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A novel 3D printing methodology using continuous carbon fiber (CCF) reinforced thermosetting epoxy (EP)
composites was proposed to fabricate triangular corrugated structures (TCSs). The single-stroke printing path
ensured a strong connection between the corrugated core and the face sheets. Silicone rubber was deposited and
vulcanized to solve the shape retention problem of the preformed sample during post-curing. Flatwise
compression tests were conducted and the evolution of the stress-strain curves upon deformation was discussed
as well. Particular attention was paid to the influence of typical parameters, including vacuum pressure and cell
length, on the compressive properties of the printed composites. Compared with unreinforced nylon (PA), short
fiber-reinforced PA, and continuous fiber-reinforced PA samples, a significant increase in compressive strength,
stiffness, and energy absorption abilities was observed for the CCF/EP TCS sample. Finally, 3D printed hexagonal
and grid structures, as well as the basic mechanical properties of pure resin and CCF/EP composites, were
demonstrated to prove the process capability for the fabrication of high-performance samples with complex
geometries. In this respect, the proposed method offers a mold-free and out-of-autoclave approach for thermo
setting composites, which is beneficial for their future applications in the lightweight structure industry.

1. Introduction
The term “corrugation” generally describes a series of parallel ridges
and grooves. Attaching two stiff face sheets as the upper and lower
surfaces to the corrugated core allows one to obtain the corrugated
structure or panel with a low-density geometry [1–3]. Since the core
topology design presents a small weight to area ratio while retaining
excellent strength, rigidity, and energy absorption characteristics, it
provides a lightweight configuration for potential engineering applica
tions such as space vehicles, aircraft structures, wind turbines, auto
mobiles, and a wide range of defense industries [4–6]. Therefore, the
ability to develop new materials and alternative methods for producing
corrugated structures has been attracting great attention from re
searchers [7–9].
Fiber-reinforced polymer composites (FRPCs) have been widely used
because of their high strength and modulus along the fiber direction [10,

11]. To date, numerous attempts were reported to substitute FRPCs for
traditional metallic or polymeric materials in the lightweight structure
industry [12–14]. As seen in Table 1, Finnegan et al. [15] prepared a
carbon fiber-reinforced pyramidal truss structure, where the truss pat
terns were cut from a 0◦ /90◦ laminate with a water jet and snap-fitted to
assemble the pyramidal lattice. As the relative volume ratio (i.e., the
ratio of the solid strut volume to the entire composite volume) rose from
1% to 10%, the compressive strength of this structure increased from 1
MPa to 11 MPa. Meanwhile, Rejab et al. [16] compared the compressive
response and failure modes of corrugated sandwich panels made of
aluminum alloy, glass and carbon fiber-reinforced composites, where
the corrugated core was produced via hot-press molding and subse
quently bonded to two face sheets. On this basis, Wu et al. [17] com
bined hot-press molding with an interlocking method, allowing a gain in
the average compressive strength and stiffness of carbon fiber-reinforced
composite truss structures to 12.44 MPa and 212.99 MPa, respectively.
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However, the need for molding and a lack of automation makes it
difficult to fabricate lattice cores with complex geometries. High
manufacturing costs, cumbersome preparation steps, and long produc
tion cycles are also undesirable in practical commercial applications,
especially for large-scale components that often possess uncontrollable
forming quality and connection reliability between the lattice core and
two face sheets. These factors hinder the mass production of corrugated
structures using FRPCs. In that regard, the manufacturing process
innovation is crucial for future popularization and industrialization of
such systems.
3D printing is an automated and rapid layer-by-layer additive
manufacturing technology, known for its low cost and high process
feasibility without the need for mold [20–22]. In terms of the design
freedom of the corrugated core and its integration with the face sheets,
greater flexibility and adaptability can be achieved. Consequently, 3D
printing of FRPCs can be employed as a substitutive approach in the
fabrication of corrugated structures [23–27]. Table 1 also presents that
Hou et al. [18] prepared a continuous aramid fiber (CAF) reinforced
polylactic acid (PLA) corrugated structure via fused filament fabrication
(FFF). The maximum compressive strength of the test sample with 11.5
vol% fiber content reached 17.17 MPa. In the same way, Quan et al. [19]
proposed a CAF/PLA auxetic honeycomb structure. Compared with pure
PLA structures, the compressive stiffness and energy absorption of the
printed sample increased by 86.3% and 100%, respectively. In both
cases, the single-stroke integrated manufacturing of the related struc
tures, including the core and face sheets, was developed through 3D
printing, thus simplifying fabrication and ensuring cost and time ad
vantages. Nevertheless, the problem of weak fiber-resin bonding and a
low degree of interlayer adhesion in these composites remains unsolved
due to the linear molecular chains of thermoplastic PLA matrix and a
lack of compaction forces during preparation [28]. As a result, fiber
pull-out and plastic deformation were proved to be the primary failure
processes upon loading [29]. These phenomena suggest that yield
strength occurs before the fiber undergoes fracture, which leads to a
decrease in the compressive strength and stiffness of the relevant ma
terials. In turn, thermosetting polymers possess irreversible and stable
chemical bonds between the molecular chains, which increase strengths
and reduce strains relative to thermoplastics [30]. However, when using
continuous fiber-reinforced thermosetting polymer composites
(CFRTPCs) in 3D printing of corrugated structures, the lack of suitable
molds for shape retention and the high-temperature environment during
post-curing become a serious contradiction [31,32].
In this respect, the current work aims to perform 3D printing of
CFRTPCs for the fabrication of triangular corrugated structures (TCSs).
Continuous carbon fiber (CCF) and epoxy resin (EP) were used as the
reinforcing agent and thermosetting matrix, respectively. The whole
process takes various steps, including fiber impregnation, printing,
support filling, and post-curing. Compression tests are conducted on 3D
printed CCF/EP TCS samples and the results are compared with unre
inforced nylon (PA), short carbon fiber (SCF) reinforced PA, and CCFreinforced PA composites. Special attention is paid to the effect of syn
thesis parameters, including vacuum pressure and cell length, on the

