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� The authors report a study that
combine microstructural
characterization, mechanical
characterization, and analytical
homogenization on custom-
formulated polyamide 12-based
composites for Fused Filament
Fabrication 3D printing.

� The customized homogenization
model, which considers the
distribution of carbon fibers aspect-
ratio and orientation, helps explain
the role of carbon fiber sizing on
elastic properties.

� The authors report improvement of
mechanical properties due to the
addition of a heated environment
apparatus, with up to two times for
strength on the printing pattern
orthogonal to the loading direction.

� Overall, modulus has seen an increase
of 530% and strength an increase of
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Short carbon fiber-reinforced Polyamide 12 composite materials were prepared and used as filaments for
additive manufacturing (AM) of structures using the Fused Filament Fabrication (FFF) method. The effect
of carbon fibers concentration and type, infill pattern and environmental temperatures on mechanical
properties of the printed test samples were investigated. The measured tensile modulus of the printed
composite ranged from 1.4 to 8.8 GPa, an increase of up to 6.3 times the value of the neat printed poly-
mer. The tensile strength ranged from 40 to 90 MPa, for an increase of up to 2.15 times. Optimization of
the environmental temperature for improved coalescence of filaments led to a fair increase in values of
the tensile modulus and strength, with an improvement up to 1.5 and 2 times, respectively, for the
printed samples with pattern orthogonal to the loading directions. Microstructure characterizations were
performed for mechanical results interpretations, with the help of a specialized homogenization model.
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Micro-structural analysis
Mechanical characterization
The combination of FFF and carbon fiber-reinforced composite shows high promises for applications in
the transportation industry.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The additive manufacturing (AM) of reinforced polymer-based
composites usually involves extrusion-based techniques such as
Fused Filament Fabrication (FFF). The FFF process is carried out
with an automated apparatus laying down molten thermoplastic
filaments and relying on fusing them together to form a part. Since
the melted polymer is deposited on top of an already solid poly-
mer, poor fusing between filaments often occurs, leading ulti-
mately to lower strength and lower elongation at break [1–3]
than the same polymer produced by an injection process. However,
the high shearing forces involved during the material extrusion
induces preferential alignment in short fiber-reinforced compos-
ites, which typically results in higher mechanical properties along
the printing direction [2,4,5]. While mechanical properties of FFF
printed parts are weaker than those resulting from other manufac-
turing methods (e.g., injection molding, thermoforming), the pro-
cess requires no capital investments to produce short series of
geometrically complex parts, which makes it a preferable solution
to other capital-intensive processes under these conditions. There
is therefore a strong interest to investigate novel FFF feedstock
materials and their manufacturing process parameters to deliver
parts of superior mechanical properties.

The interface between filaments constitutes a source of weak-
ness in 3D printed parts and the initiation site for delamination.
Improvement of the filament interface adhesion could lead to an
increase of the printed part overall strength. Yang et al. [6] demon-
strated that this interface is highly influenced by the environmen-
tal temperature during printing.

Polyamides found many applications (e.g., gears, ball bearing)
due to its toughness, its high ductility, its chemical resistance
and relative low cost, when compared to other engineering poly-
mers [7,8]. Polyamide 12 (PA12) in particular is also used by the
transportation industry because of its lower moisture absorption,
when compared to other polyamides [8]. PA12 is also the most
widely used polymer for the Selective Laser Sintering method
[4,9], but its utilisation in the FFF process is limited.

Carbon fibers (CF) are an important reinforcement for structural
applications [10,11] because they exhibit very high specific
mechanical properties (i.e., property over material density), and
are widely available as continuous fibers, woven fabrics or short
fibers [10,11]. When embedded into a polymer matrix, continuous
fiber yields the highest specific stiffness in the direction along
which they are aligned, when compared to fabrics or discontinuous
fibers. However, continuous fiber composites are typically used in
shell-like components with thin features [12]. Short carbon fibers
are usually required in more geometrically complex structures,
made by injection molding, compression molding or, more
recently, by AM [4]. CF-reinforced thermoplastics for AM are
mainly used for the tooling, functional prototyping and part
replacement market [13]. Most CF-reinforced FFF feedstock exhibit
tensile modulus below 7 GPa and a tensile strength below 60 MPa
[14] with the maximal reported values of 13.8 GPa for tensile mod-
ulus in the case of reinforced ABS [5].

Few studies applied homogenization methods on these emerg-
ing composites materials. For example, Wang et al. [15] assessed
the effect of porosity, Biswas et al. [16] predicted the orthotropic
property of printed parts and finally Yao et al. [17] evaluated the
effective properties of piezoelectric composites. So far, studies that
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predicted elastic properties based on the microstructure were only
limited to injection molded composites. These studies focused on
the microstructure characterization of composites where the ori-
entation and length of carbon fiber are not homogeneously dis-
tributed in the matrix. Such methods were not yet applied to
FFF-printed composites.

