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Abstract: This study explores the flexural behavior of continuous fiber-reinforced composite sandwich
structures built entirely using material extrusion additive manufacturing. The continuous fiber
additive manufacturing system used in this study works sequentially, thus enabling the addition of
fiber reinforcement just in the face sheets, where it is most effective. Three-point bending tests were
carried out on sandwich panel specimens built using thermoplastic reinforced with continuous glass
fiber to quantify the effect of fiber reinforcement and infill density in the flexural properties and failure
mode. Sandwich structures containing continuous fiber reinforcement had higher flexural strength
and rigidity than unreinforced sandwiches. On the other hand, an increase in the lattice core density
did not improve the flexural strength and rigidity. The elastic modulus of fiber-reinforced 3D-printed
sandwich panels exceeded the predictions of the analytical models; the equivalent homogeneous
model had the best performance, with a 15% relative error. However, analytical models could not
correctly predict the failure mode: wrinkle failure occurs at 75% and 30% of the critical load in
fiber-reinforced sandwiches with low- and high-density cores, respectively. Furthermore, no model is
currently available to predict interlayer debonding between the matrix and the thermoplastic coating
of fiber layers. Divergences between analytical models and experimental results could be attributed
to the simplifications in the models that do not consider defects inherent to additive manufacturing,
such as air gaps and poor interlaminar bonding.

Keywords: sandwich structures; flexural response; continuous fiber-reinforced composites; additive
manufacturing; fused filament fabrication; hexagonal lattice

1. Introduction

Material Extrusion Additive Manufacturing, also known as Fused Filament Fabrica-
tion (FFF) or Fused Deposition Modeling (FDM), is one of the most widespread additive
manufacturing (AM) methods because of its affordability, simplicity, and flexibility. In FFF,
the thermoplastic filament is extruded through a heated nozzle and deposited in the XY
plane, forming a layer of solid material on the build plate. After printing one layer, the head
moves along the Z-axis, positioning the nozzle to build the next layer. This layer-by-layer
process enables the construction of elaborate shapes. Different thermoplastic materials
such as polylactic acid (PLA), acrylonitrile butadiene-styrene (ABS), polypropylene (PP),
and nylon can be used in this process, as well as thermoplastics reinforced with particles
and fibers.

FFF can be used to produce architected cellular materials, in which solid and empty
spaces are rearranged inside a structure to have specific material properties, such as a high
stiffness-to-weight ratio or auxetic behavior. Honeycomb structures are the most widely
known examples of these materials, but they also include lattice, cellular, and metamaterial
structures [1]. A recent review by Cuan-Urquizo et al. [2] summarizes the vast array of
geometries (or unit cell types) and mechanical properties that can be successfully produced
using FFF.
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Among the designed cellular materials, the use of honeycomb structures for lightweight
sandwich structures in aerospace is well documented because of their exceptional strength-
to-weight ratios. The honeycomb design comprises a series of hexagonal or similar-shaped
cells formed into panels using aluminum or composite materials such as carbon fiber-
reinforced polymers. Different authors have tested hexagonal honeycomb structures built
via FFF using polymers, highlighting their flexural properties [3-11]. Cuan-Urquizo et al. [2]
recently presented a survey of previous studies that have reported on polymer lattice struc-
tures manufactured by FFF tested under bending, reporting higher relative densities and
hexagonal honeycomb structures as the best options for achieving higher stiffness in sand-
wich structures. In addition to those studies focusing on lattice structures, some authors
have also evaluated sandwich structures built integrally via FFF [4,7,8,12,13] using different
polymers such as PLA [4,6,13,14], ABS [9], ABS plus [15,16]; TPU [11], and PC [10].

Sandwich panels have also been fabricated from lattice cores built via FFF joined to facings
3D printed separately [5] or composite sheets constructed using other methods [14,16,17]. This
includes lattice cores and sheets built integrally using FFF [3,5,6,11,15,18-20] and FFF lattice
cores joined to faces using adhesives. In the latter, faces were either built separately via
FFF [5] or from composite sheets produced by other methods [14,16]. This route enables
the construction of cores with complex lattice structures (by FFF) and composite sheets
from advanced materials that are not feasible using standard FFF printers. Composite
sandwich structures with 3D-printed polymer cores have a satisfactory strength-to-weight
ratio comparable to that of balsa core sandwich composites [17]. More recently, Fores-
Garriga et al. [21] explored a wide array of 2D and 3D lattice cores built in polyetherimide,
testing the effect of cell geometry and relative density. The authors reported that some
polymer cellular cores can outperform PU250 foam and are comparable to Nomex and
aluminum honeycombs, materials commonly used as cores in sandwich structures.

