
an emerging fabrication technique that builds components
layer by layer from a digital model. It enables the creation of
complex geometries using a variety of materials, including
polymers, metals, ceramics, and composites.l"5 Among these,
polymer-based AM, especially via fused filament fabrication
(FFF) is the most widely adopted due to its simplicity, cost-
efficiency, and material versatility.”® However, printed poly-
mer parts often suffer from limited mechanical performance,
restricting their use in structural or load-bearing applications.
To address this limitation, reinforcing thermoplastics
with fibers either discontinuous (short) or continuous
has become a popular approach.”! While short fibers
can enhance stiffness and toughness, continuous fibers
provide a far superior improvement in mechanical
strength, load transfer efficiency, and dimensional
stability."”>> In particular, continuous carbon fiber
(CCF) stands out for its exceptional strength-to-weight
ratio, making it highly attractive for aerospace, automo-
tive, and high-performance engineering applications.
Fused filament fabrication (FFF) is the most widely
used material extrusion process for manufacturing ther-
moplastic composites incorporating continuous fiber
reinforcements. Several methods have been developed to
integrate continuous fibers into the material extrusion
process alongside thermoplastic extrusion.''® These
methods include filament extrusion, towpreg extrusion,
co-extrusion with towpreg, in-situ impregnation, in-situ
consolidation, and inline impregnation.'® F. Wang et al.*®
conducted a comparison study between the towpreg
extrusion and in-situ impregnation processes and found
that the towpreg extrusion technique increased fiber con-
tent by about 7% and reduced void rate by about 6%,
resulting in 19% and 20% increases in tensile and flexural
strengths for the 3D-printed polymer composite struc-
tures, respectively. However, their study was limited to
1 K fiber systems, whereas our work focuses on 3 K fibers
and dual-parameter optimization using a co-extrusion
head. Typically, FFF 3D printers are modified with extru-
sion heads that feature dual input channels one— for

« The theoretical model was used to predict modulus to validate the model's

« The results demonstrated that both the parameters have a significant impact.
« This investigation led to improving the performance of CCFRTCs

air void volume, continuous carbon fiber reinforced thermoplastic composites, fused
filament fabrication, mechanical properties, printing process parameters

continuous fibers and one for thermoplastic filament
converging— into a single output extrusion nozzle.**
This design enables the fabrication of 3D-printed thermo-
plastic composites.

Among continuous fiber composites, continuous carbon
fiber (CCF) reinforced composites are particularly notewor-
thy for their exceptional properties, offering lightweight,
durable structures with high stiffness and strength. CCF-
reinforced thermoplastic composites (CCFRTC) have dem-
onstrated significant mechanical strength, making them
ideal for lightweight structures. However, producing such
composites via 3D printing poses several challenges, includ-
ing achieving high-quality surface finishes, which are crucial
for optimal mechanical properties.”**> The proper control
and optimization of the printing process parameters play a
critical role in determining the quality of the final product,
influencing factors such as fiber volume fraction, air void
content, and overall mechanical performance of the
composites.”* > Therefore, optimization of these parameters
is essential to maximize the benefits of CCFRTCs in practical
applications. Previous investigators have reported the effect
of various printing process parameters (extrusion tempera-
ture, extrusion width and extrusion multiplier) keeping the
layer thickness constant.?” However, the effects of the layer
height and line extrusion width with the customized print-
ing head for 3 K CCF have not been investigated. Therefore,
this investigation was performed.

Recent studies have examined the effects of some of
these parameters, but often only one variable is adjusted
at a time, or the analysis is limited to specific fiber types
such as 1K carbon tows. For example, RimaSauskas
et al.** conducted a study on the quality of 3D-printed
composite structures, focusing on the effects of printing
parameters, specifically layer height and line width, for
1 K impregnated CCF composites to reduce void volume
in the polymer structures. Their experimental findings
indicated that composite specimens printed with a layer
thickness of 0.3 mm and a line width of 1 mm exhibited
the lowest volume of air voids, achieving a maximum
tensile strength of 183 MPa. Additionally, they observed
that reducing the layer thickness and line width
improved tensile strength, and increasing the carbon
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fiber content led to enhanced mechanical performance.*
Similarly, Moradi et al.*> investigated the influence of
various printing parameters, such as layer thickness,
infill percentage, and extruder temperature, on the maxi-
mum failure load of bronze PLA composites. The results
demonstrated that a higher layer thickness improved the
composite's failure load. Other studies examined
the impact of printing parameters including layer resolu-
tion, printing orientation, infill density, nozzle diameter,
nozzle temperature, and raster angle on the electrical
conductivity and mechanical properties of PLA-based
short carbon and ABS composites.>*>® Chen et al.*” eval-
uated the optimal printing parameters, such as nozzle
diameter, layer thickness, printing speed, and tempera-
ture, for 3D-printed continuous glass fiber-reinforced
PLA composites. Their study reported a maximum tensile
strength of 241 MPa with a 45 wt.% reinforcement con-
tent. Additional research focused on the effects of print-
ing speed and layer thickness on the quality of 3D-
printed cement-based composite materials.*® Dou et al.*
conducted experiments on the tensile properties of 3D-
printed 1 K CCF-reinforced PLA composites, considering
parameters such as layer height, extrusion width, print-
ing temperature, and speed. Their results showed that
decreasing the layer height, extrusion width, and printing
speed while increasing the printing temperature led to
better mechanical properties. The optimum parameters
resulted in a maximum tensile strength of 226.60 MPa
and a tensile stiffness of 22.38 GPa. The authors have
used various adaptation methods to utilize continuous
fiber into FFF technology to manufacture polymer com-
posites and study their mechanical performance.