This work focuses on the evaluation of the mechanical perfor-
mance of carbon fiber reinforced PA12 composites made by the
FFF additive manufacturing process. The evaluation mainly con-
sists of the effect of process parameters (i.e., environmental tem-
perature) on mechanical properties, through tensile testing, SEM
and CT-scan visualisation and a purpose-built homogenization
model. The first section of the manuscript deals with the experi-
ment and methods while the second sheds light on the results of
mechanical and microscopic characterization of printed compos-
ites, informed by comparison with the modelling of the complex
microstructure. We investigated the effect of the type and the con-
centration of carbon fibers, the effect of the environmental temper-
ature on the composite’s mechanical properties (i.e., tensile
modulus and ultimate tensile strength (UTS)) and microstructure
(i.e., fiber sizes and orientation, fiber sizing). The novelty of this
paper lies in the combination all these elements into this in-
depth analysis of a customized formulation, where the non-ideal
distribution of fibers was integrated into a homogenization analy-
sis to compare with experimental results.

2. Materials and methods

2.1. Homogenization model

Homogenization consists in predicting a composite’s overall
mechanical properties from the knowledge of the properties of
its constituents. The implementation of the Mori-Tanaka homoge-
nization model proposed by Benveniste et al. [18] performs an
explicit orientation averaging on the contribution of each rein-
forcement, referred to in the sequel as inclusion, thus allowing
the inclusions to have arbitrary orientation [18]. It has been shown
that for this type of solid, the Mori-Tanaka model predicts effective
properties that match the lower Hashin-Shtrikman bound for
aligned continuous inclusion, and are even lower for any other ori-
entation and aspect ratio distribution [19]. Furthermore, the Mori-
Tanaka model assumes perfect interfaces between phases. For a
distribution of cylindrical fibers, each having an orientation given
by Euler angles / and h as shown in Fig. 1.c, and having aspect ratio

R, the homogenized stiffness tensor C predicted by this model takes
the form:

C ¼ C0 þ
XN
r¼1

crP /r ; hrð Þ Cr � C0ð Þ : Ar Rrð Þ; ð1Þ

where r denotes a particular phase (r ¼ 0 for matrix, r > 0 for
fibers), cr is the volume fraction of phase r, Cr and Ar are the stiff-
ness and localization tensors, respectively (bold Latin letters repre-
sent 4-th order tensors). Pð/; hÞ is defined as the projection
operation for a 4-th order tensor, given by:

T
0
mnop ¼ P /; hð ÞTijkl ¼ PimPjnPkoPlpTijkl ð2Þ

where Einstein summation has been used. Pij is the rotated frame of
reference tensor, computed in the ZYZ intrinsic Euler convention

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Schematic explaining the different parameters for the calculation of the angular difference between carbon fibers and the printing direction. a) Schematic of polyamide
matrix-embedded fibers before polishing. The polishing plane, in transparent yellow, is parallel to the printing plane. b) Schematic of a polished printed composite. The
intersection of the polishing plane and a cylindrical fiber is an ellipse c) View of a single embedded fiber, and how the angles are measured on SEM images. The out-of-plane
angle /EX is the angle between the fiber and the polishing plane. L is the semi-major axis of apparent ellipse, D is the semi-minor axis of apparent ellipse and diameter of the
fiber and hEX is the In -plane angular variation between the fiber and the printing direction. (Extrinsic Euler angle convention).
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Rzð/ÞRy0 hð ÞRz0 0 ðqÞ, where Rzð/Þ denotes a rotation of angle / around
axis Z. The next rotation is done with respect to the y axis of the
rotated referential (denoted by y0) and the final rotation Rz0 0 ðqÞ is
neglected as it rotates the fiber along its major axis. In each phase
r, Ar becomes:

Ar ¼ Tr :
XN
r¼0

crTr

 !
;

�1

ð3Þ

where Tr ¼ Iþ SEr ðRÞ : C�1
0 : Cr � C0ð Þ

h i�1
. Here, SEr is Eshelby’s tensor

for the phase
r–0, which depends on C0 and the aspect ratio R of the inclu-

sions only. For an isotropic matrix and an ellipsoidal inclusion, SEr
can be calculated with the help of the Green function as described
by Michel et al. [20].

2.2. Materials and composites preparation

PA12 Grilamid� L20 Nat in pellet form was purchased from
EMS-Grivory (Germany). According to the manufacturer, the poly-
mer had an elastic modulus of 1400 MPa under dry conditions
3

