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Abstract: In this work, the effect of short carbon fibre (CF) on the mechanical and geometric properties
of 3D printed polylactic acid (PLA) composite parts processed using the Fused Filament Fabrication
(FFF) technique have been analysed. Tensile, flexural and interlaminar shear strength (ILSS) tests
were performed to obtain the mechanical performance of the different samples. The surface quality
and geometric accuracy of the printed specimens were also evaluated. Finally, Scanning Electron
Microscope (SEM) images of the printed samples are analysed. The results revealed that the addition
of carbon fibres effectively improved all assessed mechanical properties of PLA-CF composites as
compared to the neat PLA. In particular, Flat PLA-CF samples showed an average increase in tensile
performance of 47.1% for the tensile strength and 179.9% for the tensile stiffness in comparison to the
neat PLA. From the flexural behaviour point of view, Flat PLA-CF samples revealed an increase in
average flexural strength and stiffness of 89.75% and 230.95%, respectively in comparison to the neat
PLA. Furthermore, PLA-CF samples depicted the best ILSS performance. In general, the use of short
carbon fibre as reinforcement did not affect the dimensional accuracy of the PLA-CF samples, and
even improved the surface roughness in certain cases, particularly in Flat and On-edge orientations.

Keywords: 3D printing; Fused Filament Fabrication; mechanical characterization; fibre-reinforced
PLA composites; dimensional accuracy; surface texture

1. Introduction

Additive manufacturing (AM) is a very promising technology permitting the development of
3D printed models or functional parts with complex geometries. Fused Filament Fabrication (FFF) is
a widely adopted AM technique due to its simplicity, low cost and material wastage [1–6]. The FFF
technique generates a 3D object through the deposition of a thermoplastic extruded filament such as
polyamide (Nylon), acrylonitrile butadiene styrene (ABS) or polylactic acid (PLA). PLA is in great global
demand due to its application in packaging, automotive, pharmaceutical and textile engineering [7,8].
In addition, PLA is an eco-friendly and biocompatible material with good physical properties, making
it ideal for biomedical applications [9].
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However, the FFF technique has been traditionally restricted to rapid prototyping applications
due to the poor mechanical and geometrical properties of the printed parts, since pure polymers
products developed by FFF lack the sufficient strength for use in functional parts [10]. Additionally,
injection-moulded components typically have higher mechanical properties than FFF printed parts of
the same thermoplastic [11].

In recent years, FFF has started to move beyond the prototyping stage to the fabrication of
finished functional components, topology optimized parts [12] or moulds for composite materials
and structures [13] that must comply with structural and quality requirements. This has been
achieved by the development of new reinforced composites with improved mechanical properties, and
improvements in the accuracy of 3D printing machines.

Regarding AM material, the addition of particles or fibres as reinforcement into polymers
enables the manufacturing of composites that exhibit high mechanical performance with improved
functionality [14]. Fibre reinforced composites can be obtained by embedding short or continuous
fibres into the thermoplastic matrix. Short fibres such as chopped carbon, glass or aramid fibres, have
been analysed in several studies with a moderate improvement in mechanical properties [15–20].
In most studies, short fibres were embedded in PLA, ABS or Nylon thermoplastic filaments prior to
loading in the 3D printer. In addition, the use of continuous fibres such as carbon, glass or Kevlar fibres
has been examined by several groups [10,21–25]. Recently, a limited number of studies have reported
the development of 3D printed composites using graphene-based particles as reinforcement [6,26–28].
3D printed continuous fibre reinforced composites show higher mechanical performance than 3D
printed short fibre reinforced composites. For example, the tensile properties of 3D printed continuous
carbon fibre reinforced composite samples were roughly an order of magnitude higher than 3D
printed short fibre or particle reinforce composites [29]. Thus, 3D printed continuous fibre reinforced
composites are more suitable for manufacturing functional parts for advanced applications [22,29,30].
However, the processing requires a specially designed printer [22]. Two main options for the fabrication
of continuous fibre reinforced composites have been analysed in previous studies: a “co-extrusion”
process of continuous fibre and polymer matrix in the injector and a “dual extrusion method” of
continuous fibre and polymer matrix directly into the component [21]. Furthermore, the use of short
fibre reinforcement enables higher quality parts in terms of geometric performance, with lower porosity
than the continuous ones. The use of short carbon fibre reinforcements has allowed for the extensive
development of AM, since it improves the mechanical and dimensional properties of printed parts
as compared to pure thermoplastic materials, without significantly increasing manufacturing costs
or modifying the 3D printing methodology [13]. In addition, there is a dearth of studies on the
interlaminar bonding behaviour of PLA-based composites. The microstructure, and consequently the
mechanical performance of the PLA-based composite parts, are significantly affected by the bounding
quality between deposited strands and layers [16,31].

Moreover, the geometric quality of FFF 3D printed parts has received less attention in the
literature, than the study of its mechanical properties [32]. The geometric quality supposes a great
limitation of FFF processes and that is why traditional manufacturing processes are preferred over this
incipient technology when high quality products are required. Thus, an improvement of dimensional
accuracy [33–35], and surface texture [36,37] is a significant issue in FFF processes. The geometric
characterization has mainly focused on conventional polymers without any reinforcement [38,39],
whilst studies on composite parts are somewhat scarce [6,26,40]. Composite materials not only improve
the mechanical properties, but also the geometric characteristics. For this reason, further studies are
required to analyse the geometric performance of additive manufactured PLA-based composite parts.