While several studies have explored the influence of
extrusion temperature, infill density, and printing speed on
the mechanical properties of 3D printed fiber composites,
the combined effect of layer height and line width, particu-
larly using a co-extrusion with towpreg method for 3 K
CCF, has not been thoroughly investigated. Previous work
on 1K fiber composites demonstrated improvements in
void reduction and mechanical strength with optimal
parameters; however, scaling up to 3 K CCF poses unique
challenges in fiber placement, bonding, and void control.
Thus, there remains a critical need to systematically evalu-
ate how layer height and line width influence key proper-
ties such as tensile, flexural, shear, and compressive
strengths, fiber volume fraction, and air void content when
employing a co-extrusion towpreg strategy. To bridge this
gap, this study presents a systematic investigation into the
mechanical behavior of continuous 3 K CCF-reinforced
thermoplastics fabricated using a self-developed co-
extrusion with towpreg method. The influence of two criti-
cal process parameters, layer height and line width, is eval-
uated across six composite groups. The mechanical
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performance (tensile, flexural, shear, and compressive
strength), fiber volume fraction, and void content are quan-
tified. Additionally, theoretical predictions using the rule of
mixtures are compared with experimental data to validate
model accuracy. This work not only provides insights into
process—property relationships but also offers optimization
guidelines for high-strength continuous fiber composites
using extrusion-based AM.

The novelty of this study lies in the systematic investi-
gation of layer height and line width combinations for 3 K
towpreg-based continuous carbon fiber composites using a
custom co-extrusion head printing in FFF. While earlier
studies have focused primarily on 1 K CCF or fixed layer
heights, our work presents a more comprehensive mechan-
ical characterization (tensile, flexural, shear, and compres-
sive) alongside void and fiber volume analysis for a higher
strength 3 K fiber system. Furthermore, the integration of a
theoretical model (ROM) to predict elastic behavior vali-
dated against experimental results adds an analytical layer
often absent in prior studies. This combined experimental-
theoretical approach offers new insights into process-
property relationships and establishes parameter guidelines
for optimizing CCFRTC fabrication in future industrial and
aerospace applications.

In this study, in situ co-extrusion with the towpreg
process was employed to fabricate CCFRTC using the
FFF technique. In this process, the impregnated CCF and
the thermoplastic matrix material were fed separately
into the FFF system, where they fused together, creating
a strong bond and extruding the composite material. Six
different groups of composites were printed, each varying
in layer height and line/ extrusion width, to investigate
their influence on the mechanical properties. The
mechanical properties were assessed, including tensile,
flexural, shear, and compressive strengths. Additionally,
the carbon fiber content and air void volume were mea-
sured to understand their impact on the composite's per-
formance. A theoretical model was also employed to
predict the elastic modulus, and these predictions were
compared with the experimental results to validate the
model's accuracy. This comprehensive analysis provided
insights into how variations in printing parameters affect
the structural integrity and mechanical properties of
CCFRTCs, guiding future optimizations for enhancing
the performance of 3D-printed thermoplastic composites.

2 | MATERIALS AND METHODS
2.1 | Materials used in the experiment

In this research, a polylactic acid (PLA) thermoplastic fil-
ament with a diameter of 1.75 mm, sourced from
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PolyLite by Polymaker, was employed as the matrix
material. The chosen PLA filament has a tensile strength
of 46.6 MPa, an elastic modulus of 2.6 GPa, and a density
of 1.24 g/cm3. For reinforcement, a standard 3 K continu-
ous carbon fiber (CCF) tow, specifically the T300B-3000
from Toray, was used. This CCF tow consists of 3000
individual carbon filaments, each with a diameter of 7 pm,
and is manufactured from polyacrylonitrile. As per the
manufacturer's specifications, the T300B-3000 CCF tow
demonstrates a tensile strength of 3530 MPa, a Young's
modulus of 230 GPa, and a density of 1.76 g/cm3.

2.2 | Fabrication of CCFRTC using FFF
Prior to the fabrication process, the CCF was impregnated
by dissolving PLA pellets in dichloromethane to prepare
towpregs with enhanced printability and adhesion as
explained by Rimasauskas et al.*® The co-extrusion with
towpreg method was employed to print the composites,
wherein the CCF towpreg was combined with the matrix
material (Figure 1A). The composite feedstock was then
introduced into the extrusion nozzle, enabling the simulta-
neous deposition of CCF and the PLA matrix material.****
For the fabrication of composite specimens, a modi-
fied version of the MeCreator 2 (HK GETECH CO., LIM-
ITED, Hong Kong, China) 3D printer was used
(Figure 1B). The printer's extrusion head was modified to
include two input channels: one for the PLA thermoplas-
tic filament and another for the impregnated CCF
(Figure 1C).*"** To ensure high-quality fabrication of the
CCFRTC structures, a controlled air flow cooling system
with a pressure regulator was incorporated to ensure the
high quality and fine fabrication of composite structures

Polymer

; Towpreg

matrix T

Polymer filament

Drive wheel
Teflon guide pipe
Printing nozzle

Bed surface

Co-extrusion \[\ - ]
(A) B)
FIGURE 1

CCF tow

Extrusion head

Heating
control unit

Extruded composite

that is used to cool the deposited material and help to
retain the shape of the deposited strands and prevent the
flow of the molten polymer.?” The flow rate of the com-
pressed air cooling was controlled through the digital
pressure regulator valve. In the experimental research, 0°
unidirectional composite specimens were printed using a
rectilinear 100% infill pattern. The printing process
parameters for the fabrication of the composite specimen
groups are detailed in Table 1.

Figure 1D Illustrates the printed composites produced
using the co-extrusion with towpreg method and the
modified FFF 3D printer. Table 2 presents the parameters
for the group samples prepared for the current experi-
ment. This approach facilitated the creation of compos-
ite structures with enhanced mechanical properties,
providing valuable insights into the optimization of
printing parameters for advanced composite fabrica-
tion. The flowchart of the experimental work per-
formed in this research is presented in Figure 2.

TABLE 1 Printing process parameters used to fabricate 3D-
printed composite specimens.