while its tensile strength was of 50 MPa when submitted to
1 mm/min tensile tests [21]. Milled (MCF) and chopped (CCF) car-
bon fibers (Panex35 with 95% carbon content) were purchased
from Zoltek (USA). According to the manufacturer, the CCFs had
an initial length of 6 mm and were coated with a sizing agent
adapted for polyamides at a weight ratio of 2.75%, while the MCFs
had an initial length of 150 mm and were not sized. CCFs and MCFs
have the same intensive properties. The carbon fibers and PA12
pellets were compounded in a plastic extruder model LSM 30.34
from Leistritz� (Nuremberg, Germany). The extrusion process con-
sisted of two extrusion steps performed under the same mixing
conditions. The hopper zone (inlet) temperature was set to
185 �C and gradually increased to 240 �C in the mid-zone, and then
decreased to 225 �C in the die (exit) zone. The screw speed was set
at 36 rpm and the die diameter was 2.85 mm. The CFs and the PA12
pellets were fed to the extruder using separate feeders. The pro-
duced filament was cooled inside a water bath at room tempera-
ture and then cut in pellets with a pelletizer. The obtained
composite pellets were extruded for a second time after drying
overnight, and the obtained filament (1.75 ± 0.15 mm diameter)
was passed through the water bath while two soft rollers of a cal-
ender machine pulled it. The filament diameter control was
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achieved by regulating the calender machine’s pulling speed. The
filament was manually winded onto a spool. Six different compos-
ites were produced: neat PA12 and reinforced PA12 at 20, 35 and
40 wt% with MCFs (12.2, 23.1 and 27.1 vol%), and at 20 and
35 wt% with CCFs (12.2 and 23.1 vol%). These concentrations were
chosen to provide a wide range of concentrations within the possi-
ble mixing range (limited to 40 wt%), while limiting the number of
specimens produced. It was not possible to achieve a printable fil-
ament of CCF at 40 wt% as the required torque to process it was
beyond our setup capabilities.

2.3. Additive manufacturing

The printing was performed using a Leapfrog Creatr Dual
(LeapfrogTM, Netherlands) 3D printer. The printer was equipped
with a heated bed that moved in the z direction while the printer
nozzle moved in � and y directions. Simplify 3D software (Simpli-
fy3D, USA) was used to slice the 3D models and to provide instruc-
tions for printing. Every specimen was printed with layers having a
height of 0.2 mm, a 100% infill and no shell (top, bottom or lateral)
as well as at a speed 50 mm/s with a 0.6 mm lubricated hardened-
steel plated wear resistant nozzle Ubis-style (MicroSwiss, USA).
The first layer was printed with a 50% decreased speed on a glue
layer to promote adhesion to the glass bed and was added as a sac-
rificial layer in the part design. The glass bed and nozzle tempera-
ture were of 65 �C and 255 �C, respectively. The printing was
carried out under different environmental temperatures. A cham-
ber was designed to contain the 3D printer and control the temper-
ature inside to up to a maximum of 65 �C. The heat was produced
using heating elements with blowing air and controlled through a
custom Arduino-based PID system. IR lamps were used as a supple-
mentary heating source in order to heats up the chamber and
turned off during printing.

ASTM D638 Type IV dogbone specimens were printed for
mechanical testing. The specimens were identified with a unique
letter referring to the printing direction with respect to the speci-
men’s longitudinal axis. (L for length, W for Width). Dogbone spec-
imen were printed with PA12/MCF and PA12/CCF according to L
and W printing direction. In addition, another batch of specimen
was printed with 35 wt% MCF according to the L and W printing
direction for different environmental printing temperatures (22,
35, 50, 65 �C). The specimens were made of 16 printed layers, with
an additional two sacrificial layers to be sanded at the top and bot-
tom surfaces, which led to 3.6 mm thick specimens. Polishing was
necessary for the DIC method which requires a very flat and
smooth surface for painting the speckle pattern. Creating sacrificial
layers, that were printed in a different direction than the tested
one, allowed us to create that flat surface without damaging the
studied orientation. In addition, the sanding step should not signif-
icantly affect the mechanical properties as it was performed using
fine grit (i.e., grit 800). The specimens were then dried under vac-
uum conditions for � 12 h at room temperature prior to mechan-
ical testing.

2.4. Mechanical characterization

Tensile tests were performed in accordance with the ASTM
D638 standard with an MTS Insight electromechanical testing
machine (MTS, USA) using a 1 kN and a 50 kN load cell, testing
at least 5 specimens for each measure. The stereoscopic Digital
Image Correlation (DIC) technique was used for strain measure-
ments using the Vic3D system and software (Correlated Solutions,
USA). Specimens were covered by a white acrylic spray paint
before adding the black speckle pattern with a stamp roller. The
subset size ranged between 27 and 50 pixels to allow a delta
uncertainty below 0.03 pixels. Sub-pixel interpolation was made
4

using an optimized 8-tap with a zero-normalized squared differ-
ences criterion, while lagrangian strains were computed with a fil-
ter size of 15 pixels.

2.5. Microscopic characterization

Different sections of the tested specimens (i.e., fracture faces,
grip section) were cut using an Isomet low speed cutter (Buehler,
USA) at planes of interest before coating with a low temperature
UV curable resin for handling. Grinding and polishing for SEM
observations was performed using a Metaserv 2000 variable speed
polisher (Buehler, USA), going successively through 320, 600 and
1000 Grit Silicon Carbide grinding papers before using polishing
cloth and polycrystalline diamond suspension of 9, 3 then 1 mm,
respectively. A final polishing cycle was carried out with 0.06 mm
colloidal silica suspension. The specimens where thoroughly
washed between each cycle and finally cleaned with an ultrasonic
cleaner before being dried at room temperature in a vacuum enclo-
sure before Scanning Electron Microscope (SEM) observation or
Computed Tomography scans (CT-Scan). Dry fiber samples were
also observed under the SEM to analyse the sizing composition.

