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Abstract

The objective of this work is the mechanical characterization of materials produced by 3D
printing based on fused filament fabrication (FFF, analogous to FDM®). The materials chosen
are a polylactic acid (PLA) and a PLA reinforced with short carbon fibers in a weight fraction
of 15% (PLA+CF). In view of the FFF nature, which produces specimens layer by layer and
following predefined orientations, the main assumption considered is that the materials behave
like laminates formed by orthotropic layers. If the 3D printing is made in the 1 − 2 plane, where
1 is the deposition direction and 2 is a direction perpendicular to 1, the mechanical properties
obtained are the tensile moduli E1 and E2, the Poisson ratios ν12 and ν21, the shear modulus
G12 and related strength properties. For this purpose, only unidirectional or specially oriented
specimens are used. After tests up to material failure, scanning electron microscopy (SEM) is
employed to observe fracture surfaces. It was noticed that, in the microstructure of the PLA+CF,
the short carbon fibers stay highly oriented with the material deposition direction in the FFF
specimens. This fact, and the also observed length of the fibers, explains differences in material
properties encountered among the performed experiments.

Keywords: 3D printing, composite material filament, experimental properties

1 Introduction

3D printing is an established technology for shape prototyping which is gaining ground in the produc-
tion of functional components. Applications are emerging in several fields at a rapid pace. Examples
follow. In agriculture, where equipments and tools for small farms were produced on-site by low cost
printers [1]. In biomedical [2, 3], orthotic and prosthetic devices, e.g. in [4] where a printed orthosis
was developed for treatment in newborns of developmental dysplasia of the hip. In unmanned aerial
vehicles (UAVs), like reviewed in [5] and seen in [6], where a 3D printed component for a multi-rotor
aircraft was designed. In bioprinting, where bioinks are 3D printed to develop constructs with bio-
logical functions, able to be used in substitution of organs and tissues [7, 8]. In membrane (selective
barriers) technology, like described in the review [9] and references therein. There are also examples in
aerospace [10, 11], civil engineering [12, 13, 14], metal matrix composites [15, 16, 17], multi material
components [18], food production [19] and others [20].

In 3D printing, a technique commonly employed for components of some mechanical responsibility
is the fused filament fabrication (FFF), which is the focus of this paper and analogous to fused deposi-
tion modeling (FDM®, trademark of Stratasys) [21, 22]. In FFF, which is an additive manufacturing
process, thin lines of fused material are deposited side by side and upon each other to form a printed
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object. The printers that work in this technique are fed with a filament of thermoplastic printing
material. This filament is melted by an extrusion nozzle which is attached to a tridimensional posi-
tioning system. The nozzle is controlled to perform a selective material deposition that generates the
geometry of the desired component. For instance, the mechanical characteristics of FFF 3D printed
materials depend on several build parameters [23, 24, 25], like the fused line deposition height, width
and orientation, type of internal microstructure, extrusion temperature and presence and configuration
of external walls.

Common and not expensive printing materials are the polymers ABS (acrylonitrile butadiene
styrene) and PLA (polylactic acid). Other polymers employed in FFF are the PETG (polyethy-
lene terephthalate glycol-modified), Nylon (a kind of polyamide), PEEK (polyether ether ketone) and
PEI (polyethylenimine), each one with particular capabilities. For example, a special PEI from the
company 3DXtech has a higher strength and is suited to aeronautical applications, since it is flame
retardant and has low smoke emission when burned.

Despite the variety of printing polymers available, their mechanical properties of stiffness and
strength are naturally lower than those of other traditional engineering materials employed in high
performance applications, like metals and fiber composites. Moreover, the FFF process generates
void spaces between material deposition lines, which even lowers those properties, also limiting the
applicability of printed components.

In order to broaden the capabilities of FFF materials, research on polymer matrix reinforced com-
posites for 3D printing has recently grown. Examples are polymers reinforced by ceramics like Al2O3

and SiC [26, 27, 28] and also stiff fibers like carbon, glass and kevlar [29, 30, 31, 32]. An extensive
review on 3D printing of polymer matrix composites, including several technologies and applications,
is presented in [33]. This review permits to conclude that very important improvements were achieved
on the subject in recent years, and they permit to expand the applicability of printed materials into
functional components. However, this applicability is still limited. With continuous research and
increasing interest on 3D printing, it can be foreseen that higher gains will happen in the near future.

1.1 Motivation

In view of the exposed, the motivation of the present research work is to experimentally obtain me-
chanical properties of 3D printed materials: a PLA basic material and a composite version reinforced
with short carbon fibers, henceforth called PLA+CF. The quantities of interest are tensile properties
at two perpendicular directions and also shear properties, considering stiffnesses and strengths. The
acquired data will be assessed in such a way they can be further employed in the design of 3D printed
components and materials development.