Printing settings Value, description

Extruder temperature 230°C
Extrusion multiplier 0.7
Printing speed 5 mm/s
Air flow cooling 40 L/min
Infill percentage 100%
Printing bed temperature 90°C

Infill density 100%

Infill pattern Rectilinear
Nozzle diameter 1.5 mm

Modified printing head

—

3D printed |
CCFRPC

© (D)

Schematic of (A) co-extrusion with towpreg process, (B) FFF process of fabricating CCFRPC using towpreg, (C) modified

printing head and 3D printer used for printing the composites for the experiments, and (D) manufactured composites with CCF using FFF.
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TABLE 2 Parameters of the group samples based on variation in layer height and line width.
Groups of samples Group 1 Group 2
Layer height (mm) 0.4 0.5
Line width (mm) 1 1

Polymer matrix
filament

Materials Printing
process
CCFRTC specimens
FIGURE 2 Flowchart of the experimental work.

2.3 | Mechanical testing measurement
procedure

In the present study, ASTM D3039, ASTM D790, ASTM
D5379, and ASTM D695 standards were used to perform
the tensile, flexural, shear, and compressive tests, respec-
tively. All the tests were performed using a universal test-
ing machine of Tinius Olsen H25KT having a capacity of
25 kN at room temperature.

For the tensile test, rectangular cross-section solid
composite specimens with the dimensions of 150 x 13
x 3 mm were fabricated. Tabs on both ends of the speci-
men were also 3D-printed separately using PLA material
having dimensions of 50 x 12.5 x 2mm and a bevel
angle of 30°. Four strain points were marked on the
printed specimen 15 mm apart from the center to mea-
sure the elastic strain using optical extensometers. For
the tensile test, a 2 mm/min rate of head displacement
was used.

For the flexural test, according to standard rectangu-
lar cross-section specimens having dimensions of
127 x 12.7 x 3.2 mm were printed. The 3-point bending

Group 3 Group 4 Group 5 Group 6
0.4 0.5 0.4 0.5
1.2 1.2 1.4 14

v

|
|
|
|
|
|
|
|
|
|
|
|
|
|
Flexural testing :
|
e
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Mechanical testing of composites

test was performed using the crosshead motion rate of
1.35 mm/min and span support length of 51.2 mm.
According to the above-mentioned testing standards, five
specimens for each group were printed to determine their
average properties.

For the shear test, a rectangular cross-section compos-
ite specimen with the dimensions of 76 x 20 x 2.5 mm
was 3D printed. PLA-printed tabs were applied using
super glue at each end of the testing specimen having
dimensions of 32 x 20 x 1.5 mm for the grip during the
testing. Two v-notches were made at the center of
the specimen with a 90° angle on both sides separated by
12mm from the tip of both notches. Strain gauges
were applied to the specimen to record the strain dis-
placement caused during the test. A standard head
displacement rate of 2 mm/min was used to test the com-
posite parts. Five specimens for each group were printed
and tested to determine their average values.

For the compressive test, a rectangular block of com-
posite specimen was manufactured with the dimensions
of 12.7 x 12.7 x 25.4 mm. The CCFRTC specimens were
printed longer in length and cut to the specific length as
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recommended by the standard. The test was performed at
a compression rate of 1.3 mm/min. The compressive
force was applied in the direction of the printed compos-
ite layers, and for each group, five specimens were manu-
factured for the test.

2.4 | Microstructural fracture interface
analysis study

The interfacial adhesion between the matrix and the rein-
forcement is a critical factor in determining the mechani-
cal performance and structural integrity of composite
materials. To evaluate the quality of adhesion and frac-
ture behavior, fractographic analysis was conducted fol-
lowing mechanical testing. This analysis aimed to
investigate the fracture interface between the thermoplas-
tic matrix and CCF reinforcement, focusing on the sepa-
ration mechanisms under tensile loading and identifying
the bonding characteristics at failure points. To achieve
high-resolution imaging of the fracture surface, a Field
Emission Scanning Electron Microscope (FE-SEM)
SU5000 (Hitachi Co., Tokyo, Japan) was employed. The
obtained micrographs provided detailed insights into
the fiber-matrix interfacial adhesion, failure mechanisms,
and potential weak zones, allowing a comprehensive
assessment of the composite’s structural behavior under
applied loads.

2.5 | Volume fraction of the fiber

The approximate estimation of CCF content in the com-
posite was calculated using the length of the tool path of
the manufactured specimen by knowing the number
of lines and layers in width and thickness. Thus, the rein-
forcement content measured was considered as the
weight ratio of carbon fiber to composite specimen,*!
which was converted to the fiber volume fraction V; (%).

2.6 | Air void content estimation in the
composites

The air void volume present in the manufactured poly-
mer composite specimen with varying parameters was
theoretically calculated using the following expression.*?

Vy=100— (V,+Vy) (1)
where V, is void volume, V, is volume percentage of

reinforcement content, and V, is volume percentage of
matrix content.

3 | RESULTS AND DISCUSSIONS

3.1 | Tensile properties

The tensile behavior of CCFRTC specimens fabricated
with varying layer heights and line widths demonstrated
the significant influence of these parameters on their
mechanical properties. Stress—strain curves for the six dif-
ferent 3D-printed groups are presented in Figure 3A,
illustrating distinct performance variations. Group 1, with
a layer height of 0.4 mm and a line width of 1.0 mm,
exhibited the highest tensile stress, followed sequentially
by Groups 3, 2, 5, and 4. Group 6 recorded the lowest ten-
sile stress, highlighting the critical role of layer height
and line width in determining tensile performance.

The tensile properties of the composites, detailed in
Figure 3B,C, show a clear trend where decreasing layer
height and line width significantly enhance both tensile
strength and Young's modulus. Group 1 achieved the
highest tensile strength of 372.68 MPa, while the lowest
tensile strength, 231.04 MPa, was observed in Group
6, manufactured with a layer height of 0.5 mm and a line
width of 1.4 mm. This difference is attributed to the
increased fiber volume fraction and reduced air void con-
tent in Group 1, enabled by a lower layer height and nar-
rower line width. A smaller layer height results in more
layers for a given specimen thickness, improving inter-
layer adhesion and allowing better resin infiltration
around the fibers, which in turn enhances load transfer
during tensile loading. Additionally, reduced voids lead
to fewer stress concentration points, lowering the likeli-
hood of premature failure.

