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Advancements in additive manufacturing technology (3D printing) have enabled
us to fabricate reasonably good parts using continuous fiber-reinforced matrix
composites. Unfortunately, most of these 3D-printed composite parts inherently
possess a large number of voids originating from the trapped air within and
between molten composite beads during the deposition stage. Removing the
voids has thus become a key challenge in attempts to apply 3D printed composite
parts for fabricating stiff/strong load-bearing structures. Here, we employed
a classical process, viz. compression molding, to post-consolidate 3D-printed
continuous carbon fiber-reinforced polyamide (CFPA), and to investigate the
implications in terms of microscale parameters (void content) and mesoscale
parameters (mechanical properties, plasticity, damage) using matrix-dominated
lay-up of [±45]2s. We found that the proposed post-consolidation process
could reduce the void of 3D-printed CFPA from 12.2% to 1.8%, enhancing
the shear modulus and shear strength by 135% and 116%, respectively. The
mesoscale analysis shows that, albeit with less ductility, the post-consolidated
CFPA laminatewasmore resistant to damage than the 3D-printedCFPA. Classical
compression molding is thus a promising technique for improving the physical
and mechanical performances of 3D-printed composites by reducing inherent
void built-ups.
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1 Introduction

Composite materials have been used to manufacture aerospace structures
(Soutis, 2005), cars (Sarfraz et al., 2021), and wind turbine blades (Thomas and
Ramachandra, 2018) due to their high strength or stiffness-to-weight, corrosion
resistance, and excellent fatigue performance. The manufacturing processes for creating
composite materials include hand (or wet) lay-up, filament winding, thermoforming,
automated fiber placement, pultrusion, resin transfer molding (RTM), compression
molding, and autoclave molding (Elkington et al., 2015; McIlhagger et al., 2020).
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While these processes are satisfactorily effective for manufacturing
various parts, the demand for high-volume composite products has
been steadily increasing in recent years.

The Fourth Industrial Revolution (Industry 4.0) addresses this
demand by conceptualizing a rapid change in the manufacturing
processes by means of interconnectivity and smart automation
through the development of additive manufacturing, for example,
3D printing technology. For the past decade, the 3D printing
of materials (adding raw materials to gradually build a desired
shape) (Dilberoglu et al., 2017) has been very popular due to
its automated and rapid processing, better control in realizing
a complex part, software-oriented manufacturing, the cost-
effectiveness of producing small and medium products, its
minimal waste, and tool-less production (Brenken et al., 2018;
Mei et al., 2019; Polyzos et al., 2021). 3D printing technology is
now able to print different types of materials: polymeric materials
(polyamide, acrylonitrile butadiene styrene, polylactic acid,
polyurethane) (Harris et al., 2019), metals (Duda and Raghavan,
2016; Panwisawas et al., 2020), and composites (carbon, glass)
(Lee et al., 2023). However, 3D printed parts, particularly the
ones made of composites, have an inherent drawback, i.e., low
fiber volume fraction (< 30%) (Parker et al., 2022) and high
porosity/void content (Tao et al., 2021). The typical void content
in 3D printed composites is approximately 12%, which is reasonably
high in comparison to RTM-made or autoclave-made composites
(1%–5%) (He et al., 2020). The void fraction in 3D-printed short-
fiber composites may also range higher, between 13.5%–17.2%
(Sayah and Smith, 2022). The voids in 3D printed composites
are formed due to multiple factors, including the low viscosity of
molten beads (Sayah and Smith, 2022), a relatively large difference
of thermal expansion coefficient between fiber and the surrounding
matrix, and low fiber-matrix interfacial adhesion (Zhang et al.,
2019).

As voids could trigger early failure in 3D printed composites
(Mohammadizadeh et al., 2019), it is thus desirable to reduce voids,
preferably without the need to invent a new process. One way is
to perform a post-consolidation process via classical techniques,
such as compression molding, on the 3D-printed composites.
Previous research has found that 3D-printed carbon/polyamide
molded using metallic mold was able to reduce the void content
from 12.5% to 5.9%, thus improving longitudinal, transverse,
bending strength, and Mode I fracture toughness (He et al., 2020).
Despite these findings, the use of compression molding to further
reduce the void content (i.e., microscale metric) so that it is
comparable with that made using other classical techniques (RTM
or autoclave) has not been performed to date. Moreover, the effect
of compression molding on the mesoscale degradation parameters
(damage and plasticity) of 3D printed composites has not been
discussed, while these parameters are very important in material
design, constitutive modeling, and structural analysis. These
mesoscale degradation parameters have only been characterized
for 3D-printed composites without the post-consolidation process
(Ichihara et al., 2020; Todoroki et al., 2020).