In this study, commercially available PLA and carbon fibre reinforced PLA composite (PLA-CF)
parts were manufactured using a FFF low-cost desktop printer. The objective of this study was to
assess the effects of short carbon fibre reinforcement on the mechanical and geometric behaviour of
3D printed composite samples. In particular, the effect of build orientation was evaluated. Tensile,
flexural and interlaminar shear performances was examined to obtain the mechanical behaviour of
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the different samples. Finally, SEM images of the 3D printed samples were appraised to examine the
effects of reinforcement on fracture and geometric performance.

2. Materials and Methods

2.1. Material, 3D Printing System and Specimen Fabrication

In this study, two different commercially available PLA-based filaments have been analysed:
SMARFIL® PLA natural (PLA) [41], and CarbonX™ filament, a PLA composite filament reinforced
with short carbon fibres (PLA-CF) manufactured by 3DXTech (Grand Rapids, MI, USA) [42]. CarbonX™
Carbon Fibre Reinforced polylactic acid (PLA) is a high-performance carbon fibre reinforced 3D
printing filament. This PLA composite was formulated using high-modulus carbon fibre and premium
Natureworks PLA biopolymer. CarbonX™ Carbon fibre reinforced-PLA is ideal for applications
demanding greater stiffness and dimensional stability than traditional unfilled materials. The basic
mechanical properties of the PLA and PLA-CF filaments provided by the manufacturer [41,42] are
presented in Table 1. In addition, Figure 1 depicts SEM images of the cross-sectional surfaces of the PLA
and the PLA-CF filaments. SEM images were taken using gold sputtering by a JEOL LTD JSM-6610LV
scanning electron microscope (Peabody, MA, USA). The detailed presence of uniformly distributed
carbon fibre reinforcements embedded in the polymeric PLA matrix can be seen, and some pores due
to fibre pull-out during testing.

Table 1. Mechanical properties of the polylactic acid (PLA)-based materials provided by the
manufacturer [41,42].

Property PLA PLA-CF

Tensile strength (MPa) 35.6 47.9
Tensile modulus (MPa) 3420 4791
Elongation at break (%) 4.2 2.0
Flexural strength (MPa) 85.2 114
Flexural Modulus (MPa) 2378 6320

Density (g/m3) 1.24 1.29

PLA and PLA-CF samples were manufactured using a Ultimaker 2+ desktop 3D printer made
by Ultimaker (Ultrecht, Netherlands) [43]. This 3D printer has interchangeable nozzles and a heated
build plate that allows the use of a large variety of materials. The 3D printing system consisted of an
extruder, temperature-control system, a heated build plate, X–Y–Z motion mechanism and a heated
print head with different nozzle diameters. The details of the different elements of the 3D printer
system are shown in Figure 1. Table 2 shows the technical specifications of the Ultimaker 2+ 3D printer.
The specimens were modelled using the commercially available CAD system SolidWorks (2018-2019),
exported as a stereolithography file (STL) with fine resolution and a deviation of 0.0171 mm and
imported by the 3D printing software. The G-code files were generated using the Ultimaker Cura 3D
software (4.3.0) [44].

Table 2. Ultimaker 2+ technical specifications.

Parameters Value

Resolution X and Y-axis =12.5 µm
Z-axis = 5 µm

Temperature Nozzle = 180–260 ◦C
Heated bed = 20–100 ◦C
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Figure 1. (a) Sketch of the Ultimaker 2+ 3D printer and build orientation. (b) Cross sectional SEM
images of printing wires: PLA and PLA-carbon fibre (CF).
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Figure 2 shows the dimensions of the samples based on the recommendations of the ASTM
standards D638, D790 and D2344 for testing the tensile, flexural and interlaminar shear performance of
samples, respectively. For dimensional tests, flexural specimens have been employed.
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2.2. 3D Printing Settings

The selection of FFF printing settings determining the mechanical and geometric performance of
the manufactured parts [3,45]. Bearing this in mind, the main aim of this study was to analyse the
effect of the type of reinforcement and build orientation on PLA-based composites. Hence, different
FFF printing settings were fixed for all the samples (Table 3). Three build orientations were analysed
(Figure 1): Flat (F), On-edge (O) and Upright (U). In Flat and On-edge orientations, the tensile pull
direction was parallel to the X-axis. However, in the Upright orientation, the tensile pull direction was
parallel to the Z-axis. Five specimens for each orientation and material were prepared.

Table 3. Process variables and their levels.

Parameters Value

Print speed (mm/s) 50
Flow rate (mm3/s) 4.8
Layer height (mm) 0.16

Number of top/bottom layers 5
Printing temperature (ºC) 210

Nozzle diameter (mm) 0.4
Line width (mm) 0.35

Infill pattern Concentric
Infill density 100%

2.3. Experimental Set-Up

Mechanical characteristics of PLA-based samples were measured by uniaxial, 3-point bending
and ILSS tests. These tests were conducted according to ASTM standard recommendations, using a
universal testing machine (Madrid, Spain) equipped with a load cell of 5 kN. A high-performance axial
extensometer MTS 634.14 (Minnesota, USA) was employed to measure the tensile strain. The tensile
and flexural stress–strain curves were obtained with a constant loading rate of 2 mm/min. ILSS tests
were conducted with a constant loading rate of 1 mm/min. Dimensional accuracy was measured using
an optical measure machine vision system Tesa-Visio 200 (Renens, Switzerland), with a resolution of
0.001 mm. A Talysurf CLI 1000 profilometer (Leicester, England) with a Z axis resolution of 40 nm was
employed to measure the texture of samples. More information of the experimental details can be
found in the authors’ previous works [6,32].
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3. Results and Discussion

The following sections show a detailed discussion of the main effects of the type of reinforcement
and build orientation on the mechanical and geometric performance PLA-based composite parts.

