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Abstract

High-speed 3D printing has recently gained much interest due to its potentials in improving efficiency of fabricating complex
geometry components and applications in large-scale additive manufacturing (AM). In this study, a parametric study is performed
experimentally to investigate factors affecting high-speed 3D printing of continuous carbon fiber reinforced composites
(CFRCs), including material deposition rate, print (nozzle traverse) speed, and nozzle tilt angle based on a novel multi-axis
AM approach. The method uses thermoplastic pellets and continuous carbon fiber tows as feedstock materials. The obtained
sample quality and mechanical properties are investigated with respect to deposition rate, print speed, and nozzle tilt angle. The
fiber impregnation quality is examined through microstructure analysis and correlated with the process conditions and mechan-
ical properties. Increasing deposition rate and tilt angle both improve fiber impregnation quality, enabling implementation of
higher print speed and yielding improved mechanical properties. This, combined with demonstrations of printed complex
geometry components, shows the great potentials of the proposed method for AM of continuous CFRCs at high speeds. The
results of this study also provide further guidance on design and manufacturing of large-volume, high-strength CFRCs through
3D printing.
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1 Introduction

Carbon fiber reinforced composites (CFRCs) have gained in-
creasing interests in additive manufacturing (AM) for applica-
tions in automotive, civil, and aerospace industries as light-
weight, high-strength materials [1, 2]. AM enables enormous
flexibility in CFRC product design while significantly reduc-
ing manufacturing costs and simplifying fabrication process-
es. Recent studies have investigated CFRC samples fabricated
with varying carbon fiber length [3—8] in carbon fiber rein-
forcement using the fused filament fabrication (FFF) method
[2, 9-11].
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Among the various FFF-based studies, AM of high-
strength CFRC was achieved via impregnating continuous
carbon fibers for reinforcement [11, 12]. However, the
manufacturing costs involved are typically very high, like
commercial 3D printers including Markforged, mainly attrib-
uted to the requirement of using specialized fiber reinforced
filaments as feedstock. This inadvertently reduces
customizability in design of fiber reinforced composites [13,
14]. In addition, the low throughput (typically at a deposition
rate of about 0.46 g/min) makes it practically infeasible to
fabricate large structures [11, 15]. The filament diameter, ge-
ometry, and feed speed need to be carefully controlled in order
to ensure high printing quality, which substantially increases
the manufacturing costs resulting in the price of thermoplastic
composite filament with seemingly low-cost thermoplastics to
as high as $100/kg [16]. Other promising manufacturing
methods including automated thermoplastic tape laying
(ATL) and automated fiber placement (AFP) also allow con-
tinuous fiber reinforcement [17]. However, capital expendi-
tures for such computer-driven, automated equipment can be
significant with additional requirements for molds [18].
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The increasing demand for customizable, large-scale addi-
tively fabricated structures necessitates the development of
corresponding AM techniques with high print speeds. To ad-
dress this need, large-scale additive manufacturing has been
developed by directly using thermoplastic pellets as feedstock
(e.g., Big Area Additive Manufacturing (BAAM) [19],
Gigabot X [20], and CEAD Composite Additive
Manufacturing [21]). A high deposition rate (> 200x) can be
achieved through pellet-based extrusion processes compared
to conventional filament-based extrusion processes (i.e., FFF
method). Meanwhile, the manufacturing costs have been dra-
matically reduced (~ 100x) with a wider variety of thermo-
plastics available as the feedstock material, even including
recycled thermoplastics [20].

In fabrication of CFRC components, a majority of existing
studies utilized short fiber-reinforced pellets as feedstock.
Compared to short fiber reinforcement, directly using contin-
uous fibers and thermoplastic pellets as feedstock can poten-
tially achieve higher mechanical strength. An in situ extrusion
method [22, 23] was implemented to 3D printing of continu-
ous CFRCs. However, the achieved material deposition rate
was still relatively low, comparable to the conventional FFF
method. For thermoplastics reinforced with continuous carbon
fibers, one major factor governing the CFRC strength is fiber-
matrix interface [9, 11]. The obtained mechanical properties
are mainly affected by the wetting condition of carbon fibers
by the thermoplastic melt during the AM process, which is
related to the processing parameters including printing tem-
perature, layer thickness, and hatch spacing [11]. However,
only the effect of relative low deposition rate (e.g., 0.46 g/min)
on fiber-matrix interface of continuous CFRCs was investi-
gated. To our best knowledge, very few studies have been
performed to explore the effect of relatively higher material
deposition rate on AM of continuous CFRCs, which is partic-
ularly necessary for high-speed 3D printing.