Reinforcement materials can be added before or during the FFF process to produce
composite materials with better mechanical properties. Particles or short fiber reinforcement
can be added to the filament, enabling the manufacturing of composite materials using
standard FFF printers [22,23]. In pellet-based FFF printers, similar reinforcements can
be mixed with the polymer feedstock, resulting in a composite mix fed to the extruder
head [23-25]. The use of short fiber-reinforced composite materials, specifically PLA
reinforced with short vegetal fibers such as hemp [5], wood [26], and flax [12]; to produce
sandwich structures using FFF has also been explored. However, no direct comparison to
non-reinforced materials was reported.

The production of continuous fiber-reinforced composites (CFRCs) via FFF is also
possible but requires the use of fiber feeding systems, which can be either coaxial extru-
sion (single extruder) or sequential (two extruders: polymer and fiber) [27,28]. Carbon
fiber, Kevlar, fiberglass, and natural fibers are common materials used as continuous fiber
reinforcement [28].

Different surveys published in the field of CFRC produced by FFF reveal the increasing
interest in the technology [29-36]. The most recent review by Safari et al. [28] includes a
complete list of previous review papers focused on the additive manufacturing of CFRC.
Some advantages of CFRC built via FFF technologies compared to traditional composite
manufacturing procedures include that it does not require the use of molds, reduces waste
material, requires no post-treatment, and is fully automated [37]. While some authors
have reported tensile strengths for composites of nylon reinforced with continuous carbon,
glass, and Kevlar fiber comparable to those of Aluminum 6061-T6 [38], air gaps in the
composite matrix can affect their mechanical performance. Air gaps increase as the volume
fraction of fibers does, and just minor increases in strength were observed for higher fiber
contents. The maximum efficiency in tensile strength was observed when the fiber content
reached 22.5%.

Similarly, Justo et al. [37] reported that the mechanical properties of solid CFRC built
via FFF specimens under tension and compression were not yet comparable to those
of parts produced by conventional methods because of their high porosity and low fiber



J. Manuf. Mater. Process. 2024, 8, 226

30f15

volume, although the improvement in mechanical properties compared with non-reinforced
polymer parts was significant.

While most studies on CFRC built via FFF specimens were built as solid parts, some
have reported samples with porous cores. For instance, Pertuz et al. [39] performed uniaxial
tensile tests of nylon matrices printed with varying infill percentage, infill pattern, fiber
reinforcement, and fiber orientation. The authors reported better mechanical properties
under tensile loading for fibers oriented in the same load direction; Kevlar and glass
fiber reinforcement showed similar stiffness values, while carbon fiber was superior to
both. Naranjo-Lozada et al. [40] also studied the tensile properties and failure behavior of
CFRC produced by additive manufacturing using different infill patterns and densities,
in addition to different fiber content and orientation. They studied the influence of fiber
volume fraction on mechanical properties, successfully predicting the tensile behavior
using a modified rule of mixture.

Sugiyama et al. [41] is the single instance of CFRC sandwich structures built as a
single piece using a coaxial extrusion 3D printer. They tested different core geometries
(honeycomb, rhombus, rectangle, and circle) under three-point bending, reporting an
increase in the maximum load and modulus as the effective density increased. The rhombus
core was identified as the strongest option. Because the machine did not have a fiber-cutting
mechanism, this imposed constraints on the geometry of the core: reinforcement was
used in both facings and core walls; no crossing of fiber-reinforced filament was possible,
resulting in a core with little or no contact between the inner walls. Furthermore, the
specimens included thick lateral walls (contour raster) that influence the failure mode and
mechanical response under bending [26,42]. Feng et al. [43] also used a coaxial extrusion
3D printer to produce panel/core integrated sandwich structures with a fiber-interleaved
printing pattern that addressed these issues. While the compressive response of these
sandwich structures was superior to that of the fiber-adjacent cores, geometric deviations in
the hexagonal core caused by the rigidity of the fibers were evident, stressing the constraints
of coaxially extruded CFRC sandwich structures.