3.1. Effect of Carbon Fibre Reinforcement and Build Orientation on the Mechanical Behaviour of PLA
Composite Parts

3.1.1. Tensile and Flexural Properties of PLA Composite Samples

Table 4 shows the experimental results of the tensile and flexural performances in terms of average
stress and stiffness. Figures 3 and 4 report some representative tensile and flexural stress–strain curves
of PLA composite samples for different build orientations. Additionally, Figure 5 includes SEM images
revealing details of the cross-sectional tensile fractured surfaces. From Table 4 and Figures 3–5 it can
be seen that the 3D printed PLA-based composite samples showed a remarkable anisotropy. It has
been found that the mechanical properties depended significantly on the build orientation. Firstly,
the effect of build orientation was analysed. On-edge and Flat orientations exhibited the highest values
for both tensile and flexural strengths and stiffness, while Up-right orientation exhibited the lowest
ones. The differences between Flat and On-edge in the mechanical performance were lower than
8%. However, Flat PLA and PLA-CF parts depicted an increase in tensile strength of 484% and 386%
compared to Upright PLA and PLA-CF composites specimens, respectively. Overall, the results showed
a more ductile behaviour for the Flan and On-edge orientations, with higher plastic deformation.
However, Upright orientation showed a brittle behaviour. In general terms, the best mechanical
performances have been obtained with Flat orientation.

Secondly, the effects of the addition of carbon fibre reinforcement were analysed. In comparison
to the pure Flat PLA polymer, the tensile strength of the Flat PLA-CF composite increased by 47.1%
from 47.8 MPa to 70.3 MPa. This result can be attributed to the remarkable strength and modulus
of carbon fibre reinforcement given that the mechanical performance of composites normally can be
enhanced via the incorporation of superior reinforcement with higher stiffness than the matrix.

Table 4. Average tensile and flexural strength and stiffness for different orientations of PLA and PLA-CF
samples. Standard deviation is depicted in brackets.

Orientation Material
Tensile Results Flexural Results

σt (MPa) Et (GPa) σf (MPa) Ef (GPa)

Flat
PLA 47.8 (1.1) 3.35 (0.09) 55.6 (1.5) 2.09 (0.30)

PLA-CF 70.3 (1.3) 9.21 (0.12) 105.5 (0.4) 6.94 (0.06)

On-edge PLA 55.7 (0.3) 3.29 (0.09) 42.5 (0.9) 1.71 (0.62)
PLA-CF 66.1 (0.5) 8.48 (0.06) 95.7 (1.4) 6.40 (0.09)

Upright PLA 11.5 (1.6) 3.05 (0.60) 21.3 (1.1) 1.91 (0.06)
PLA-CF 18.2 (1.8) 3.35 (0.21) 22.0 (1.8) 2.34 (0.33)

Similar with the influence of carbon fibre reinforcement on strength, PLA-CF samples exhibited
greater stiffness Et than PLA samples for each of the three orientations. Flat PLA-CF samples obtained
an average increase in tensile modulus of 179.9 % compared to Flat PLA samples, from 3.35 GPa to
9.21 GPa. Carbon fibre reinforcements prevented the shear strain as they provide greater stiffness than
the PLA matrix. These results are in agreement with previous studies [6,46]. This increased stiffness
Et suggested that the reinforced samples showed greater resistance to plastic deformation due to the
effective load transfer to the carbon fibres. However, PLA-CF samples showed lower strains at failure,
denoting a more brittle behaviour than that in the PLA samples.
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Figure 3. Average tensile stress–strain curves of PLA and PLA-CF 3D printed samples for (a) Flat,
(b) On-edge and (c) Upright orientation. Optical micrographs showing details of the fractured surfaces
after testing are included for comparative purposes.
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Figure 4. Average flexural stress–strain curves of the PLA and PLA-CF 3D printed samples for (a) Flat,
(b) On-edge and (c) Upright orientation. Optical micrographs showing details of the fractured surfaces
after testing are included for comparative purposes.

Furthermore, the assessment of flexural properties (i.e., strength and stiffness) for composites
is crucial to avoid potential deflection and bending fractures when subjected to high loading and
sliding velocity during some engineering applications. In view of this consideration, flexural tests were
conducted to compare the PLA samples with PLA-CF samples via the three-point bending method.
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As shown in Figure 4, both the flexural strength and modulus for neat PLA and PLA-CF composites
exhibited the same trends as those observed for tensile characterization. Flat PLA-CF samples showed
an average increase in tensile strength and stiffness of 89.75% and 230.95% in comparison to Flat PLA
specimens, respectively. These improvements in flexural performance (especially for the modulus)
were due to the addition of high stiffness carbon fibre reinforcements.
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Figure 5. SEM images revealing details of the cross-sectional tensile fracture surfaces of 3D printed
PLA-CF composite samples as a function of the build orientation. Details of the morphology of the
deposited strands are included for comparative purposes. Lh and Lw are the layer height and the
deposited strand width, respectively.