Multi-axis AM techniques have been studied using
multi-axis CNC systems, robotic or rotational printing
platforms [24]. However, this functionality has only been
explored to either enable defect-free fabrication of confor-
mal features on curved surfaces [25], prevent stair-step
effect, manufacture orthogonal preforms [26], or
support-free or overhanging lattice structures [27]. Non-
planer extrusion-based AM methods have also been stud-
ied to enhance the mechanical properties of the 3D printed
structures by multi-plane layering or moderating laydown
paths to align with the direction of stress within the struc-
tures [28]. This has been further enhanced by incorpora-
tion of continuous fiber reinforced filaments [29, 30],
achieving improved stiffness and higher peak load on
the 3D printed structures by reducing intra- and inter-
layer failure due to anisotropic distribution of loads along
material deposition paths. However, to the best of our
knowledge, very few studies have been performed to
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study multi-axis AM processes on the obtained micro-
structure and mechanical properties of continuous
CFRCs themselves.

In this study, a multi-axis AM technique using a pellet-
based extrusion process was investigated to fabricate contin-
uous CFRC samples. Continuous carbon fibers and thermo-
plastic pellets were directly used as feedstock. Several factors
affecting high-speed 3D printing were explicitly studied, in-
cluding material deposition rate, print (nozzle traverse) speed,
and nozzle tilt angle for the proposed multi-axis AM tech-
nique. The effects of these parameters on mechanical proper-
ties and microstructure of obtained continuous CFRC samples
were investigated. The fiber-matrix interface was further char-
acterized and correlated with obtained mechanical properties
under different printing conditions. Specifically, a deposition
rate up to 13.3 g/min was examined in this study. Although
the multi-axis 3D printing process was demonstrated before
for continuous CFRCs [23], the effect of nozzle tilt angle on
obtained CFRC microstructure and its relationship to mechan-
ical properties has only been limitedly studied, which was
found to have significant benefits in facilitating high-speed
3D printing in this study.

2 Experimental procedure
2.1 Material preparation

Commercially available transparent polylactic acid (PLA) pel-
lets (4043D by Filabot) were used as feedstock material for
thermoplastic matrix to facilitate the characterization of
printed CFRC samples. 3 K (3000 filaments in a bundle) con-
tinuous carbon fibers (by AS4C by Hexcel) were selected as
the reinforcement material for the CFRC samples. The PLA
pellets were first dried in a vacuum oven at 85 °C for at least
4 h to eliminate moisture before printing. The presence of
moisture could hydrolyze PLA in the melt phase, which
would reduce its molecular weight and promote bubble for-
mation during extrusion, lowering mechanical properties of
the printed samples. The carbon fiber tows were dried in the
vacuum oven at 120 °C for at least 4 h to remove the moisture
and minimize fiber clumping during extrusion. Clumping can
be detrimental to the deposition quality and CFRC mechanical
properties and is aggravated by the presence of moisture [31].

2.2 Experimental setup

The experimental setup is shown in Fig. 1a, including a single-
screw extruder (MDPH?2), a multi-axis machine (Galaxy G by
Automated Precision Inc.), and an acrylic print bed. During
printing process, PLA pellets were fed through the extruder
hopper and melted by the heater before being extruded out
through the nozzle. Meanwhile, a continuous carbon fiber
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bundle was impregnated while passing through the extrusion
nozzle [2] and then coextruded with the thermoplastics melt
for deposition on the print bed layer-by-layer. The movement
of the extruder was controlled by the multi-axis machine.
Compared to previous studies where the extruder was com-
monly mounted vertically during 3D printing (Fig. 1b), a
multi-axis 3D printing process is implemented in this study.
The nozzle tilt angle (0) is maintained constant as shown in
Fig. 1c, while the nozzle movement follows the print toolpath
in three-dimensional space. The nozzle tilting is hypothesized
to minimize the potential scratching of continuous carbon fi-
bers and fiber breakage caused by extrusion nozzle due to
drawing forces during the 3D printing process, thereby en-
abling the implementation of a high print speed. In this study,
the tilt angle was varied between 0° and 35° to study its effect
on printing process and mechanical properties.

The implementation of the single-screw extruder can
help achieve a high material deposition rate, which is
typically desired for high-speed 3D printing. The extru-
sion screw was driven by a high torque motor. The inner
diameter of the coextrusion nozzle is closely related to the
printing resolution as well as the material deposition rate.
A nozzle of 4-mm diameter was selected in this study to
achieve printing parts with decent resolution yet still be-
ing able to achieve a relatively high material deposition
rate. With a constant melting temperature of 190 °C in
this study, the obtained material deposition rate is deter-
mined by the rotation speed of extrusion screw [11, 32].
Thus, the material deposition rates were first calibrated:
the materials were extruded for a fixed, short period of
time with the rotation speed varying between 25 and 200
rpm; the weight of the deposited material was measured to
calculate the material deposition rate (g/min). Figure 2

shows the measured material deposition rate with respect
to the extrusion rotation speed (rpm) for both pure PLA
and continuous CFRCs using the current experimental
setup.

