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Abstract

3D printing of continuous carbon fibre reinforced composites (CCFRC) based
on fused filament fabrication (FFF) has a great potential for reproducing ro-
bust and complex geometries, generating little waste. However, 3D printed
CCFRC present relatively poor interlaminar bonding and high void con-
tent in comparison to traditional composites. This work analyses the post-
processing temperature effects on microstructure, interlaminar properties and
thermal stability of the printed CCFRC. Treated pieces at 150°C showed
a reduction of porosity by approximately 87% and improved interlaminar
strength by 145%, without modifying nominal dimensions. In addition, the
increase in Tg (from 109°C to 131°C) is ascribed to a drying effect during
the post-processing, which reduces the plasticization of the treated parts
and contributes to the general enhancement of mechanical properties of
printed CCFRC coupons. The proposed post-processing moves this technol-
ogy towards the development of functional composite components for high-
performance structural applications.
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1. Introduction

Fused filament fabrication is the most widespread 3D printing technology,
which permits to fabricate customised parts generating small amounts of
waste material. The operational principle of this technology is based on
a thermoplastic that is extruded through a nozzle in a viscous state at a
certain temperature. Its temperature dramatically decreases in contact with
the printing bed or previously printed layers, which causes the thermoplastic
solidification. As a consequence, a volumetric contraction occurs, developing
poor adhesion between layers and high porosity content in the printed pieces.
Indeed, the state-of-the-art of FFF method put in evidence these detrimental
effects on the mechanical properties of printed parts.[1–6]

The addition of continuous carbon fibres as reinforcement in the printing
filament increases mechanical performance of the material. This technology
allows to manufacture complex and highly customised functional components
with a mechanical behaviour adapted to a concrete application, which are
very difficult to be manufactured by conventional methods. The number
of research publications reporting 3D printing of continuous fibre reinforced
composites (CCFRC) with this technology has increased in the last years
[7–21]. Nevertheless, the development of the composite 3D printing has yet
to achieve maximum potential [22].

The mechanical properties of 3D printed CCFRC in longitudinal direc-
tion are equivalent than obtained for composites fabricated by traditional
methods [23–25]. However, the response under transverse and interlaminar
loads (normal and shear) is strongly influenced by the inherent defects of
FFF method, attributed to an insufficient thermo-mechanical consolidation
of the material during the deposition [26]. In fact, the effect of layer thickness
[13], fibre volume content [13], printing parameters [27] and trajectories [28]
on the interlaminar bonding performance of 3D printed continuous carbon,
glass and Kevlar composites have been reported. Moreover, the calorimetric
properties of the commercial printable materials of this technology hinder
the correct adhesion between layers in comparison to other typical thermo-
plastics used in FFF technology [14], as well as the inhomogeneous fibre
distribution in the microstructure may trigger premature failure of the ma-
terials [9, 14, 29]. It is clear from these statements, 3D printing of CCFRC
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requires further strategy to be considered a viable method for manufacturing
high-performance structural parts [11, 26, 30].

Compaction stage seems to be the most adopted technique to post-process
3D printed CCFRC. The highest longitudinal tensile strength and modulus
values were obtained after a compaction step at 200°C applying 200 kPa dur-
ing 30 minutes [31]. Other investigation reported transverse tensile strength,
flexural strength and Mode I interlaminar fracture toughness increased by
78%, 93% and 90% respectively by reducing to 6% in void content after
hot-pressing at 230°C applying a pressure of 5 MPa during 10 minutes [32].
However, to combine 3D printing with high-temperature and high-pressure
is impractical to retain the geometry of nominal design. Other approaches
have been: (i) the chemical treatment, which increased by 12% the ten-
sile property of carbon reinforced PLA composites [33], (ii) the assemble of
a hot-compactation roller to a FFF 3D printer, obtaining similar bending
properties as the hot-pressed specimens [34], and (iii) the vacuum annealing
[35].

This work proposes an optimised post-processing, demonstrating its fea-
sibility to minimise the void content after 3D printing without affecting nom-
inal dimensions of the printed coupons. The effects of different temperatures
on the microstructure, interlaminar and thermal properties are investigated.