In addition, SEM examination of the cross-sectional tensile fractured surfaces of 3D printed
PLA-CF specimens is depicted in Figure 5. This study was performed to gather data on the effects of
the reinforcement and build orientation on the morphology of deposited strands. Overall, the results
depicted a brittle behaviour for the upright orientation, with the fracture surface contained on a plane.
However, On-edge and Flat orientations showed greater plastic deformation. Different fracture planes
were observed with extensive fibre pull-out. Moreover, details of the cross-sectional shape of the



Materials 2020, 13, 1924 10 of 16

fused deposited strands, their periodicity and the triangular shaped inter-filament voids between
deposited strands were observed. According to the layer-by-layer deposition technique of the FFF
process, the melted filament is extruded through the nozzle and squeezed onto the printing bed. Since
the deposited filament is still soft from heat of extrusion, the lower part was then flattened, and the top
part exhibited a circular, convex structure after cooling down. For this void formation mechanism,
continuous triangular gaps are formed along the printing direction. Furthermore, due to the addition
of carbon fibre reinforcement to the PLA matrix, intra-filament voids could be formed inside the
extruded composite filament. The presence short carbon fibre reinforcement can be observed under
magnification, ×200. Carbon fibre reinforcements were dispersed in the PLA matrix and oriented to
the printing directions, which explained the differences in stiffness of PLA-CF composites compared to
PLA samples. Moreover, voids were found due to fibre pull-out during tensile testing. These results
are in accordance with the findings of previous research studies [6,16,46–48].

3.1.2. Interlaminar Shear Strength (ILSS) Performance of PLA-Based Composite Samples

The aim of this section was to analyse the effect of presence of carbon fibre reinforcement on the
bonding performance of PLA-CF composites compared to 3D printed neat PLA samples. For this
purpose, the Flat orientation was selected in this study. The best bonding performance was expected
in Flat and On-edge orientations, whereas a lower interlaminar shear strength was expected in the case
of the Up-right orientation. The selection of this build orientation was in accordance with previous
analysis of the bonding performance in 3D printed fibre reinforced composites [6,31]. Table 5 shows
average ILSS values for the neat PLA and PLA-CF composite samples, whereas Figure 6 shows a
representative ILSS strength-displacement curves for the PLA and PLA composite samples.

Table 5. Average ILSS results of PLA and PLA-CF. Standard deviation is shown in brackets.

Interlaminar Shear Strength τILSS (MPa)

PLA 11.4 (2.5)
PLA-CF 15.2 (1.3)
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Figure 6. Average ILSS-displacement curves of the PLA and PLA-CF 3D printed samples. Optical
micrographs showing details of the fractured surfaces after testing are included for comparative purposes.

The results showed that 3D printed PLA and PLA-CF composite samples revealed different
interlaminar bonding behaviour. PLA-CF composite samples depicted the highest interlaminar shear
strength and lower ductility. These results are in accordance with the behaviour reported in the flexural
performance for Flat and On-edge orientations. PLA-CF specimens showed an average increase in ILSS
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strength of 133.30% in comparison to the PLA samples, from 11.4 MPa for PLA to 15.2 MPa for PLA-CF
composites. These results were in line with previous works [6,16], and with the improved tensile and
flexural behaviour exhibited by the PLA-CF composite samples and enhanced interlaminar adhesion.

3.2. Effect of Carbon Fibre Reinforcement and Build Orientation on the Dimensional Accuracy and Surface
Texture of PLA Composite Samples

Table 6 and Figure 7 show the dimensional deviation (Dx, Dy, Dz) of PLA-base samples evaluated
on the measurement axes (X, Y, Z) for each build orientation. The results of the average dimensional
deviation and the standard deviation for the three samples tested (T1, T2, T3) of PLA and PLA-CF
filaments, and the three build orientations analysed in this study are shown in Table 6. The results
revealed that on the X-Y axes, the large displacement of the print head in the Flat, and On-edge
orientations exhibited the greatest differences in dimensional accuracy. On the X-axis, Upright and
On-edge orientations obtained lower dimensional deviation than the Flat orientation. In particular,
Upright and On-edge PLA-CF composites showed an average deviation of 32.3 µm and 43 µm,
respectively, while Flat PLA-CF composite obtained an average deviation of 266 µm. This lower
dimensional deviation was expected as On-edge and Upright orientations were affected by shorter print
head displacements. On the other hand, PLA samples obtained the maximum average deviation with
377 µm. On the Y axis, On-edge and Upright PLA-CF samples depicted lower dimensional deviation,
with maximum average deviations of 26.7 µm and 20.3 µm for On-edge and Upright orientations,
respectively. These results exhibited the same trend with those from X-axis. Finally, an enhancement
in the dimensional accuracy of PLA samples was observed on the Z-axis, with maximum average
deviations of 56 µm and 39.7 µm for Flat and On-edge orientations respectively, except in the Upright
orientation owing to the higher number of accumulated layers. Moreover, the addition of carbon fibre
reinforcement into the PLA matrix improved dimensional behavior in 55% PLA-CF samples, which
implies that the addition of carbon fibre reinforcement, in overall terms, did not affect the dimensional
accuracy, and even improved the dimensional behaviour in certain cases. In addition, the repeatability
was very similar in both filament materials.

Table 6. Dimensional deviation D(x,y,z)i, average D(x,y,z) and standard deviation in brackets (SD)
obtained for PLA and PLA-CF filaments in each build orientation and axis.

