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A Comparative Study of Pellet-
Based Extrusion Deposition of
Short, Long, and Continuous
Carbon Fiber-Reinforced Polymer
Composites for Large-Scale
Additive Manufacturing

Pellet-based extrusion deposition of carbon fiber-reinforced composites at high material
deposition rates has recently gained much attention due to its applications in large-scale
additive manufacturing. The mechanical and physical properties of large-volume compo-
nents largely depend on their reinforcing fiber length. However, very few studies have
been done thus far to have a direct comparison of additively fabricated composites rein-
forced with different carbon fiber lengths. In this study, a new additive manufacturing
(AM) approach to fabricate long fiber-reinforced polymer (LFRP) was first proposed. A
pellet-based extrusion deposition method was implemented, which directly used thermo-
plastic pellets and continuous fiber tows as feedstock materials. Discontinuous long
carbon fibers, with an average fiber length of 20.1 mm, were successfully incorporated
into printed LFRP samples. The printed LFRP samples were compared with short fiber-
reinforced polymer (SFRP) and continuous fiber-reinforced polymer (CFRP) counterparts
through mechanical tests and microstructural analyses. The carbon fiber dispersion, distri-
bution of carbon fiber length and orientation, and fiber wetting were studied. As expected, a
steady increase in flexural strength was observed with increasing fiber length. The carbon
fibers were highly oriented along the printing direction. A more uniformly distributed dis-
continuous fiber reinforcement was found within printed SFRP and LFRP samples. Due to
decreased fiber impregnation time and lowered impregnation rate, the printed CFRP
samples showed a lower degree of impregnation and worse fiber wetting conditions. The
feasibility of the proposed AM methods was further demonstrated by fabricating large-
volume components with complex geometries. [DOI: 10.1115/1.4049646]

Keywords: additive manufacturing, carbon fiber-reinforced polymer, long fiber
reinforcement, fiber length, high deposition rate, advanced materials and processing,
rapid prototyping and solid freeform fabrication

for computer-driven, automated equipment can be significant [5].
Moreover, depending on the materials, the structures may require

Thermoplastic polymers have been of growing interest in appli-
cations over a large spectrum of consumer and industrial products
due to their manufacturing flexibility and recyclability. Specifically,
fiber-reinforced thermoplastic composites are being extensively
used due to the strength, modulus, and weight advantage they
provide over their polymer counterparts [1,2]. With increasing
demands, several manufacturing processes that facilitate
large-scale, customized fabrication of fiber-reinforced composite
parts have been developed, including additive manufacturing
(AM), machining, casting, extrusion, and molding. Molding is
one of the most widely used fabrication approaches for large-scale,
tight-tolerance, complex fiber-reinforced composite parts but at
high manufacturing costs [2]. It is worth noting that automated
fiber placement (AFP) and automated tape placement (ATP)
are another manufacturing methods with high potentials for fab-
rication of fiber-reinforced composite parts, which allow con-
tinuous fiber reinforcement [3,4]. However, capital expenditures
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post-deposition curing via heat, vacuum, or autoclave processing,
which may further increase the production cost [6,7]. The need
for molds further lowers customizability of the fabricated composite
structures [8]. While flexible molds or pin-based molds help in con-
trolling the production costs associated with molds [9] or even
mold-less composite manufacturing for AFP with recent advance-
ments [10,11] may become feasible, there are still manufacturing
challenges associated with the cost and manufacturing complexity
due to requirements for curing, post-processing, and specialized
tooling.

Additive manufacturing approaches, including fused filament
fabrication (FFF), offer flexible, tool-less, and mold-less fabrication
processes [12]. Until recently, due to low printing speeds and long
fabrication time, AM was mainly limited to printing low-volume
components. Advancements in large-scale additive manufacturing
(LSAM) have addressed these shortcomings to a certain degree
[13]. Previous studies showed that LSAM at high material deposi-
tion rates allowed additive fabrication of large-volume parts without
excessive printing time, while reinforcing with fiber additives
helped in elevating mechanical performances of the printed parts.

The mechanical and physical properties of fibrous composites
largely depend on the orientation and aspect ratio of reinforcing
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fiber as well as interfacial bonding [14—17]. Increasing fiber length
typically promotes mechanical properties [1,18-20], but increases
difficulties of composite processing [1,15]. Nano- and micron-sized
[21-23], short [24,25], and continuous fiber-reinforced composites
using filament-based FFF approaches [26-30] have been exten-
sively studied. The material costs in these manufacturing
approaches are relatively high as they need to use specialized fiber-
reinforced filaments as raw material for fabrication [31]. Low-cost
AM of continuous fiber-reinforced polymer (CFRP) using thermo-
plastic pellets and continuous fibers has been recently investigated
[16,32]. CFRP filaments were first in situ prepared from continuous
fibers via micro-screw extrusion and then directly used by FFF
machines to print CFRP parts. However, these processes were
impractical for fabrication of large-volume components, which
usually take several hours, or even days, to finish due to low deposi-
tion rates (about 0.5 g/min) [29,33]. Meanwhile, with high material
deposition rates, pellet-based extrusion deposition of short fiber-
reinforced polymer (SFRP) has been extensively used for LSAM
[34,35]. To the best of our knowledge, very few previous studies
can be identified on comparing composites reinforced with contin-
uous, long, and short carbon fibers used for LSAM.