This paper introduces a two-step manufacturing method to
modify microscale and mesoscale parameters. The first step

employed a commonly used 3D printer, based on fused filament
fabrication (FFF) i.e., Markforged Mark Two (Mei et al., 2019),
to manufacture the carbon/polyamide laminate. The subsequent
step employed a classical manufacturing method (compression
molding under static press) to perform a post-consolidation
of 3D printed laminate. The effects of the post-consolidation
process on microscale and mesoscale parameters were evaluated,
including 1) the identification of fiber arrangement using an optical
microscope and volume fractionmeasurement of constituents (void,
matrix, fiber) (microscale) and 2) the mechanical properties and
degradation parameters of a laminate (mesoscale) (Ladeveze and
Dantec, 1992) weremeasured. Based on the deduction that the post-
consolidation could have a more profound effect on the matrix,
the present study focused on the matrix-dominated lay-up by
performing an in-plane shear test of [±45]2s orientation (Wafai et al.,
2016), which could be useful for the modeling of 3D-printed
composites.

2 Materials and methods

2.1 Materials and manufacturing processes

Continuous carbon fiber-reinforced polyamide (CFPA) was
used to manufacture the laminates. The fiber was a carbon of
unspecified variant (Ichihara et al., 2020; Todoroki et al., 2020)
(flexural strength of 540 MPa), while the matrix was carbon fiber-
filled polyamide called Onyx™ (failure strain of 60%, flexural
strength of 71 MPa) (Maassarani et al., 2023). As mentioned, a two-
step manufacturing method was proposed. The first step used a
Mark Two™ 3D printer from Markforged (Figure 1A) to fabricate
CFPA laminate. The 3D printing adopted three phases: design,
reinforce, and print. In the design phase, a 3D model of laminate
(developed in SolidWorks) was exported to Eiger (Markforged)
where we prescribed the types of fiber and matrix. In the reinforce
phase, the 3D model was sliced into eight layers with 125 μm
thickness per ply, where six layers were reinforced using carbon
fibers in an isoparametric pattern, while two other layers (top and
bottom) were made of matrix (Onyx) only. In the print phase, the
designed CFPA laminate was then printed using a metallic nozzle at
the temperature range of 275°C–280°C. The nozzle of Markforged
Mark Two was able to print with the highest, so-called, z-layer
resolution of 100 μm. The stacking sequence of the laminate was
[±45]2s with eight plies and a dimension of 250 × 110 × 1.25 mm3.
The second step, i.e., the post-consolidation process, was performed
using a classical compression molding, which has been employed
in our previous studies (Wafai et al., 2016). In this step, the edges
of 3D-printed CFPA laminates were bounded using polyimide tape
(KaptonTM) to avoid matrix leakage during the post-consolidation
process. An aluminum mold was then prepared, as part of which
the internal surface of the mold was coated using a release agent (TP
920 Multi-pole). The bounded CFPA laminates were then inserted
into the mold.We applied a 5 bar pressure on the mold using a static
press (Pinette Emidecau Industries, PEI 15T, shown in Figure 1B).
The temperature was raised from 25°C to 280°C with a heating
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FIGURE 1
(A) 3D printing process of CFPA using fused filament fabrication (FFF) technique; MarkTwo printer (Markforged) and the essential parts (base, nozzle,
and filamant spool), (B) post-consolidation process using compression molding technique; the metallic mold used to store the 3D printed laminates is
placed between upper and lower platens; temperature and pressure cycles during compression molding process are shown here.

rate of 10°C/min. The dwelling time was 20 min at 280°C. Once
this step was completed, the temperature was reduced to 25°C at a
cooling rate of 40°C/min. Such a moderate cooling rate was needed
to retain the ductility of polyamide by reducing the crystallization
kinetics.