Orientation Material
Dxi Dx (SD) Dyi Dy (SD) Dzi Dz (SD)

(µm) (µm) (µm) (µm) (µm) (µm)

Flat

PLA
−423 −100 −52
−342 −377.0 (41.6) −87 −91.7 (7.2) −58 −56.0 (3.5)
−366 −88 −58

PLA-CF
−270 −197 102
−270 −266.0 (6.9) −166 −170.7 (24.3) 90 101.7 (11.5)
−258 −149 113

On-edge

PLA
−275 −21 −40
−262 −270.3 (7.2) −25 −22.0 (2.6) −41 −39.7 (1.5)
−274 −20 −38

PLA-CF
−29 23 29
−42 −32.3 (8.5) 24 26.7 (5.5) 50 41.0 (10.8)
−26 33 44

Upright

PLA
−151 116 −242
−162 −163.0 (12.5) 112 115.0 (2.6) −241 −240.3 (2.1)
−176 117 −238

PLA-CF
56 15 −188
60 43.0 (26.1) 20 20.3 (5.5) −190 −189.3 (1.2)
13 26 −190

Finally, surface roughness analysis for the 3D printed PLA and PLA-CF samples was performed.
The surface roughness parameter analysed in this study was the Arithmetic Mean Height (Sa). Moreover,
the flatness deviation was obtained by the Root Mean Square Flatness Deviation (FLTq). Flatness
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and surface texture were evaluated using a sampling area of 10 × 10 mm in the X-Y plane, taking
334 profiles separated by 24 µm. The effects of the filament printing process were assessed in the Flat
orientation, layer deposition in On-edge orientation and layer accumulation in the Upright orientation.
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Figure 7. Dimensional deviation of the different PLA samples. The mean, maximum and minimum
values of three samples are shown.

In order to stablish an effective comparison in terms of surface texture, Table 7 shows the
experimental data for the flatness deviation (FLTq), and surface roughness (Sa) evaluation for both
the 3D PLA and PLA-CF samples. Additionally, for a better understanding, Figure 8 illustrates the
graphical evolution of collected data. For the flatness deviation (Figure 8a), the addition of carbon fibres
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to PLA significantly improved the flatness error, in particular for the Flat and Upright orientations,
where the FLTq parameter experimented a sharp decrease of 70%. The three build orientations exhibited
good behaviour with FLTq values below 9 µm. As shown in Figure 8b, the addition of carbon fibres
enhanced surface roughness in the On-edge and Upright orientation with a substantial reduction of
35% in the Sa parameter, whereas significant variations in the Flat position were not found. Thus,
according to the results obtained, PLA-CF improved the surface roughness only on formed surfaces by
accumulated layers.

Table 7. Average surface texture results as a function of build orientation of PLA and PLA-CF samples.

Orientation Material
FLTq Sa
(µm) (µm)

Flat
PLA 12.20 5.77

PLA-CF 3.61 6.58

On-edge PLA 12.37 10.97
PLA-CF 8.49 6.63

Upright PLA 24.57 9.29
PLA-CF 7.44 6.01
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4. Conclusions

This work analyses the effect of carbon fibre reinforcement and build orientation on the mechanical,
dimensional accuracy and surface roughness performance of 3D printed PLA composite parts
manufactured by fused filament fabrication technique. Two 3D printing filaments, PLA and PLA-CF
reinforced with short carbon fibres, were examined. In order to determine the mechanical properties
of these 3D printed samples, tensile, flexural and interlaminar shear strength tests were conducted.
SEM micrographs of tensile cross-sectional tensile fractured surfaces of 3D printed PLA-CF composite
samples were also evaluated.

On-edge and Flat orientations exhibited the best mechanical performance. In comparison to neat
PLA, Flat PLA-CF samples depicted the greatest tensile strength and stiffness with an enhancement of
47.1% and 179.9%, respectively. Moreover, Flat PLA-CF samples showed the highest flexural strength
and modulus, with an improvement of 89.75% and 230.95%, respectively, compared to the neat PLA.
Furthermore, PLA-CF samples revealed the best interlaminar shear behaviour, with an average increase
in ILSS strength of 133.30% compared to the neat 3D printed PLA samples. On the other hand, failure
in PLA-CF composite samples occurred at lower strains than in PLA, indicating that the reinforced
material was more brittle with the addition of carbon fibres.

In general, the addition of carbon fibres to the PLA matrix did not affect the dimensional accuracy
of the 3D printed PLA-CF specimens. Finally, PLA-CF samples showed significant improvements in
flatness error and surface texture.

In conclusion, the manufacturing of 3D printed composites with improved properties has become
an interdisciplinary and cutting-edge research topic in recent years [13]. Hence, further research is
needed to understand the process-property relationships and geometric characteristics of 3D printed
fibre-reinforced PLA composites.

Author Contributions: M.Á.C., J.M.C., J.P.B. and J.M.R. put forward the experimental idea and they designed
and performed the experiments; E.G.-P., P.J.N., J.P.B. and J.M.R. performed the data analysis; M.Á.C. and J.M.C.
supervised the data analysis and formal analysis; J.P.B. drafted and revised the manuscript; M.Á.C. revised the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Spanish Ministerio de Ciencia e Innovación (Plan Estatal de
Investigación Científica Técnica y de Innovación) and Consejería de Educación, Cultura y Deportes (Junta de
Comunidades de Castilla-La Mancha), under research grants DPI2016-77715-R, DPI2015-65472-R, DPI2016-78476,
SBPLY/19/180501/000247 and SBPLY/19/180501/000170, respectively, co-financed by the ERDF (European Regional
Development Fund).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tymrak, B.; Kreiger, M.; Pearce, J.M. Mechanical properties of components fabricated with open-source 3-D
printers under realistic environmental conditions. Mater. Des. 2014, 58, 242–246. [CrossRef]

2. Sugavaneswaran, M.; Arumaikkannu, G. Analytical and experimental investigation on elastic modulus of
reinforced additive manufactured structure. Mater. Des. 2015, 66, 29–36. [CrossRef]