Typically, CFRP is mechanically superior as it offers longer rein-
forcing fiber lengths [27-30]. However, difficulties in processing of
fiber-reinforced composites also increase with an increase in fiber
length [1]. Inadequate impregnation poses challenges in achieving
high-quality CFRP and necessitates post-processing to improve
fiber-matrix wetting and take advantage of continuous fiber reinfor-
cement in mechanical performance [16,36,37]. Previous studies
showed that fiber-matrix wetting was affected by processing param-
eters including melting temperature [29] and laser pre-heating con-
ditions [17], attributed to thermoplastic melt flowability and
viscosity. It was found that high pressure, and shear-thinning
effect [16] would also promote fiber wetting conditions. Mean-
while, pre-impregnation [17] and fiber sizing treatment [38]
would improve fiber-matrix interfacial performance. In comparison,
long fiber-reinforced polymer (LFRP) with high-aspect ratio fibers
can provide improved mechanical performance, almost comparable
to CFRP samples, while minimizing fabrication limitations associ-
ated with CFRP. Additive fabrication of CFRP samples is often
limited by their printability with a relatively narrow range of
proper printing parameters due to susceptibility to fiber dislocation,
matrix overflow, lack of matrix material, and fiber damage [29]. On
the other hand, discontinuous fiber-reinforced polymer composites
like LFRP enable flexible printing and can be easily recycled and
reused [1]. Moreover, fiber dislocation is minimized because of
the discontinuity in the reinforcing fibers. The fiber strands are gen-
erally well dispersed within the matrix [39,40].

In this study, a new AM method was proposed to print LFRP
parts using a pellet-based extrusion deposition process. Continuous
fiber tows and thermoplastic pellets were used as feedstock materi-
als. During the printing process, continuous fiber bundles were
chopped into long fibers by shearing forces during extrusion,
mixed with thermoplastic melt, and then deposited layer-by-layer
on a print bed. The obtained LFRP samples were compared with
SFRP and CFRP samples prepared by similar extrusion deposition
methods used for LSAM. Both mechanical properties and micro-
structure were studied. A detailed comparison of fiber dispersion,
distribution of fiber length and orientation, and fiber wetting condi-
tion was performed for the printed composite samples. The fiber
impregnation process was further investigated. Large-scale com-
posite parts with complex geometries were also fabricated to
demonstrate the feasibility of the proposed AM method.

Experimental Procedure

Material Preparation. Commercially available polylactic acid
(PLA) pellets (4043D by Filabot) were used in this study as the ther-
moplastic matrix material. 3K carbon fiber tows (3000 fibers in a
bundle, AS4C by Hexcel) were used as the reinforcement fiber.
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The PLA was selected in this study due to its wide applications
in AM as well as its relative low costs. The PLA pellets were
dried in a vacuum oven at 85 °C for at least 4 h to eliminate mois-
ture before three-dimensional (3D) printing as the presence of mois-
ture could hydrolyze PLA in the melt phase, which in turn reduces
its molecular weight and subsequent mechanical properties of the
printed samples [41]. Thorough drying of PLA pellets also mini-
mizes bubble formation during deposition [42]. Similarly, the
carbon fiber tows were dried in a vacuum oven at 120 °C for at
least 4 h to remove moisture and minimize the probability of fiber
clumping during extrusion [43]. The PLA pellets and continuous
fiber tows were directly used as feedstock materials in preparing
LFRP and CFRP samples.

Short carbon fiber-reinforced PLA (fiber-PLA) pellets were used
instead to prepare SFRP samples. The fiber-PLA pellets were pre-
pared following the previously reported procedure [44,45]. The
selected 3K carbon fiber tows were first chopped to 3.2 mm in
length, and then 6 vol% fibers and PLA were dissolved in anhy-
drous dichloromethane (DCM) solvent (by Sigma-Aldrich) and
mixed using a magnetic stirrer for 8 h. The mixture was then
dried under a fume hood at ambient temperature and pelletized.
The prepared fiber-PLA pellets were stored in a vacuum oven at
80 °C to minimize the presence of moisture [41] prior to fabrication.

Experimental Setup. A custom single-screw extruder with a
print nozzle of 4 mm inner diameter in Fig. 1 was used to fabricate
all the samples in this study, and it was controlled by a multi-axis
machine (Galaxy G by Automated Precision Inc.) to follow a pre-
specified toolpath in three-dimensional space. A high torque
motor was used to drive the extrusion process by controlling its
rotation speed. An acrylic print bed was selected in this study for
deposition due to its thermoplastic nature that promotes adhesion
between deposited samples and substrates. The presence of ther-
mally conductive carbon fibers made the temperature distribution
more uniform during deposition, thus lowering warping of depos-
ited composite samples. These helped make the acrylic print bed
a viable substrate without requiring additional setup, e.g., a
heated print bed.