Similarly, Young's modulus followed the same trend,
with Group 1 exhibiting the highest modulus of
41.63 GPa, indicating a stiffer composite. Conversely,
Group 6 showed the lowest modulus of 26.17 GPa, corre-
lating with a more flexible behavior. Higher elastic mod-
ulus values reflect improved stiffness and rigidity, which
are critical for applications requiring high resistance to
deformation under tensile loads.

During the tensile testing, strain was recorded using
optical extensometers across a 60 mm gauge length. The
strain to failure is an important indicator of ductility and
energy absorption. For transparency, the average strain
to failure of the best-performing group (Group 1) was
1.02% + 0.07%, and the values for the other groups ran-
ged from 0.56% to 0.98%. These values show that as layer
height and line width increase, the composites become
more brittle, correlating well with the drop in tensile
strength and stiffness. Table 3 represents the values of
strain to failure of each composite group.

When comparing the effects of layer height and line
width on tensile properties, it is evident that layer height
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FIGURE 3 Tensile properties of the manufactured CCFRTCs using FFF: (A) representative tensile stress-strain curves of all six

specimen groups; (B) average tensile strength with standard deviation; (C) Young's modulus comparison across groups.

TABLE 3  Strain to failure (%) of composite specimens.
Composite groups Strain to failure (%) + SD
Group 1 1.02 + 0.07
Group 2 0.89 + 0.05
Group 3 0.94 + 0.06
Group 4 0.67 + 0.04
Group 5 0.75 + 0.05
Group 6 0.56 + 0.03

has a more pronounced influence.”* While decreasing line
width impacts strength to a lesser extent, the results show
that even with a layer height of 0.5 mm and a line width
of 1.2 mm, the tensile strength was 20.9% lower than
Group 5, which had a smaller layer height of 0.4 mm but a
wider line width of 1.4 mm. These findings underscore the
critical role of layer height in determining the tensile
strength of 3D-printed composite structures. Notably,
Group 1, with a layer height of 0.4 mm and a line width of
1.0 mm, exhibited a 61.3% higher tensile strength com-
pared to Group 6, highlighting the significant influence of
processing parameters on mechanical performance. This
substantial difference emphasizes the importance of opti-
mizing layer height to achieve superior tensile properties
in continuous fiber-reinforced composites.

However, during tensile testing, a notable proportion
of samples fractured near the clamp's tab, a common
issue in testing composite materials with rectangular
cross-sections.”>** This failure mode often arises due to
stress concentrations at the clamping area, which can
prematurely induce cracking or fracture, thereby affect-
ing the reliability of the measured tensile properties.
Addressing such issues through improved specimen prep-
aration and testing methodologies could further enhance
the accuracy and reproducibility of tensile property eval-
uations in 3D-printed composite materials.

The tensile strength of the composite specimen exhib-
ited significant improvements with adjustments to layer
thickness and line width during fabrication. Reducing the
layer thickness from 0.5 to 0.4 mm while maintaining a
line width of 1.0 mm resulted in an 18% increase in tensile
strength. Similarly, when the line width was held at
1.2 mm, decreasing the layer thickness to 0.4 mm led to a
27.7% increase in tensile strength. Additionally, reducing
the line width from 1.2 to 1.0 mm at a constant layer thick-
ness of 0.4 mm resulted in a further 17.9% improvement in
tensile strength. Compared to the work of Heidari-Rarani
et al.>* and Li et al.,'° who primarily investigated short or
chopped carbon fibers, our results demonstrate that using
continuous 3 K CCF in a co-extrusion system yields supe-
rior strength and stiffness, even with limited parameter
variation. This highlights the importance of fiber continu-
ity and optimized deposition conditions.

These trends can be attributed to the interplay between
layer thickness and line width, where decreasing the layer
thickness increases the total number of layers in the struc-
ture. This modification not only enhances the composite's
density but also increases the carbon fiber volume fraction
(as discussed in Section 3.5), both of which significantly
contribute to the tensile strength of the composite.”” The
increased number of layers promotes better interlayer
adhesion and load transfer, while higher fiber content
amplifies the load-bearing capacity, culminating in
improved mechanical performance. These findings under-
score the importance of optimizing printing parameters to
enhance the structural and mechanical properties of 3D-
printed continuous fiber-reinforced composites.

3.2 | Flexural properties

The flexural properties of the CCFRTC specimens were
evaluated through three-point bending tests, revealing
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FIGURE 4 Flexural properties of 3D-printed CCFRTCs using FFF: (A) Flexural stress-strain curves from three-point bending tests;

(B) average flexural strength with standard deviation; (C) Flexural modulus.

distinct performance differences among composite
groups fabricated with varying layer heights and line
widths. The flexural stress-strain curves, illustrated in
Figure 4A, demonstrate trends consistent with those
observed in the tensile stress-strain curves. Group 1, man-
ufactured with a 0.4 mm layer height, exhibited the high-
est flexural stress, followed sequentially by Groups 3, 2,
5, 4, and finally Group 6, which displayed the lowest flex-
ural stress. The higher flexural strength of Group 1 can
be attributed to its reduced layer height and line width,
which minimized void formation within the composite
structure. Lower void content enhances interlaminar
bonding and adhesion between layers, enabling more
efficient stress transfer under flexural loading. In con-
trast, increasing layer height and extrusion width in other
groups led to higher void content and weaker interlami-
nar adhesion, resulting in reduced flexural strength.