structural performance of the produced samples. Finally, 3D printed
hexagonal and grid structures, as well as the basic mechanical properties
of pure EP and CCF/EP composites, are prepared and examined as well.
2. Experimental methodology
2.1. Materials
An EP (DER-671, 95 wt%, Dow Chemical (Shanghai) Co., Ltd.) and
thermally-induced latent hardener (dicyandiamide, 5 wt%, Macklin
Biochemical (Shanghai) Co., Ltd.) were mixed to obtain a thermosetting
matrix system. EP-671 exhibits a high softening point of 75 ◦ C because of
the high epoxy equivalent and molecular weight [33]. The thermal
stability of the conjugated double bond in dicyandiamide ensures no
reactivity in EP at temperatures below 150 ◦ C. This allows the mixed
matrix to remain solid at room temperature, and yield a low-viscosity
liquid as the temperature increases within 75–150 ◦ C, while only
being cured with a further rise in temperature. Thus, the stable pot life of
this thermosetting system in the range of 75–150 ◦ C can be utilized for
fiber impregnation and material extrusion.
In addition, continuous 3k carbon fibers (T300-3000, Toray In
dustries (China) Co., Ltd.) with a tensile strength of 3530 MPa and a
tensile modulus of 230 GPa were used as the printing reinforcing agents.
A two-component room temperature vulcanized silicone rubber (HYE650#, Hong Ye Jie Technology (China) Co., Ltd.) was taken as the filler
during post-curing. The mixing ratio of the two liquid components,
operation period before gelation, and vulcanization time were 1:1, 0.5 h,
and 3 h, respectively. The hardness, tear strength, and temperature
resistance of the vulcanized silicone rubber were measured to be 51
(Shore A), 14 kN m− 1, and 350 ◦ C, respectively, which can effectively
maintain the original shape of the preformed sample. Hence, subsequent
treatments such as vacuuming and heating can be adapted to induce
curing reactions.
2.2. Structure design and path planning
Based on the triangular truss structure commonly used in bridges and
other engineering constructions, a similar right triangle truss pattern
was adopted to build the TCS sample in this study. As shown in Fig. 1(a),
the structure was composed of four upper beams, six lower beams, five
vertical beams, and six inclined beams. These beams formed ten adja
cent lattice cells in the form of right triangles, with six facing up and four
facing down. The cell length (x) was adjusted from 15 mm to 25 mm in
2.5 mm steps to examine the relationship between structural parameters
and compressive properties. Considering the compression test standard
in Section 2.4, the rest dimensions of the TCS sample were set to 30 mm
in cell height (h), 20 mm in width (w), and 2 mm in wall thickness (t).
The common failure modes of corrugated structures are the bond and
joint failures between the corrugated core and two face sheets. Herein, a
novel continuous printing path was proposed to strengthen the
connection between these elements. The printing path generated ac
cording to the designed TCS model is shown in Fig. 1(b), where the