2. Experimental methods

2.1. 3D printer, materials and manufacturing constrains

The specimens analysed in this study were fabricated using a commercial
FFF 3D printer of CCFRC (Markforged, model: MarkTwo). This printer has
two extrusion systems, one for printing neat Nylon (Polyamide 6, abbrevi-
ated as PA6) and the other for printing reinforced material, which consists on
continuous carbon fibres (CCF) embedded into polymer matrix (amorphous
Polyamide, abbreviated as PA) [14]. This technology presents the following
manufacturing constrains: (i) fixed printing parameters, such as extrusion
temperature, printing speed and layer thickness; (ii) restricted printable ma-
terials; (iii) the impossibility of printing only reinforced material. Indeed,
PA6 contours, roof and floor layers are added in all specimen by default.
Figure 1 shows a schematic representation of printed material configuration.
Worth to be highlighted the polyamide of thermoplastic matrix embedding
the CCF (PA) and the unreinforced material (PA6) covering is not the same.
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Figure 1: Schematic representation of manufacturing specimen constrain. The semi-
crystaline Nylon (PA6) contours, roof and floor layers always cover continuous carbon
fibres reinforced amorphous polyamide (CCF/PA) composite.

Consequently, the calorimetric properties of both polyamides have to be con-
sidered to select the post-processing temperatures.

2.2. Heat treatment optimisation

Post-processing temperatures were determined from thermal characteri-
sation of printable materials (PA6 and CCF/PA) which was performed using
a differential scanning calorimeter (DSC, model Q200, TA Instruments) up
to 300°C with a heating rate of 10°C/min. One unidirectional CCFRC with
dimensions 105 mm x 28 mm x 2.5 mm was printed for each treatment con-

dition and post-processed in the hot plates (Fortine PressesRr) at different
temperatures during 15 minutes (heating speed of 10°C/min) applying 3 kN,
which is the minimum operational force to ensure the temperature is held
constant in all the sample. The pressure applied was 1 MPa, which is in the
same order of magnitude of other composite manufacturing methods, such
as autoclave [36]. The automated C-Scan ultrasonic scanning (TRITON
1500, Tecnitest) was used to monitor internal defects in treated samples.
Porosity content and failure mechanisms of short beam test specimens were
determined through the analysis of the results obtained by X-ray computed
micro-tomography, using a General Electric Phoenix Nanotom 160 kV. The
target was molybdenum, 0-mode nanofocus and no additional filter materials
were used. The voltage of the X-ray tube for the scan was 50 kV and the
current was 200 µA.
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2.3. Mechanical characterisation of 3D printed CCFRC

Interlaminar response characterisation of 3D printed CCFRC was carried
out according to ASTM D 2344 [37]. The sample dimensions for the Short
Beam Shear test were determined on the basis of the final thickness after the
post-processing. The sample length and width were six and two times its
thickness, respectively. The tests were carried out in an electromechanical
machine (Instron 3384) with a 5 kN load cell at a loading speed of 1 mm/min.
The interlaminar shear strength (ILSS) was calculated using the following
expression 1, which defines the maximum shear stress:

ILSS = 0.75 · Pm

b · h
(1)

where Pm is the maximum load, b and h are the sample width and thick-
ness.

Dynamic mechanical analysis (Q800, TA Instruments) was used to ex-
amine thermo-mechanical behaviour with single cantilever clamp. Unidi-
rectional printed samples of thickness ranging from 2.15 mm to 2.75 mm
(depending of the treatment temperature), were cutted into approximate 30
mm x 10 mm rectangles and heated from -100°C to 230°C with a heating
rate of 3°C/min. Samples of 5 mg were taken from unreinforced material
(PA6), CCF/PA composite and treated specimens to study thermodynamic
phenomena using Q200 differential scanning calorimeter (TA Instruments)
from room temperature up to 300°C with a heating rate of 10°C/min. TGA
equipment (Q50, TA Instruments) was used to evaluate the thermal stability
and water content of treated specimens up to 1000°C, analysing the weight
variation as a function of the temperature in air atmosphere.