The flexural strength and modulus of the CCFRTC
specimens are presented in Figure 4B,C, respectively,
highlighting the significant impact of layer height and
line width on the flexural properties. The results reveal
that reducing both parameters maximizes the flexural
strength and modulus, with Group 1 achieving the high-
est values of 247.59 MPa and 29.13 GPa, respectively. The
average flexural strength for Groups 2, 3, 4, and 5 was
210.48, 218.99, 180.23, and 197.81 MPa, respectively,
while Group 6 exhibited the lowest flexural strength and
modulus, measured at 170.70 MPa and 11.26 GPa. These
findings demonstrate that layer height plays a more dom-
inant role in influencing flexural performance, consistent
with the trends observed in the tensile property analysis.
In flexural testing, stresses are concentrated at the outer-
most fibers. Lower layer height increases the number of
these fibers in load-bearing zones and improves bonding
between layers, allowing more effective resistance to
bending moments. This justifies the higher modulus and
strength observed in Group 1.

While reducing extrusion width alone has a limited
impact on flexural properties, its effect becomes more
pronounced when paired with a lower layer height."*°
This combination facilitates the formation of a denser
structure with improved interlayer bonding and reduced
void content, contributing to enhanced mechanical per-
formance (see Section 3.6).

3.3 | Shear properties

The shear stress-strain curves of the six composite groups,
fabricated with varying layer heights and line widths, are
presented in Figure 5A. These curves highlight the inverse
performance of the specimens under shear loading, dem-
onstrating the significant impact of these parameters on
the shear properties of the composites.

Similar to the trends observed in tensile and flexural
loading, Group 1 exhibited the highest peak shear stress,
followed sequentially by Groups 3, 2, 5, and 4, with
Group 6 showing the lowest shear stress. The superior
performance of Group 1 can be attributed to its reduced
layer height and line width, which facilitate the forma-
tion of a denser, more cohesive structure with improved
interlayer adhesion. Conversely, the lower shear stress
observed in Group 6 reflects the influence of increased
layer height and extrusion width, which result in higher
void content and weaker bonding between layers.

The shear properties, specifically shear strength and
shear modulus, are depicted in Figure 5B,C, respectively.
The results highlight the influence of layer height and
line width on the mechanical performance of 3D-printed
composite specimens. Group 1, fabricated with a layer
height of 0.4 mm and a line width of 1.0 mm, exhibited
the highest shear strength of 42.83 MPa. As the layer
height and extrusion width increased, a progressive
decline in shear strength was observed, with Groups 2, 3,
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FIGURE 5 Shear properties of 3D-printed CCFRTCs using FFF: (A) Shear stress-strain curves from v-notched specimens; (B) average

shear strength; (C) Shear modulus.

4, and 5 recording shear strengths of 34.83, 35.41, 25.67,
and 30.61 MPa, respectively. Group 6, with the largest
layer height and line width, demonstrated the lowest
shear strength at 23.37 MPa.

Similarly, the shear modulus followed a comparable
trend. Group 1 achieved the highest modulus of 1.62 GPa,
while Group 6 exhibited the lowest modulus at 0.46 GPa.
The results clearly indicate that increasing layer thickness
and extrusion width adversely affect shear properties. This
reduction can be attributed to the formation of higher void
content and weaker interlayer adhesion, which diminish
the composite's ability to resist shear forces. Shear strength
is particularly sensitive to interlayer cohesion. A denser
printed structure from smaller line width and layer height
reduces interlayer slippage and enhances resistance to
shear forces. Groups with higher void content (e.g., Group
6) exhibited early delamination and localized shear failure,
leading to lower strength.

Notably, layer height was identified as the more
critical parameter influencing the shear properties of the
3D-printed composite structures, consistent with prior
findings for tensile and flexural properties.”> The results
emphasize the importance of optimizing layer height to
enhance the structural density and interlayer bonding,
thereby improving the shear performance of continuous
carbon fiber-reinforced thermoplastic composites.

3.4 | Compressive properties

Figure 6A illustrates the compressive stress—strain curves
for six distinct CCFRTC specimens fabricated with vary-
ing layer heights and line widths. These curves reveal the
significant impact of printing parameters on the compres-
sive behavior of the composite specimens. The observed
trends align with those seen in tensile, flexural, and shear
loading tests.

Group 1, with the smallest layer height and line width
(0.4 and 1.0 mm, respectively), exhibited the highest com-
pressive stress—strain curve, indicating superior compres-
sive performance. This was followed by Groups 3, 2,
5, and 4, with Group 6 showing the lowest compressive
stress levels. The superior performance of Group 1 can be
attributed to its denser structure, resulting from reduced
void content and improved interlayer adhesion due to
optimized layer height and line width settings. Con-
versely, the lower performance of Group 6 highlights the
detrimental effects of increased layer height and extru-
sion width, which lead to higher void content, reduced
material density, and weaker interlayer bonding.

The compressive strength and modulus for the six
CCFRTC groups are presented in Figure 6B,C, respec-
tively. The results highlight the significant influence of
layer height and line width on the compressive properties
of the composite specimens. Group 1, fabricated with a
layer height of 0.4 mm and line width of 1 mm, achieved
the highest compressive strength and modulus, reaching
184.19 MPa and 4.48 GPa, respectively.

As the layer height and line width increased, the com-
pressive strength and modulus progressively decreased.
Groups 2, 3, 4, and 5 exhibited compressive strengths of
166.19, 177.40, 91.78, and 141.04 MPa, respectively.
Group 6 demonstrated the lowest compressive strength
and modulus, measuring 81.25MPa and 3.47 GPa,
respectively. The decline in mechanical properties with
increasing layer height and line width is attributed to the
increased presence of voids and reduced interlayer bond-
ing, which weaken the composite structure and diminish
its ability to resist compressive loads.