3. Chacón, J.; Caminero, M.Á.; García-Plaza, E.; Núñez, P. Additive manufacturing of PLA structures using
fused deposition modelling: Effect of process parameters on mechanical properties and their optimal
selection. Mater. Des. 2017, 124, 143–157. [CrossRef]

4. Domingo-Espin, M.; Puigoriol-Forcada, J.M.; García-Granada, A.A.; Llumà, J.; Borrós, S.; Reyes, G. Mechanical
property characterization and simulation of fused deposition modeling Polycarbonate parts. Mater. Des.
2015, 83, 670–677. [CrossRef]

5. Hofstätter, T.; Pedersen, D.B.; Tosello, G.; Hansen, H. State-of-the-art of fiber-reinforced polymers in additive
manufacturing technologies. J. Reinf. Plast. Compos. 2017, 36, 1061–1073. [CrossRef]

6. Caminero, M.Á.; Chacón, J.M.; García-Plaza, E.; Núñez, P.J.; Reverte, J.M.; Becar, J.P. Additive Manufacturing
of PLA-Based Composites Using Fused Filament Fabrication: Effect of Graphene Nanoplatelet Reinforcement
on Mechanical Properties, Dimensional Accuracy and Texture. Polymers 2019, 11, 799. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.matdes.2014.02.038
http://dx.doi.org/10.1016/j.matdes.2014.10.029
http://dx.doi.org/10.1016/j.matdes.2017.03.065
http://dx.doi.org/10.1016/j.matdes.2015.06.074
http://dx.doi.org/10.1177/0731684417695648
http://dx.doi.org/10.3390/polym11050799
http://www.ncbi.nlm.nih.gov/pubmed/31060241


Materials 2020, 13, 1924 15 of 16

7. Gonçalves, C.; Pinto, A.M.; Machado, A.V.; Moreira, J.A.; Gonçalves, I.C.; Magalhães, F.D. Biocompatible
reinforcement of poly(Lactic acid) with graphene nanoplatelets. Polym. Compos. 2016, 39, E308–E320.
[CrossRef]

8. Gonçalves, C.; Gonçalves, I.C.; Magalhães, F.D.; Pinto, A.M. Poly(lactic acid) Composites Containing
Carbon-Based Nanomaterials: A Review. Polymers 2017, 9, 269. [CrossRef]

9. Bustillos, J.; Montero, D.; Nautiyal, P.; Loganathan, A.; Boesl, B.; Agarwal, A. Integration of graphene
in poly(lactic) acid by 3D printing to develop creep and wear-resistant hierarchical nanocomposites.
Polym. Compos. 2017, 39, 3877–3888. [CrossRef]

10. Dickson, A.; Barry, J.N.; McDonnell, K.; Dowling, D.P. Fabrication of continuous carbon, glass and Kevlar fibre
reinforced polymer composites using additive manufacturing. Addit. Manuf. 2017, 16, 146–152. [CrossRef]

11. Casavola, C.; Cazzato, A.; Moramarco, V.; Pappalettere, C. Orthotropic mechanical properties of fused
deposition modelling parts described by classical laminate theory. Mater. Des. 2016, 90, 453–458. [CrossRef]

12. Chacón, J.M.; Bellido, J.C.; Donoso, A.; Bellón, A.D. Integration of topology optimized designs into CAD/CAM
via an IGES translator. Struct. Multidiscip. Optim. 2014, 50, 1115–1125. [CrossRef]

13. Van De Werken, N.; Tekinalp, H.; Khanbolouki, P.; Ozcan, S.; Williams, A.; Tehrani, M. Additively
manufactured carbon fiber-reinforced composites: State of the art and perspective. Addit. Manuf. 2020, 31,
100962. [CrossRef]

14. Brenken, B.; Barocio, E.; Favaloro, A.J.; Kunc, V.; Pipes, R.B. Fused filament fabrication of fiber-reinforced
polymers: A review. Addit. Manuf. 2018, 21, 1–16. [CrossRef]

15. Young, D.; Wetmore, N.; Czabaj, M. Interlayer fracture toughness of additively manufactured unreinforced
and carbon-fiber-reinforced acrylonitrile butadiene styrene. Addit. Manuf. 2018, 22, 508–515. [CrossRef]

16. Zhang, W.; Cotton, C.; Sun, J.; Heider, D.; Gu, B.; Sun, B.; Chou, T.-W. Interfacial bonding strength of short
carbon fiber/acrylonitrile-butadiene-styrene composites fabricated by fused deposition modeling. Compos.
Part B Eng. 2018, 137, 51–59. [CrossRef]

17. Liao, G.; Li, Z.; Cheng, Y.; Xu, D.; Zhu, D.; Jiang, S.; Guo, J.; Chen, X.; Xu, G.; Zhu, Y. Properties of oriented
carbon fiber/polyamide 12 composite parts fabricated by fused deposition modeling. Mater. Des. 2018, 139,
283–292. [CrossRef]

18. Türk, D.-A.; Brenni, F.; Zogg, M.; Meboldt, M. Mechanical characterization of 3D printed polymers for fiber
reinforced polymers processing. Mater. Des. 2017, 118, 256–265. [CrossRef]

19. Ning, F.; Cong, W.; Hu, Y.; Wang, H. Additive manufacturing of carbon fiber-reinforced plastic composites
using fused deposition modeling: Effects of process parameters on tensile properties. J. Compos. Mater. 2016,
51, 451–462. [CrossRef]