Table 1
Comparison of lightweight structures using different materials and techniques.
Authors

Materials

Structure design

Techniques

Processability

Performance

Finnegan et al.
[15]
Rejab et al. [16]

Carbon fiber-reinforced laminate sheets

Pyramidal truss sandwich core

Water jet cutting and snap fit

★

★★

Hot-press molding and
bonding
Interlocking assisted hotpress molding
Fused filament fabrication

★★

★

★★★

★★★

★

Quan et al. [19]

Continuous Kevlar R fiber and polylactic acid

Triangular corrugated sandwich
panel
Pyramidal lattice truss core
sandwich panel
Spline corrugated-core
sandwich structure
Auxetic honeycomb structure

★★

Hou et al. [18]

Aluminum alloy, woven glass and carbon fiberreinforced composites
Aluminum alloy and unidirectional carbon fiberreinforced epoxy prepreg sheets
Continuous Kevlar R fiber and polylactic acid

Fused filament fabrication

★★★

★

Wu et al. [17]

Note: ★ denotes the level of discussed issues, and more ★ stands for a higher degree or numerical value.
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Fig. 1. (a) Structure and cell pattern of the TCS sample, and (b) corresponding path planning for the printing process.

black-marked path denotes the first layer, the blue-highlighted dotted
line refers to the second layer, and the red arrows represent the printing
direction. The printing path starts at and eventually returns to point O,
creating a full loop. This repeatable loop has been treated as one slice
layer, which not only maintains fiber continuity but also prevents
overlap between printed filaments as much as possible. The total num
ber of slice layers could be calculated using the layer thickness and
width w. Finally, the corresponding fiber impregnation and printing
cycles were carried out to obtain the preformed TCS sample. Note
worthy, this single-stroke planning strategy eliminates the connection
components (e.g., bolts and welding) in conventional corrugated struc
tures, thereby realizing the integrated manufacturing of the core and
two face sheets, as well as maintaining high consistency and efficiency.

2.3. 3D printing prototype
Fig. 2 shows a schematic illustration of the 3D printing process used
for the fabrication of the CCF/EP TCS sample, including fiber impreg
nation, printing, support filling, and post-curing.
2.3.1. Fiber impregnation
CCF was unwound from the fiber coil and impregnated with the
molten low-viscosity matrix (120 ◦ C). The impregnated CCF was after
ward squeezed by several yarn rollers to ensure complete infiltration
and scrape off excess resin. After cooling, a solid CCF/EP filament with a
diameter of 1.0 ± 0.1 mm and a fiber content of 32.4 wt% was obtained,
as shown in Fig. 3.
2.3.2. Printing
The impregnated filament was fed into the printer head of an FFF

Fig. 2. Schematic illustration of the 3D printing process used in the fabrication of the CCF/EP TCS sample.
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Fig. 5. Support filling process.