The compressive strength results showed significant
variations with changes in layer height, emphasizing its
critical impact on the mechanical performance of 3D-
printed composites. For instance, when the layer height
was reduced to 0.4 mm with a line width of 1.4 mm in

95UB01 7 SUOLULLIOD A0 3[cedl[dde U Ag peusenob afe sapie VO ‘8sn JO Sa|nJ oy Akeuqi8UIJUO A8]IM UO (SUONIPUOD-PUE-SULBIALI0D" A 1M ARe.d]jBu JUO//ScIY) SUORIPUOD pue S 18U 89S *[620Z/0T/80] Uo Ariqiauljuo A3(1m ellenti aueiyooD Ad #000€ 9d/Z00T 0T/10p/uiod™A8|im Ake.d Ul uo'suo 1ied| jqndedst//:sdny WoJj pepeojumoa 'eS ‘G202 '69508YST



MAQSOOD ET AL.

S876 | W l L E Y—w nspIRNG Polymer

PROFEssiONALs  COMPOSITES

200

180 = 200
= 160 & 180

a -

= 140 <

prrt -—

2 120 o

3 g

“ 100

% 80 ©

e Group 1 =

E‘ 60 = Group 2 a

e ~==Group 3 o

o e Group 4 E

wGroup 5 £

N =—=Group 6 =]

0 o

0 2 4 6 8
Strain (%)
FIGURE 6

strength; (C) Compressive modulus.

Group 5, the compressive strength increased by 53.7%
compared to Group 4, highlighting the substantial influ-
ence of layer height on compressive strength. This effect
was more pronounced in compressive loading compared
to tensile, flexural, and shear strengths. The primary rea-
son for this enhanced performance is the alignment of the
compressive force with the direction of the printed fibers
and composite layers. A lower layer height results in a
tightly packed structure with improved layer arrangement,
providing stronger interlayer adhesion and bonding. This
structural compactness enables the composite to better
withstand compressive loads by reducing voids and
enhancing load distribution across the layers. Compres-
sion performance benefits from better structural packing
and reduced void propagation paths. In Group 1, improved
fiber alignment and close interfacial contact between
layers prevented buckling and localized collapse under
axial loads. In contrast, higher void content in Group 6 led
to instability, crack initiation, and early failure. These find-
ings underscore the importance of optimizing layer height
to achieve higher compressive strength.

Overall, the mechanical performance trends are strongly
influenced by geometrical compaction, fiber continuity, and
void minimization, all of which are governed by the
selected printing parameters. The results are supported by
microstructural SEM analysis (Section 3.5), which shows
clearer fiber-matrix bonding in better-performing groups.
As a summary, Table 4 presents the mechanical properties
of each composite group measured in this investigation.

3.5 | Fracture interface microstructural
analysis

To comprehensively analyze the fracture interface behav-
ior of the composite specimens, a representative sample
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Compressive properties of 3D-printed CCFRTCs using FFF: (A) Compressive stress—strain curves; (B) average compressive

from each group was selected based on the most signifi-
cant failure mode observed in the tensile test results. The
objective of this analysis was to evaluate the fracture per-
formance, understand the deformation mechanisms dur-
ing tensile loading, and investigate the adhesion behavior
between the fiber and the polymer matrix. Following the
mechanical testing, the fractured composite specimens
were examined under SEM to capture high-resolution
images of the ruptured regions, enabling a detailed
assessment of the fiber-matrix interaction and failure
characteristics.

The failure behavior of fiber-reinforced thermoplastic
composites under mechanical loading is governed by sev-
eral mechanisms, including fiber pullout, matrix crack-
ing, delamination, interfacial debonding, and fiber
breakage. The observed failure modes in this study were
consistent across all mechanical tests but varied in sever-
ity depending on the printing parameters.

Figure 7 presents SEM images of the fractured regions
from each composite group after tensile loading. The
results indicate that all 3D-printed polymer composites
exhibited a similar fracture mode, characterized by fiber-
matrix separation, fiber pullout, and micro-cracking. Fur-
ther, it illustrates the fractured zones, highlighting the
detachment of carbon fibers from the matrix and
the presence of void spaces formed during the tensile test.
The separation of CCF from the polymer matrix is clearly
visible, with distinct fiber and matrix regions observed,
indicating the occurrence of fiber pullout (Figure 7B).
The formation of micro-cracks is primarily attributed to
fiber debonding and pullout from the matrix under ten-
sile stress.

Despite the observed gaps and cracks, the SEM analy-
sis also reveals instances where the matrix retained its
hold on the carbon fibers, suggesting localized fiber-
matrix adhesion and reinforcement integrity at various
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TABLE 4 Summary of mechanical properties (mean + SD) for each composite group.

Mechanical properties

Flexural properties Shear properties Compressive properties

Tensile properties

Shear
Modulus

Shear

Compressive

Compressive

strength
(MPa)

Young's Flexural Flexural

Tensile

strength (MPa) Modulus (GPa)

(GPa)

Modulus (GPa) Strength (MPa) Modulus (GPa)

strength (MPa)

Specimens

4.48 + 0.66
4.04 + 0.59
4.27 + 0.60

184.19 + 8.60
166.19 + 5.77

1.62 + 0.26
0.69 + 0.12
0.65 + 0.13
0.65 + 0.11
0.84 + 0.22

42.83 +5.16
34.83 +2.24
3541 +2.34
25.67 + 2.40
30.61 + 3.13

29.13 +2.12
24.70 + 2.18

247.59 + 15.32
210.48 + 17.63

41.63 + 0.357
34.16 + 0.48
39.43 + 0.39
28.98 + 0.42
32.02 + 0.38
26.17 + 0.48

372.68 + 11.84

315.82 + 9.30

Group 1

23.94 + 1.85

Group 2

177.40 + 7.73
91.78 + 5.85

16.44 + 1.33

180.23 + 14.30
197.81 + 11.05

218.99 + 19.71

316.05 + 14.80
247.28 + 8.40

Group 3

3.08 + 0.38

20.15 + 2.60

11.26 + 1.12

Group 4

3.11 + 042
347 + 043

81.25 + 6.24

141.06 + 8.63

23.37 £ 1.35

298.92 + 9.39

Group 5

0.46 + 0.09

170.70 + 11.73

231.04 + 7.49

Group 6

{
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points (Figure 7D). This indicates that, although some
regions exhibited interfacial debonding, effective load
transfer was achieved up to a critical stress threshold
before failure occurred.