This paper explores the flexural behavior of CFRC sandwich structures integrally built
using sequential FFF and the effect of fiber reinforcement and infill density on flexural
behavior. In contrast to the works of Sugiyama and Feng, we used a sequential CFRC
3D printer to produce the samples. This technology enables the selective application of
continuous fiber during the process, thus enabling the addition of reinforcement where it is
most effective. This has the added advantage of removing all constraints in the core design
reported in the previous studies.

1.1. Mechanics of Sandwich Panels with Honeycomb Cores

The following critical parameters can be determined using the definitions of ASTM
C393 [44]:
Core shear ultimate stress

o Prmax
FS - (d + C)b/ (1)
Facing stress (midspan load) [44]
o PmaxL
* T 2t{d+o)b’ @

where L is the support span length, b is the sandwich width, c is the core thickness, d is the
sandwich thickness, t is the facing thickness, and Pmax is the maximum force before failure.

Additionally, we can calculate the equivalent flexural modulus of the sandwich (Eeq)
using the definition provided by the standard ASTM D790 [45].

L®m

Beq = Jpa”

)



J. Manuf. Mater. Process. 2024, 8, 226

4of 15

where m is the slope of the tangent in the elastic region. This expression is valid if we
consider that the sandwich beam is composed of an equivalent homogeneous material.

Another important parameter is the equivalent flexural rigidity. Gibson and Ashby [46]
proposed the following expression for calculating this parameter for a sandwich beam with
thin faces. 5

D= (EI)eq = Equeq = @; 4)

where E; is the elastic modulus of the sheet, and Eeq and Leq are the elastic modulus
and second moment of inertia of a cross-section built of an equivalent homogeneous
material, respectively.

The moment of inertia of the cross-section of the sandwich considering an equivalent
homogeneous material is given by

bd®
lea = 37 ©

and combining with Equation (4), we can calculate the elastic modulus for an equivalent
homogeneous material (EHM):

6E¢tc?
eq = dfs ’ (6)

Continuum equivalent models can be used to model localized failure in honeycomb
panels successfully [47].

Tolf and Clarin [48] proposed an alternative method for estimating the equivalent
elastic modulus in honeycomb sandwiches (out-of-plane) based on the rule of mixture

4 N #2
Eeq = ﬁzizl E;t; (321-2 + i) 7)

where E; is the elastic modulus of layer i, t; is the thickness of layer i, z; is the distance from
the center line to layer i, and N is the number of layers.

Different properties of the core can be determined using the expressions proposed for
regular hexagonal honeycombs [46].

_2w
pc_\/glpS’

The elastic modulus of the core in both in-plane directions (E.) can also be calculated
using the following expression [46].

(- »

where Ej is the elastic modulus of the solid material. Similarly, the plane shear modulus in
the in-plane direction (G.) can be determined by the expression [46].

% - 0.57(?)3, (10)

(8)

The mechanical properties of the non-reinforced facing correspond to those of the solid
material. On the other hand, the rule of mixture can be used to determine the properties
of specimens with continuous fiber reinforcement. The stress in the fiber direction of
a unidirectional composite can be calculated using the following equation [49]. In our
analysis, only fibers oriented in the same direction of the internal tensile stress were
considered, as the contribution of transversal fibers is considered negligible.
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1.2. Failure Mode Prediction Models for Sandwich Composite Panels

Different failure modes can be identified in a sandwich composite panel [46]: core
shear failure, core crushing failure, face delamination, face yielding, and face wrinkling.
Expressions for the failure load for different failure modes were proposed by Gibson and
Ashby [46].

Face yielding
pP— B3bc(¥) oy, 11)
Face wrinkling
P — 0.57Bs bc(¥)E}/3E§/3 <z‘s‘-)4/3, (12)
Bond failure
P = Bybe( W)/ St (13)

where B3 = 4, w and | are the thickness and length of the hexagonal cell walls, respectively,
and the subscripts £, ¢, and s refer to the facing, core, and solid material in the hexagonal
walls, respectively. Expressions to determine the critical load for failure by core fracture
and core shear were also presented by Ashby and Gibson [46] but include constants of
proportionality that must be determined experimentally.