Fig. 3. Fiber impregnation process.

equipment via two pinch rollers and re-heated for extrusion (120 ◦ C).
Continuous feeding acted as a piston to push the molten filament
through the printer nozzle. Once extruded out, the filament was rapidly
cooled by a vortex tube cooler and attached to the printer substrate or
previously printed layer. The printer nozzle and vortex tube cooler could
move in the X–Y plane along the above path codes generated from the
TCS model. After printing each layer, the printer substrate descended by
one slice thickness in the Z direction and re-started the next layer. These
steps were repeated until the whole preformed CCF/EP TCS sample was
printed layer by layer (Fig. 4).
2.3.3. Support filling
To solve the aforementioned shape retention problem during postcuring, liquid deposition modeling (LDM [34]) was used for the first
time to deposit silicone rubber as the internal support. The two liquid
components of the silicone rubber were mixed in advance to serve as the
feedstock of LDM. Controllable airflow was employed for material
extrusion through a syringe dispenser. As seen in Fig. 5, the syringe
could move in the X–Y plane and fill each cell among the corrugated
patterns. Then, a vulcanization time of 3 h was required to allow the
liquid mixture to vulcanize at room temperature.

Fig. 6. Post-curing process.

wrapped and sealed the preformed sample with sealant, creating an
enclosed environment. After vacuum application, the entire device was
heated for 2 h at 120 ◦ C and 1 h at 170 ◦ C utilizing an electric heating
blast oven. At 120 ◦ C, EP would re-melt into a viscous state. The thermal
expansion of silicone rubber and the vacuum pressure (P) would make
the fibers tightly compressed to form a dense structure. After 2 h of
exposure, the temperature rose to 170 ◦ C, exceeding the critical reaction
temperature of the hardener (150 ◦ C). As a result, hydrogen atoms on
amines in dicyandiamide initiated a ring-opening polycondensation
with epoxy groups on the molecular chains of EP [35,36]. The resulting
hydroxyl groups continued to react with cyano groups in other molec
ular chains, which cross-linked the linear oligomers to form a spatial
network macromolecule [37]. Finally, the filled silicone rubber support
contracted due to cooling, which enabled easy removal from the cured
CCF/EP TCS sample to obtain the end product.

2.3.4. Post-curing
Fig. 6 shows the post-curing setup of the preformed CCF/EP TCS
sample with vulcanized silicone rubber, which was sequentially wrap
ped with a flexible polyester fiber peel ply, an absorbent felt, and a
vacuum bag. The peel ply was applied for demolding. The absorbent felt
served for absorbing excess exudates of molten resin. The vacuum bag

2.4. Characterization
2.4.1. Mechanical characterization
After preparation, quasi-static uniaxial flatwise compression testing
was performed to determine the compressive strength and stiffness of 3D
printed CCF/EP TCS samples. The experiments were carried out ac
cording to the ASTM C365/C365M − 16 standard using an electrome
chanical universal testing machine (CMT4304, MTS Systems (China)
Co., Ltd.) [38]. A vertical force from the loading plate was applied to the
top surface of the test sample at a loading rate of 2 mm min− 1. Five
samples were individually examined under each condition and the

Fig. 4. 3D printing process.
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measured data were averaged to assess reproducibility.

3D printed CCF/EP TCS sample can be calculated as follows [38]:
/
(1)
σ = Fip S,

2.4.2. Thermal analysis and microscopic detection
The fiber content was calculated using a thermogravimetric analysis
instrument (TGA-DSC1, Mettler Toledo (China) Co., Ltd.). The fiberresin interface of the cured CCF/EP TCS samples was examined using
a field emission scanning electron microscope (SU8000, Hitachi Ltd.)
with an accelerating voltage of 10 kV. The corresponding internal
structure and void defects were probed using a micron X-ray 3D imaging
system (Y.Cheetah, YXLON International GmbH) with an image reso
lution of 14 μm.