The polished sections and the isolated fibers were imaged under
a JEOL JSM7600F (Peabody, USA) SEM operated at an acceleration
voltage of 5 kV. Energy dispersive X-Ray elemental analysis was
performed to the CCF surface to characterize the sizing agent’s
chemical structure. SEM and light optical microscopy (LOM) stud-
ied the CCF and MCF aspect ratio distribution. LOM was carried out
using an Olympus BX-61 (Olympus Inc, USA) microscope under dif-
ferent magnifications.

Printed fibers and structures were scanned, at high (0.7 mm) and
medium (5 mm) resolution respectively, using a Zeiss Xradia 520
Versa CT-scan (Carl Zeiss, Germany). Scans of the structures
printed at room temperature and 65 �C were studied to analyze
the inter-filament bonding, while porosity was characterized for
MCF and CCF-reinforced composite filaments. The thresholding
method was used to visually identify the grayscale pixels belong-
ing to the porosity. The number of pixels belonging to the porosi-
ties is compared to the total number of pixels to determine the
porosities fraction in the printed composite material.

2.6. Fibers aspect ratio and orientation characterization and
micromechanics predictions

Some of the composites prepared with MCF and CCF after FFF
printing (three of each) were dissolved in sulfuric acid (H2SO4)
for two days prior to any testing. Dissolution droplets were then
placed on a glass slide covered with a copper conductive tape.
The slides were placed under a fume hood for one week to evapo-
rate the acid, followed by heating on a plate at 90 �C until complete
acid evaporation was achieved. The samples were coated with gold
to avoid electrostatic charge accumulation prior to SEM observa-
tion. Image analysis was performed using the software ImageJ
(NIH, USA). The MCF and CCF lengths and diameters were each
measured for � 3000 fibers, using the Measure function included
in the ImageJ software, before computing the aspect ratios by
dividing the lengths by their respective diameters (�7.2 mm).

Fiber angles were measured with respect to the printing direc-
tion along two planes in the tensile specimens: the printing plane
and its orthogonal plane containing the printing direction. The pol-
ishing plane is aligned with the printing plane. Fig. 1.a and b are
schematics of a printed composite a) before and b) after a planar
polishing. The intersection of a plane and a cylindrical fiber is an
ellipse with parameters that are dependent on the orientation of
the fiber. The Euler angles of fibers with respect to the coordinate
system of the tensile specimen inside the matrix was determined
by measuring the semi-axis of these ellipses. (The intrinsic XYZ
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convention is used here, Z being the printing direction). Here we
specify the subscript EX for experimental, to differentiate the /
and h angles used in the Mori-Tanaka model, which use a rotation
convention more commonly encountered in integration over
spherical coordinates. The MCF and CCF angle distributions were
each studied for 300 fibers, using the Measure function included
in the software.

Fig. 1.c shows the in-plane angle hEX as the angle between the
printing direction and the direction of the major semi-axis of the
ellipse. The figure also shows the out-of-plane angle /EX as the
angle between the fiber axis and the polishing plane. /EX was
determined using the minor semi-axis measurement. Since the
minor semi-axis of the ellipse is equal to the fiber diameter, the
angle /EX formed by the fiber and the printing plane is equal to:

/EX ¼ cos�1 D
L

� �
� p

2
; ð4Þ

with D and L being the minor and major semi-axes, respectively.
Once the angles hEX , /EX and the aspect ratio R were obtained, the
angles were converted into the intrinsic ZYZ convention, as
detailed in supplementary Figure S1. Then, the distributions for
the three variables where fitted with all the continuous probability
distribution functions (PDFs) available in the Scipy Statistics
library [22] and the best fit, in the sense of least squared error,
was selected to represent each variable. With these PDFs, it
becomes possible to transform equation (1) where N � 1 discrete
inclusions are summed, into:

C ¼ C0 þ c1
4p

Z 2p

0

Z p

0

Z Rmax

Rmin

wRw/whP /; hð Þ C1 � C0ð Þ

: A Rð Þ sin hdRdhd/; ð5Þ
where w/, wh and wR are the PDFs for /, h and R, respectively.

Equation (5) considers the contribution of a single inclusion mate-
rial (r = 1). This integration is performed by gaussian quadrature,
as:

C ¼ C0 þ c1
4p

XN/

i/¼0

XNh

ih¼0

w/whw/wh

� sinðhÞP /; hð Þ
X
iR

wRwR C1 � C0ð Þ : A Rð Þ
 !