Several authors have recently devoted themselves to determine 3D printed material properties via
experiments, inclusive for new FFF composites and considering aspects of the FFF process. The
following literature review in Sec.1.2 discusses contributions in this line of thought. After that, it
is considered the definition of the present work objectives in Sec.1.3 and the original experimental
contributions in Sec.1.4.

1.2 Literature review

In [34], the effect of FFF build parameters on the final mechanical properties of ABS printed specimens
was investigated by means of experimental characterization. The selected build parameters were:
deposition line width, air gap between lines, extrusion temperature, printing orientation and the color
of the filament. In tensile testing, it was verified that deposition line width and printing orientation
presented more significant effects on the final mechanical properties, in accordance to [23]. For the
compression investigation, only the print direction was evaluated. In this case, the compression strength
was higher than the tensile strength. In [24], the influence of printing parameters in mechanical
properties of FFF specimens was studied with the aid of experiments and response surfaces, also used
in final properties optimization. A review on the influence of FFF parameters in resultant material
properties is shown in [25].
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A methodology for mechanical properties characterization of FFF parts based on classical lami-
nation theory (CLT) was presented in [35]. The experimental investigations were conducted on ABS
printed parts. Both the bulk feeding filament and a thin filament extruded in a 3D printer were tested,
together with standardized test specimens. The tensile strength and elastic modulus for both ABS
feeding filament and ABS printed filament were similar, but the maximum strain was notably affected
by the FFF process. Analogously as observed in [34], it was verified that the printing orientation
affects the resulting mechanical properties. Recently, this fact was also investigated in yielding of 3D
printed materials by [36] and [37]. The latter used CLT and Tsai-Hill yield criterion to successfully
model the strength behavior of specimens 3D printed at several orientations.

In [29], experiments were performed in order to investigate the effect of including short glass fibers
in an ABS filament for use as 3D printing feeding material. Specimens with different volume fractions
of glass fiber were manufactured by FFF and tested. It was verified that short glass fibers improved
the strength of the ABS filament, although the flexibility was reduced. In addition, the effects of
adding a small amount of plasticizer and compatibilizer was also investigated, showing for this case
an improvement on the flexibility. It was also determined an appropriate fiber content that achieves a
compromise between processing and resulting mechanical properties.

In [38], the resulting mechanical properties of short carbon fiber-containing ABS specimens were
determined, at different fiber content and manufactured by both the FFF and injection molding pro-
cesses. The addition of short carbon fibers to ABS increased the strength and the elastic modulus for
both FFF and injection molding parts. The FFF samples presented a void content higher than injec-
tion molding samples, as could be seen on SEM micrography. Another remark is related to the weak
adhesion between fibers and matrix. [39], short carbon fibers were added to ABS in a weight fraction
of 13% and test specimens were produced by FFF, oriented with the x direction on the printing bed
plane and in the perpendicular z direction out of this plane. The addition of fibers improved stiffness
and strength of specimens printed according to x, but strength was diminished for z-printed samples
due to poor fused material adhesion in that direction.

In [31], the effects of short carbon fiber content and length were evaluated on the mechanical
properties of ABS composite specimens, manufactured by the FFF process. It could be verified that
there is a limit to increase the tensile strength while increasing the fiber content. From that point, the
tensile strength was reduced while increasing the fiber content, presenting values similar to those of pure
thermoplastic. The effects on elastic modulus presented a behavior similar to that for tensile strength,
however the smallest value was found for the pure thermoplastic sample. The specimens manufactured
with longer carbon fibers presented larger tensile strengths and elastic moduli in comparison to that
with shorter carbon fibers. Regarding to the infill pattern deposition directions, the layers were not
printed oriented with the tensile testing direction but at ±45◦. An extension of this study was presented
in [40], where tensile properties of a composite of ABS and short carbon fibers were investigated under
the influence of several printing parameters: deposition line orientation, infill speed, nozzle temperature
and layer thickness. However, unidirectionally printed specimens were again not employed.

In [41], 3D printed PLA reinforced with the posterior addition of pre-stressed long natural fibers [42]
was submitted to tensile and flexural tests. The reinforcing pre-stressed fibers increased the material
stiffness in both load cases in comparison to the PLA without those fibers.