E = (F0.003 − F0.001 ) × h/((δ0.003 − δ0.001) × S)

(2)

where Fip is the initial peak force at point B and S is the nominal crosssectional area of the entire test sample prior to loading (i.e., the average
area of the upper and lower surfaces); F0.001 and F0.003 are the applied
forces corresponding to δ0.001 and δ0.003, respectively; δ0.001 and δ0.003
are the recorded deformation values such that δ/h is close to 0.001 and
0.003, respectively. From Eqs. (1) and (2), the ultimate σ and E of 3D
printed CCF/EP TCS sample at P = 40 kPa and x = 20 mm were calcu
lated to be 7.81 MPa and 218.56 MPa, respectively. On this basis, the
specific compressive strength (Sσ) and stiffness (SE) could be
determined:

2.4.3. Comparative testing
The PA, SCF/PA, and CCF/PA samples were printed using a self-built
FFF 3D printer. The printing speed and Z-direction printing resolution
were set to 300 mm min− 1 and 0.3 mm, respectively, being consistent
with the experimental setup of 3D printed CCF/EP composites. The fiber
length of the SCF/PA sample was within the range of 100–150 μm and
the fiber content was 20 wt%. Besides, the fiber content of the CCF/PA
sample was as high as 32 wt%.

Sσ = σ /ρ,

(3)

SE = E/ρ

(4)

where ρ is the apparent density of the test sample prior to loading (i.e.,
the mass per unit composite volume including hollow spaces). Accord
ing to Eqs. (3) and (4), the corresponding values of Sσ and SE were
calculated as 27.55 N m g− 1 and 743.27 N m g− 1, respectively. More
over, the energy absorption (EA) and specific energy absorption (SEA) of
3D printed samples during the compression process can also be quan
tified by the following equations:
∫ δmax
EA(δ) =
F(δ)dδ,
(5)

3. Experimental results and discussion
3.1. Compression testing
During compression, the original data and deformation-induced re
sults were collected by the MTS test apparatus equipped with a highspeed digital camera. Fig. 7 shows the stress-strain curve reflecting the
deformation evolution of 3D printed CCF/EP TCS sample with a cell
length x = 20 mm under a vacuum pressure P = 40 kPa (The complete
video can be found in the supplementary material). Upon loading, the
stress first exhibited a quasi-linear increase as the strain rose from point
A to point B. The absence of visual damage indicates the primary
occurrence of elastic deformation. After point B, the test sample yielded
and a brittle fracture was observed in the vertical and inclined beams.
Since these beams broke sequentially, loads required for further defor
mation decreased to point C. After that, an increase in the strain from
point C to point D was accompanied by a second rise in stress. This was
attributed to the effect of support from residual parts of broken beams
and therefore, it was much weaker than the first rise. As the loading
progressed, the residual parts tilted and the stress dropped to point E.
Eventually, the TCS sample was completely compressed and the stress
increased rapidly with increasing strain. These results suggested that
brittle fracture and tilt were the dominant failure modes during
compression. The integrity and stability of the two face sheets and joints
after loading also demonstrated the enhancement between different el
ements through the proposed single-stroke printing path.
After compression, the compressive strength (σ ) and stiffness (E) of

0

SEA(δ) = EA(δ)/m

(6)

where F and δ are the applied force and deformation upon loading, and
m is the weight of the test sample prior to loading. By integrating the
work done by the force F from point A to point E, the values of EA and
SEA of 3D printed CCF/EP TCS sample were found to be 36.29 kJ and
4.28 kJ g− 1, respectively.
3.2. Influence of vacuum pressure on the compressive properties
During post-curing at 120 ◦ C, the uneven thermal expansion between
the filler and fibers, as well as the applied vacuum pressure, would
compress the cell walls of the preformed CCF/EP TCS sample, leading to
a decrease in wall thickness t. Fig. 8(a) displays the influence of vacuum
pressure on the wall thickness and its shrinkage ratio after post-curing.
In the absence of vacuum (P = 0 kPa), the average values of t and
shrinkage ratio were 1.85 mm and 7.5%, respectively. Once the vacuum
degree increased, the t value decreased and the shrinkage ratio

Fig. 7. (a) Stress-strain curve and (b) deformation evolution of 3D printed CCF/EP TCS sample during compression (x = 20 mm and P = 40 kPa).
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Fig. 8. Influence of vacuum pressure on (a) wall thickness and shrinkage ratio, and (b) sample mass and apparent density of the cured CCF/EP TCS sample (x =
20 mm).