3. Experimental results and discussions

DSC heating curves for unreinforced Nylon (PA6) and CCF/PA com-
posite are shown in Figure 2, which are the raw materials used for printing
the specimens examined in this work. First heating curves exhibit broad
exothermic peaks at 100°C attributed to water evaporation (indicated by
arrows in Figure 2 (a)), being the unique thermal transition observed in
amorphous PA. The first transition for semi-crystalline nylon (PA6) appears
around 40°C, corresponding to the glass transition (Tg1) of PA6 (black curve
in Figure 2 (a)). As temperature increases, melting point is reached at 198°C
(Tm, peak 2 in Figure, 2 (a)). Both values are in agreement with literature
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[38]. The second heating curve for PA6 reveals a shoulder at lower tempera-
tures of the melting point (peak 3 in Figure 2 (b)), also previously informed
[39]. On the other hand, DSC profile of CCF/PA composite (red curve in
Figure 2) indicates totally amorphous polymer with a glass transition at
130°C (Tg2, peak 4 in Figure 2 (b)). The post-processing temperatures were
chosen based on these calorimetric properties of constituent materials: (i) at
70°C, between Tg1 and Tg2; (ii) at 130°C, corresponding to Tg2; (iii) at 150°C,
between Tg2 and Tm; (iii) at 170°C, slightly below Tm; (iv) at 210°C, slightly
above Tm; (v) at 230°C, between Tm and the printing temperature; and (iv)
at 250°C and at 270°C, in the range of the printing temperatures of PA6 and
CCF/PA.

Figure 2: (a) First and (b) second DSC heating curves applied to semi-crystaline Ny-
lon (PA6, black curve) and continuous carbon fibres reinforced amorphous polyamide
(CCF/PA, red curve) composite from room temperature to 300°C. Scanning rate:
10°C/min

Then, nine rectangle shaped coupons of unidirectional CCFRC with di-
mensions 105 mm x 28 mm x 2.5 mm were printed for the experimental
procedure. Table 1 shows the variation of coupons length, width and thick-
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Table 1: Dimensions and variation of coupons length, width and thickness after 3D printing
and after heat treatment compared with nominal model.

After 3D printing After post-processing
Dimensions (mm) Variation (%) Dimensions (mm) Variation (%)

Temperature (ºC) Length Width Thickness Length Width Thickness Length Width Thickness Length Width Thickness
Untreated 104.85 27.91 2.75 -0.14 -0.32 10.00 - -

70 104.71 27.93 2.74 -0.28 -0.25 9.60 No variation No variation
130 104.60 27.97 2.81 -0.38 -0.11 12.40 105.31 28.36 2.51 0.68 1.39 -10.68
150 104.60 27.94 2.79 -0.38 -0.21 11.60 104.66 29.25 2.46 0.06 4.69 -11.83
170 104.47 27.94 2.75 -0.50 -0.21 10.00 105.41 29.81 2.31 0.90 6.69 -16.00
210 104.57 27.94 2.78 -0.41 -0.21 11.20 108.97 30.64 2.16 4.21 9.66 -22.30
230 104.58 27.93 2.78 -0.40 -0.25 11.20 109.13 30.39 1.97 3.52 8.27 -29.14
250 104.89 27.92 2.78 -0.10 -0.30 11.20 110.05 33.25 1.84 4.70 21.88 -33.81
270 104.87 27.95 2.75 -0.12 -0.18 10.00 Failed post-processing Failed post-processing

Average -0.30 ±0.15 -0.23 ±0.06 10.80 ±0.94

ness after 3D printing and after heat treatment. The dimensions of printed
coupons in the xy plane (length and width) were undersized compared to the
nominal model, around (0.30±0.15)% and (0.23±0.06)%, respectively. This
phenomenon is inherent in the 3D printing process, as the fused filament
shrinks when coming in contact with the printing bed [40, 41]. On the other
hand, the dimension in the z direction (thickness) was oversized. An average
error of 10.80±0.94% in comparison with the 3D model was obtained. This
error seems to be higher than reported for others desktop 3D printers, which
is usually kept about three to four times higher than the average error for
each dimension in the xy plane [40, 42]. This remarkable thickness error can
be hypothetically attributed to the difficulty of depositing a continuous car-
bon fibre filament. In overall, these results are consistent with other studies
that have evaluated the dimensional accuracy of 3D printed composite parts
[43, 44]. Table 1 also contains the dimensional coupon change after post-
processing at 70°C, at 130°C, at 150°C, at 170°C, at 230°C and at 250°C.
The dimensions of coupon treated at 270°C are not included because the
post-processing failed. The coupons thickness decreased continuously with
increasing temperature, to a maximum reduction of 1.8 mm for 250°C. As
expected, this tendency is accompanied by a systematic growth in the other
two dimensions. However, worth to be mentioned the thickness reduction of
approximately 10% after post-processing compensates the deviation observed
in z direction after 3D printing. Indeed, Figure 3, which shows the dimen-
sional variation between the nominal design and the after post-processing
parts, confirms the dimension of the samples treated at 130°C and 150°C
were closer to the nominal 3D model than the untreated.