; ð6Þ

where i/, ih and iR are the values at which the quadrature is evalu-
ated, and w/, wh and wR are the weights of said quadrature. Note
that wh refers to the value for w evaluated at h ¼ ihp=Nh, for
ih ¼ 0; � � � ;Nh and so on for all other terms that depend on h;/ and
R, i.e. w;w and A. The number of gauss quadrature points required

to converge within 0.5% of the final values in C were: N/ ¼ 8,
Nh ¼ 256 and NR ¼ 64. The exact parameters for each distribution
are given in Appendix A.

3. Results and discussion

3.1. Effect of short fiber reinforcement on tensile modulus and strength

3.1.1. Microstructural observations: Sizing, fiber orientation and
aspect ratio

Fig. 2.a shows a SEM micrograph of a pristine CCF that went
through Energy-Dispersive X-ray spectroscopy (EDX), focused in
the highlighted region. Fig. 2.b shows the EDX spectrum extracted
from the sizing agent observed on the carbon fiber. The spectrum
reveals the presence of silicon and sodium, suggesting the use of
a silane coupling agent, a type of sizing that has been reported as
efficient on polyamide matrices [23,24].
5

Fig. 3.a and 3.b show SEM micrographs of a CCF-reinforced
printed specimen taken along and perpendicular to the printing
direction, respectively. They both show the presence of white spots
whose chemical composition corresponds to that of the assumed
sizing agent, determined with the EDX. These spots are not visible
in Fig. 3.c and 3.d that show the micrograph of MCF reinforced
specimen. These observations suggest that due to the heat gener-
ated during the mixing process, the sizing surrounded the CCFs
and blended into the matrix. The figure also shows that the sizing
agent is seemingly responsible for ensuring a proper adhesion
between the matrix and CCF, whereas some empty space exists
at the interface between the matrix and the MCF when no sizing
agent is present, as observed in Fig. 3.c and 3.d.

Fig. 4.a, b and c show the distribution of the aspect ratio and the
orientation of the fibers for the composites made of MCF and CCF in
histogram form. Fig. 4.a shows that there is no preferential align-
ment in the plane normal to the printing direction (azimuthal
angle / has a uniform distribution) and Fig. 4.b suggests that there
is a slight difference between the fiber angles distributions for the
composites made of MCF and CCF for the elevation angle h, with
means of 15.0� and 16.8� and 75% of the distribution below 19.5�
and 21.3� for CCF and MCF-made composites, respectively. The
CCF appears to be more present at low angles ranges since 40 %
of the CCF are oriented with an angle below 11.0�, when compared
to 33% of the MCF that are oriented at an angle lower than 11�.

Fig. 4.c shows that the MCF exhibits smaller aspect ratios, with
76% of the MCF population below a ratio of 5, while this ratio is
close to 33% in the CCF case. 9% and 34% of the MCF and CCF,
respectively, have aspect ratios ranging from 5 and 10. These
observations suggest that CCF have, on average, higher aspect
ratios than the MCF. By considering that the composites made of
CCF have their fibers more closely oriented to the printing direc-
tions than the composites made of MCF, it is expected that the
resulting axial stiffness of the composites made of CCF will be
greater than that of the composites made of MCF. Moreover, since
CCF have higher aspect ratios, these fibers are more prone to shear-
induced alignment in the molten state of the matrix [25], which
could explain the measured orientation distributions of CCF and
MCF.

When undergoing mixing with a polymer, the chopped carbon
fibers length is significantly reduced from 6 mm (aspect ratio
of � 833) to lengths corresponding to aspect ratios ranging from
1 to 20. The reason for that stems from the high shear stresses
occurring inside the twin screw extruder necessary for the mixing.
These observations make the control of the size of fibers inside the
matrix a critical condition to master manufacturing of high perfor-
mance printed thermoplastic composites. Future blends should
focus on achieving longer lengths to allow higher moduli and UTS.

Additional observation on the matrix shows that the material
porosity, excluding the 3D printing-related porosity, was measured
to be 0.6% for the CCF-reinforced specimens while being around
0.1% in the case of MCF specimens, suggesting a negligible impact
of the porosity on the mechanical properties, which has been omit-
ted in the homogenization model.

3.1.2. Fiber weight percent
Fig. 5 shows the average strain-stress responses for L oriented

MCF and CCF reinforced specimens, as well as the neat resin-
normalized tensile modulus and ultimate tensile strength (UTS),
with respect to the mass fraction of carbon fiber and its type.
The maximal elongation at break of neat resin specimens is much
higher than for all the composites (25% for neat resin, when com-
pared to 3 to 8% and 3 to 4% for MCF and CCF-reinforced specimens,
respectively). However, the composite specimens exhibit signifi-
cantly higher tensile modulus and strength, with increases of up
to 5.5 times the original value, from 1.6 GPa (standard deviation



Fig. 2. Characterization of the sizing a) SEMmicrograph of pristine CCFs with its sizing identified by a red circle b) EDX spectrum of the highlighted region of subfigure a). The
identified sizing agent found on the fiber’s surface contains silicon and sodium, suggesting the presence of silane coupling agent.