In [43], PLA reinforced with continuous carbon fibers was manufactured by 3D printing and tested
for mechanical and thermodynamic properties. Such composite was produced in a common version
and in a modified version with an additive for PLA and fibers with special surface treatment, aiming to
improve fiber-matrix adhesion. Tensile and flexural mechanical tests were performed, indicating that
the modified composite performed better with respect to flexural and tensile strengths. Previously,
[44] also pointed this trend working in molded specimens of a composite of PLA and ramie natural
fibers, obtaining improved results for tensile, flexural and impact strengths when working with specially
treated fibers. In [45], it was evaluated a FFF 3D printed PLA reinforced with continuous carbon fibers,
also leading to strength increase in bending and tensile tests. It was also shown that the employed
reinforcement permitted to obtain high strengths while decreasing parts fill density, thus saving weight.
A production process, based on FFF, for 3D printing PLA reinforced with continuous carbon fibers
was investigated in [46].

In [47], 3D printed PLA reinforced with continuous carbon fibers was recycled and the materials
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obtained were used again in the FFF 3D printing of a new PLA composite with continuous carbon
fibers. Tensile and flexural experiments showed that the recycled material performed better than the
virgin one with respect to strengths. The reason behind this behavior is the residual impregnation of
PLA in the recycled fibers that enhanced fiber-matrix adhesion.

In [48], 3D printed specimens of nylon reinforced with continuous kevlar fibers were tested in several
volume fractions. The fibers were practically oriented with the test direction. Results show increase
of stiffnesses and strengths with increase of fiber volume content. It was also proposed a volume
averaging stiffness method that is able to predict stiffnesses of 3D printed composite parts of that
particular case, with reasonable agreement with experimental data. The same process utilized in [48]
was employed in [30] to 3D print tensile test specimens of nylon reinforced with continuous carbon
fibers, in different fiber volume fractions. The tests results were promising for the samples with higher
fiber volume fractions, where tensile strengths values were close to those found in some traditional
thermo-set carbon fiber composites.

In [49], ABS reinforced with carbon nanofibers of length about 100µm was tested in several printing
orientations. The results show consistent increase of stiffness and strength for the reinforced material,
whose gains varied with printing orientation. Molded PLA reinforced with carbon nanofibers was
experimentally evaluated in [50]. Weight fractions of 1, 3, 5, 10 and 15% of nanofibers content were
investigated. Using nanofibers of length below 4µm, it was reported that the tensile modulus of the
composites increased with nanofibers weight fraction. With 15% of nanofibers, the tensile modulus
obtained for the PLA composite was more than twice of the pure thermoplastic. Tensile strength
varied a little with nanofibers weight fractions, due to the reported excessive fiber pull outs and poor
matrix adhesion.

1.3 Objective

The objective of this work is to experimentally characterize a PLA basic material and a PLA reinforced
with short carbon fibers (PLA+CF). This composite has a weight fraction of 15% of carbon fibers whose
length was estimated in about 60 µm.

The mechanical properties obtained by tests are those respective to the plane of deposition during
3D printing. If this plane is the 1 − 2, where 1 is the direction of deposition and 2 is a direction
perpendicular to this direction of deposition, the mechanical properties to be obtained are the tensile
moduli E1 and E2, the Poisson ratios ν12 and ν21, the shear modulus G12 and the strength properties
related to these stiffnesses.

For this purpose, only unidirectional or specially oriented specimens are employed, printed at 0◦,
90◦ and ±45◦, being tested up to failure. As there are not specific test standards for printed materials,
the ASTM D638-10 [51] and ASTM D3518-13 [52] are followed in adaptation. After that, scanning
electron microscopy (SEM) is conducted to analyze the specimens fracture surfaces. The micrographs
obtained revealed microstructural details in terms of fiber orientations and fiber lengths, which explain
differences found in stiffness and strength properties evaluated from experimental data.

1.4 Contribution

Regarding to the contribution of the present study, it is shown a mechanical characterization of PLA
reinforced with short carbon fibers with a comparison to single PLA properties, which is not found
in the literature. This is found for ABS with short fibers [29, 49, 38, 39, 31, 40], Nylon with con-
tinuous/long fibers [30, 48], PLA with continuous/long fibers [41, 43, 45, 46, 47], PLA with carbon
nanofibers [50] and other PLA composites [53, 54, 55].

Moreover, this work presents the testing of shear properties in 3D printed specimens, which was not
also found in previous works for any printing material. The most usual tests are tensile and flexural
[56, 43, 50, 46, 47, 45], which permit to determine tensile stiffness properties. Besides, Poisson ratios
are here documented, which is seldom seen in the literature.