20. Ning, F.; Cong, W.; Qiu, J.; Wei, J.; Wang, S. Additive manufacturing of carbon fiber reinforced thermoplastic
composites using fused deposition modeling. Compos. Part B Eng. 2015, 80, 369–378. [CrossRef]

21. Chacón, J.; Caminero, M.Á.; Núñez, P.; García-Plaza, E.; García-Moreno, I.; Reverte, J. Additive manufacturing
of continuous fibre reinforced thermoplastic composites using fused deposition modelling: Effect of process
parameters on mechanical properties. Compos. Sci. Technol. 2019, 181, 107688. [CrossRef]

22. Justo, J.; Távara, L.; García-Guzmán, L.; París, F. Characterization of 3D printed long fibre reinforced
composites. Compos. Struct. 2018, 185, 537–548. [CrossRef]

23. Bettini, P.; Alitta, G.; Sala, G.; Di Landro, L.A. Fused Deposition Technique for Continuous Fiber Reinforced
Thermoplastic. J. Mater. Eng. Perform. 2016, 26, 843–848. [CrossRef]

24. Matsuzaki, R.; Ueda, M.; Namiki, M.; Joeong, K.; Asahara, H.; Horiguchi, K.; Nakamura, T.; Todoroki, A.;
Hirano, Y. Three dimensional printing of continuous fibre composites by in-nozzle impregnation. Sci. Rep.
2016, 6, 23058. [CrossRef] [PubMed]

25. Sugiyama, K.; Matsuzaki, R.; Ueda, M.; Todoroki, A.; Hirano, Y. 3D printing of composite sandwich structures
using continuous carbon fiber and fiber tension. Compos. Part A Appl. Sci. Manuf. 2018, 113, 114–121.
[CrossRef]

26. Yamamoto, B.E.; Trimble, A.Z.; Minei, B.; Nejhad, M.N.G. Development of multifunctional nanocomposites
with 3-D printing additive manufacturing and low graphene loading. J. Thermoplast. Compos. Mater. 2018,
32, 383–408. [CrossRef]

27. Foster, C.; Down, M.P.; Zhang, Y.; Ji, X.; Rowley-Neale, S.J.; Smith, G.C.; Kelly, P.J.; Banks, C.E. 3D Printed
Graphene Based Energy Storage Devices. Sci. Rep. 2017, 7, 42233. [CrossRef]

http://dx.doi.org/10.1002/pc.24050
http://dx.doi.org/10.3390/polym9070269
http://dx.doi.org/10.1002/pc.24422
http://dx.doi.org/10.1016/j.addma.2017.06.004
http://dx.doi.org/10.1016/j.matdes.2015.11.009
http://dx.doi.org/10.1007/s00158-014-1099-6
http://dx.doi.org/10.1016/j.addma.2019.100962
http://dx.doi.org/10.1016/j.addma.2018.01.002
http://dx.doi.org/10.1016/j.addma.2018.02.023
http://dx.doi.org/10.1016/j.compositesb.2017.11.018
http://dx.doi.org/10.1016/j.matdes.2017.11.027
http://dx.doi.org/10.1016/j.matdes.2017.01.050
http://dx.doi.org/10.1177/0021998316646169
http://dx.doi.org/10.1016/j.compositesb.2015.06.013
http://dx.doi.org/10.1016/j.compscitech.2019.107688
http://dx.doi.org/10.1016/j.compstruct.2017.11.052
http://dx.doi.org/10.1007/s11665-016-2459-8
http://dx.doi.org/10.1038/srep23058
http://www.ncbi.nlm.nih.gov/pubmed/26965201
http://dx.doi.org/10.1016/j.compositesa.2018.07.029
http://dx.doi.org/10.1177/0892705718759390
http://dx.doi.org/10.1038/srep42233


Materials 2020, 13, 1924 16 of 16

28. Gnanasekaran, K.; Heijmans, T.; Van Bennekom, S.; Woldhuis, H.; Wijnia, S.; De With, G.; Friedrich, H. 3D
printing of CNT- and graphene-based conductive polymer nanocomposites by fused deposition modeling.
Appl. Mater. Today 2017, 9, 21–28. [CrossRef]

29. Blok, L.; Longana, M.L.; Yu, H.; Woods, B. An investigation into 3D printing of fibre reinforced thermoplastic
composites. Addit. Manuf. 2018, 22, 176–186. [CrossRef]

30. Caminero, M.Á.; Chacón, J.; García-Moreno, I.; Rodriguez, G. Impact damage resistance of 3D printed
continuous fibre reinforced thermoplastic composites using fused deposition modelling. Compos. Part B Eng.
2018, 148, 93–103. [CrossRef]

31. Caminero, M.Á.; Chacón, J.; García-Moreno, I.; Reverte, J. Interlaminar bonding performance of 3D printed
continuous fibre reinforced thermoplastic composites using fused deposition modelling. Polym. Test. 2018,
68, 415–423. [CrossRef]

32. García-Plaza, E.; López, P.J.N.; Caminero, M.Á.; Muñoz, J.M.C. Analysis of PLA Geometric Properties
Processed by FFF Additive Manufacturing: Effects of Process Parameters and Plate-Extruder Precision
Motion. Polymers 2019, 11, 1581. [CrossRef]

33. Geng, P.; Zhao, J.; Wu, W.; Ye, W.; Wang, Y.; Wang, S.; Zhang, S. Effects of extrusion speed and printing speed
on the 3D printing stability of extruded PEEK filament. J. Manuf. Process. 2019, 37, 266–273. [CrossRef]

34. Mohamed, O.; Masood, S.; Bhowmik, J.L. Optimization of fused deposition modeling process parameters for
dimensional accuracy using I-optimality criterion. Measurement 2016, 81, 174–196. [CrossRef]

35. Lyu, J.; Manoochehri, S. Dimensional Prediction for FDM Machines Using Artificial Neural Network and
Support Vector Regression. In Proceedings of the Volume 1: 39th Computers and Information in Engineering
Conference; ASME International: New York, NY, USA, 2019; Volume 1.