Carbon fibers were fed through different processes as illustrated
in Fig. 1 in preparing different types of composite samples. SFRP
samples were obtained with the prepared fiber-PLA pellets directly
used as the feedstock in Fig. 1(a). Pure PLA samples were also pre-
pared by using PLA pellets in this study for comparison with com-
posite samples. Continuous carbon fiber tows, if fed through a vent
hole on the extruder as shown in Fig. 1(), were chopped down into
discontinuous long carbon fibers by extrusion induced shearing
forces. The process is expected to incorporate long carbon fibers
into deposited samples and thus additively fabricate LFRP
samples. If the continuous carbon fiber tows were directly impreg-
nated through the print nozzle [27,29] as shown in Fig. 1(c) instead
of through the vent hole on the extruder, CFRP samples can be
prepared.

During extrusion, the pellets were melted by a heater and mixed
with carbon fibers as they were fed through the extruder and coex-
truded out through the print nozzle. The fiber-PLA mixture was then
deposited layer-by-layer to print the composite sample. The mate-
rial extrusion and deposition rates were controlled by the extruder
screw rotation speed, as represented by revolutions per minute
(RPM) at a given melt temperature. The extrusion process was
expected to facilitate orientation of the reinforcing fibers in the
print direction during deposition owing to shear and melt flow
induced fiber alignment [46-48], which was further examined as
described below.

Preliminary studies were first performed to find optimal printing
parameters. The print temperature, layer thickness, material deposi-
tion rate, and print speed would affect the quality of the printed
samples [29,49]. A print temperature of 190 °C was found to
allow sufficient viscosity for the PLA melt to provide a drag
force needed to coextrude carbon fibers at a wide range of extruder

Transactions of the ASME

1202 AInp 80 uo Jasn ABojouyoa] @ 9oual0S Jo ANsiaAun UNossIN AqQ Jpd-zL0LZ0 2 SFL NUew/QLEYS99/210120/2/Sh ) apd-ajoie/eousiosbulinioeinuew/bio swse uonoa|joojebipawse//:djy wolj papeojumoq



(a)
1

Hopper

PLA pellets

Continuous
fiber bundle

High torque
motor

PLA pellets

Short fiber
pellets

Fiber
feeding tube 2

Vent hole

Heater

PLA melt

Continuous
fiber bundle

N

Composite

Nozzle deposition

)

\f Composite

Composite

deposition deposition

Print bed =
[ > ] |

Pure PLA and SFRC setup

Fig. 1

RPMs and print speeds. A layer thickness of 1 mm was used to
ensure sufficient contact pressure to avoid delamination between
deposition layers [29]. The extruder screw’s rotation speed was
selected as 200 RPM, with a calibrated extruder material output
rate, i.e., a deposition rate of 3.3 g/min, which is about six times
higher than the deposition rates, e.g., 0.17-0.46 g/min [29], typi-
cally achieved by the filament-based FFF processes. It is worth
noting that as the deposition rate was controlled by the extruder
screw’s rotation speed, the deposition rate can be easily scaled up
to a higher value at a higher rotation speed, e.g., 833.3 g/min as
reported in previous studies for LSAM [34]. The constant deposi-
tion rate of 3.3 g/min here was employed with a print speed of
200 mm/min. The print speed in this study denotes the traverse
speed of the extrusion nozzle. Under these conditions, pure PLA,
SFRP, LFRP, and CFRP samples were fabricated for mechanical
tests and microstructural analyses. The feasibility of the proposed
process was further demonstrated by printing large-scale composite
samples with complex geometries at a higher deposition rate of
13.3 g/min.

Mechanical Testing and Microstructure Characterization.
The printed samples were studied through mechanical testing and
microscopic observation across their cross sections. Flexural
strength and modulus of the additively fabricated composite
samples were measured using three-point bending tests in Fig. 2
as they are closely related to fiber-matrix interfacial bonding [50].

1 mm/min
Printing direction ¢
: —
2 z
S
= 2]
= ¥
= 1] 1
= | |
- 40mm ——— >
< 50 mm >

Fig. 2 Schematics of the three-point bending test setup
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LFRC setup

CFRC setup

Schematics of the AM setup in printing (a) SFRP, (b) LFRP, and (c) CFRP samples

It should be noted that for better comparison, the pure PLA
samples were also tested to measure their flexural properties.
Same bending test conditions have been implemented for all addi-
tively fabricated pure PLA, SFRP, LFRP, and CFRP samples. Rec-
tangular bars with dimensions of 50 mmx8 mmx8 mm were
fabricated using the proposed setup with the aforementioned print-
ing parameters. Flexural strength and modulus were determined
using the three-point bending method on an Instron 5881 machine
with a support span of 40 mm as shown in Fig. 2. Three specimens
of each type of samples were tested at a cross-head speed of 1 mm/
min.