Finally, this study shows new results for tensile properties in a direction perpendicular to that of
material deposition, for 3D printed PLA with short carbon fibers. In the literature, the usual is to
characterize materials only along the printing direction [41, 43, 47, 46] or without specimens carefully
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oriented with the test direction [31, 40] (although it is well documented the influence of printing
orientation in the properties of FFF produced specimens [34, 23, 35]). It has to be mentioned that
[34] tested ABS in several directions, including the printing and the perpendicular to printing, and
[39] tested ABS reinforced with short carbon fibers in a direction out of the plane of printing.

Table 1 contextualizes the present experimental contribution in view of works cited in the review
of Sec.1.2. The results of this study imply that there exist differences between tensile and shear
properties of PLA and PLA+CF, here evaluated and documented in a way not seen in the literature.
They have application in design of components produced by 3D printing, in general developments of
FFF composites and tensile and shear testing of these materials.

2 Methodology of mechanical characterization

2.1 Main assumption and specimen printing orientations

The experiments here performed were made under the assumption that the test specimens behave like
laminated materials [57], made by orthotropic layers whose principal direction of highest stiffness is
the printing orientation direction. This can be assumed due to some facts. At first, specimens were 3D
printed only using rectilinear infill with volume fraction of 100%, which means that fused material lines
were deposited only parallel to each other, forming layers which are placed on top of each other to build
a specimen. Second, the layers followed only specific orientations: 0◦, 90◦ and ±45◦, as illustrated in
Fig.1. Finally, the 3D printing parameters of deposition line height and width were kept the same in
all specimens. Therefore, it is possible to think that the experiments were all made upon a material
of constant microstructure, placed at specific orientations, following the FFF deposition.

1

1

1

2

2

2

E1, n12
S1*

S2*

S12*

0º

±45º

90º

E2, n21

G12

Figure 1: Illustration of printing orientations (0◦, 90◦ and ±45◦). The local material directions are 1,
the direction of printing, and 2, perpendicular to 1. The global coordinates are x,y,z.

2.2 Measured material characteristics

Specific material characteristics were measured, respective to the 1 − 2 material plane in Fig.1, using
specially oriented specimens. The 1 − 2 plane is the same of 3D printing. The 1 is the direction of
FFF line deposition and 2 is the direction perpendicular to this line deposition. The 1 and 2 are local
material directions. From the specimens oriented at 0◦, the tensile modulus in the deposition direction
E1, the Poisson ratio ν12 and the tensile strength S∗

1 were determined. From the specimens oriented
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at 90◦, the tensile modulus perpendicular to the deposition direction E2, the Poisson ratio ν21 and
the tensile strength S∗

2 were determined. From the specimens oriented at ±45◦, the shear modulus
at the 1 − 2 plane G12 and the shear strength S∗

12 were determined. Five specimens per sample were
tested for each one of the three orientation cases and for each printing material (PLA and PLA+CF),
totalizing 30 test runs.

2.3 Standards for specimens and printing parameters

Based on the authors’ best information there are not, up to now, specific standards for testing materials
produced by the FFF method. Here, standards for polymers and laminated composite materials were
followed in adaptation, as the example of other authors [58, 59]. For the determination of stiffness
and strength properties at material directions 1 and 2 it was chosen the standard ASTM D638-10 [51],
devoted to tensile tests of polymers. The specimen shape employed was the I-type (“dog bone”), with
outer length and width respectively of 165 mm and 19 mm, as shown in Fig.2. The nominal thickness
was 3.3 mm reached with 11 printed layers, which were deposited either at 0◦ or 90◦ along the tensile
direction. Therefore, the stacking sequences for the specimens were respectively [0◦]11 and [90◦]11.
To obtain the 1 − 2 plane shear stiffness and strength properties of the printed material, it was used
the standard ASTM D3518-13 [52], specific for polymer matrix composite materials. The specimens
employed were rectangular and had 25 mm× 200 mm, as illustrated in Fig.2. The nominal thickness
was 4.8 mm, reached with 16 printed layers whose stacking sequence was [45◦/− 45◦]4s (symmetric),
as imposed by the followed standard.

Figure 2: Employed specimens: tensile (“dog bone”, upper) and shear (rectangular, lower). They
illustrate the tested materials: the white is the PLA and the black is the PLA+CF.

The test specimens were produced with an open source 3D printer BQ Prusa i3 Hephestos, with a
printing envelope of 215 mm× 210 mm× 180 mm, nozzle diameter of 0.4 mm and an adapted MK2a
heat bed (see reprap.org) to avoid specimens warping. The printing parameters employed were: nozzle
extrusion temperature of 190◦C, heat bed temperature of 70◦C, deposition line (layer) height 0.3 mm,
deposition line width 0.33 mm and printing speed of 3000 mm/min.