36. Barrios, J.M.; Romero, P.E. Decision Tree Methods for Predicting Surface Roughness in Fused Deposition
Modeling Parts. Materials 2019, 12, 2574. [CrossRef] [PubMed]

37. Reddy, V.; Flys, O.; Chaparala, A.; E Berrimi, C.; V, A.; Rosen, B. Study on surface texture of Fused Deposition
Modeling. Procedia Manuf. 2018, 25, 389–396. [CrossRef]

38. Mahmood, S.; Qureshi, A.; Talamona, D. Taguchi based process optimization for dimension and tolerance
control for fused deposition modelling. Addit. Manuf. 2018, 21, 183–190. [CrossRef]

39. Sajan, N.; John, T.; Sivadasan, M.; Singh, N. An investigation on circularity error of components processed on
Fused Deposition Modeling (FDM). In Proceedings of the Materials Today: Proceedings; Elsevier BV: Amsterdam,
The Netherlands, 2018; Volume 5, pp. 1327–1334.

40. Prashantha, K.; Roger, F. Multifunctional properties of 3D printed poly(lactic acid)/graphene nanocomposites
by fused deposition modeling. J. Macromol. Sci. Part A 2016, 54, 24–29. [CrossRef]

41. Smart Materials 3D-PLA Natural. Available online: https://www.smartmaterials3d.com/es/tienda-smart/67-
pla-natural.html (accessed on 26 March 2019).

42. CarbonXTM High-Performance Carbon Fiber PLA 3D Printing Filament. Made in the USA! Available online:
https://www.3dxtech.com/carbonx-carbon-fiber-pla-3d-printing-filament-1/ (accessed on 6 March 2020).

43. Ultimaker Cura: Advanced 3D Printing Software, Made Accessible. Available online: https://ultimaker.com/

en/products/ultimaker-cura-software (accessed on 26 March 2019).
44. Ultimaker CURA Software. 2016. Available online: https://ultimaker.com/en/products/cura-software

(accessed on 18 April 2020).
45. Wang, X.; Jiang, M.; Zhou, Z.; Gou, J.; Hui, D. 3D printing of polymer matrix composites: A review and

prospective. Compos. Part B Eng. 2017, 110, 442–458. [CrossRef]
46. Ferreira, R.T.L.; Amatte, I.C.; Dutra, T.A.; Bürger, D. Experimental characterization and micrography of 3D

printed PLA and PLA reinforced with short carbon fibers. Compos. Part B Eng. 2017, 124, 88–100. [CrossRef]
47. Luo, W.; Liu, Q.; Li, Y.; Zhou, S.; Zou, H.; Liang, M. Enhanced mechanical and tribological properties in

polyphenylene sulfide/polytetrafluoroethylene composites reinforced by short carbon fiber. Compos. Part B
Eng. 2016, 91, 579–588. [CrossRef]

48. Mortazavian, S.; Fatemi, A. Effects of fiber orientation and anisotropy on tensile strength and elastic modulus
of short fiber reinforced polymer composites. Compos. Part B Eng. 2015, 72, 116–129. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.apmt.2017.04.003
http://dx.doi.org/10.1016/j.addma.2018.04.039
http://dx.doi.org/10.1016/j.compositesb.2018.04.054
http://dx.doi.org/10.1016/j.polymertesting.2018.04.038
http://dx.doi.org/10.3390/polym11101581
http://dx.doi.org/10.1016/j.jmapro.2018.11.023
http://dx.doi.org/10.1016/j.measurement.2015.12.011
http://dx.doi.org/10.3390/ma12162574
http://www.ncbi.nlm.nih.gov/pubmed/31409019
http://dx.doi.org/10.1016/j.promfg.2018.06.108
http://dx.doi.org/10.1016/j.addma.2018.03.009
http://dx.doi.org/10.1080/10601325.2017.1250311
https://www.smartmaterials3d.com/es/tienda-smart/67-pla-natural.html
https://www.smartmaterials3d.com/es/tienda-smart/67-pla-natural.html
https://www.3dxtech.com/carbonx-carbon-fiber-pla-3d-printing-filament-1/
https://ultimaker.com/en/products/ultimaker-cura-software
https://ultimaker.com/en/products/ultimaker-cura-software
https://ultimaker.com/en/products/cura-software
http://dx.doi.org/10.1016/j.compositesb.2016.11.034
http://dx.doi.org/10.1016/j.compositesb.2017.05.013
http://dx.doi.org/10.1016/j.compositesb.2016.01.036
http://dx.doi.org/10.1016/j.compositesb.2014.11.041
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Material, 3D Printing System and Specimen Fabrication 
	3D Printing Settings 
	Experimental Set-Up 

	Results and Discussion 
	Effect of Carbon Fibre Reinforcement and Build Orientation on the Mechanical Behaviour of PLA Composite Parts 
	Tensile and Flexural Properties of PLA Composite Samples 
	Interlaminar Shear Strength (ILSS) Performance of PLA-Based Composite Samples 

	Effect of Carbon Fibre Reinforcement and Build Orientation on the Dimensional Accuracy and Surface Texture of PLA Composite Samples 

	Conclusions 
	References