Figure 4(a) shows the C-Scan ultrasonic images for the unidirectional
CCFRC coupons untreated (UT) and treated at different temperatures. The
color scale represents relative response of the ultrasonic energy attenuation,
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Figure 3: The dimensional variation between the nominal design and the after post-
processing parts at different temperatures (70°C, 150°C, 170°C, 230°C and 250°C).

as shown accompanying scale. Attenuation level less than 6 dB are displayed
in dark blue and it is considered homogeneous and defect free composite.
Overall, void content decrease with increasing post-processing temperature.
The ultrasonic wave was totally attenuated (over 30 dB) during the inspec-
tion of untreated and treated at 70°C coupons, suggesting a complete decon-
solidation between the deposited layers with a large amount of entrapped air
inside. 3D printed CCFRC coupons treated at 130°C, at 150°C and 170°C
represent intermediate cases with areas with different levels of attenuation.
In the C-scan of treated coupon at 130°C, the attenuation increases from
the centre to the edges, indicating the entrapped air is moving towards these
regions. The central area of treated coupons at 150°C and at 170°C were
properly consolidated, although there is still remarkable entrapped air ac-
cumulated near the edges. Appropriate consolidation (attenuation below 6
dB) is observed in the coupon treated at 210°C. Even if C-scans images of
specimens treated at 230°C, 250°C and 270°C indicated that most of the
areas were well consolidated, some defects could be distinguished, probably
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associated with fibre displacement or matrix bleeding. Literature reports the
air located in the centre of the conventional composite laminates is the most
difficult to remove [45, 46]. These results suggest opposite, indicating 3D
printing creates more defects in the perimeter than specimens manufactured
by hot compression moulding. Indeed, on the edges is where the deposition
turn, which leads the creation of airgaps between printing tracks [7]. Figure
4(b) shows failed post-processing at 270°C (on the top) in comparison with
untreated piece (on the bottom). The material completely flowed during the
treatment, which caused the loss coupon shape.

(a)

(b)

Figure 4: (a) C-Scan ultrasonic images for the unidirectional CCFRC coupons untreated
(UT) and treated at 70°C, at 130°C, at 150°C, at 170°C, at 230°, at 250°C and at 270°C.
Color spectrum of the dB losses in the bottom. (b) Failure post-processing at 270°C.
Untreated sample also shown on the bottom.

Quantitative porosity analysis of 3D printed coupons was performed ex-
tracting the data from the volumes obtained by means of X-Ray Computed
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Micro-Tomography (X-CT). The material-air threshold for image segmen-
tation was manually selected, based on the difference in X-Ray absorption
between the composite part itself and the entrapped air. After this bina-
risation step, the total porosity of the volume was rendered with the 3D
image analysis software MeshLab. In addition, void content was finally cal-
culated by analysing each volume using Python. Figure 5(a) shows the evo-
lution of porosity as a function of temperature. Untreated coupon contains
a voids volume fraction of 7.5%, which is similar than reported in literature
[10, 11, 30, 47, 48]. Slightly higher value is obtained for treated part at
70°C, this may be associated with the variability of voids content within the
same coupon, as observed in C-Scan images (Figure 4(a)). Porosity decreases
with temperature up to approximately 0% for 250°C. The greatest reduction
(87%) is observed between 130°C and 170°C, where PA (inner matrix) glass
transition is overpassed without reaching the melting point of Nylon skin.
The average void content in this temperature range is 1.1%. For higher tem-
peratures was not possible to retain the shape of 3D printed unidirectional
CCFRC coupons, as noticed in Table 1. Moreover, some defects start to ap-
pear when samples are treated above 230°C, as previously commented. Fig-
ures 5(b) and 5(c) show 3D rendering of the voids present in the full volumes
of untreated and treated at 70°C 3D printed composites. In both images are
indicated the bottom and the top layers, which corresponds the first and the
last layers that were deposited during the printing process, respectively. Al-
though these samples have similar void content values, the voids shape, size
and distribution are completely different. As can be noted from the images,
voids are generally accumulated along fibre direction and have an elongated
shape. However, untreated coupon presents a void gradient along z direction
(Figure 5(b)). In addition, larger and rounded shaped voids are distinguished
in the last printed (top) layers. Probably this is because these layers expe-
rienced less heating cycles than the bottom layers, leading the formation of
these types of defects. In other words, deposited material heats the bottom
layers sufficiently to obtain a better thermo-consolidation [26, 49]. The voids
are located between layers and traces but not within the filaments, as previ-
ously informed [14]. The post-processing at 70°C did not reduce the porosity
of 3D printed composite but homogenised the distribution of voids.