2.4 Printing materials

The PLA material used is made by BQ, whose base material is the polylactide resin 9051-89-2, which
corresponds to the 4043D commercial designation from NatureWorks, according to both companies
data sheets. The PLA+CF is produced by Proto-Pasta, and is made from the 4043D resin reinforced
with chopped short carbon fibers in a weight fraction of 15%. Therefore, both are comparable with
respect to the addition of reinforcing fibers since the base material is the same. The diameter of the
3D printer filaments employed was 1.75mm.
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2.5 Testing equipment

The experiments were performed using an Instron 5500R universal testing machine, with a load cell
of capacity of 150 kN . All the specimens were loaded up to material failure at a displacement rate of
1 mm/min. Strains in the specimens were monitored by a video gauge equipment, an iMetrum NR
4QCTWW1 with camera GigE and 201693 lenses, which was able to measure strains in a direction
parallel to that of loading and at the same time in a direction perpendicular to that of loading. The
data acquisition rate was 10 Hz for displacements, strains and loads measured. After mechanical
testing, some specimens had their fracture surfaces evaluated by scanning electron microscopy (SEM),
using an equipment Zeiss Leo 435 VPi.

3 Results for mechanical properties

Figures 3, 4 and 5 show stress-strain curves obtained from the data gathered in the experiments for
the PLA and PLA+CF, respectively printed at 0◦, 90◦ and ±45◦. They were post-processed in order
to obtain the mechanical properties shown in Tab.3, 4 and 5, which collect tensile and shear elastic
moduli, Poisson coefficients and strength values encountered for the PLA and PLA+CF.

The tensile properties were calculated in accordance to the standard ASTM D638-10 [51]. The
specimens were loaded at the direction x, perpendicular to y, according to Fig.1. The applied load P
was measured by a load cell and strains εx and εy were measured by a video gauge (both equipments
described in Sec.2.5). Tensile moduli Ei (E1, E2) and Poisson ratios νij (ν12, ν21) were calculated by:

Ei =
σ0.25
x − σ0.05

x

ε0.25x − ε0.05x

, νij =
ε0.25x − ε0.05x

ε0.25y − ε0.05y

. (1)

In Eq.(1), εkx are longitudinal normal strains of value k% (close to 0.05% and 0.25% in the case),
εky are transverse normal strains at the level of εkx and σk

x are tensile stresses corresponding to εkx.
Therefore, both Ei and νij are given by chordal values obtained from the data gathered. The tensile
stresses σk

x are given by:

σk
x =

P k

A
. (2)

In Eq.(2), Pk is the tensile load at εkx and A is the cross sectional area of a specimen. Finally,
considering that Pmax is the maximum load applied to a specimen, the tensile strengths S∗

i (S∗
1 , S

∗
2 )

were calculated by:

S∗
i =

Pmax

A
. (3)

The shear properties were calculated in view of the standard ASTM D3518-13 [52]. Again, the
specimens were loaded at the direction x, the applied load P was measured by a load cell and strains
εx and εy were measured by a video gauge. The shear modulus G12 was calculated by:

G12 =
τ0.612 − τ0.212

γ0.612 − γ0.212

. (4)

In Eq.(4), γl12 are shear strains of value l% (close to 0.2% and 0.6% in the case) and τ l12 are shear
stresses corresponding to γl12. Therefore, G12 is obtained as a chordal modulus. The shear strains γl12
are calculated using:

γl12 = εlx − εly. (5)

The Eq.(5) regards the measured strains in the outer layers of the shear specimens (oriented at
45◦) and implied coordinate transformation relations. The εlx and εly are the measured normal strains

(longitudinal and transverse, respectively) when γl12 happens. Based on transformation relations for
stresses, the shear stresses τ l12 are given by:

τ l12 =
P l

2A
. (6)
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Figure 3: Stress × strain data for PLA and PLA+CF printed at 0◦.
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Figure 4: Stress × strain data for PLA and PLA+CF printed at 90◦.

Table 3: PLA and PLA+CF tensile and shear elastic moduli.

Property Direction
PLA PLA+CF ASTM

Max. Avg. Dev. Max. Avg. Dev. Standard

Tensile 0◦ (E1) 3596 3376 212 7665 7541 96
D638

Modulus (MPa) 90◦ (E2) 3340 3125 148 4145 3920 167

In-plane Shear ±45◦ (G12) 1140 1092 36 1270 1268 5 D3518
Modulus (MPa)

Table 4: PLA and PLA+CF Poisson coefficients.