An approximately linear trend between the material de-
position rate and the extruder rotation speed was observed
for both pure PLA and continuous CFRCs. As expected,
due to the introduction of carbon fibers, the deposition rate
of continuous CFRCs was slightly higher than that of pure
PLA. At the extruder rotation speed of 200 rpm, a maxi-
mum deposition rate of 13.3 g/min was achieved in this
study, over 28 times the deposition rate (e.g., 0.46 g/min
[11, 15]) used by a typical FFF process. It should be noted
that the material deposition rate can also be scaled up (e.g.
833.3 g/min [16]) with a further optimized setup. In this
study, we focused on a relatively higher material deposi-
tion rate domain compared to previous studies [11, 15], in
order to examine its effects on obtained continuous CFRC
samples for potential applications on high-speed 3D print-
ing. Thus, the material deposition rate was varied from 0.9
to 13.3 g/min to study its effect on printed continuous
CFRC samples. It is also worth noting that while this
study investigated the fiber-matrix interface and its rela-
tionship with mechanical properties of CFRC samples, the
bonding between deposition layers also plays a critical
factor affecting the mechanical strength of the printed
composites [11, 33] as further affected by deposition layer
thickness. A layer thickness of 1.5 mm was selected in this
study, where no delamination between layers was found
during mechanical testing of all printed CFRC samples.
With the selected 3D printing conditions, a maximum car-
bon fiber content of 10.5 vol.% was obtained for the
printed continuous CFRC samples.
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Fig. 2 Material deposition rates
of pure PLA and continuous
CFRCs with varying extrusion
rotation speeds at the melting
temperature of 190 °C
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2.3 Mechanical testing and microstructure
characterization

Mechanical tests were carried out following ASTM standard
D7264/D7264M-15. Flexural strength and modulus of the
additively fabricated CFRC samples are measured through
four-point bending tests in Fig. 3 as they are closely related
to fiber-matrix interfacial bonding [34]. Rectangular test bars
with a length of 400 mm were prepared by 3D printing thin-
wall structures with 7 deposition layers. Flexural strength and
modulus are determined using an Instron 5881 machine with a
support span of 40 mm and a load span of 20 mm as shown in
Fig. 3. Three samples under each printing condition were test-
ed at a cross-head speed of 1 mm/min.

To correlate the measured mechanical strength with the
printing conditions, the fracture surfaces and polished cross
sections [35-37] of the printed CFRC samples were examined
to analyze microstructure and fiber-matrix interface. The
CFRC samples were sectioned using a slow-speed diamond
saw and polished using diamond polishing discs with up to
3 um in grit size. The polished cross sections of the CFRC
samples were then examined under a Hirox Digital KH-8700
Optical Microscope and a Quanta 600F Environmental
Scanning Electron Microscope to study the fiber-matrix inter-
face. FIJI image analysis software was used to binarize and
threshold the microscopic images to determine the void area
fraction using the built-in particle analysis function [38].

Fig. 3 Four-point bending test
setup and demonstration of fiber
orientation
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3 Results and discussion
3.1 Printability

The feasibility of the proposed AM method for preparing con-
tinuous CFRC samples was first investigated through exam-
ining the printability window based on selected printing con-
ditions, including material deposition rate, print speed, and
nozzle tilt angle. The print speed in this study denotes the
traverse speed of extrusion nozzle. At a fixed material depo-
sition rate, it is critical to determine the range of print speeds
for feasible printing quality [11]. With improper print speeds,
lack of extruded matrix material would cause fiber exposure.
The exposed fibers would be more easily damaged and tan-
gled together, worsening printing resolution and mechanical
properties. This is particularly critical for high-speed 3D print-
ing, where a high print speed and a high material deposition
rate are preferred. Feasibility tests are thus first carried out
through printing straight long bar samples in Fig. 4. The ac-
ceptable print quality was defined for those CFRC samples
with no visible fiber exposure or tangling, yielding good print
resolution.

As shown in Fig. 4, at the material deposition rate of 5.7
g/min, increasing print speed would increase fiber exposure
due to gradually insufficient amount of extruded matrix ma-
terials (i.e., lack of materials). During the printing process, the
continuous carbon fiber bundle was under tension due to the
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Fig. 4 Comparison of the
continuous CFRC samples
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drawing force of deposited composite materials. With the ex-
truder mounted vertically (6=0° in Fig. 1b), the exposed car-
bon fiber bundle would be more easily scratched by the extru-
sion nozzle tip under an increased drawing force at a higher
print speed. Part of carbon fibers within the bundle would then
be tangled together, forming fiber clumps and hindering
smooth flow of melted matrix material. These fiber clumps
result in an irregular print geometry throughout the deposited
structures shown in Fig. 4.