To characterize fiber distribution within PLA matrix material, the
additively fabricated composite parts were first cut using a low-
speed diamond saw both perpendicular to the print direction to
obtain transverse cross sections for studying fiber dispersion, and
along the print direction to obtain longitudinal cross sections for
studying fiber orientation. The cross sections were polished using
resin bonded diamond discs between 220 and 1200 in grit size, fol-
lowed by diamond films between 3 ym and 0.25 um. The polished
samples as well as fractured surfaces of the bending test samples
were examined by scanning electron microscopy (SEM) on a
Quanta 600F Environmental Scanning Electron Microscope. For
SEM analyses, the samples were sputter coated with 25 nm plati-
num coating to improve image resolution and minimize charging
of the sample. IMAGEs software was used to analyze the void fraction
on the polished transverse cross sections [16,26]. A Hirox Digital
KH-8700 optical microscope was also used to examine the polished
samples. It is worth noting that with adequate polishing, high trans-
parency of the selected PLA matrix material facilitated characteriza-
tion of reinforcing carbon fibers. To facilitate measurement of fiber
length in the composite samples, the printed composite samples
were repeatedly rinsed with DCM solvent until all the PLA
matrix material was dissolved. The remaining carbon fibers were
then used to characterize fiber length distribution through the anal-
ysis software IMAGEJ. The weight of the remaining carbon fibers was
also measured. Once knowing the weight of the printed composite
samples, carbon fiber volume fraction V; can be obtained using
[16,17,29,51]

Wil 1
Vi=—L | o
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Fig.3 Comparison of side views showing typical deposited layers of additively manufactured (a) pure PLA, (b) SFRP, (c) LFRP,

and (d) CFRP samples

where Wy and W,, represent the weights of fiber reinforcements
and matrix material, respectively. The densities of continuous
carbon fiber reinforcements (py) and PLA matrix materials (p,,)
were taken as 1.24 g/cm® and 1.78 g/em’, respectively, for the
selected carbon fiber tows (AS4C by Hexcel) [52] and PLA
pellets (4043D by Filabot) [53] in this study, where a constant
6 vol% of carbon fibers were maintained for all composite samples.

Results and Discussion

Morphology Comparison of the Printed Samples. Using the
experimental setup described above, pure PLA, SFRP, LFRP, and
CFRP samples were printed with their typical morphology shown
in Fig. 3. Relatively large layer thickness and poor surface finish
were observed for the printed samples. This is mainly due to the
relatively large deposition rate (3.3 g/min) in this study compared
with 0.17-0.46 g/min [29] typically used by fused filament fabrica-
tion processes, as well as the large layer thickness (1 mm) used in
this study, as typically required for large-scale additive manufactur-
ing. Decreasing material deposition rate or layer thickness may help
improve print resolution and reduce layer variation; however, it
would not be suitable for large-scale additive manufacturing.

Meanwhile, relatively large variation among deposition layers
was observed for SFRP, LFRP, and CFRP samples printed under
same conditions. Fiber-reinforced composites are more susceptible
to fiber dislocation, pull-out, matrix overflow, and lack of matrix
materials [29] during the printing processes. Difficulties in printing
of composites increase [1] with an increase in fiber length. For the
CFRP samples in Fig. 3(d), carbon fibers seen as dark phases were
obviously non-uniformly distributed. The heterogeneity in fiber dis-
tribution could potentially lead to a higher degree of defects in the
printed samples and thus decrease their mechanical properties. In
contrast, with uniform darkness observed for both SFRP and
LFRP samples in Fig. 3, fiber strands were expected to be well dis-
persed within matrix materials during the extrusion [39].

It should also be noted that a constant 1 mm layer thickness was
used for all types of printed composite samples in Fig. 3, where a

071012-4 / Vol. 143, JULY 2021

total of 8 layers were deposited during printing processes.
However, due to variation among the deposited layers, particularly
obvious in Fig. 3(c), some overflowing layers even completely
covered previously deposited layers, resulting in seemingly differ-
ent number of layers for different types of composite samples.
This was found to be mainly due to the unique heterogeneity intro-
duced by the discontinuous long fiber reinforcement in the LFRP
samples. As further discussed below, a wide variation in carbon
fiber length in the LFRP samples resulted in the most obvious var-
iation between deposited layers and thus worse print resolution and
surface anomalies in Fig. 3(c).