increased. When the vacuum pressure P achieved a maximum of 100
kPa, the average value of t decreased to 1.27 mm and the shrinkage rate
increased to 36.5%.
Owing to the vacuum environment and the viscous state of EP at
120 ◦ C, the flow of this molten resin was promoted and the internal air
could be discharged. The excess resin would permeate through the peel
ply and be absorbed by the felt. This further reduced the sample mass
and the value of ρ in the cured sample. Fig. 8(b) depicts the influence of
vacuum pressure on sample mass and apparent density of 3D printed
CCF/EP TCS sample at x = 20 mm. An increase in P from 0 to 100 kPa
resulted in an increased amount of absorbed resin, which led to a
decrease in both sample mass and apparent density from 10.1 g to 0.33 g
cm− 3 to 7.3 g and 0.24 g cm− 3, respectively.
Since the quantity of the EP matrix decreased, the fiber content in the
cured CCF/EP TCS sample became higher accordingly. As shown in
Fig. 9(a), the measured fiber content increased from 33.98 wt% at P = 0
kPa to 48.62 wt% at P = 100 kPa. As the molten resin flow was accel
erated in the vacuum environment and the trapped air was exhausted,
the fiber-resin distribution could also be re-adjusted, which facilitated
the filling of internal void defects. Fig. 9(b) displays the influence of
vacuum pressure on the void ratio of the cured CCF/EP TCS sample. The
void ratio first decreased with increasing P, reaching a minimum value
of 2.1 vol% at P = 80 kPa. Once the P value continued to increase to 100
kPa, the void ratio exhibited a second rise due to excessive resin loss.
Fig. 10(a) displays the effect of vacuum pressure on the compressive
strength and stiffness of 3D printed CCF/EP TCS sample at x = 20 mm.
An increase in P from 0 to 40 kPa enabled the compressive strength and
stiffness to enrich their maximum values of 7.81 MPa and 218.56 MPa,

respectively. Meanwhile, with a further rise in P to 100 kPa, the
compressive strength and stiffness significantly decreased by 12.3% to
6.85 MPa and 16.4% to 182.74 MPa, respectively. As mentioned above,
the use of vacuum affected the values of wall thickness, fiber content,
and void ratio in the cured composite. On the one hand, an increase in P
led to a decrease in the value of t. As a result, the effective cross-sectional
area of the vertical and inclined beams in the cured sample decreased,
which might have caused premature failure during compression. On the
other hand, the rising fiber content and the decreasing void ratio with
increasing P both contributed to the enhancement of compressive
strength and stiffness of the composite. In total, the former factor was
more prominent at P > 40 kPa, whereas the latter dominated at P ≤ 40
kPa.
Furthermore, the specific compressive strength and stiffness of 3D
printed CCF/EP TCS samples cured under different vacuum pressures
are shown in Fig. 10(b). An increase in P led to a decrease in the
apparent density, whereas the compressive strength and stiffness first
rose to their maxima at P = 40 kPa, and then significantly decreased
with a further increase in vacuum pressure. Comprehensively, the spe
cific compressive strength and stiffness reached their maxima of 29.38
kN m kg− 1 and 762.61 kN m kg− 1 at P = 80 kPa.
3.3. Influence of cell length on the compressive properties
Cell length is a key structural parameter of the lattice geometry
because it directly affects the relative volume ratio of the TCS sample.
According to the aforementioned structure design in Section 2.2, the cell
length x was selected as the target variable to assess its influence on the

Fig. 9. Influence of vacuum pressure on (a) fiber content and (b) void ratio of the cured CCF/EP TCS sample (x = 20 mm).
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Fig. 10. Influence of vacuum pressure on (a) compressive strength and stiffness, and (b) specific compressive strength and stiffness of 3D printed CCF/EP TCS sample
(x = 20 mm).