While increasing the material deposition rate would com-
pensate the lack of materials at a higher print speed, increasing
the nozzle tilt angle (Fig. 1c) is presumed to enable a smoother
flow of extrudate during printing. As shown in Fig. 4, a higher
nozzle tilt angle (25°) lowers the fiber exposure and eliminates
fiber tangling due to scratching. This will not only achieve
improved carbon fiber reinforcement, making the fiber better
enveloped within the matrix material, but also allow the im-
plementation of much higher print speeds. It is worth noting
that the exposed fiber may be broken due to scratching, low-
ering the mechanical properties, which were also examined in
detailed microstructural analysis in Section 3.3.3 for varying
nozzle tilt angles.

A process map is plotted in Fig. 5 based on the quality of
printed samples for varying print speeds and material deposi-
tion rates. Two different nozzle tilt angles were included for
comparison, i.e., 0° and 25°. Initial testing of samples printed
with a material deposition rate of 5.7 g/min, print speed of 800
mm/min, and nozzle tilt angles ranging from 0° to 35° revealed
that a nozzle tilt angle of 25° minimized fiber breakage due to
scratching and maximized mechanical properties. Hence, the
process map was also determined for a nozzle tilt angle of
25°. For a given material deposition rate, fiber exposure and
tangling will occur if the print speed is too high. Thus, a print-
ability window, denoted by dashed (0°) and dash-dotted lines
(25°), is obtained as shown in Fig. 5, where all processing
conditions within the printability window yielded acceptable
print quality. As expected, as the material deposition rate in-
creased, a higher maximum print speed was obtained since the
additional extruded matrix material compensated for the lack of
material that led to fiber exposure and tangling.

0° nozzle tilt angle

25° nozzle tilt angle

T —
| I—====— ]

——

The implementation of a higher nozzle tilt angle dramati-
cally increased the size of the printability window, specifically
increasing the maximum print speed for acceptable print qual-
ity under the same material deposition rates. A higher maxi-
mum print speed was consistently obtained when the extruder
was tilted from 0° to 25° in printing of CFRC samples at a
material deposition rate higher than 0.9 g/min. Within the
range of selected material deposition rates, the print speed
cannot go above 1400 mm/min with the nozzle tilt angle of
0° due to severe fiber tangling. In contrast, a print of speed of
up to 3400 mm/min was achieved at a deposition rate of 13.3
g/min with the nozzle tilt angle of 25°. It is worth noting that
while it was hypothesized that including a positive nozzle tilt
angle may reduce the fiber scratching effect and thus allow for
acceptable deposition quality at print speeds higher than what
was possible when the extruder nozzle was oriented at 0°, a
direct comparison of printability windows in Fig. 5 shows a
significant improvement (i.e., nearly 2.5-fold), which is
achieved in the maximum print speed by tilting the nozzle
via the proposed multi-axis AM method. This well demon-
strated its great potentials for high-speed 3D printing of con-
tinuous CFRCs, reducing component build times and increas-
ing printing efficiency, thus worth further implementation of
the multi-axis AM method for fabrication of large-scale CFRC
components.

3.2 Mechanical properties
3.2.1 Effect of material deposition rate

The mechanical properties of the printed CFRC samples using
the printing conditions within the printability window in Fig. 5
are further studied. It is worth noting that the previous studies
typically used FFF processes, where a relatively low deposi-
tion rate domain was studied, e.g., varying between 0.17 and
0.46 g/min [11]. No obvious effect on mechanical properties
was reported. To explore the effect of deposition rate at a
higher rate domain, as desired by high-speed 3D printing,
the mechanical properties of the continuous CFRC samples
printed with material deposition rates of 4.3 g/min up to 13.3
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Fig. 5 Process map for continuous CFRC samples at various print speeds
and deposition rates. Two printability windows are marked to show
proper conditions yielding acceptable print quality. The dashed lines
denote the range of acceptable print quality with a 0° nozzle tilt angle.
The dash-dotted lines represent the range of acceptable print quality
achieved by a 25° nozzle tilt angle

g/min, corresponding to extruder rotation speeds of 75 to
200 rpm at 25-rpm intervals, are first measured and compared
in Fig. 6. The printability window was used to guide param-
eter selection for this study, and a print speed of 800 mm/min
selected since it corresponded to a wide range of material
deposition rates that resulted in acceptable deposition quality,
minimal fiber breakage, and relatively high-speed printing.
For comparison, the PLA samples without fiber reinforcement
were also tested and included. As expected, for pure PLA
samples, increasing deposition rates had no obvious effect
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on the obtained flexural strength and modulus. In contrast, a
general trend observed for the continuous CFRC samples was
that with an increase in material deposition rate, a higher flex-
ural strength and a higher flexural modulus were obtained. At
a deposition rate of 13.3 g/min, the measured values of flex-
ural strength and modulus dramatically increased to an aver-
age of 140 MPa and 8.5 GPa, respectively. Compared to those
measured at 4.3 g/min, an improvement of 44.7% and 73.1%
in flexural strength and modulus, respectively, was achieved.
The increase in mechanical properties in Fig. 6 is believed to
be due to better wetting conditions between the PLA matrix
and carbon fibers achieved at higher material deposition rates,
which was further examined by microstructure characteriza-
tion in Section 3.3.1. The observed trend indicated that in-
creasing the material deposition rate not only achieved higher
printing efficiency as desired by high-speed 3D printing pro-
cess but also achieved better mechanical properties for the
printed CFRC parts. Thus, it will be worth further exploring
the effects of even higher material deposition rates achieved
through pellet-based extrusion processes.