Property Direction
PLA PLA+CF ASTM

Max. Avg. Dev. Max. Avg. Dev. Standard

Poisson ν12 0.349 0.331 0.011 0.408 0.400 0.012
D638

Coefficient ν21 0.336 0.325 0.014 0.163 0.150 0.008
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Figure 5: Stress × strain data for PLA and PLA+CF printed at ±45◦.

Table 5: PLA and PLA+CF material strengths.

Property Direction
PLA PLA+CF ASTM

Max. Avg. Dev. Max. Avg. Dev. Standard

Tensile 0◦ (S∗
1 ) 56.1 54.7 1.9 53.7 53.4 0.2

D638
Strength (MPa) 90◦ (S∗

2 ) 42.9 37.1 3.5 37.0 35.4 1.5

In-plane Shear ±45◦ (S∗
12) 18.3 18.0 0.8 19.6 18.9 0.8 D3518

Strength (MPa)
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In Eq.(6), A is the cross-sectional area of the specimen and P l is the applied load when γl12 happens.
Finally, the shear strength S∗

12 was calculated using:

S∗
12 =

P s
max

2A
. (7)

In Eq.(7), P s
max is the maximum load at or below γ512 (shear strain equal to 5%), as ASTM D3518-13

recommends.
Standard deviations of quantities shown in Tab.3 to 5 were calculated according to their respective

base standards.
From the results in Tab.3, it can be seen that the E1 tensile modulus for the PLA+CF was more

than twice (2.2 times) higher than the same property for the PLA, considering the average values.
The E2 tensile modulus for the PLA+CF was about 1.25 times higher than the same property for the
PLA, a difference not as big as found for E1. The G12 in-plane shear modulus for the PLA+CF was
about 1.16 times higher than the same property for the PLA, a difference even lower than the found
for E2. These results show that short carbon fibers provided the highest increase in stiffness for the
PLA+CF tested in the printing direction. Besides, it is interesting to notice that E1 for the PLA is
only slightly higher (about 1.08 times) than E2 for the same material. Therefore, for the PLA, the
printing orientation did not influence the material stiffness that much.

Table 4 shows that the Poisson coefficients ν12 and ν21 found for the PLA were about the same.
Contrariwise, these properties were a lot different for the PLA+CF, with ν12 about 2.5 times higher
than ν21. This can be explained by the differences found for E1 and E2 for PLA+CF, which shows
that it is much more difficult to stretch the material at the direction 1 (printing direction) than at
the direction 2, a typical behavior found in polymer composites reinforced with unidirectional carbon
fibers.

From the results in Tab.5, it can be noticed that the material strengths S∗
1 , S∗

2 and S∗
12 for the

PLA and the PLA+CF were about the same, indicating that the short carbon fibers did not change
substantially those properties. Contrariwise, in previous works [31, 38], short carbon fibers improved
both stiffness and strength of the polymer ABS. For the PLA+CF here tested, it can be assumed that
the ultimate loads were carried out mostly by the matrix material, indicating poor matrix-fiber load
transfer at that point. This can be explained by the poor PLA-carbon fiber adhesion, already reported
in the literature [43, 47].

However, the PLA+CF had lower strains at failure as can be seen from Fig.3 to 5, indicating a more
brittle behavior than that seen in the PLA. It can be said that the short carbon fibers in PLA+CF
favored the known naturally brittle behavior [54] of the PLA.

4 SEM of specimens

Scanning electron microscopy (SEM) was used to obtain micrographs of the tested samples fracture
surfaces. Four specimens were observed: three for the PLA+CF, each one printed in one of the studied
directions 0◦, 90◦ and ±45◦, and one for the PLA, printed at 0◦. Figures 6 to 14 show the acquired
images.

Figures 6 to 8 show, with increasing magnification, the fracture surface of the PLA+CF specimen
printed at 0◦. In Fig.6, with magnification of 200×, it is possible to see details of the printing process,
like the cross-sectional shape of the fused deposited lines, their periodicity and the triangular shaped
voids left between deposited lines. In Fig.8, with magnification of 3000×, the presence of reinforcing
short carbon fibers is clear. They show up like grayish cylinders, dispersed over the PLA+CF matrix.

In Fig.7, with magnification of 1000×, it is also possible to see the short carbon fibers in PLA+CF,
which are the grayish dots inserted in the PLA matrix. Still in Fig.7, it is possible to notice some
voids (darker dots) which have the same shape of the short carbon fibers cross sections. These voids
were left by fiber pull-outs during failure of the specimen in the tensile test. Moreover, in Fig.7 and 8,
other porosities which are not due to fiber pull-outs are also noticeable. In [31], the appearance of such
voids is also reported while working with ABS, and is there explained as being left by gas escaping
during printing. However, the exact reason that caused their appearance in PLA is not known by the
present authors.
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Figure 6: Specimen of PLA+CF at 0◦ magnified 200×.