compressive properties. Fig. 11(a) shows the compressive strength and
stiffness of 3D printed CCF/EP TCS sample at different values of x and P
= 40 kPa. As can be seen, both parameters were inversely proportional
to the x value, rapidly decreasing from 11.31 MPa to 259.67 MPa–5.3
MPa and 154.1 MPa, respectively, with rising cell length from 15 mm to
25 mm. This was primarily due to the decrease in the relative volume
ratio, which caused a detrimental effect on the compression resistance.
In turn, Fig. 11(b) shows the influence of cell length on the specific
compressive strength and stiffness of 3D printed CCF/EP TCS sample.
Unlike the plots in Fig. 11(a), it first observes a decrease in both pa
rameters within a cell length range of 15 mm–17.5 mm, followed by the
stabilization in their values at 17.5 mm < x < 22.5 mm, and finally, by a
drastic decrease in a range of 22.5–25 mm. The increase in the cell
length was shown to exert a strong decrease in the compressive strength
and stiffness of the studied composite. The apparent density also
decreased with increasing x value. The combination of these two factors
resulted in the above trend of the specific compressive strength and
stiffness changing with cell length. Eventually, the specific compressive
strength and stiffness decreased from 31.91 kN m kg− 1 and 778.3 kN m
kg− 1 (x = 15 mm) to 20.94 kN m kg− 1 and 608.40 kN m kg− 1 (x = 25
mm), respectively.

reinforcement, those of the printed SCF/PA sample slightly increased to
0.70 MPa and 57.89 MPa. In turn, the compressive strength and stiffness
of the CCF/PA sample rose to 4.78 MPa and 68.70 MPa, which was due
to the fiber continuity of CCF. Nevertheless, linear molecular structure,
poor fiber-resin interface, and a lack of the post-compacting process
were recognized as the main limiting factors of 3D printed CCFreinforced thermoplastic composites [39,40]. Thus, the maximum
compressive strength and stiffness were found for the CCF/EP sample,
further increasing by 63.4% and 218.1% and enriching their values of
7.81 MPa and 218.56 MPa, respectively. One is attributed to the heavily
polymerized and cross-linked spatial network structure of thermosetting
EP in contrast to the weak van der Waals interactions between ther
moplastics. The other is that the higher fiber content, the fewer void
defects, and the better compaction between the matrix and the rein
forcing agent as well as between the subsequent layers were achieved
through the post-curing treatment [28]. Fig. 12(b) displays the specific
compressive strength and stiffness of these samples. Both parameters
followed a similar trend as the plots in Fig. 12(a), enriching their max
ima for 3D printed CCF/EP TCS sample.
Fig. 13 depicts the energy absorption and specific energy absorption
of 3D printed PA, SCF/PA, CCF/PA, and CCF/EP TCS samples, which
were determined by integrating the work done by loads before the
composites were completely compressed. The lowest values of both
parameters were found for the PA sample, being 0.80 kJ and 0.07 kJ g− 1,
but slightly increased in the SCF/PA sample to 1.23 kJ and 0.08 kJ g− 1.
The maximum energy absorption of 37.46 kJ was obtained for the 3D
printed CCF/PA sample. Although the CCF/EP sample demonstrated
better compression resistance (Fig. 12), its energy absorption could not

3.4. Comparison of TCS samples printed using different materials
Fig. 12(a) shows the compressive strength and stiffness of 3D printed
PA, SCF/PA, CCF/PA, and CCF/EP TCS samples at x = 20 mm. The
lowest values of both parameters were observed for the PA sample,
being 0.38 MPa and 32.96 MPa, respectively. Owing to the short fiber

Fig. 11. Influence of cell length on (a) compressive strength and stiffness, and (b) specific compressive strength and stiffness of 3D printed CCF/EP TCS sample (P =
40 kPa).
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Fig. 12. (a) Compressive strength and stiffness, and (b) specific compressive strength and stiffness of 3D printed PA, SCF/PA, CCF/PA, and CCF/EP TCS samples (x =
20 mm).

Fig. 13. (a) Energy absorption and specific energy absorption of 3D printed PA, SCF/PA, CCF/PA, and CCF/EP TCS samples during compression (x = 20 mm).