2. Materials and Methods

A commercial 3D printer, MarkForged Mark Two, was used to fabricate the specimens.
The printer can add layers of continuous fiber reinforcement to produce composite materials.
The thermoplastic filament and the fiber are extruded separately through two nozzles. The
first nozzle operates as a conventional FFF printer head and deposits layers of thermoplastic.
The continuous fibers are coated in thermoplastic, which is thermally fused to the part as it
is extruded through the second heated nozzle [50].

The sheets and the core of the sandwich structure were printed with Onyx, a ther-
moplastic consisting of a nylon matrix filled with short microcarbon fibers [51]. The
combination of short and continuous fibers has better properties compared with those with
only continuous fibers in polymer composites [52]. The specimens were manufactured
without lateral walls (contour raster) to prevent their interference in the evaluation of the
mechanical response of the honeycomb core [26,42]. Isotropic layers of glass fiber were
used as reinforcement material in the specimens at orientations of 0° and 90°. The glass
fiber filament is 0.3 mm in diameter and contains up to 1000 individual fibers infused with
a polymer that helps with adhesion to the previous layer [40].

The overall dimensions of the samples were 200 mm X 75 mm x 10 mm, and the
nominal face thickness was 1 mm (Figure 1). The specimen size allows for a larger number
of honeycomb cells in the cross-sectional area. Mechanical properties of cellular materials
are susceptible to the specimen size to cell size ratio, and previous authors recommend no
less than 6-8 cells in samples [53-55].

The printing parameters for each specimen type are shown in Table 1. Instead of
manually designing a hexagonal core structure for the sandwich panel, the 3D printer’s
infill design tool was employed to generate the geometry. The infill pattern was set to
hexagonal, with densities of either 25% or 50%, depending on the configuration. All other
parameters were maintained at the default settings for CFRC components: a layer thickness
of 0.1 mm, a nozzle diameter of al0.4 mm, and a nozzle temperature of 273 °C.

A total of three samples were fabricated for each type of structure. The samples were
stored in a dry box with desiccant to prevent the nylon from absorbing humidity from
the environment, as proposed by previous authors [56]. Table 2 shows the mechanical
properties of Onyx and the glass fiber reinforcement reported by the manufacturer.
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Face sheet L=200mm b=75mm

h=10 mm t=1mm

Honeycomb core
c

Layer 4 - Onyx

a) Layer 3 - Glass fiber 0°
Layer 2 - Glass fiber 90° w
Layer 1 - Onyx
t P
1
t

b) ©)

Figure 1. Schematic representation of the dimensions of (a) specimen; (b) face sheet and core
(including layer arrangement in sheet); and (c) hexagonal honeycomb.

Table 1. Printing parameters used to manufacture test specimens.

D Infill Density Reinforcen}ent Layers Fiber Orientation
(Core) (Facing)
R4i25 25% 4 (2 per face) 0°/90°
R4i50 50% 4 (2 per face) 0°/90°
R0i25 25% 0 -
R0i50 50% 0 -

Table 2. Mechanical properties of the materials (tested under ASTM D790) [51].

Material p (g/cm?) Tensile Strength (MPa) Tensile Modulus (GPa)
Onyx 1.2 40 2.4
Glass fiber 15 590 21

The three-point bending tests were performed according to ASTM C393 using a
servo-hydraulic universal testing machine model WDW-200E (TIME Group Inc., Beijing,
China) (Figure 2). Tests were performed at the standard crosshead displacement speed of
6 mm /min.

Figure 2. Universal testing machine model TIME WDW-200E with testing specimen.

Table 3 presents the nominal dimensions and values of the different specimen types,
including the fiber volume fraction in the facing, both total (V;) and that of fibers oriented
longitudinally (Vo).
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Table 3. Geometric, physical, and mechanical properties of the core and facing.

ID 1 (mm) w(mm) p(g/em®) E.(GPa) oy (MPa) V: Vo E¢ (GPa) oy (MPa)
R4i25 4.17 1.10 0.29 0.127 1.86 0.21 0.105 5.0 97.8
R4i50 3.04 1.40 0.40 0.674 5.66 0.21 0.105 5.0 97.8
R0i25 4.17 1.10 0.29 0.127 1.86 - - 2.4 40
RO0i50 3.04 1.40 0.40 0.674 5.66 - - 24 40

3. Results

3.1. Mechanical Behavior of CFRC Sandwich Panels with Honeycomb Cores

The load—-displacement curves of representative specimens for each sandwich type are
shown in Figure 3. The behavior of the panels differs significantly based on the presence
of reinforcement and core density. In non-reinforced samples, the load rises gradually
until it reaches a maximum load, followed by a gradual decrease. On the other hand, in
reinforced specimens, the load reached a higher peak value, followed by a rapid decline
and stabilization. This suggests a localized failure mechanism, in which a region inside the
panel quickly loses its load-bearing capacity once failure begins.