It is also worth noting that the relatively moderate improve-
ment in mechanical properties was attributed to a relatively
low carbon fiber volume fraction (a maximum of 10.5 vol.%)
achieved with 3 K carbon fibers used in this study. Our pre-
liminary studies have shown that a higher fiber volume frac-
tion could be achieved if a larger carbon fiber bundle size is
used. For example, increasing from 3 K fibers to 12 K fibers
(12,000 filaments in a bundle), a maximum 41.9 vol.% in fiber
volume fraction could be obtained using the same experimen-
tal setup. However, the use of larger carbon fiber bundle size
also poses additional challenges (e.g., easier fiber exposure
and tangling) in the 3D printing process of continuous
CFRC samples and will be further investigated in our future
studies.

3.2.2 Effect of print speed

A higher print (nozzle traverse) speed is also desired for a
high-speed 3D printing process. The effect of print speed
within the printability windows found in Fig. 5 is thus inves-
tigated. It should be noted that all the tested CFRC samples
exhibited acceptable print quality with no fiber tangling/expo-
sure. Parameter selection was based on the obtained printabil-
ity window with print speeds varying from 400 to 1000 mm/
min at 200 mm/min intervals. The mechanical properties of
CFRC samples printed at a constant deposition rate of 5.7 g/
min and a nozzle tilt angle of 0° are measured and compared in
Fig. 7. The material deposition rate was chosen since it pro-
vided several viable print speeds that resulted in acceptable
deposition quality while maintaining a relatively higher fiber
volume fraction. With no fiber reinforcement for the PLA
samples, changing the printing speed only led to small varia-
tions in the obtained flexural strength and modulus. In
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contrast, for the CFRC samples, both flexural strength and
modulus consistently and significantly decreased as the print
speed increased. The results indicated that high-speed 3D
printing cannot simply be achieved by increasing the print
speed without sacrificing obtained mechanical properties.
The decreasing CFRC flexural strength and modulus with
respect to increasing print speed is believed to be affected by
residual voids within the obtained CFRC samples as charac-
terized in Section 3.3.2.

3.2.3 Effect of nozzle tilt angle

As discussed above, increasing the nozzle tilt angle will help
achieve a smoother, more natural flow of coextruded carbon
fibers and PLA melt, which was shown to improve printability
window in Fig. 5 with higher maximum print speeds
achieved. The effect of nozzle tilt angle on obtained

—#&— PLA: Strength
- A = PLA: Modulus

Material Deposition Rate (g/min)
—O— Composites: Strength
- O — Composites: Modulus

mechanical properties is also studied for CFRC samples
printed under a constant print speed of 800 mm/min and a
material deposition rate of 5.7 g/min, and the results are sum-
marized in Fig. 8. The parameters for this study were chosen
since they corresponded to the lowest mechanical properties
observed in Section 3.2.1 despite having a relatively higher
fiber volume fraction than most other samples. This parameter
set was near the boundary where fiber exposure and tangling
were found to begin, and the low mechanical properties of
samples printed with these parameters, and a nozzle inclina-
tion angle of 0°, could be partially attributed to the scratching
effect causing a degree fiber breakage during printing. It was
hypothesized that fiber scratching and breakage may be alle-
viated by increasing the nozzle tilt angle, hence improving
flexural strength and modulus of samples. All tested samples
exhibited acceptable print quality with no fiber tangling/expo-
sure. Both flexural strength and modulus first increased as the

Fig. 7 Flexural strength and 150 10
modulus measured through four-
point bending tests for PLA sam- L 9
ples and continuous CFRC sam-
ples printed at a material deposi-
tion rate of 5.7 g/min and a nozzle 5 120 1 8 5
tilt angle of 0° with varying print 3 <)
speeds = R
§ E
= =]
@ 90 - L6 =
+ 5
60 T T T T -+
200 400 600 800 1000 1200

—O— PLA: Strength
— A - PLA: Modulus

Print Speed (mm/min)
—O— Composites: Strength
— A —Composites: Modulus
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Fig. 8 Measured flexural strength and modulus through four-point bend-
ing tests of continuous CFRC samples with varying nozzle tilt angles. A
constant print speed of 800 mm/min and a material deposition rate of 5.7
g/min were used

nozzle tilt angle increased. Compared to those measured at a
nozzle tilt angle of 0°, a maximum 21% improvement in av-
erage flexural strength and a maximum 25% improvement in
average flexural modulus were achieved at a nozzle tilt angle
of 25°. Further increasing the nozzle tilt angle to 35° lowered
the obtained mechanical strength and modulus. The variations
observed in mechanical properties are expected to be affected
by fiber breakage and void formation during the printing pro-
cess, which were further studied through microstructure anal-
ysis in Section 3.3.3.