Figure 7: Specimen of PLA+CF at 0◦ magnified 1000×.

Figure 8: Specimen of PLA+CF at 0◦ magnified 3000×.
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Figure 9: Specimen of PLA+CF at 90◦ magnified 200×.

Figure 10: Specimen of PLA+CF at 90◦ magnified 1000×.
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Figures 9 and 10 show, with increasing magnification, the fracture surface of the PLA+CF specimen
printed at 90◦. In Fig.9, with magnification of 200×, it is possible to see laterally the material lines
deposited by FFF. In Fig.10, with magnification of 1000×, it is possible to see carbon fibers and also
voids with shapes resembling cylinders. The latter are result of the fiber pull-outs during failure of the
specimen, while tested by a tensile load applied perpendicularly to the material deposition direction.
Other voids, which are not result of fiber pull-outs, are noticed as in other images.

Figures 11 and 12 show, with increasing magnification, the fracture surface of the PLA+CF spec-
imen printed at ±45◦. In Fig.11, with magnification of 200×, it is possible to notice the crossed
deposition directions of the printed material lines. In Fig.12, with magnification of 1000×, it is possi-
ble to see the reinforcing carbon fibers, the voids left by fiber pull-outs and other voids, in the same
manner as observed earlier.

At this point it is very important to highlight, from the SEM images of the PLA+CF specimens,
that the short carbon fibers dispersed in the PLA matrix showed up to be highly oriented with the
printing directions. This can be easily observed, specially from Fig.7, 10 and 12, where the printing
directions were respectively 0◦, 90◦ and ±45◦. This is the fact that explains the differences in stiffnesses
noticed in the results of Tab.3 and 4. It can be concluded that the PLA+CF printed material has a
stiffness behavior similar to unidirectional fiber reinforced composites, once it is indeed a composite
reinforced with short fibers which ended up highly oriented with the printing direction after production
by FFF. One may ask if these fibers were oriented during the FFF deposition process or if the fibers
were already oriented in the filament loaded in the 3D printer. This important question will be
answered in the following Sec.5.

Regarding to the number of fiber pull-outs seen in Figs.7, 10 and 12, which respectively show
specimens printed at 0◦, 90◦ and ±45◦, it can be said that it is relatively big, which is explained by
the poor adhesion between PLA and carbon fibers already commented.

Finishing the discussion about SEM micrographs of the tested specimens, Fig.13 and 14 show,
with increasing magnification, the fracture surfaces of the PLA specimen printed at 0◦. Fig.13, with
magnification of 200×, shows details of the periodic microstructure of the material produced by FFF,
including triangular shaped voids left by the process. The latter described figure and Fig.14, with
magnification of 3000×, shows that the production of the PLA specimens by FFF did not left voids
inside the material deposited lines, as occurred with the PLA+CF.

5 SEM of the PLA+CF filament

Figures 15 and 16 are micrographs obtained by SEM, showing the cross section of a sample of the
PLA+CF 3D printing filament employed in this study.

From Fig.15, with magnification of 200×, it is possible to see the round shape of the filament cross
section, whose nominal diameter is 1.75 mm. In Fig.16, with magnification of 1000×, it is possible to
notice the same elements found in the previous micrographs: carbon fibers, voids left by fiber pull-outs
(the watched sample was separated from its spool with a blade, removing some fibers from the cut
surface) and other voids.

It is clearly seen that the filament has the short carbon fibers mostly oriented with the direction of
its length (the two fibers seen in the plane of the cross section were probably left there after sample’s
cutting). Therefore, it can be safely assumed that the carbon fibers were aligned within the feeding
filament and remained aligned in the tested specimens produced by the FFF process.

This behavior can be explained by the fact that, during 3D printing, the PLA is melt down by the
extrusion nozzle and the fibers inside the deposited material have a trend to become aligned with the
extrusion direction of the molten thermoplastic. This behavior was already reported in the literature
[49, 38] for ABS reinforced with short carbon fibers, and is now also observed for PLA. However, in
an injection molded PLA with addition of very short carbon nanofibers at [50] this was not observed,
leading to conclude that this alignment is function of the production process and possibly of the fibers
geometry.

The voids that are not related to fiber pull-outs are also seen in the PLA+CF filament, not only in
the microstructure of the produced specimens as seen in the previous Sec.4. As said before, the reason
for the appearance of these voids is an open subject.
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Figure 11: Specimen of PLA+CF at ±45◦ magnified 200×.

Figure 12: Specimen of PLA+CF at ±45◦ magnified 1000×.