The effectiveness of our proposed method could be affected
by the treatment/environment and time gap during the transition
period between 3D printing and post-consolidation processes.
The polyamide phase in the CFPA is a semicrystalline polymer,
which is sensitive to high humidity and time. The polyamide may
degrade over time due to moisture via molecular disentanglement
mechanism (causing a reduced glass transition temperature
(Banjo et al., 2022)), and due to thermal effect (causing volumetric
changes (Boisot et al., 2011) or discoloration (Yudhanto et al.,
2020)). In our experiments, once the printing process of CFPA
laminate was completed, we kept the material in a zipped bag within
an acrylic enclosure to provide extra protection from hygrothermal
effects. The time gap between the printing and post-consolidation
processes was kept minimum, ranging between 30 and 60 min.
This time gap was needed to seal the edges of 3D-printed CFPA
for leakage mitigation. As we stored the laminate in a controlled
environment, the degradation of the mechanical properties of CFPA
over time could be minimized.

2.2 Characterization of microscale
parameters

Thecharacterization ofmicroscale parameters was performed to
identify the physical appearance and volume fractions of filament
(before being used for printing), CFPA laminate after printing,
and CFPA laminate after the post-consolidation process. The
physical appearance was identified by firstly cutting the samples,
immersing the samples in the epoxy (EpoFix), and drying the
epoxy at room temperature for 24 h. The sample’s cross-section
was polished sequentially using sandpaper (TegraPol, Struers)
with grit numbers of 500, 1,000, 2,400, and 4,000, and observed
using a Leica microscope. The volume fraction of 3D printing
filament was calculated based on the optical microscopy images.
The volume fraction of fiber, matrix, and void of 3D-printed and
post-consolidated CFPA was measured by performing a burn-off
test (ASTM D3171-15). The specimen size for burn-off tests was
25 mm × 25 mm × 1.25 mm. The sample density ρs was calculated
as ρs = (md

s /ρw)/(md
s - mw

s ) where md
s and mw

s are sample weight in
dry (exposed to air) and wet (exposed to deionized water), ρw is
water density (ASTM Standard D792-13). The specimen was then
wrapped using aluminum foil tomake sure that the fibers were intact
during the burning process. The wrapped specimen was inserted
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into a ceramic crucible, and stored in a muffle furnace at 565°C
for 6 h. After the burning process, fiber weight (mf) was measured,
and matrix density (ρm) and fiber density (ρf) were assumed to
be 1.1 g/cm3 and 1.176 g/cm3, respectively. The volume fraction
of fiber (Vf), matrix (Vm), and void (Vv) can be calculated as
follows:

V f =
ρmm f

ρ fmm + ρmm f
(1)

Vm =
vm
vs
=
mm/ρm
ms/ρs

(2)

Vv = 1− (V f +Vm) (3)

2.3 Characterization of mesoscale
parameters

The characterization of mesoscale parameters was performed
to identify the mechanical properties of matrix-dominated CFPA
laminate after printing and after post-consolidation processes. We
performed an in-plane shear test on [±45]2s CFPA specimens with
dimensions of 125 mm length, 9 mmwidth, and 1.25 mm thickness.
A universal testing machine Instron 5,944 (2 kN load cell) was used
to obtain the force and displacement. Shear stress was calculated
by dividing the force with 2 × of cross-sectional area (width ×
thickness). The strain field in x- and y-directions on the specimen
surface was measured by digital image correlation (DIC) technique
where a bi-telecentric camera (Correlated Solutions) and VIC 2D
software were used. A monotonic test was first performed to obtain
in-plane shear properties (shear strength τult, failure strain γ

f
xy, shear

modulus G0
xy) where the specimen was loaded at 5 mm/min until

failure. G0
xy was calculated as a slope in the linear region of the

stress-strain curve, i.e., between γxy = 0.1 and γxy = 0.3%. The
cyclic test was then performed to calculate mesoscale degradation
parameters, i.e., damage and plasticity Ladeveze and Dantec (1992);
Yudhanto et al. (2016), where the specimenwas loaded at 2 mm/min
with incremental displacement cycles of up to 8 cycles. The
damage is represented by the relationship between stiffness loss
d and damage force √Yd. The stiffness loss can be calculated as
follows

d = 1−
Gi
xy

G0
xy

(4)

where Gi
xy is the shear modulus in the i-th cycle, and G0

xy is the
shear modulus of the first cycle (undamaged). The damage force Yd
is the derivative of strain energy with respect to d, which is given
below:

√Yd =
τimax

√2G0
xy (1− d)

(5)

where τmax,i is the maximum shear stress of an i-th cycle. The
plasticity is represented by the relationship between plasticity
threshold R+R0 and accumulated plastic strain p. The plasticity
threshold can be calculated as follows:

R+R0 =
τimax

(1− d)
(6)

where R0 is the yield stress or transition point from linear to non-
linear curve in the stress-strain curve. The accumulated strain p is
calculated as follows:

p = ∫
εp

0
2 (1− d)dεp (7)

where ɛp is the plastic strain.