3.3 Microstructure characterization
3.3.1 Effect of material deposition rate

Figure 9 shows the fracture surfaces of two typical CFRC
samples obtained at a print speed of 800 mm/min with two
different deposition rates (i.e., 5.7 g/min and 13.3 g/min).
Different damage mechanisms were obviously observed for
the samples printed at the different material deposition rates.
The fracture pattern of the sample obtained at the deposition
rate of 5.7 g/min was dominated by PLA matrix cracking with
severe fiber pull-outs observed. This is believed to be attrib-
uted to poor fiber-matrix bonding. In contrast, for the sample

Fig.9 Fracture surfaces of typical
continuous CFRC samples
obtained from four-point bending
tests, showing different fracture
mechanisms for the samples at a
print speed of 800 mm/min with
two different deposition rates:
(a)13.3 g/min and (b) 5.7 g/min
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printed at the higher deposition rate of 13.3 g/min, the damage
mechanism was governed by simultaneous fiber breakage and
PLA matrix cracking, indicating good bonding between the
fibers and the matrix material. The stronger fiber-matrix bond-
ing achieved at higher deposition rates more effectively rein-
forces the CFRC samples, thus yielding higher mechanical
properties compared to those obtained at lower material depo-
sition rates (see Fig. 6).

The different fiber-matrix bonding is believed to be due to
different fiber wetting conditions obtained at different deposi-
tion rates. The transverse cross sections of the CFRC samples
at different deposition rates are further compared in Fig. 10.
Two types of voids are typically observed, i.e., voids around
carbon fiber bundle and voids around/between single carbon
fiber filaments as shown in the close-up views in Fig. 10. For
the CFRC sample printed at the deposition rates of 5.7 g/min
and 7.4 g/min, obvious voids are observed around the carbon
fiber bundle in Fig. 10a and b. In contrast, for the higher
deposition rate of 13.3 g/min, a better wetting condition is
observed with no obvious voids observed between the fiber
bundle and the PLA matrix material in Fig. 10c. The measured
void fraction of the CFRC samples is summarized in Fig. 11.
The void fraction decreased as the material deposition rate
increased with the void fraction obtained at the deposition rate
of 5.7 g/min over 2.5-fold of that found at 13.3 g/min. These
void defects will weaken the fiber-matrix bonding and lower
the obtained mechanical properties.

A higher material deposition rate is believed to be accom-
panied by a higher PLA melt flow rate. The overall improved
flowability increases polymer chain movement at molecular
level that in turn results in localized increased in plasticity and
decreased in glass transition temperature [39, 40].
Permeability of such polymers is dictated by their resulting
softer polymer chains [41], thus promoting wetting between
the PLA melt and the carbon fibers within the printed CFRC
samples. These processes combined to achieve improved
fiber-matrix bonding, thus leading to better mechanical prop-
erties at higher deposition rates. It should be noted that despite
lower fiber volume fraction at higher deposition rates [11], our
microstructural analysis indicated that fiber impregnation by
the matrix, and the corresponding void formation, was the
dominant mechanism controlling mechanical properties.
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Fig. 10 Microscopic images of
the transverse cross sections of
continuous CFRC samples at a
print speed of 800 mm/min and a
nozzle tilt angle of 0° at different
deposition rates: (a) 5.7 g/min, (b)
7.4 g/min, and (c) 13.3 g/min
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cam—

Carbon fiber

100 um bundle

Carbon fiber
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bundle

When the material deposition rate was high, the increased
PLA melt flow rate provided better penetration into the carbon
fiber network and thereby improving fiber wetting and reduc-
ing voids.

3.3.2 Effect of print speed

The transverse cross sections of the CFRC samples obtained
at different print speeds are also compared in Fig. 12. As the
print speed increased from 400 to 1000 mm/min, more obvi-
ous voids around carbon fiber bundle were observed. The

3%
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Void Fraction

1% |

0% T

5.7 7.4 8.7
Material Deposition Rate (g/min)

13.3

Fig. 11 Measured void fraction within printed continuous CFRC samples
at a print speed of 800 mm/min and a nozzle tilt angle of 0° with varying
material deposition rates
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corresponding measured void fraction in Fig. 13 also increases
to 4.0% at the print speed of 1000 mm/min, nearly four times
of that at the print speed of 400 mm/min. Due to the higher
amount of voids observed as the print speed increases, the
residual voids within the CFRC samples in Fig. 12 will work
crack nucleation sites and further weaken obtained mechani-
cal properties. It explains the decreasing flexural strength and
modulus observed in Fig. 7 after increasing the print speed
from 400 to 1000 mm/min despite higher fiber volume frac-
tion [11]. The void fraction is believed to be affected by fiber
impregnation time during the printing process. A higher print
speed decreased the fiber impregnation time, leading to worse
wetting and more residual voids as well as poorer interfacial
bonding between carbon fibers and PLA matrix material. To
achieve high-speed 3D printing process, it will thus be neces-
sary to compensate the reduced fiber impregnation time at
increased print speed through controlling printing conditions
so that a good fiber wetting condition can still be obtained.