Microstructural Characterization. The microstructure of the
printed composite samples was first compared through SEM exam-
inations of polished transverse cross sections in Fig. 4. The carbon
fibers were relatively uniformly distributed across the cross sections
of the SFRP and LFRP samples. This showed a clear difference
compared with the fiber distribution within the CFRP samples in
Fig. 4(c), where continuous carbon fibers tended to concentrate
within the transverse cross section due to drawing force [29,30].
On the other hand, a noticeable higher amount of voids were
observed in the CFRP samples. A significant amount of voids
were observed both around and within the carbon fiber bundle in
Fig. 4(c), showing much worse fiber wetting conditions during
printing processes. In contrast, for the SFRP and LFRP samples,
the voids mainly formed within the polymer matrix with a few
smaller voids also observed around carbon fiber. As shown in
Fig. 5, the measured void fraction for the LFRP samples was
slightly higher than that of the SFRP samples. The void fraction
of the CFRP samples was much larger, over four times of that
found in the LFRP samples.

The polished longitudinal cross sections were compared between
different composite samples in Fig. 6. Compared with the SFRP
samples in Fig. 6(a), slightly conglomerated fibers were observed
within the LFRP samples as shown in Fig. 6(b), mainly caused
by the drawing forces during deposition, which also contributed
to the much more concentrated fiber bundles seen in the CFRP
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Fig. 4 SEM images of polished transverse cross sections of
composite samples: (a) SFRP, (b) LFRP, and (c) CFRP
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Fig. 5 Comparison of void fraction within the printed SFRP,
LFRP, and CFRP samples

samples in Fig. 6(c). However, due to the discontinuity in fibers for
the SFRP and LFRP samples, the fiber distribution was less affected
by the drawing forces and showed a higher degree of uniformity.

Carbon Fiber Dispersion. Fiber dispersion within composite
samples directly correlates with mechanical properties [54]. Thus,
the dispersion of carbon fibers in Fig. 4 was also quantified to eval-
uate the fiber distribution across the transverse cross section.

Journal of Manufacturing Science and Engineering

Following the previous fiber dispersion measurement process
[40], the carbon fibers were first converted to dots in an X-Y coor-
dinate system, where Xi and Yi represented the transverse direction
and build direction, respectively. The cross section was segregated
into small grids (32 x 32), called quadrants. The number (N) of the
marked fiber dots falling into each quadrant (Xi,Yi) were then
counted. The count distribution can then be used to quantify the
degree of fiber distribution uniformity across the transverse cross
section by mapping as shown in Figs. 7(a)-7(c). A relatively
uniform distribution of carbon fibers was observed for both SFRP
and LFRP samples. In contrast, significant peak values shifting
toward the top region of the deposition bead were observed for
CFRP samples.

Carbon Fiber Length. The actual fiber lengths within fiber-
reinforced composite samples play a very important role in the
obtained mechanical properties, which typically increased with an
increase in fiber length. Thus, the lengths of all carbon fibers incor-
porated in the printed LFRP and SFRP samples were measured after
dissolving and removing the PLA matrix materials via DCM. The
results are summarized in Fig. 8(a) to characterize the distribution
of carbon fiber length. The measured numbers of fibers were nor-
malized by the total number of all measured carbon fibers, so the
vertical axis represented the percentage of fiber length within a cor-
responding range. The cumulative distribution of fiber length is also
summarized in Fig. 8(b) to facilitate comparison of LFRP and SFRP
samples. As a very low degree of fiber breakage was observed
within the printed CFRP samples, their reinforcing fiber length
was not explicitly characterized due to the continuity nature.

Compared with LFRP samples, a narrower range of fiber length
distribution is observed for SFRP samples in Fig. 8(a). An average
of 0.3 mm fiber length was found in the printed SFRP samples with
a maximum of 3.01 mm and a minimum of 6 yum measured. About
80% of fiber length was found smaller than 0.4 mm for SFRP
samples as measured from the cumulative fiber distribution in
Fig. 8(b). For the LFRP samples, a more diverse distribution of
fiber length is observed in Fig. 8(a). An average of 20.1 mm fiber
length was obtained with a maximum of 32.0mm and a
minimum of 4 ym measured. As measured from Fig. 8(b), less
than 1% fiber length in LFRP samples was smaller than 5.0 mm.

Carbon Fiber Orientation. To study the fiber orientation distri-
bution, a window of 1350 ym x 1350 um was first selected at three
different longitudinal cross sections on three different samples for
each type of composites. The fiber orientation angle with respect
to the printing direction was obtained for all the fibers within the
window. The printing direction was defined as O deg, and the
build direction was defined as 90 deg. The distributions of carbon
fiber orientation within the SFRP and LFRP samples are summar-
ized in Fig. 9(a). The numbers of fibers were normalized by the
total number of all measured carbon fibers, so the vertical axis
represented the percentage of fibers measured within a correspond-
ing orientation range. The cumulative distributions of fiber orienta-
tion were also included as shown in Fig. 9(b) to facilitate
comparison between LFRP and SFRP samples. No fiber orientation
was explicitly characterized for the CFRP samples as nearly all con-
tinuous carbon fibers were aligned along the printing direction seen
in Fig. 6(c), attributed to the drawing force during deposition.