Fig. 3. SEMmicrographs of polished printed reinforced PA samples: a) CCF-reinforced specimen along the printing direction (high magnification) b) CCF-reinforced specimen
orthogonal to the printing direction c) MCF-reinforced specimen along the printing direction d). MCF-reinforced specimen orthogonal to the printing direction. These
micrographs show the alignment of carbon fibers in the printing direction (a and c) and the spread of sizing along the fiber/matrix interface for the CCF (circled in a) and the
cracks at the fiber/matrix interface (marked with red arrows in c and d).
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of 0.03 GPa) to 8.8 GPa (standard deviation of 0.22 GPa), for tensile
modulus and up to 2 times the original value, from 44 MPa (stan-
dard deviation of 0.5 MPa) to 89 MPa (standard deviation of
4.2 MPa), for the UTS of 35 wt% CCF-reinforced specimens. There
is a clear correlation between the increase in carbon fiber loading
and the increase in tensile modulus and UTS. This reinforcement
phenomenon is a typical effect of carbon fiber addition, as sup-
ported by micromechanics theories [11]. Also, there is a tensile
modulus increase to 4.3 times and UTS increase to 1.8 times the
original values for 20 wt% CCF-reinforced composites, when com-
6

pared to 3.5 times and 1.38 times for tensile modulus and UTS,
respectively, for 40 wt% MCF-reinforced. These observations sug-
gest that a 20 wt% CCF-reinforced sample shows a higher increase
of properties as that observed for the 40 wt% MCF-reinforced com-
posites. Overall, CCF-reinforced printed composites performed bet-
ter than their milled counterparts, even though both carbon fibers
types were provided by the same manufacturer and were made
from the same carbon material with the same mechanical proper-
ties. The discrepancies in properties between MCF and CCF-
reinforced printed composites could be due to different factors,



Fig. 4. Histogram and probability density functions (PDFs) of: a) azimuthal angle / and fitted uniform distribution, (b) elevation angle h and fitted Johnson’s SU distribution
and (c) aspect ratio R for CCF and MCF in the printed composites and fitted non-central F distribution. d) Comparison of tested tensile modulus with the Mori-Tanaka-
predicted tensile modulus for CCF and MCF printed composites at 35 wt% concentration. The difference between the experimental and predicted longitudinal tensile modulus
is larger for CCF (14%) than for MCF (5%).
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but the importance of the effect of the sizing on the mechanical
properties cannot be confirmed without an analysis accounting
the composite microstructure. But since orientation and lengths
distribution are both different for CCF and MCF, ascertaining the
effect of sizing alone would require another round of testing.

It should be noted that such level of increase in modulus and
UTS in FFF printed composites is consistent with data available
in the literature, such as in the case of ABS with carbon fiber rein-
forcement [5]: the tensile modulus and strength of an ABS compos-
ite has seen a six-fold and two-fold increase, respectively, at a
30 wt% loading of carbon fiber.

3.1.3. Mori-Tanaka prediction and sizing effect on mechanical
properties

Fig. 4.d shows Mori-Tanaka (MT) Young’s modulus prediction
for CCF and MCF-reinforced composites for weight fraction of 35
% (equal to a volume fraction of 23.1% for 1.81 density) using the
measured data on fiber aspect ratio R and orientation / and h,
assuming an ideal interface between matrix-fiber. The MT model
also relies on the manufacturer-provided carbon fiber modulus of
242 GPa. In addition, the transverse modulus as well as the two
Poisson’s ratios and the shear modulus required to construct the
transversely isotropic C1 tensor of the carbon fiber are 24.8 GPa,
0.256, 0.3 and 27.3 GPa respectively, as reported by Miyagawa
et al, [26]. The average measured tensile modulus for CCF-
reinforced specimen in the L configuration is 8.8 GPa (standard
deviation of 0.22 GPa) and the MT simulation predicts a module
of 7.74 GPa. This represent a difference of 14%, while in the case
of the MCF, the measured tensile modulus is 5.2 GPa (standard
7

deviation of 0.089 GPa) and the simulated is 5.45 GPa, representing
a smaller difference of 5%. In the ideal case of continuous (infinite)
and perfectly aligned reinforcements, the Mori-Tanaka method is
expected to converge on the lower Hashin-Shtrikman bound of
the actual value. Since inclusions here are not continuous nor
aligned, it is expected that the result of the Mori-Tanaka method
will be even lower for this case. Since both aspect ratio and orien-
tation distributions are accounted for in the same manner for CCF
and MCF composites, we assume that the fact that the predicted
tensile modulus is higher rather than lower than the measured
value for MCF-reinforced specimens can be attributed to the
absence of sizing for this type of composite. If the lack of sizing
reduces the composite the experimentally measured stiffness with
respect to that predicted by the homogenization model, the mea-
sured value for the tensile modulus could be lower than the
Mori-Tanaka estimate. In the presented case, it shows that this sil-
icon and sodium-based sizing is beneficial to the mechanical prop-
erties when used in a polyamide matrix, compared with using no
sizing. Mori-Tanaka homogenization provides lower bounds for
mechanical effective properties. As such, having elastic properties
below that lower bound could be an indicator of an imperfect
adhesion, granted that all possible factors are accounted for (i.e.,
angular and aspect ratio distributions). Experimentally measuring
elastic properties slightly higher than those predicted by the
Mori-Tanaka model does not imply a better adhesion since the
Mori-Tanaka provides a lower bound estimate. According to our
knowledge, our analysis is the first study considering the real dis-
tribution of fiber orientation and aspect ratio of short-fiber com-
posites printed by FFF.