3.3.3 Effect of nozzle tilt angle

Microscopic images of the cross sections of printed CFRC
samples with different nozzle tilt angles were further investi-
gated. The morphology of reinforcing continuous carbon fi-
bers is first examined in Fig. 14. Although no fiber tangling or
exposure was observed for the selected printing parameters

@ Springer
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Fig. 12 Microscopic images of
the transverse cross sections of
continuous CFRC samples
printed with a material deposition
rate of 5.7 g/min and a nozzle tilt
angle of 0° at different print
speeds: (a) 400 mm/min, (b) 600
mm/min, and (¢) 1000 mm/min
100 pm
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100 um bundle
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100 pm
bundle

(within the printability window), more obvious fiber breakage
was found when a smaller nozzle tilt angle was used, indicat-
ing that scratching by the extrusion nozzle due to drawing
force also caused fiber damage. Intact fiber bundle was ob-
tained after increasing the tilt angle above 25°. This helps
explain the relatively higher mechanical properties in Fig. 8
found for the CFRC samples printed at the nozzle tilt angle of
25°.

On the other hand, an increased amount of voids is ob-
served from the transverse cross sections of the printed
CFRC samples in Fig. 15 as the nozzle tilt angle increased.
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Fig. 13 Measured void fraction within printed continuous CFRC samples
at a material deposition rate of 5.7 g/min and a nozzle tilt angle of 0° with
varying print speeds
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The void fraction is further measured as summarized in Fig.
16. Nearly 7.1% void fraction was observed for the samples
printed at the nozzle tilt angle of 35°, increased from 3.2% at
the nozzle tilt angle of 0°. It explains the lowered flexural
strength and modulus observed in Fig. 8 after increasing the
nozzle tilt angle from 25° to 35°. The results indicated that
although increasing nozzle tilt angle enabled a more natural
flow of extrudate, the improved fiber reinforcement (e.g., few-
er fiber tangling/exposure/breakage) was offset by increased
void formation. Hence, the optimal nozzle tilt angle existed at
25° for the printing conditions used in this study. The in-
creased void fraction is believed to be caused by decreased
pressure applied on the extrudate when a higher tilt angle was
used. While future studies will be performed to measure and
control pressure applied on extrudates during the 3D printing
process, the decreased pressure caused by nozzle tilt angle
may be compensated by increasing layer thickness or material
deposition rate to achieve optimal printing conditions.

3.4 Fiber impregnation process

The fiber wetting conditions discussed above are believed to
be affected by fiber impregnation process as illustrated in Fig.
17. During the printing process, the fiber bundle and the PLA
melt are coextruded and then deposited on the substrate. In the
meantime, the PLA melt flows into the continuous fiber
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Fig. 14 Microscopic images of
the longitudinal cross sections of
continuous CFRC samples
printed with different nozzle tilt
angles of (a) 0°, (b) 15°, (¢) 25°,
and (d) 35°. A constant print
speed of 800 mm/min and a ma-
terial deposition rate of 5.7 g/min
were used

\\'\'\

Fig. 15 Microscopic images of
the transverse cross sections of
continuous CFRC samples
printed with different nozzle tilt
angles of (a) 15°, (b) 25°, and (¢)
35°. A constant print speed of 800
mm/min and a material deposition
rate of 5.7 g/min were used
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Fig. 16 Measured void fraction within printed CFRC samples in terms of

nozzle tilt angle. A constant print speed of 800 mm/min and a material
deposition rate of 5.7 g/min were used

350

bundle under pressure. It is believed that the fiber impregna-
tion mechanisms during the printing process in this study is
governed by combined PLA melt penetration of carbon fiber
network at the meso-scale and single fiber wetting process at
the micro-scale.

The transverse cross section of carbon fiber bundle in Fig.
17a is shown in Fig. 17b—d at the meso-scale. The melt flow
will penetrate through the carbon fiber network under pressure
[42]. The impregnation at this stage is believed to be deter-
mined by melt flow rate. If a higher material deposition rate is
utilized, the corresponding increased PLA melt flow rate
makes it faster for the PLA melt to penetrate the carbon fiber
network within limited impregnation time at a constant print
speed. A higher deposition rate achieved by a higher extruder
rotation speed in this study is also expected to be associated
with higher melt flow pressure, making the PLA melt to more
easily penetrate the carbon fiber network. These processes are
believed to be associated with the improved fiber wetting con-
ditions observed above after the material deposition rate