Figure 13: Specimen of PLA at 0◦ magnified 200×.
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6 Short fibers length estimation

A final but very important comment regards to the length of the short carbon fibers in PLA+CF.
From the scales of Fig.10 and 16, the lateral fiber voids and fibers themselves seen in both images,
the chopped carbon fibers that reinforce the PLA+CF can have their length estimated in an average
of 60 µm. These fibers are shorter than the fibers used as reinforcement in previous works: about
100 µm in [49], 200 µm to 400 µm in [38] and 100 µm to 150 µm in [31].

Longer fibers have bigger external surface areas, which may improve fiber-matrix adhesion. In [49],
[38] and [31], this can explain the increase in both stiffnesses and strengths of ABS composites. In the
present work, the fibers did not improve the PLA+CF strength (as discussed in Sec.3). Reasons seem
to be the poor adhesion between PLA and carbon fibers, already reported in the literature [43, 47], and
the length of the reinforcing fibers, perhaps too short (with small external contact surface area), also
not collaborating to fiber-matrix adhesion. In [50], nanofibers of length below 4 µm (very short) were
not able to improve strengths in an injection molded PLA composite as well. However, the present
authors do not know if the adhesion between PLA and carbon fibers is good enough to make beneficial
the use of longer chopped fibers in their composites, with respect to final mechanical properties.

7 Conclusions

This work presents results for mechanical testing and SEM micrography of materials produced by 3D
printing based on FFF. Two printing materials were investigated, a PLA and a PLA+CF (reinforced
with short carbon fibers of length about 60 µm in a weight fraction of 15%). The specimens were all
printed with material deposition specially oriented (at 0◦, 90◦ or ±45◦), with constant microstructure
and same build parameters.

From the results presented for stiffnesses, it can be concluded that the short carbon fibers increased
a lot (about 2.2 times) the tensile modulus E1 (respective to the printing direction) of the reinforced
PLA+CF, in comparison to the same property of the PLA. The tensile modulus E2 (transverse to the
printing direction) and the shear modulus G12 (respective to the plane of printing) were also increased
by the short fibers, respectively 1.25 and 1.16 times, therefore not as much as E1 was. Moreover,
the reinforcing fibers let the Poisson coefficients ν12 and ν21 of the PLA+CF distant from each other
(ν12 was 2.5 times higher than ν21), an expected result based on the increase in E1 stiffness of the
PLA+CF.

The tests performed also rendered materials strengths: the tensile strengths S∗
1 (with respect to the

printing direction) and S∗
2 (transverse to the printing direction), and the shear strength S∗

12 (respective
to the plane of printing). Comparing results for the PLA and PLA+CF, it was noticed that the short
carbon fibers practically did not alter such quantities. It can be thought that the PLA matrix carried
out the majority of the stresses at the failure load level in both the PLA and PLA+CF.

The length of the chopped fibers in PLA+CF was estimated in 60 µm, maybe too short for consis-
tently improving strengths. A complication factor for the present case is the poor adhesion between
PLA and carbon fibers, already reported in the literature [43, 47]. Failure in PLA+CF happened
at lower strains than in PLA, indicating that the reinforced material became more brittle with the
addition of short carbon fibers.

The SEM of the PLA+CF revealed that the short carbon fibers in this composite were mostly
aligned with the length of the 3D printing filament, inside this feeding material, and remained aligned
with the direction of printing within the specimens produced by FFF. Due to this, the biggest increase
in stiffness for the PLA+CF happened in the direction of printing.

The present comments explain differences in stiffnesses and strengths for the PLA and PLA+CF.
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A Note on PLA printing temperature

The PLA material employed in this work was, in initial tests, printed at 220◦C by recommendation
of the filament producer, found at the product spool. However, it was noticed that this printing
temperature caused small bubble-like structures in the specimens, as later confirmed by chromatic
aberrations confocal microscopy (thanks to the equipment Cyber CT 100 at the Centre of Compe-
tence in Manufacturing CCM/ITA). The authors believed that this could indicate that the printing
temperature was too high. A temperature of 190◦C (common for printing PLA) was then tested, and
the cited microscopy technique indicated that the bubble-like structures disappeared from the printed
specimens, showing that this was indeed more appropriate. Fig.17 shows the acquired micrographs
that led to this conclusion.
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Figure 14: Specimen of PLA at 0◦ magnified 3000×.

Figure 15: Cross section of the PLA+CF filament magnified 200×.

Figure 16: Cross section of the PLA+CF filament magnified 1000×.
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Figure 17: PLA printed at 220◦C (left, with bubble-like structures) and at 190◦C (right, without
bubble-like structures).
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