A relatively more diverse distribution of fiber orientation was
observed for the SFRP samples in Fig. 9(a). Only about 46% of
the fibers were oriented within 10 deg from the printing direction
as measured in Fig. 9(b). With almost no drawing forces applied
on the short fibers within the SFRP samples, fiber alignment was
expected to be governed by extrusion induced shearing. For the
LFRP samples, 68% of the fibers were aligned within 10 deg and
86% oriented within 30 deg from the printing direction. This was
expected to be attributed to a combination of shearing induced
fiber alignment during extrusion and drawing forces during deposi-
tion. Compared with the shorter fibers of the SFRP samples, the
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Build direction

Printing direction

Fig. 6 Optical microscopic images of polished longitudinal cross sections of a deposited bead
of the printed (a) SFRP, (b) LFRP, and (c) CFRP samples

increased fiber length within the LFRP samples also increased the
viscous drag force between fibers and polymers, promoting align-
ment of the carbon fiber phases under shearing.

Fiber Wetting and Impregnation Process Analysis. Fiber-matrix
interfacial bonding is one major factor governing the performance
of fiber-reinforced composites [27,29], which is closely related to
fiber wetting conditions. Compared with the SFRP and LFRP
samples in Fig. 4, the much higher amount of voids observed
both around and within carbon fiber bundle in Fig. 4(c) revealed
much worse fiber wetting conditions during printing of the CFRP
samples. The difference is believed to be attributed to different
fiber impregnation processes during printing of the SFRP, LFRP,
and CFRP samples.

For the SFRP samples, fiber impregnation is affected by the fiber-
PLA pellets used for printing [34]. A thorough fiber and PLA
mixing procedure was followed in this study during preparing
these pellets, resulting in a high degree of fiber impregnation. On
the other hand, an in situ fiber impregnation process [16] was imple-
mented in printing LFRP and CFRP samples to improve fabrication
efficiency by directly using continuous fibers and PLA pellets as
feedstock materials. With the high deposition rate implemented,
the impregnation time was very short. Only a few minutes took
from supplying feedstock materials to depositing composites,
much shorter than that used in preparing fiber-PLA pellets (8 h)
in this study. However, compared with LFRP, the impregnation
time was even shorter for CFRP. Similar to the previous studies
in printing CFRP [27,29], the continuous carbon fiber tows were
directly fed through the print nozzle in Fig. 1(c). The short

071012-6 / Vol. 143, JULY 2021

impregnation time limited the amount of PLA flowing into the con-
tinuous carbon fiber bundles before deposition, thus yielding worse
fiber wetting conditions. For the LFRP samples, as the carbon fiber
tows and PLA pellets were nearly fed together as shown in
Fig. 1(b), the relatively longer-time mixing processes during extru-
sion promoted fiber impregnation into PLA melt. Fiber impregna-
tion rate, affecting the impregnation process, is also believed to
be different between LFRP and CFRP samples. As shown in
Fig. 10, it will take longer time for the PLA melt to flow into the
continuous fiber network of CFRP compared with the long, discon-
tinuous fiber network within LFRP.

For the poor fiber wetting conditions observed for the CFRP
samples in Fig. 4(c), it is hypothesized that this is related to fiber
impregnation mechanisms during the extrusion process. The cross
section of the carbon fiber bundle in Fig. 10 is shown in Fig. 11.
At the meso-scale in Figs. 11(a)-11(c), melt flow will penetrate
through the carbon fiber network under pressure. The impregnation
at this stage is expected to be determined by melt flowrate. A higher
pressure is expected to achieve a higher melt flowrate and facilitate
impregnation, yielding a better fiber-matrix interface condition [16].
A lowered viscosity, e.g., achieved at a higher melt temperature
[29], will also improve melt flowrate and improve impregnation
quality. With sufficient PLA melt flow around carbon fibers in
Fig. 11(c), fiber-PLA adhesion will then be determined by the
single fiber wetting process at the micro-scale as shown in
Fig. 11(d). For a given polymer composition, e.g., PLA in this
study, the wettability of a single carbon fiber at the micro-scale is
affected by slip velocity between moving fibers and melt flow
[55] in Fig. 10 and is typically characterized by a dynamic
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Fig. 7 Comparison of carbon fiber dispersion mapping across
the transverse cross sections between (a) SFRP samples,
(b) LFRP samples, and (c) CFRP samples

contact angle (6) on the fiber surface as shown in Fig. 11(d). A rela-
tively short impregnation time and a low impregnation rate limit the
degree of impregnation that can be reached for the printed CFRP
samples, possibly still at the stage shown in Fig. 11(b), resulting
in the poor wetting conditions of the fiber bundle in Fig. 4(c). A
further increased impregnation time at a higher impregnation rate
will improve the degree of impregnation and thus fiber wetting con-
ditions. With a sufficiently long impregnation time and a high
impregnation rate, the degree of impregnation within the printed

Journal of Manufacturing Science and Engineering

LFRP samples will then be mainly affected by the single fiber
wetting condition that may create nucleation sites for some residual
voids around single carbon fibers or combined voids around fiber
clusters seen in Figs. 4(b) and 11(c).