3 Results and discussion

3.1 Physical features of 3D printing
materials

Before the printing process, the physical features of a single
filament containing continuous fibers and carbon-filled polyamide
matrix (Onyx) were examined using an optical microscope.
Figure 2A shows the typical cross-section of a filament where
clusters of fibers within thematrix are identified. Six CFPA filaments
were analyzed using ImageJ software (Ferreira and Rasband, 2012).
The average fiber volume fraction of six filaments was around 18%,
which was similar to that reported in another study (Blok et al.,
2018) of 20%. However, in terms of filament diameter, our
measurement showed that the average diameter was 198 μm, while
the average diameter reported in (Blok et al., 2018) was 400 μm.
Even though they used the same material, various factors may
influence the geometrical differences between our evaluation and
those outlined by (Blok et al., 2018), namely, different filament spool
specifications, measurement locations, statistical variation, and the
number of samples during the measurement. Nonetheless, after the
printing process, these differencesmay diminish as thematrix would
likely bemeltedwithin the heated nozzle before finally being injected
via the fused filament fabrication (FFF). The physical appearance of
CFPA laminate is shown in Figure 2B, displaying a neat and smooth
printed product. The dimension of this printed CFPA laminate was
250 mm in length and 110 mm in width, which was intentionally
made to match the exact size of the post-consolidation mold.

The physical features of 3D printed CFPA might also be
affected by the parameters defined during the post-consolidation
compressionmolding process, namely, temperature and time during
dwelling, and the cooling rate. At present, the temperature at the
dwelling phase was set at a constant temperature of 280°C, making
sure that the 3D-printed CFPA was entirely melted. The dwelling
time was set at 20 min. Based on our experience in processing semi-
crystalline polymers, such as polyamide (Yudhanto et al., 2020)
and polypropylene (Wafai et al., 2016; Yudhanto et al., 2016), a 20-
min period was deemed sufficient for ensuring a complete melt
of 250 mm × 110 mm specimen. The cooling rate that could be
achieved by our static press (PEI 15T) was limited to 40°C/min.
Indeed, a faster cooling rate utilizing an add-on cooling system
would be beneficial to achieve a higher ductility of CFPA.

3.2 Effect of post-consolidation on
microscale parameters

The cross-sectional view of 3D-printed and post-consolidated
CFPA laminates is shown in Figure 3A. The analysis of the volume
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FIGURE 2
(A) Cross-sectional view of a single carbon/Onyx filament (CFPA), (B) 3D printed CFPA laminate made with the exact size for post-consolidation using a
metallic mold.

FIGURE 3
(A) Cross-sectional view of microstructure of 3D printed and post-consolidated CFPA; (B) volume fraction of fiber, matrix, and void of CFPA after 3D
printing and post-consolidation processes.

fraction of constituents based on the burn-off test is shown
in Figure 3B. Here, the fiber volume fraction (Vf) and matrix
volume fraction (Vm) of 3D-printed and post-consolidated CFPA
laminates are 28.8% and 59.0%, respectively. Our fiber volume
fraction measurement was consistent with the one reported in Ref.
(Blok et al., 2018), which is 27%. Figure 3A also shows that 3D-
printed CFPA laminate exhibited numerous voids that may fall into
the category of intra-bead and partial neck growth voids (Tao et al.,
2021). The measurement of Vv in the 3D printed CFPA was
12.2%, which was within the range outlined in two other previous
studies, 7%–10% in Ref (Blok et al., 2018). and 16.8%–30.8% in Ref.
(Lawrence et al., 2022).The voids 3D printed CFPAwere believed to
be influenced by the deposition angle between two adjacent beads
(upper and lower ones). An angle difference of 90° could lead to
a lower void content (i.e., better bonding between beads), while
the angle difference of 45° could lead to a higher void content
(i.e., poorer bonding between beads) (Lawrence et al., 2022). In our
experiments, the angle difference in the stacking sequence of [+45/-
45]2s was 90°, suggesting that other stacking sequences with lower
angle difference, such as [+45/0]s or [+45/90]s, may result in a