The occurrence of fiber pullout is a well-documented
failure mechanism in fiber-reinforced polymer compos-
ites and is typically observed when the fiber-matrix inter-
face bond strength is lower than the intrinsic tensile
strength of the fibers.*® The presence of fiber pullout
zones suggests interfacial weakness, which may result
from suboptimal fiber surface treatment, inadequate
matrix infiltration during processing, or insufficient
bonding interactions.

Additionally, the matrix material exhibited visible
cracks and fissures, which likely originated at stress con-
centration points along the fiber-matrix interface. These
cracks propagated through the matrix, indicative of brit-
tle fracture behavior, where rapid crack growth occurred
due to localized stress accumulation. The presence of
fractured fibers within the matrix suggests that, in some
instances, the fibers reached their ultimate tensile
strength before interface failure occurred, reinforcing the
effectiveness of load transfer within the composite struc-
ture. The primary failure mechanism of CCFRPCs was
identified as fiber damage and fiber pullout, a character-
istic weakness observed in 3D-printed CCF composite
components.'**” The most significant defect contributing
to failure in these specimens was fiber rip-out, which
directly correlates with the degree of interfacial adhesion
and fiber-matrix bonding strength.

Figure 7F highlights a region where carbon fibers
remain embedded within the matrix, demonstrating
effective adhesion in localized areas and indicating that
load transfer between fibers and the matrix was success-
ful up to a certain limit. However, the formation of voids
and micro-fractures suggests the presence of processing
defects or stress-induced debonding that occurred during
tensile loading. These voids may be attributed to insuffi-
cient matrix infiltration, air entrapment during
manufacturing, or localized stress concentrations at the
fiber-matrix interface.

The fiber pullout phenomenon occurs when the inter-
facial bonding strength between the fiber and matrix is
weaker than the tensile strength of the fiber itself. This
can result from several factors, including inadequate fiber
surface treatment, improper matrix infiltration, and lim-
ited interfacial bonding interactions.*®*

Under tensile loading, the dominant failure mecha-
nisms observed were fiber pullout and fiber-matrix
debonding, particularly in samples with higher layer
heights and wider line widths (e.g., Group 6). SEM
images revealed significant interfacial separation and
void presence, indicating poor adhesion between the PLA
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FIGURE 7 SEM micrographs of fractured composite specimens after the tensile test of (A) Group 1, (B) Group 2, (C) Group

3, (D) Group 4, (E) Group 5, (F) Group 6.

w
S
-
®
4

~
N

22.48 23.19

1906 1984

g
=

17.83

—
n

—
>

2

Fiber Volume Fraction (%)

=

Group1 Group2 Group3 Group4 GroupS5 Group 6

(A)

600 [l Rule of Mixture
|Z) Experimental

400

Tensile strength (MPa)
g
(=3

—
(=3
=}

Group1l Group2 Group3 Group4 GroupS5 Group6

©

~
S

21.07

—_ ~
=) =]

d volume (%)
=

ir voi
o

A
IS

Group1 Group2 Group3 Group4 GroupS Group6

(B)

60

7 Rule of Mixture ]
Experimental

Young's Modulus (GPa)

Group1 Group2 Group3 Group4 Group5S Group6

D)

FIGURE 8 Composite characteristics across different parameter groups: (A) Estimated fiber volume fraction (Vy); (B) Air void content;
(C) Experimental versus theoretical tensile strength using ROM; (D) Experimental versus predicted Young's modulus.

matrix and the carbon fiber. In contrast, Group 1 showed
partial fiber breakage and less pullout, suggesting stron-
ger interfacial bonding that allowed higher stress transfer
to the fibers before failure. The presence of clean fiber

surfaces in low-performing groups is further evidence of

interfacial failure rather than cohesive fiber rupture.
During bending, failure typically initiated at the ten-

sile side of the beam. Groups with better fiber alignment
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and reduced voids exhibited progressive matrix cracking
followed by fiber fracture, while others showed delamina-
tion between printed layers, a sign of weak interlayer
adhesion. Compressive failures were governed by micro-
buckling and fiber kinking, especially in samples with
higher porosity. The compact structure of Group 1 pro-
vided higher resistance to such instability. Shear loading,
tested using notched specimens, revealed interlaminar
shear failure and matrix yielding. In specimens with
higher void content, crack initiation occurred at the
notch roots, followed by propagation along weak inter-
layer regions. Fiber alignment perpendicular to the load-
ing plane helped resist shear deformation in well-printed
samples.

Higher layer heights and line widths contributed to
greater void content and poorer interfacial contact, which
directly translated into more brittle failure modes. Con-
versely, reduced voids and denser layer stacking in opti-
mized groups improved energy dissipation, resulting in
more ductile and progressive failure mechanisms. This
clearly illustrates how microstructural features driven by

process parameters influence macroscopic failure
behavior.
3.6 | Volume fraction of the fiber

The CCF content within the composite specimens was
estimated based on the tool path length, the number of
lines, and the layers in terms of thickness and width.
Reducing the layer height and line width in composite
specimens with the same overall dimensions increases
the number of lines and layers within the structure. This
variation directly impacts the fiber content within the
3D-printed composite part. Figure 8A illustrates the esti-
mated reinforcement content V; of the CCF in the addi-
tively manufactured composite specimens. Group
1 demonstrated the highest V; at 28.04%, followed by
Group 3 (23.19%), Group 2 (22.48%), Group 5 (19.84%),
Group 4 (19.16%), and Group 6 with the lowest V; of
17.83%. The increase in layer count and line density due
to reduced layer height and line width contributes to the
higher fiber content in the structure, which in turn
enhances the overall V4. These V; results provide a clear
explanation for the mechanical properties observed in
the specimens. Groups with higher V¢, such as Group
1, consistently achieved superior mechanical perfor-
mance, exhibiting higher strength and modulus levels.
Conversely, lower reinforcement content, as seen in
Group 6, resulted in diminished mechanical properties.
This correlation highlights the critical role of reinforce-
ment content in determining the mechanical behavior of
CCFRTC, emphasizing the importance of optimizing

{
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layer height and line width to achieve desired perfor-
mance characteristics.