Mechanical Properties. The mechanical properties of the
printed composite samples were compared via three-point
bending tests, where three samples were tested for each type. The
measured stress—strain curves are plotted in Fig. 12, where the
typical results for each type of composite samples are shown.
The PLA samples were also measured and included for comparison.
As expected, with no fiber reinforcement, the PLA samples showed
the lowest mechanical strength. The measured flexural modulus and
strength are summarized in Fig. 13. With an increase in reinforcing
fiber length as measured in Fig. 8, a steady increase in average flex-
ural strength was observed in the printed SFRP, LFRP, and CFRP
samples compared with that of pure PLA samples. Attributed to the
nature of continuous fiber reinforcements, the CFRP samples exhib-
ited the highest improvement, about 52% stronger than their PLA
counterparts. It is worth noting that although the average flexural
strength of LFRP samples was lower than that of CFRP samples,
the actual flexural strength values of the LFRP samples could fluc-
tuate anywhere from a moderate improvement over the PLA
samples, all the way up to almost being the same as the CFRP
samples. Such obvious variation was partially attributed to the rela-
tively large variation between deposited layers of the LFRP
samples seen in Fig. 3. Meanwhile, as shown in fiber length distri-
bution in Fig. 8, a wide range of fiber length was observed for the
LFRP samples, ranging from 4 ym to 32 mm, which would intro-
duce more inconsistencies in the mechanical performance [1,15].
In comparison, this phenomenon was less prominent for the
SFRP samples with consistently small reinforcing fiber length
seen in Fig. 8.

On the other hand, the average flexural modulus of the LFRP
samples was found to be comparable to that of the CFRP
samples, 49% over the PLA samples and 9% higher than the
SFRP samples. The high modulus of the printed LFRP samples
could be attributed largely to highly oriented long carbon fibers
measured in Fig. 9. In addition, well dispersed long discontinuous
carbon fiber networks in Fig. 7 not only improve fiber wetting as
seen in Fig. 4 but also formed a strong fibrous reinforcement,
more effectively stiffening the composites, compared with the typi-
cally concentrated continuous carbon fibers within the printed
CFRP samples [29,30].

Previous studies [1,15,56] showed that the stiffness of fiber-
reinforced composites increased with an increase in the aspect
ratio of reinforcing fibers until a critical aspect ratio was reached.
Beyond that, the stiffness remained essentially constant irrespective
of further increase in the length of reinforcing fibers. Hence, the
comparable modulus of the LFRP and CFRP composites could be
attributed to the fact that a critical fiber aspect ratio (//d). was
reached in the LFRP samples, which is determined by

I\ _om
(2).=%

where / and d are the carbon fiber length and diameter, respectively.
oy, denotes the ultimate tensile strength of the carbon fibers, and 7
represents the interfacial shear strength between the fiber and the
PLA matrix material. For the selected carbon fiber tows (AS4C
by Hexcel) [52], d and op;, were 7 um and 4.7 GPa, respectively.
With an estimated interfacial shear strength of 5.0 MPa [40] for
the extrusion process, a critical carbon fiber length of 3.3 mm
needs to be achieved for selected composite compositions in this
study. As measured in Fig. 8(b) above, only less than 1% of
fibers in the LFRP samples had length smaller than 3.3 mm, sug-
gesting that a majority of carbon fibers were effectively strengthen-
ing and stiffening the printed LFRP samples [1], thus yielding high
modulus comparable to that of the CFRP samples seen in Fig. 13.
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Meanwhile, the large fiber length variation was observed to
increase fiber entanglement for the LFRP samples. In the examina-
tion of the carbon fiber strands, it was found that the singled,
untangled fibers were most likely to be less than 170 um in
length, while the fibers exceeding 440 um were likely to be entan-
gled into slight conglomerates. With highly oriented carbon fibers,
if fewer long fibers were entangled in the printed samples, a better
dispersed fiber reinforcement network would lead to higher
mechanical properties. However, with a majority of long carbon
fibers present in the LFRP samples as seen in Fig. 8, carbon
fibers had a high tendency to entangle and accumulate as slight con-
glomerates as shown in Fig. 6(b). The increased heterogeneity wea-
kened the reinforcing effects of long fibers, leading to a larger
variation in the flexural strength and modulus seen in Fig. 13. It
is worth noting that such heterogeneity would make it challenging
to accurately calculate composite properties and compare with
experimental measurements. It is expected that multi-scale numeri-
cal modeling approaches [57-59] will provide better solutions to
evaluate the effects of microstructure including fiber length as
well as its variation on mechanical and even thermal properties
for different types of composite samples.