Fig. 17 a shows schematics of
fiber impregnation process; b—d
show the transverse cross-
sections of carbon fiber bundle
and impregnation mechanisms as
combined PLA penetration of
carbon fiber network at the meso-
scale and single fiber wetting

o —>

[ .
1Print direction .~
| —— .7

increased. However, an increased nozzle tilt angle for the pro-
posed multi-axis 3D printing process in this study is believed
to lower the melt flow pressure, making the PLA melt harder
to penetrate the carbon fiber network and yielding poorer fiber
wetting conditions observed in Fig. 15. On the other hand, ifa
higher print speed is implemented, the total amount of fiber
impregnation time will be decreased, limiting the degree of
impregnation that can be achieved at a given melt flow rate
(i.e., a constant material deposition rate). This will thus yield
poorer fiber wetting conditions, possibly still at the stage
shown in Fig. 17c, with relatively higher amount of residual
voids around carbon fiber bundle observed above (i.e., at the
print speed of 1000 mm/min in Figs. 12C and 13).

With sufficient PLA melt flow around carbon fibers in Fig.
17d, fiber-PLA adhesion will then be determined by the single
fiber wetting process at the micro-scale as shown in Fig. 17e.
For a given polymer composition, e.g., PLA in this study, the
wettability of a single carbon fiber at the micro-scale is affect-
ed by slip velocity [43] between moving fibers and melt flow
in Fig. 17a and is typically characterized by a dynamic contact
angle («) on the fiber surface as shown in Fig. 17e. With a
sufficiently long impregnation time (e.g., low print speed) and
a high melt flow rate (e.g., high material deposition rate), the
degree of impregnation within the printed CFRC samples in
Fig. 17d will then be mainly affected by the single fiber wet-
ting properties as represented by the dynamic contact angle
(a), which may create nucleation sites for residual voids
around/between single carbon fiber filaments typically ob-
served in the close-up views of CFRC microstructure above.

3.5 Demonstration of AM of CFRC structures

Printing of CFRC parts using the proposed AM method is
demonstrated with the obtained samples shown in Fig. 18.

-,
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Fig. 18 CFRC samples printed by the AM setup with continuous carbon
fibers at the print speed of 800 mm/min, deposition rate of 13.3 g/min,
and nozzle tilt angle of 0°. a shows thin-wall structures printed without

Thin-wall samples reinforced with and without carbon fibers
are first printed for comparison in Fig. 18a. A print speed of
800 mm/min and a deposition rate of 13.3 g/min were used,
with a nozzle tilt angle of 0°. It is worth noting that each
CFRC sample was printed with a single continuous carbon
fiber bundle shown as the dark phase within the parts. A com-
plex geometry CFRC structure printed at the selected condi-
tions is further demonstrated in Fig. 18b. All the samples
shown in Fig. 18 are completed within 2 h, attributed to the
relatively high deposition rate of 13.3 g/min employed. Note
that these large parts normally would take days to print using a
typical FFF process (e.g., with material deposition rates vary-
ing between 0.17 g/min and 0.46 g/min [11]).

4 Conclusions

In this study, a parametric study was performed experi-
mentally to investigate the effects of several factors, in-
cluding material deposition rate, print (nozzle traverse)
speed, and nozzle tilt angle, that affect high-speed 3D
printing of continuous CFRC samples. Specifically, a nov-
el multi-axis 3D printing approach was utilized to maintain
a constant nozzle tilt angle following a print toolpath.
Without multi-axis 3D printing, increasing print speed in-
creased fiber tangling and exposure, and lower mechanical
properties were measured due to decreased fiber impreg-
nation time and poorer fiber-matrix bonding. On the other
hand, increasing material deposition rate and nozzle tilt

(top) and with (bottom) continuous carbon fiber reinforcement, and b
shows a wing-rib structure printed with a single continuous carbon fiber
bundle as reinforcement

angle enabled the implementation of higher print speeds,
thus higher AM productivity, without sacrificing print
quality. It is believed that increased flowability due to im-
proved melt flow rate and pressure at higher material de-
position rate improve fiber impregnation quality.
Increasing nozzle tilt angle achieved a smoother, more nat-
ural flow of extrudate and lowered fiber breakage, thus
yielding improved CFRC mechanical properties.
However, void formation increased in the meantime due
to decreased pressure applied on extrudate. The void for-
mation is believed to be governed by combined melt pen-
etration of carbon fiber network at the meso-scale and sin-
gle fiber wetting process at the micro-scale, as affected by
melt flow rate, pressure, and impregnation time as well as
single fiber wettability. It also helped explain the two types
of voids typically observed within the printed CFRC mi-
crostructure, i.e., voids around carbon fiber bundle and
voids around/between single carbon fiber filaments. The
understanding of the 3D printing processes of continuous
CFRCs in this study will further help obtain optimal print-
ing conditions for design and fabrication of large-volume
continuous CFRC structural components via high-speed
3D printing.
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