3.7 | Air void content in the
manufactured composites

The void content of the 3D-printed polymer composite
groups is presented as a bar graph in Figure 8B. The
results show a clear relationship between printing param-
eters and the air void volume within the composite struc-
tures. Group 6 exhibited the highest void content at
21.07%, while Group 1 demonstrated the lowest void con-
tent at 13.84%. The void contents for Groups 2, 3, 4, and
5 were 15.14%, 14.23%, 19.66%, and 17.87%, respectively.
The findings indicate that reducing the layer height and
extrusion width significantly minimizes void content.
These parameters contribute to the formation of more
compact and dense structures by reducing the vacant
spaces between layers and lines during the printing pro-
cess.”>?” This densification leads to improved interlayer
adhesion and reduced porosity, enhancing the structural
integrity of the composite specimens. These results
underscore the importance of optimizing printing process
parameters to control void volume, as lower void content
is directly correlated with improved mechanical proper-
ties and performance.

3.8 | Rule of mixtures to predict elastic
modulus and tensile strength

The rule of mixtures (ROM) has been implemented to
predict the elastic modulus and tensile strength of addi-
tively manufactured CCFRTC with different layer height
and line width. Varying both the parameters resulted in
diverse tensile properties. Each group showed individual
elastic modulus, since the composites were manufactured
using same thermoplastic matrix and CF. Thus, accord-
ing to the ROM, the predicted Young's modulus (E.) and

TABLE 5 Predicted Young's modulus (E.) and tensile strength
(Xc) using ROM.

Composite’'s Predicted Young's Predicted Tensile
group modulus (E;) (GPa) strength (X.) (MPa)
Group 1 55.14 594.33

Group 2 44.72 485.72

Group 3 46.05 499.59

Group 4 38.50 420.87

Group 5 39.78 434.15

Group 6 36.01 394.89
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tensile strength (X.) are calculated by the following
expressions™:

E.=ViEs+(1—V¢)En (2)
Xe=ViXi+(1—-V)Xp (3)

where Vi is the volume fraction of the fiber; Ef and E,
are Young's moduli of the fiber and the matrix respec-
tively; X and Xy, are the tensile strength of the fiber and
the matrix, respectively.

This approach is called the equal strength analysis
model (ESA). This model is designed based on three pri-
mary assumptions: (a) linear elastic behavior till failure;
(b) equal longitudinal strain in fiber, matrix, and compos-
ite; and (c) the load-carrying capacity of matrix after fiber
failure is minimal.”" Table 5 shows the numerical values
of the Young's modulus and tensile strength of 3D
printed composites predicted using ROM. A comparison
of the tensile strength and Young's modulus has been
made between the experimental and theoretical predic-
tions and are plotted together and shown in Figure 8C,D,
respectively. Table 5 presents the predicted Young's mod-
ulus (E.) and tensile strength (X) values using ROM.

The results show the consistent trend of the results
obtained experimentally. As observed from Figure 8C,D,
the experimental results of tensile strength and Young's
modulus and are always lower than the ROM prediction.
However, the printing parameters (layer height and line
width) have shown the even results that were achieved
experimentally and evident that it has influence on the
tensile properties. Although, for the same thermoplastic
matrix and reinforcement material, both the experimen-
tal and the theoretical prediction results show that an
increase in fiber content can significantly improve the
tensile strength and elastic modulus of the composite
specimen. Moreover, the prediction of Young's modulus
by ROM is close to the experimentally achieved modulus,
whereas the prediction of tensile strength shows a large
deviation from the experimental results. The strength can
be affected by various factors, such as the non-uniform
arrangement of continuous fibers, insufficient interlami-
nar bonding between the fibers and matrix that cause
voids and microcracks intrinsic in the 3D printed com-
posite structure that lead to premature failure.”*

4 | CONCLUSIONS

The experimental study presented the manufacturing of
CCFRTC using co-extrusion with towpreg utilizing mate-
rial extrusion technology with a modified extrusion head
with dual input and a single extrusion nozzle. The study

demonstrated the significant influence of the printing
process parameters on the mechanical properties, volume
fraction, and air void content of 3D printed composites.
Six groups of composite specimens were printed using
different layer heights and extrusion line widths. These
parameters were selected due to their notable impact on
the printed structures’ mechanical properties. The results
revealed that the composite specimen printed with a
layer height of 0.4 mm and a line width of 1 mm reached
the maximum tensile, flexural, shear, and compressive
strength of 372.68, 247.59, 42.83, and 184.19 MPa, respec-
tively. Increasing both parameters tends to decrease the
mechanical properties. In comparison of both printing
parameters, the layer height of the printed structure has
more impact on the mechanical performance. The same
group also showed the highest V; content of 28.04% with
the minimum air voids of 13.84%. The results of the addi-
tively manufactured CCFRTC using co-extrusion with
towpreg evidenced that lower layer height and line width
formed a more compact structure with better adhesion
bonding, higher fiber content, and fewer air voids, thus
leading to better performance when subject to mechani-
cal loadings in tension, bending, shear, and compression.
It was also shown that a linear rule of mixing is capable
of predicting the observed trends but significantly under-
predicts the strength values. This study contributes to the
growing body of work on fiber-reinforced additive
manufacturing by showing how process tuning can signifi-
cantly affect structural integrity. While only two parame-
ters were studied, the insights gained lay the groundwork
for broader optimization studies involving print speed,
nozzle temperature, fiber tension, and multi-directional
reinforcement. Future work will focus on expanding the
parametric space, incorporating statistical design of experi-
ments (DOE), and exploring high-performance thermo-
plastics (e.g., PEEK, PEKK) for demanding applications in
aerospace and automotive sectors.
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