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ABSTRACT

In this study, a novel 3D printing process to facilitate rapid production of continuous fiber-
reinforced thermoplastic composite was established. Different from traditional fused deposition
modeling (FDM) approaches, a commercial single screw extruder which provides a high
deposition rate was used as a printing head, where the attached printing nozzle was modified to
insert the continuous fiber reinforcement just prior to deposition. Commercial polylactic acid
(PLA) with continuous carbon fiber tow, which provides excellent mechanical properties, were
chosen as the feedstock to reduce the overall material cost in comparison to the commercial
filaments or other reinforcing fiber prepreg filaments which are conventionally used in FDM-based
approaches. The measured flexural strength of carbon fiber reinforced thermoplastic composite
fabricated through this proposed approach is 65% larger than the pure PLA sample. The output
rate of this manufacturing process is over a kilogram per hour which is over 50 times higher than
traditional filament based approaches. However, the cost of the material for this approach is merely
30% of the traditional FDM-based approaches. Proven feasibility of the fabrication process
facilitating additive manufacturing of high strength, low cost composites indicate that this
proposed approach is an attractive solution to address ever growing need of large-scale additive
manufacturing in aerospace and automotive industries.
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1. INTRODUCTION

Thermoplastic polymers are widely used in the industry because of their recyclability, low-cost,
and manufacturability, especially in the additive manufacturing (AM) area [1-3]. However, their
mechanical properties are generally subpar compared to their metallic and ceramic counterparts.
Thus, to reinforce and improve the mechanical characteristics of these thermoplastics, especially
the 3D printed parts, high specific strength reinforcing fibers such as glass and carbon fibers have
been used [4], [5]. Based on the load transformation mechanism, the performance of fiber
reinforced composite is dominated by the average reinforcing fiber length, fiber orientation
distribution and interfacial structure between the reinforcing fibers and polymer matrix [6, 7].
Thus, several studies investigating different manufacturing approaches and material combinations
have been carried out to study and subsequently control the behavior of the reinforcing fibers,
which consequently affects the performance of the manufactured composite structure [2—4,7—-10].
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For instance, nano-scale, short, long and continuous fiber reinforcements have been extensively
studied [5], [11-15]. A general trend that was observed was that the increase in average fiber length
within the composite correlated with notable improvement in mechanical performance [16].
Though AM facilitated ease of customization, the material deposition efficiency for it has been
very low, especially compared to the conventional manufacturing processes, like compression
molding. The AM process is generally sluggish (0.5 gm / min), taking several hours, if not days,
to fabricate large structures [15, 17]. High-speed (high material output and/or high printing speed)
additive manufacturing techniques like big area additive manufacturing (BAAM) [18-20] have
been developed to address this need [21]. Also, large-format rapid fused deposition modelling
directly using pure thermoplastic pellets and carbon fiber has been established [22]. However, such
large format, rapid additive manufacturing techniques have only incorporated short carbon fibers
as reinforcements in their fabrication. Thus, a mere 20 % of improvement in mechanical strength
was observed in fiber reinforced samples compared to pure thermoplastic samples using the large-
format rapid additive manufacturing approach. The full extent of mechanical advantage possible
by incorporating continuous carbon fiber filaments has not been explored using large-format rapid
additive manufacturing.

As a part of this study, an AM approach to fabricate using continuous fiber reinforced
thermoplastic composite was developed which allowed large-format printing with high deposition
rates. Polylactic acid (PLA) and continuous carbon fiber tows were used as sample materials to
establish the feasibility of the proposed process to fabricate continuous fiber reinforced
thermoplastics. The set-up for the proposed approach comprises of a modified single-screw
extruder to intake bulk thermoplastic pellets and continuous carbon fiber tows, and directly deposit
continuous carbon fiber reinforced composite layers on a printing bed. A comparative study
encompassing mechanical characteristics of the printed samples was carried out to highlight the
impact of continuous fiber reinforcement on the thermoplastic samples. Finally, intricately shaped,
large-scale samples (with and without reinforcement) were prepared to demonstrate the
capabilities of the proposed fabrication procedure.

2. EXPERIMENTATION

2.1. Material preparation

The primary materials used in this study were commercially pure PLA pellets (4043D, Filabot as
a thermoplastic polymer and continuous 12K carbon fiber tow (T800HB by Toray) for reinforcing
fibers. Prior to printing, carbon fiber tows were dried in a vacuum oven at 120 °C for at least four
hours to eliminate any adsorbed moisture. This reduces the occurrence of carbon fiber clumping
during coextrusion with thermoplastics, which is highly detrimental to the quality of deposition.
Furthermore, absorbed moisture in carbon fibers during coextrusion has a substantial negative
effect on mechanical properties of as-printed parts [23]. Likewise, moisture was eliminated from
thermoplastic pellets by drying in a vacuum oven at 85 °C for at least four hours immediately prior
to deposition. Absorbed moisture could result in hydrolyzation in the melt phase. If this occurs,
the molecular weight is reduced negatively affecting part quality and mechanical properties [24].