Fig. 14. 3D printed (a) hexagonal and (b) grid structures and corresponding (c) fiber-resin interface and (d) void distribution after post-curing.
8
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be continuously increased via plastic deformation. As compared to the
CCF/PA sample, the high modulus and brittleness of the EP matrix
caused a lack of continuity in energy absorption, thereby decreasing by
3.1%–36.29 kJ. It is worth noting that the sample mass was further
reduced through the post-curing process (Fig. 8(b)). This increased its
specific energy absorption to a maximum value of 4.28 kJ g− 1, which
was 21.3% higher than that of the CCF/PA sample. Therefore, one
conclusion can still be drawn that 3D printed CCF/EP composites with
their proven advantages in specific energy absorption are suitable for
the production of potential lightweight buffer structures and show
promise for commercialized applications.

Table 2
Basic mechanical properties of pure EP and CCF/EP composites.
Properties
Tensile strength (MPa)
Tensile modulus (GPa)
Compressive strength (MPa)
Compressive modulus (GPa)
Flexural strength (MPa)
Flexural modulus (GPa)

Samples
EP

CCF/EP

59.15
2.16
88.06
2.59
110.88
2.79

1005.60
76.74
528.13
74.95
772.12
59.74

Note: EP samples were prepared via mold-assisted casting, while CCF/EP sam
ples were printed using the proposed method.

3.5. Demonstration of 3D printed lattice structures

CRediT authorship contribution statement

To evaluate the capability of fabricating components with complex
geometries based on the above composites, hexagonal and grid struc
tures were prepared, as shown in Fig. 14(a) and (b). Each sample was
printed layer by layer via a single-stroke path loop similar to that
illustrated in Fig. 1(b), which ensured fiber continuity throughout the
sample. Hence, the stress and strain could be distributed and transmitted
as evenly as possible along the fiber direction, which fully utilized the
intrinsic strength of fibers and was conducive to the increase of their
carrying capacity. Fig. 14(c) displays the fiber-resin interface of 3D
printed CFRTPCs after post-curing. The fiber bundles marked by yellow
arrows were completely covered with the EP matrix. Numerous scaly
ductile failure morphologies without any interlaminar separation or
fiber-resin debonding could be observed. According to the X-ray scan
ning image of the corresponding void distribution in Fig. 14(d), only a
small number of voids existed along the printing direction. Furthermore,
Table 2 presents the measured basic mechanical properties of pure EP
and CCF/EP composites, which indicate a significant increase in tensile/
compressive/flexural strengths and moduli due to the CCF reinforce
ment. These phenomena proved the application prospects of the pro
posed method with respect to the manufacturing of complex and highperformance lightweight structures.
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4. Conclusions

Appendix A. Supplementary data

A novel 3D printing methodology using continuous fiber-reinforced
thermosetting polymer composites (CFRTPCs) was proposed for the
fabrication of TCSs, in which CCF and EP were used as the reinforcing
agent and thermosetting matrix, respectively. The single-stroke printing
path was adopted to ensure a strong connection between the corrugated
core and two face sheets. For the first time, the LDM technique was
employed to deposit silicone rubber, which served as a filler and support
to maintain the original shape of the preformed sample during postcuring. Through compression testing, the stress-strain curve and the
deformation evolution were analyzed in detail, in which brittle fracture
and tilt were found to be the dominant failure modes. Typical parame
ters, including vacuum pressure and cell length, were examined to
determine their influence on the compressive properties of 3D printed
CCF/EP TCS materials. Moreover, the performance data were compared
with those of the PA, SCF/PA, and CCF/PA composites, in which a sig
nificant increase was observed for the CCF/EP TCS sample. Finally, 3D
printed hexagonal and grid structures, as well as the basic mechanical
properties of pure resin and CCF/EP composites, demonstrated their
process capability and performance potential for future lightweight
applications. These indicate that the proposed method is promising for
the production of thermosetting composite corrugated structures. The
results of the present study will serve as a basis for the forthcoming
research, which will be aimed, in particular, at the structure design of
the corrugated core to achieve higher compression resistance and the
finite element simulation to enable the stress and strain predictions for
the end-users under various operating modes.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.polymertesting.2021.107469.
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