Fig. 5. Mechanical properties of reinforced PA with respect of type and weight concentration of carbon fiber a–b) Average stress-strain curve responses for L specimens with
respect to type and weight percentage of carbon fiber: a) MCF and b) CCF. c–d) Normalized mechanical properties in L specimen with respect to type and weight percentage of
reinforcement: c) MCF and d) CCF. The addition of carbon fibers improves the strength and the tensile modulus at the expense of elongation at failure, with the CCF being
more efficient than the MCF: at 35 wt%, CCF specimens have a modulus and UTS 5.5 times and 2 times that of the neat PA12, respectively, while MCF have 3 times and 1.3
times the values of the neat polymer.
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3.2. Effect of environmental printing temperature

Fig. 6 shows the evolution of the a) Tensile modulus and b) UTS
in specimens printed along the L and W directions as a function of
the environmental temperature, for a 35 wt% MCF-reinforced
PA12. For specimens printed along the L andW directions, a notice-
able increase in properties is seen between 22 �C (room tempera-
ture) and 35 �C, with increases to 1.36 times and 1.68 times for
tensile modulus and UTS, respectively, when compared to the val-
ues measured on specimen printed in an environment at 22 �C, for
the W specimen. The properties improved further as the tempera-
ture was increased, but somewhat more slowly: at 65 �C for the
specimens printed in the W direction, tensile modulus increased
to 1.41 times the original tensile modulus value (i.e., from 2.2
GPa (standard deviation of 0.03 GPa) to 3.1 GPa (standard devia-
tion of 0.25 GPa)) and UTS 1.83 times the original UTS value (i.e.,
24 MPa (standard deviation of 0.6 MPa) to 44 MPa (standard devi-
ation of 4 MPa)). This is the most significant improvement
8

observed. Specimens printed in the L direction exhibited lower
benefits when using a heated environment at 65 �C compared to
room temperature, with increases to 1.1 times and 1.3 times for
tensile modulus (from 5.1 ± 0.31 to 5.6 ± 0.2 GPa) and UTS (from
45.9 ± 4 to 59.7 ± 0.6 MPa), respectively. While it can be observed
that the higher the environmental temperature the higher the ten-
sile modulus and strength, most of the increase in properties is
reached for a printing environment of 35 �C. While the setup did
not allow to go at higher environmental temperature, the increase
in properties should be less noticeable until reaching the vitreous
transition temperature, around 80 �C. Such results are corrobo-
rated by findings in the literature [27], where higher ultimate ten-
sile strength is correlated to higher printing environmental
temperature. It should be noted, however, that the literature is
scarce regarding the bonding mechanisms involved in FFF.

Fig. 6.c is a SEM image of a typical break surface of 3D printed
specimen, with the cross-section perpendicular to the filament ori-
entation. The figure shows that there is significant delamination



Fig. 6. Effect of the environmental printing temperature a) Normalized tensile modulus and (b) ultimate tensile strength in L and W specimen with 35 wt% MCF according to
environmental temperature. c) SEM micrographs of the fracture surface of a sample printed at room temperature with an enclosed schematic for the micrograph’s placement. A single
filament is highlighted with a dashed rectangle d-e) SEM micrographs of a room-temperature printed sample in different sections along the loading direction (d) far and (e) close to the
fracture surface. f-g) SEM micrographs of a sample printed at 65 �C in different sections along the loading direction (f) far and (g) close to the fracture surface.
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for 3D printed specimen between filaments, which is a distinct fea-
ture for breaking surface of this kind of material. SEM observations
were carried out on different sections, as detailed in the schematic
in the appendix, to observe the delamination along the specimen’s
length. Fig. 6.d and 6.e show sections of a 35 wt% CCF-reinforced
polyamide specimen printed in the L direction at room tempera-
ture labeled ‘‘far” (around 25 mm from the break plane) and
‘‘close” (around 15 mm from the break plane). Assuming there is
no damage occurring at the grips, observation of the filament inter-
faces at different places can inform about the amount of delamina-
tion occurring at the specimen breaking. The SEM micrographs
show a more accentuated delamination in the cross section labeled
‘‘far”, attesting the progressive delamination and filament debond-
ing expected from such a structure. Fig. 6.f and 6.g show the same
sections but in a specimen printed at 65 �C. These sections differ-
entiate themselves from those for the room-temperature printed
specimens as showing little to no debonding between filaments.
While the loading at break was superior for the specimen printed
at 65 �C, the filaments did not delaminate as much as in the case
of the room-temperature printed specimen, which suggests a
stronger interfacial adhesion between filaments for the former
case.