2.0
1.8
1.6
1.4
1.2
1.0

Load (kN)

0.8
0.6
0.4
0.2

O‘O 1 1 1 1 1
0 5 10 15 20 25 30

Stroke (mm)

Figure 3. Comparison of force—-displacement curves for different specimens for reinforced and
non-reinforced sandwich structures.

While the drop in the low-density reinforced specimens (R4i25) is steep, in those
with a higher core density (R4i50), the decline is less marked and small jumps are notice-
able. These oscillations could indicate progressive damage, suggesting a more gradual
failure mechanism.

Figure 4 compares the mechanical performance of reinforced and non-reinforced CFRC
sandwich panels. The maximum load and flexural modulus are presented in Figure 4a,b.
There is noticeable dispersion in the data, especially for the higher core density CFRC
specimens (R4i50). This indicates variability in the performance, which could be due to
structural inconsistencies. Hence, in addition to the average value, the range (minimum
and maximum values) is shown in the figures.

The maximum load in reinforced specimens (R4 vs. R0) was approximately 2.5 times
larger than that of non-reinforced samples. The improvement in mechanical properties
compared to non-reinforced samples is significant, and on par with previous reports when
differences in fiber volume fraction are considered [37]. Similarly, the equivalent flexural
modulus of CFRC specimens is around 3 to 4 times that of non-reinforced samples. This is
also consistent with previous studies that compared the shear strength of solid polymer
composites unreinforced and reinforced with continuous fiber [57].
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(b) (c)

Figure 4. Average and range of (a) maximum load in bending (Pmax); (b) flexural modulus (Ep);
(c) facing stress (0), as in Equation (2).

On the other hand, results for the effect of infill density are counterintuitive: an
increase in core density led to a 30% decrease in the critical load (Figure 3) and maximum
facing stress (Figure 4c) in CFRC samples. A higher core density is expected to enhance
the mechanical performance (strength and stiffness) of sandwich panels [21,58]. The same
behavior is also observed in non-reinforced specimens, with better mechanical properties
in low-density core samples.

However, this is not the first instance of a non-proportional relationship between infill
density and flexural properties. Baich et al. [59] reported a decrease in flexural strength
in specimens with larger infill densities, and an unclear correlation between infill density
and flexural modulus. A different interpretation of the results is that the high-density core
sandwich specimens underperformed due to imperfections in the samples, an idea that we
will revisit later.

The facing stress at the midspan in the reinforced and non-reinforced specimens
(Figure 4c) mirrors the behavior of Pmax (Figure 4a). The core shear ultimate stress was not
calculated because the failure in all specimens occurred in the facing.

A comparison of the flexural modulus obtained using analytical models (Equations (6)
and (7)) and experiments is presented in Table 4. The analytical model proposed by Tolf
and Clarin (Equation (7)) had a worse performance overall, especially in non-reinforced
samples with a high-density core (R0i25).

Table 4. Comparison of the experimental and analytical values of the elastic modulus Eg (in MPa).

D Experiment EHM Relative Tolf and Clarin Relative
(Equation (3))  (Equation (6)) Error (Equation (7)) Error
R4i25 1885.1 + 38.8 1580.6 19.3% 1127.0 40.2%
R4i50 1856.3 £ 197.3 1580.6 17.4% 1407.2 24.2%
ROi25 666.0 + 112.2 871.4 23.6% 650.4 2.3%
R0i50 463.1 £ 22.7 871.4 46.9% 930.7 101.0%

On the other hand, the model based on the equivalent homogeneous material (Equation (6))
had a relative error of approximately 20% in three cases, although the error was significantly
larger for non-reinforced samples with a high-density core (R0i50). This is consistent with
our previous observations suggesting that samples with a higher-density core underper-
formed when compared to the expected values.