The experimental strain-stress curves under short-beam three point bend-
ing load for the unidirectional CCFRC coupons untreated (UT) and treated
at 70°C, at 130°C, at 150°C, at 170°C, at 210°C, at 230°C and at 250°C are
shown in Figure 6 (a)-(h). The mechanical response achieved is highly depen-
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dent of the post-processing temperature. Interlaminar shear strength (ILSS)
increases with temperature up to 210°C, indicating interlaminar bonding is
consolidating. Different trend is observed for temperatures above 210°C,
where mechanical response slightly decreases.

The modulus and the ILSS values of untreated coupon were 371 MPa
and 31 MPa. The maximum increase of these variables occurs at 150°C ac-
cordingly with maximum porosity reduction. The modulus and the ILSS
values at this point were improved about 89% and 145% in comparison with
untreated sample, corresponding to 702 MPa and 76 MPa. However, the
maximum values of 777 MPa and 84 MPa were obtained at 210°C. Worth to
be mentioned that desired failure modes were not obtained only. In general,
significant inelastic deformation and ductile behaviour were observed in all
parts tested. Dominant Shear failure mode was only obtained for untreated
and treated at 70°C parts, as shown in Figure (7(a)). Failure modes became
more complex with increasing temperature. Apart from the small delami-
nations, additional tension and compression failure modes were identified in
coupons treated above 150°C, as shown in Figure (7(b)). Moreover, a positive
effect on the mechanical response can be associated with the increases of fibre
volume fraction, which varies from ∼25% (UT coupon) up to ∼30% (coupon
treated at 230°C). The fibre volume fraction values were calculated based
on the coupon dimensions after post-processing and the experimental fibre
content within CCF/PA filament, which is ∼35%.[14] Figure 8 shows the
evolution of ILSS and fibre volume fraction values with temperature. Both
magnitudes follow the same tendency with increasing temperature. However,
coupon treated at 150°C, which has similar fibre volume fraction and poros-
ity than the part treated at 130°C (Figure 8), presents significantly higher
interlaminar properties than this last (from 50 MPa to 76 MPa). In this
case, other factors are key on the enhancement of mechanical performance
and they will be discussed later.

Figure 9 shows DMA curves from -100°C to 180°C. Three distinct regions
are distinguished, reflected as peaks on the tanα curves (Figure 9 bottom) and
as downward steps in the storage modulus curves (Figure 9 top), correspond-
ing to: (i) β-relaxations probably for both polyamides, semicrystalline and
amorphous (indicated in Figure 9 as βPA6 and βPA), (ii) α and α’-relaxation
for PA6 (αPA6 and α’PA6) and (iii) α-relaxation for amorphous PA (αPA), in
order of increasing temperature.

The β transition occurs between -60°C and -70°C typically attributed to
non-hydrogen-bonded amide groups [50] and more specifically to water bound

11



on carbonyl groups [51]. This relaxation has been previously observed in both
polyamides, PA6 and PA [14]. This relaxation remains unaffected by the
post-processing temperatures. The α-relaxation at ∼30°C and the shoulder
at higher temperature due to α’ -relaxation coincide with reported DMA
curves for PA6 and Onyx (commercial filaments used for this technology,
[14]). These mechanical relaxations (αPA6 and α’PA6 in Figure 9) exhibit
more variability with post-processing temperature, but it is not possible to
determine a tendency. Indeed, these events are not well defined may be due
to the amorphous nature of the PA matrix [52]. The PA6 is just presented
in the skin of the printed samples (Figure 1).