2.2. Experimental setup

The experimental setup of the large-format additive manufacturing system is illustrated in Figure
1. The primary components of the setup include a multi-axis machine for movement and
positioning, a modified single-screw extruder, and printing bed. A commercial single screw
extruder (MDPH2, Filabot) was used as a printing head and vertically mounted on a multi-axis
machine (Galaxy G, Automated Precision Inc.). The multi-axis machine allowed for printing of
three-dimensional parts, by giving the extruder setup mobility in the x, y, and z-axis. The extruder
screw was operated by a high-torque electric motor, and the extrusion chamber is complemented
by a heating element. Both the extruder motor and heating element are computer controlled.
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Figure 1. Experimental setup consisting of a modified extruder printing head, a multi-axis machine
and their respective controllers, and a heated printing bed. The top-left inset image shows a
standard nozzle used for printing only PLA, while the modified nozzle allows insertion of the
continuous carbon fiber. The top right inset image shows side views of the modified extruder.

The thermoplastic volumetric output is controlled through selection of the screw RPM along with
heating temperature. In this study, the extruder is vertically aligned and modified with a hopper to
feed thermoplastic pellets. The extrusion nozzles used in this study had an outlet diameter of 4
mm. Although smaller diameter nozzles can be used to improve print resolution, smaller nozzles
result in reduced material output and longer print times. The upper left subset of Figure 1 shows
both print nozzles used in this study. The standard nozzle was used as-is for printing thermoplastic
samples without fiber reinforcement. On the other hand, the modified nozzle had a machined vent
hole for pass-through of continuous carbon fiber. The vent hole was lined with a steel tube to
facilitate insertion of fiber into the thermoplastic melt-pool just prior to deposition (as illustrated



in Figure 2). PLA composites were deposited at 180 °C. The layer thickness was 1.0 mm, the
revolution per minute (RPM) of the single screw extruder was 40 RPM with the scan speed of 400

mm/min.
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Figure 2. Schematic of the extruder head with customized nozzle illustrating the printing process
of continuous fiber reinforced composite.

2.3. Samples for analysis

Analyses of the printed samples comprised of mechanical testing of the samples. ASTM standard
D7264/D7264M-15 was used to determine the mechanical characteristics, specifically the flexural
properties of the additively fabricated pure PLA and continuous fiber reinforced PLA samples
using the 3-point bending test. Bars of rectangular cross section with 60 mm x 8 mm X 8mm
dimensions were fabricated using proposed setup by aforementioned printing parameters with five
specimens for each type. Instron 5881 tester in conjunction with 3-point bend fixture (40 mm span)
was used for the bending test supporting the fabricated bars as beams, deflecting at a constant rate
of 1.0 mm/min until failure.

3. RESULTS

To establish the feasibility of the proposed large format, rapid fabrication approach for continuous
carbon fiber reinforced samples, mechanical characterization of the prepared samples and
supporting economic analysis was carried out as a part of this study. Results of these analyses are
discussed in the following.



3.1 Mechanical testing

The mechanical characterization of the printed bulk structures provided an insight into the quality
of the sample beyond visual appearance. To systematically investigate the effect of fiber
reinforcement, specifically using the proposed fabrication method, on the mechanical
characteristics of the AM samples, samples were manufactured with near-optimum printing
parameters. These samples were subjected to 3-point bending tests to determine their flexural
strength and modulus. Figure 3 (A) illustrates the bar samples under 3-point bend testing with the
measured flexural strengths and moduli for carbon fiber reinforced and pure PLA samples
illustrated in Figure 3 (A).
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Figure 3. (A) Pure PLA and carbon fiber reinforced PLA bar samples under flexural tests with (B)
resulting flexural strength (patterned gray) and modulus (solid gray).

Pure PLA test sample demonstrated flexural strength range between 84 MPa and 92 MPa, and
flexural modulus range between 3.6 GPa and 4.4 GPa. These values slightly exceed previously
reported values for commercially supplied 4043D PLA of 83 MPa and 3.8 GPa for flexural strength
and modulus, respectively [32]. This may be attributed to the fact that the samples produced for
mechanical characterization in previous studies were manufactured using filament based fused
deposition modelling method with finer nozzle diameters. This affects the layer thickness in the
deposition where smaller nozzle diameters provide higher printing resolution, but with more layers
for same volume of material comes more interfaces which are known to weaken the overall
structure. Thus, bulk samples with relatively coarser resolution yielded higher flexural strength
and modulus for the same thermoplastic material.

The thermoplastic samples demonstrated flexural strength range between 130 MPa and 145 MPa,
and flexural modulus range between 8.2 GPa and 8.7 GPa having an improvement in strength by
over 65% compared to the pure thermoplastic samples. The stress-strain curve for the continuous
fiber reinforced thermoplastic samples (solid blue) and the pure thermoplastic (dotted red) sample
is illustrated in Figure 4.
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Figure 4. Flexural stress-strain plot obtained through 3-point bending test of pure PLA samples
(red, dotted) and continuous carbon fiber reinforced PLA samples (blue, solid).