Further examination of the fractured surfaces of bending test
samples in Fig. 14 helped reveal the damage mechanisms. Rela-
tively clean fractured surfaces were observed for the SFRP
samples in Fig. 14(a) and the LFRP samples in Fig. 14(b). These
are found in Figs. 14(d) and 14(e) to be mainly attributed to
polymer matrix cracking and fiber pull-out due to fiber-matrix
debonding. For the CFRP samples in Fig. 14(c), the damage was
also found to be governed by polymer matrix cracking and fiber
pull-out. Specifically, the fiber pull-out in the CFRP samples was
found to be mainly attributed to delamination between fiber and
matrix in Fig. 14(f), possibly due to the very poor fiber wetting con-
ditions seen in Fig. 4(c). Meanwhile, obvious fiber breakage was
also observed.

Demonstration of Three-Dimensional Printed Carbon
Fiber-Reinforced Polymer Composites. The applications of the
proposed method in printing composite parts were demonstrated
through the obtained structures shown in Fig. 15. A print speed
of 200 mm/min and a deposition rate of 13.3 g/min were used.
The AM method proposed here as demonstrated in Figs. 15(a)
and 15(b), to the best of our knowledge, for the first time, facilitated
additive manufacturing of complex composite parts reinforced with
long carbon fiber. With high deposition rates, the proposed method
enables fabrication of large-format part with shorter amounts of
time compared with the traditional filament-based FFF processes.
The wing-rib structure shown in Fig. 15(c) was finished within
2 h, attributed to the high deposition rates employed (13.3 g/min
or 0.8 kg/h), which normally would take days to print by filament-
based FFF processes. Meanwhile, the average material cost was just
around $10/kg, much lower than the typical filament-based FFF
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Fig. 13 Comparison of measured flexural strength and modulus
between pure PLA, SFRP, LFRP, and CFRP samples

processes that may even increase the manufacturing cost of see-
mingly low-cost thermoplastics to $100/kg [34]. However, it is
also worth noting that due to larger variation of incorporated long
fibers, the printed LFRP parts exhibited a relatively lower print reso-
lution and higher surface roughness, compared with the obtained
SFRP and CFRP parts in Figs. 15(d) and 15(e). Thus, future
studies will be conducted to improve the proposed AM method in

JULY 2021, Vol. 143 / 071012-9

1202 AInp 80 uo Jasn ABojouyoa] @ 9oual0S Jo ANsiaAun UNossIN AqQ Jpd-zL0LZ0 2 SFL NUew/QLEYS99/210120/2/Sh ) apd-ajoie/eousiosbulinioeinuew/bio swse uonoa|joojebipawse//:djy wolj papeojumoq



200 um
——

Fig. 14 Optical microscopic images of fractured surfaces for (a) SFRP, (b) LFRP, and (c) CFRP samples and
close-up views of SEM images for (d) SFRP, (e) LFRP, and (f) CFRP samples

Fig. 15 Demonstration of the printed composite components at a deposition rate of 13.3 g/min and a print
speed of 200 mm/min: (a) the LFRP printing process, (b) thermal imaging of the LFRP layer-by-layer deposition
process, (c) the printed LFRP wing-rib part, (d) a Cessna 414 nose-cone mold structure printed with SFRP, and
(e) a wing-rib part printed with CFRP
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fabricating LFRP samples. Meanwhile, post-processing procedure,
e.g., machining and polishing [60-62], can be used to improve the
surface finish of large-scale printed final products. The successfully
printed composite parts demonstrated here have proven the feasibil-
ity of the proposed method in fabricating structural components for
LSAM, particularly with LFRP, potentially capable of replacing
metal parts in aerospace and automotive industries.

Conclusion

In this study, a pellet-based extrusion deposition method was
used to prepare and compare SFRP, LFRP, and CFRP parts for
large-scale additive manufacturing. In particular, a novel AM
method was proposed to directly print long carbon fiber-reinforced
polymer composites. This method used continuous carbon fiber
tows and thermoplastic pellets as feedstock materials. The
printed LFRP samples exhibited flexural modulus comparable to
the CFRP samples. This was found to be attributed to highly
aligned and relatively well distributed long fibers with an
average length of 20.1 mm, much longer than the estimated criti-
cal fiber length of 3.3 mm for the material composition in this
study. However, a wide variation of fiber length led to a large var-
iation of flexural strength and modulus observed in the LFRP
samples. With much lower void fraction, the void pattern in
SFRP and LFRP samples was found to be notably different
from that of the CFRP samples printed under the same conditions.
This is believed to be attributed to a longer impregnation time
and a higher impregnation rate achieved by the discontinuous
carbon fiber networks within the SFRP and LFRP samples. The
feasibility of the proposed AM method was further demonstrated
through successfully printed large-scale complex structures. These
results showed the high potentials of the proposed method in addi-
tive manufacturing of large-scale, high-strength fiber-reinforced
composites.
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