Finally, the remarkable α-relaxation for amorphous PA on the tan α
curves, which is attributed to hydrogen-bonded amide groups in the amor-
phous regions of the inner of the printed material [51], determines the glass
transition (Tg) of the unidirectional CCFRC coupons. The Tg varies from
109°C to 131°C with increasing post-processing temperature. It is well known
that the position of α-relaxation is highly influenced by the absorbed water
in polyamides [53, 54]. Therefore, the drastic increase in Tg can be hypothet-
ically ascribed to a drying effect during the post-processing, which reduces
the plasticization of the treated parts. A similar trend has been reported
for other PA-based composites exposed to moisture [50, 55–57]. The exper-
imental relaxation intensity decreases with increasing post-processing tem-
perature, in agreement with reported in literature [55]. On the other hand,
the storage modulus systematically increases with post-processing tempera-
ture, excluding the coupon treated at 210°C. The storage moduli at room
temperature for the post-processed sample at 170°C is 42% higher than the
UT sample. This behaviour also supports the hypothesis of the occurrence
of a drying effect during the post-processing. Indeed, similar tendency has
been previously observed for PA6/clay nanocomposites [55].

From DMA results is derived the hypothesis that the higher is post-
processing temperature, the lower is the water absorbed by the matrix of
CCFRC, leading the increase of Tg values and contributing to the general
enhancement of mechanical properties of printed CCFRC coupons. The com-
mercial materials used in this technology have a considerable quantity of wa-
ter absorbed from factory, up to 8% of its weight [14]. May be this is due to
the plasticizer effect of the absorbed water on the polyamide which facilitates
the printability of these CCFRC. Once, the printed parts are post-processed
the water is not reabsorbed from the environment. The systematical shift of
α-relaxation towards higher temperatures suggests there should be a relation
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between the quantity of absorbed water and the post-processing temperature.
This point is examined by the TGA and DSC experiments.

Figure 10 shows the TGA curves of the CCFRC coupons untreated (UT)
and treated at 70°C, at 130°C, at 150°C, at 170°C and at 210°C. The inset
graph of Figure 10 reveals the weight loss in the temperature range associ-
ated to the water evaporation since UT sample to post-processed at 210°C.
The reduction of weight loss from 2.3% to practically 0% for samples treated
at 170°C and 210°C, corroborates the drying effects, reducing the plasticizer
effect of water and consequently, the increase of the Tg discussed above. No
more systematic variations were found at higher temperatures. All sam-
ples showed three additional degradation steps (Figure 10): (i) degradation
starts at 400°C and reach the maximum weight loss at ∼460°C; (ii) a second
degradation step is observed at ∼550°C (both processes are associated to
polyamide degradation [14]); (iii) finally, the step at 770°C is due to carbon
fibre decomposition.

The effect of the water content in the printed CCFRC coupons untreated
(UT) and postprocessed is also observed in DSC thermograms on Figure 11.
The samples UT and treated at low temperatures (130°C and 150°C) show
an endothermic peak between 100°C and 150°C due to water evaporation
(narrowed on Figure 11). The intensity of this peak decreases with post-
processing temperature, which is still presented in sample treated at 150°C,
and negligible for treatment above 170°C.

The Tg is overlapped to this water evaporation peak at lower temperatures
and increases progressively from 54°C for UT sample to 103°C for treated at
210°C (marked by * on Figure 11). Therefore, the drying effect during post-
processing is also confirmed by DSC, reducing the plastification of water and
increasing Tg.

Worth to be noted the variation in the melting endothermic peaks se-
quence with post-processing temperature. All samples present a melting
peak at 203°C (marked by a dashed line on Figure 11), being the unique
melting peak observed for UT sample. Upon post-processing temperature,
new peaks emerge at lower and higher temperatures. The sample treated
at 130°C showed a peak at 169°C (marked by 1 on Figure 11) and small
one at 247°C (marked by 2 on Figure 11). The sample post-processed at
150°C, has an overlapped shoulder to the peak at 203°C, centered at 192°C
(marked by 3 on Figure 11), and a peak at 231°C with higher melting en-
thalpy (marked by 4 on Figure 11). The samples post-processed above 150°C
present extra peaks at higher temperatures (marked by a solid line on Fig-
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ure 11). Post-processing temperatures were higher than Tg, that produced
cold crystallization in all samples, with new crystal phases which melted at
temperatures 40°C higher than post-processed samples. This fact provided
an increase of crystallinity, not quantified due to the difficulty of integrating
melting peaks in thermograms where base line is not clear, but there are
no doubts about this rise as it is observed Figure 11. However, it is worth
to mention additional crystallisation is not observed in UT sample because
of the rapid cooling of the material during 3D printing (Figure 6(c)). The
increase of crystallinity during post-processing could have an effect in the me-
chanical properties, increasing for example elastic modulus. But, taking into
account that PA6, responsible of this crystallisation, is part only of the skin,
and the core is formed by CF/PA composite. Therefore, low influence of PA6
crystallinity in the mechanical properties of 3D samples is expected. More
studies about the influence of cold crystallization during thermal treatment
in final properties of composites will perform in near future.