3.2 Economic and productivity analyses

For economic analyses, the focus of the current study was maintained on the cost of materials and
the material out rate. There have been previous studies investigating additive fabrication of fiber
reinforced thermoplastics where the emphasis on the strength of the fabricated material and
corresponding cost of material per unit weight was drawn. Figure 5 summarizes additive
fabrication approaches, cost of material used in fabrication (line plot) and the material output rates
reported by previous studies while simultaneously contrasting the lengths of the reinforcing fibers
within the respective composites. A general notion is that with the increase in average fiber length
within the composite there is an observed improvement in mechanical performance [16].



Cost and output for the different fabrication approaches
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Figure 5. Cost and material output compilation of previous studies compared to the proposed
process.

Additive fabrication using continuous carbon fiber reinforced thermoplastic filaments reportedly
yield superior mechanical characteristics compared to other forms of fiber reinforcements.
However, cost of such commercial continuous fiber reinforced filaments, used as raw material in
additive fabrication, is very high (over $2,128 / kg) [25]. On contrary, the proposed extrusion based
additive manufacturing approach using commercial PLA pellets and continuous carbon fiber tows
cost less than $10/kg for raw materials [26, [27] which is currently the lowest material cost reported
for AM continuous fiber reinforced thermoplastic samples. Studies encompassing rapid, large-
format fabrication of carbon fiber reinforced thermoplastic polymers reports comparable material
costs between $ 1 /kg to $30 /kg [22, 28]. However, these studies used short carbon fiber to
reinforce thermoplastic composites. For additively manufactured short carbon fiber reinforced
PLA samples, highest mechanical strength was reported to be 96 MPa [29]. Thus, with over 145
MPa of flexural strength, the proposed additive manufacturing method to fabricate continuous
carbon fiber reinforced PLA samples yield nearly 45 % improvement in mechanical strength at
comparable low cost for raw materials.

3.3 3D printed continuous carbon fiber reinforced thermoplastic structures

Large-format additive manufacturing facilitates printing of samples with arbitrary shapes and
sizes. Additionally, the proposed approach enables production of low-cost, high strength, large-
format samples in much smaller time frame compared to traditional filament based AM. To
demonstrate this capability, samples with pure PLA and continuous carbon fiber reinforced PLA
were fabricated. Figure 6 (A) illustrates single layered, thin walled PLA structures prepared with
and without continuous carbon fiber reinforcement. Thin-walled structures are precursor to larger,



intricately shaped solid structures. Compared to the standard filament based fused deposition
fabrication approach, printing of such samples using proposed method allows over 98% saving in
fabrication time. Ideally, the proposed fabrication technique would allow manufacturing of custom
shaped, high strength functional structures capable of replacing bulkier metallic structural
components in aerospace and automotive industry. To illustrate the potential of proposed
approach, a continuous carbon fiber reinforced wing rib structure was fabricated as illustrated in
Figure 6 (B).

Figure 6. (4) A thin walled pure PLA (top) and continuous carbon fiber reinforced PLA
(bottom) samples prepared using the optimized printing parameters as a precursor to (B)
continuous carbon fiber reinforced complex wing rib structures.

The versatility of the proposed process was further tested by using it to fabricate Acrylonitrile
Butadiene Styrene (ABS) thermoplastic samples using 10 vol% short carbon fiber infused ABS
pellets (by PushPlastic). By slightly modifying the printing parameters (elevating deposition
temperature to 230 °C and the printing bed temperature to 75 °C) a thin walled structure (as shown
in Figure 7. A) as a precursor to a functional nose-cone mold for Cessna 414, to be used in an
autoclave (as shown in Figure 7. B) was fabricated. This helped in proving the flexibility of the
fabrication process to be used successfully, even using doped thermoplastic pellets to additively
fabricate intricately shaped, fiber reinforced composites.
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Figure 7. (4) A thin walled structure prepared using short carbon fiber reinforced ABS pellets, as
a precursor to (B) Cessna 414 nose cone mold for autoclave.

4. CONCLUSIONS

In this study, continuous carbon fiber reinforced PLA samples were prepared via large-format,
rapid additive manufacturing process by directly using PLA pellets and continuous carbon fiber
tows. Different than conventional polymer additive manufacturing using filament based FDM
methods which allow fabrication of complex structures but are generally slow and expensive, and
modern large-format additive fabrication that facilitates rapid, inexpensive but relatively weaker
structures, the proposed manufacturing technique enables rapid and inexpensive fabrication of
high performance, complex structures using continuous fiber reinforcement. With an ability to
rapid print complex, large net-shaped structures with material cost of less than $10/kg and flexural
strength exceeding 140 MPa (over 65% improvement compared to pure thermoplastic part), the
proposed additive manufacturing process is a cost-effective solution to rapid fabrication of strong
and inexpensive continuous fiber reinforced functional composite structures.
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