CT-scan observations were carried out on CCF-reinforced spec-
imens to visualize the bonding between filaments in pristine spec-
imens. Fig. 7.a shows the two different planes of interest, where
the XZ plane shows the state of filament through different layers
while the YZ plane shows the state inside a single layer. In the XZ
plane scan, a small pore between the layers is observable in the
room-temperature case (Fig. 7.b) while porosity could not be
detected in the specimen printed at 65 �C. The same observations
9

can be made in the YZ plane. The process-related porosity has a
strong impact on the mechanical properties of 3D printed samples,
and lowering the porosity has a stronger effect on the direction
orthogonal to the printing direction, as shown in the mechanical
test results. The strength in the direction orthogonal to the fila-
ment direction is significantly influenced by the repetitive place-
ment of inter-filament interfaces in the trajectory of the loading.

Because of the heated environment, the deposited layer stays at
a temperature closer the glass transition temperature, allowing for
a better bonding with the next layer, through molecular diffusion.
As molten material is added on top of the previous layer, there is
local increase of temperature at the interface. At a higher environ-
mental temperature, the material at the interface goes up more
easily to the melting point, thus creating a stronger interface. 3D
printer apparatus with a heated environment are marketed for
high temperature matrices such as PEI or PEEK, but a heated envi-
ronment is shown here to have positive impact on mechanical
properties of other grades of polymers as well.
4. Conclusion

This study showed that the addition of carbon fibers into a PA12
matrix improves both its stiffness and strength, at the expense of
ductility. The type of carbon fibers (i.e., milled or chopped) has a
sizable effect on mechanical properties as shown by comparing
the different composites and using the predictions of the Mori-
Tanaka homogenization model. We report up to a seven-fold
increase in tensile modulus (up to 8.8 GPa) and a two-fold increase
of strength (up to 90 MPa) at a 35 wt% concentration using
chopped carbon fibers with sizing. These results put this material



Fig. 7. Plane orientation and images of CT scan of CCF-reinforced printed specimens for interlayer observation. a) Schematic of the planes of the CT scans for the images. b–e)
Scans of room temperature printed specimen in b) YZ plane and c) XZ plane and specimen printed at 65 �C in d) YZ plane and e) XZ plane.
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among the strongest and stiffest printed short fiber composite, as
seen in the benchmark published by Dickson et al. [28]. The study
also showed the benefits of using a controlled environmental tem-
perature during printing, mostly on the transverse samples with
two-fold increase of the strength. Microscopic observation showed
10
that the effect of heating mainly affects the quality of the bonding
between filaments, with samples printed at higher temperature
having less porosity and are less prone to delamination during
mechanical loading, when compared to the samples printed at
room temperature.
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[27] K. Rodzeń, E. Harkin-Jones, M. Wegrzyn, P.K. Sharma, A. Zhigunov,
Improvement of the layer-layer adhesion in FFF 3D printed PEEK/carbon
fibre composites, Compos. A Appl. Sci. Manuf. 149 (2021/10/01/ 2021.)
106532.

[28] A.N. Dickson, H.M. Abourayana, D.P. Dowling, 3D printing of fibre-reinforced
thermoplastic composites using fused filament fabrication—a review,
Polymers 12 (10) (2020) 2188.

https://doi.org/10.1016/j.matdes.2021.110358
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0010
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0010
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0010
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0010
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0015
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0015
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0020
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0020
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0025
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0025
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0025
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0030
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0030
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0030
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0035
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0035
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0035
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0035
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0040
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0040
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0045
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0045
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0050
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0050
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0055
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0055
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0055
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0060
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0060
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0060
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0070
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0070
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0070
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0075
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0075
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0075
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0075
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0080
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0080
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0080
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0085
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0085
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0085
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0090
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0090
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0095
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0095
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0110
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0110
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0110
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0115
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0115
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0115
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0120
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0120
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0120
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0120
https://doi.org/10.1039/C4SM02108H
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0130
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0130
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0130
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0135
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0135
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0135
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0135
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0140
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0140
http://refhub.elsevier.com/S0264-1275(21)00913-8/h0140

	Additive manufacturing of short carbon fiber-reinforced polyamide composites by fused filament fabrication: Formulation, manufacturing and characterization
	1 Introduction
	2 Materials and methods
	2.1 Homogenization model
	2.2 Materials and composites preparation
	2.3 Additive manufacturing
	2.4 Mechanical characterization
	2.5 Microscopic characterization
	2.6 Fibers aspect ratio and orientation characterization and micromechanics predictions

	3 Results and discussion
	3.1 Effect of short fiber reinforcement on tensile modulus and strength
	3.1.1 Microstructural observations: Sizing, fiber orientation and aspect ratio
	3.1.2 Fiber weight percent
	3.1.3 Mori-Tanaka prediction and sizing effect on mechanical properties

	3.2 Effect of environmental printing temperature

	4 Conclusion
	5 Data availability
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary material
	References