poorer inter-bead bonding. Figure 3B shows that the proposed post-
consolidation process was able to reduce Vv of 3D printed CFPA
from 12.2% to 1.8%. Consequently, Vm of the post-consolidated
CFPA was increased to 68.0%. On the other hand, the fiber volume
fraction remains unaffected by the post-consolidation process due to
the better integrity of continuous carbon fibers during the melting
process. It is thus evident that our post-consolidation process was
beneficial in the reduction of voids, enabling better microstructural
quality.

3.3 Effect of post-consolidation on the
mesoscale parameters

At the mesoscale level, the post-consolidation process modified
the in-plane shear properties of [±45]2s (matrix-dominated lay-
up). Figure 4 shows that the stress-strain (τxy-γxy) curves of 3D-
printed and post-consolidation CFPA. Table 1 summarizes the in-
plane shear properties derived from the stress-strain curves. Here,
the post-consolidation process was able to improve G0

xy and τult
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FIGURE 4
Shear stress and shear strain of CFPA laminates obtained from
monotonic tensile test of [±45]2s lay-up. The slope made on the linear
dashed line corresponds to the shear modulus G0

xy. The “knee” point
represents the scissoring effect between two angled-plies.

TABLE 1 Elastic properties of CFPA laminates measured frommonotonic
in-plane shear test.

Properties 3D-printed Post-consolidated

Shear modulus, G0
xy (GPa) 2.6 ± 0.2 6.1 ± 0.2

Shear strength, τult (MPa) 49.0 ± 2.6 105.9 ± 14.3

Failure strain, γ fxy (%) 18.5 ± 0.8 9.5 ± 3.4

by 135% and 116%, respectively. However, the ductility of post-
consolidated CFPA, as indicated by γ fxy, was reduced by 95% as
compared to the 3D-printed CFPA. Post-consolidation transformed
CFPA into a more brittle laminate plausibly due to the moderate
cooling rate (40°C/min) that may increase the degree of crystallinity
in the polyamide phase of CFPA (Pourali and Peterson, 2022).
It is thus important to increase the cooling rate in the post-
consolidation process, adding to the void reduction. The effect of
post-consolidation on the mesoscale degradation parameters, i.e.,
the damage and plasticity, of CFPA laminates was studied based on
the cyclic load/unload tests. Figures 5A, B shows the cyclic responses
of 3D-printed and post-consolidated laminates, respectively. Based
on these curves, damage and plasticity master curves were derived.
Figure 5C shows the damage master curve, where the relationship
between thermodynamic force √Yd and shear damage d was
established. Here, the damage onset in post-consolidated CFPA is
lower than that in 3D-printed CFPA, indicating that the damage
may start slightly earlier in the former. Despite this, the post-
consolidation process introduced much lower shear damage (of
around 0.1) in CFPA than the 3D printing process. In terms
of plasticity, the relationship between accumulated plastic strain
with strain hardening displayed in Figure 5D shows that the post-
consolidation process reduced the strain hardening, i.e., decreased
plasticity. The implication of having decreased plasticity is that
CFPA laminates became stiffer, making them feasible for building

FIGURE 5
Cyclic in-plane shear test results: stress-strain curves of (A) 3D printed
CFPA, (B) post-consolidated CFPA; (C) damage master curve; (D)
plasticity master curve.

parts, or even structures, where a stiffness-based design approach is
employed.

4 Conclusion

The present study investigated effect of the post-consolidation
process using classical compression molding on the microscale
and mesoscale parameters of 3D-printed continuous carbon fiber-
reinforced polyamide (CFPA). We found that the proposed post-
consolidation step was able to reduce the microscale parameter,
namely, void content, of the 3D-printed CFPA, achieving a value
of below 2%. The effect of the post-consolidation process on the
mesoscale parameters was investigated by performing mechanical
tests on matrix-dominated lay-up. Here, the shear modulus and
shear strength of 3D-printed CFPA laminate were improved by
100%–140%. In addition, the mesoscale damage analysis shows that
the post-consolidated CFPA exhibited reduced strain hardening,
and better damage resistance, improving the potential for load-
bearing structures.
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