4. Summary and Conclusions

The post-processing effects on the mechanical response, microstructure
and thermal stability of 3D printed unidirectional CCFRC coupons were
characterised in order to overcome the typical drawbacks attributed to FFF.
CCFRC coupons were post-processed in the hot plates at different tempera-
tures (70°C, 130°C, 150°C, 170°C, 210°C, 230°C, 250°C and 270°C) during 15
minutes applying 1 MPa. From the results presented in this work is derived
the optimum post-processing temperature is 150°C, considering the dimen-
sion accuracy, the microstructure, thermal and mechanical properties of the
final parts.

First, post-processing corrected the 10% deviation in z direction after 3D
printing, attributed to the difficulty of depositing continuous carbon fibre.

Second, C-scan images show the central region of treated CCFRC coupons
at 150°C and at 170°C starts being well consolidated, but entrapped air was
still remained in the edges.

Third, X-CT results reveal the porosity is eliminated for post-processing
temperature above 210°C. However, the greatest reduction (87%) is observed
between 130°C and 170°C, corresponding to the maximum void reduction.

Fourth, the glass transition (Tg) of the unidirectional CCFRC coupons
varies from 109°C to 131°C with increasing post-processing temperature.
This significant increase in Tg is assigned to a drying effect during the
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post-processing, which is demonstrated to reduce the plasticization of the
treated parts. Moreover, the appearance of higher crystallinity during post-
processing could have a positive effect on the mechanical performance of
printed CCFRC coupons.

Overall, this work has proposed an optimised post-processing for 3D
printed CCFR with the aim of reaching a compromise among different as-
pects: (i) dimensional changes, (ii) void content, (iii) interlaminar shear
strength and (iv) moisture content. Including this post-processing to FFF
method to print CCFRP will promote this technology to be considered viable
for high-performance structural applications.
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support of the Sistema Nacional de Garant́ıa Juvenil from the Autonomous
Community of Madrid (grant PEJD-2017-POST/IND-4401). A. Fernández
acknowledges the FPU grant (FPU16/02223) supported by the Spanish Min-
istry of Education, Culture and Sports.

References

[1] A. P. V. Puerta, S. Fernandez-Vidal, M. Batista, F. Girot, Fused depo-
sition modelling interfacial and interlayer bonding in pla post-processed
parts, Rapid Prototyping Journal (2019).

[2] M. Domingo-Espin, J. M. Puigoriol-Forcada, A.-A. Garcia-Granada,
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(a)

(b) (c)

Figure 5: (a) Evolution of porosity content with temperature post-processing. Front view
of reconstructed 3D images of the extracted porosity for printed unidirectional CCFRC
coupons treated at (b) 70°C and (c) 150°C from X-ray computed tomography data. First
and last layers to be deposited during printing are indicated as bottom and top layers in
the images.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6: Stress–strain curves of the short-beam shear test of printed unidirectional
CCFRC coupons (a) untreated and treated (b) at 70°C, (c) at 130°C, (d) at 150°C, (e) at
170°C, (f) at 210°C, (g) at 230°C and (h) at 250°C.
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(a)

(b)

Figure 7: X-CT images of failure modes after short-beam shear test for unidirectional
CCFRC coupons treated (a) at 70°C and (b) 150°C.
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Figure 8: ILSS and fibre volume fraction evolution as function of post-processing temper-
atures.
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Figure 9: Storage modulus and tanα curves for unidirectional CCFRC coupons post-
processed at 70°C, at 150°C, at 170°C and at 210°C.
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Figure 10: TGA curves of unidirectional CCFRC coupons untreated (UT) and treated at
70°C, at 150°C, at 170°C and at 210°C. Inset graph: closer inspection of the weight loss
between room temperature and 200°C, corresponding to evaporation of water.
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Figure 11: DSC curves for heating cycle applied to unidirectional CCFRC coupons un-
treated (UT) and treated at 70°C, at 150°C, at 170°C and at 210°C. Scanning rate: 10°C
/min. Upon post-processing temperature, new peaks emerge at lower (named as 1 and 3)
and higher temperatures (indicated as 2, 4 and the continuous line).
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