The different success rates of the analytical models can be explained by the assump-
tions made in both models. The equivalent homogeneous material model (Equation (6))
only considers the properties of the facing and assumes that the load-bearing contribution
of the core is negligible. Hence, the core density does influence the flexural modulus, espe-
cially in reinforced specimens due to the high stiffness of the glass fiber reinforcement. The
validity of this assumption is consistent with the experimental results for fiber-reinforced
samples, whose average values are about 2% apart.



J. Manuf. Mater. Process. 2024, 8, 226

9 of 15

On the other hand, the model proposed by Tolf and Clarin, which considers the
stiffness of the core, fails in predicting the elastic modulus in all but one case, which
suggests that the role of the core could be secondary. In this model, the contribution of the
core to the total value of the elastic modulus represents between 10% and 30, depending on
its density.

3.2. Failure Analysis of CFRC Sandwich Panels with Honeycomb Cores

The average maximum load for reinforced and non-reinforced specimens was com-
pared with the critical load values for different failure modes (Figure 5). The figure omits
the predicted critical load for bond failure (Equation (13)), which was 2.5 to 11 times larger
than the recorded load values. Some of the reinforced and non-reinforced specimens
failed by face yielding, but the model only predicted it correctly in specimens with a 25%
core density and overestimated the face-yielding load by ~20% in samples with a 50%
core density.

4500
O
4000 X Pmax
3500 | O Face yielding
O Face wrinkling
3000
2 2500 + o
el
I3 [¢] [¢]
9 2000 + %
1500 O O
X
1000
500 t H R
0
R4125 R4150 RO125 RO150

Figure 5. Average maximum load before failure in bending (Pmax) and the failure load under face
yielding and face wrinkling for reinforced and non-reinforced specimens.

The overprediction in the critical load for wrinkling is consistent with previous studies
reporting panels failing at approximately 60% of the theoretical critical load [47]. In the
R4i25 samples, wrinkling failure occurs at 75% of the critical load and 30% for R4i50.
This gap has been commonly attributed to structural imperfections and irregularities in
previous studies. Although the presence of a larger number of defects in the R4i50 samples
was considered as an initial hypothesis for the premature failure in R4i50 samples, the
presence of other failure mechanisms suggests that fiber-polymer interlayer bonding (and
interlaminar shear) is the decisive factor behind the larger gap between analytical and
experimental results.

In non-reinforced specimens (R0i25 and R0i50), the predominant failure mode was the
fracture of the lower facing, with the crack propagating through the core as displacement in-
creased. This is consistent with the predictions of analytical models and the maximum load
recorded for the R0i25 and R0i50 samples. Furthermore, the prevailing failure mechanism
is face yielding, followed by the facture of the face under tension.

Figures 6 and 7 present the macroscopic appearance of the failure regions in reinforced
specimens (R4i25 and R4i50). Samples were photographed after the bending test using a
13 MP digital camera with /1.9, 28 mm (wide) AF. No postprocessing was required for
the samples.
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(©) (d)
Figure 6. Damage in low-density reinforced specimens (R4i25) (a) Fiber breakage in the bottom facing

(R4i25-A) (b) Crack across the core (R4i25-A) (c) Wrinkling in the top face (R4i25-B) (d) Delamination
between the face and core in the top side (R4i25-C).

(b)

(c) (d)

Figure 7. Damage in high-density reinforced specimens (R4i50) (a) Crack on the lower face (R4i50-B)
(b) Crack on the lower face and debonding on the upper face (R4i50-B) (c) Wrinkling on the upper
face (R4i50-C) (d) Debonding on the upper face (R4i50-A).
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Wrinkling is the prevailing failure mode in the reinforced specimens with low-density
cores (Figure 6¢,d). The wrinkling /buckling failure mode is common when face thickness
and core strength are relatively low [60].

These results diverge from previous studies of additively manufactured CFRC sand-
wich structures that have reported different failure modes such as fiber pull-out and
breakage, delamination, local core crushing, fiber/matrix, and panel/core debonding [43].
On the other hand, the results are consistent with previous studies analyzing the flexural
response of CFRC, in which glass fiber specimens did not show failure in tension but rather
buckling of fibers in the layers under compression [61]. This difference is understandable,
as the latter employed sequential CFRC-FFF—the same technology used to produce the
samples in this study—while the former utilized a coaxial system for sample production.

Delamination between the facing and core was also observed in some of the specimens
with a higher density core (Figure 6d). The analytical model for facing-core delamination
(Equation (13)) significantly overestimated the critical load (2.5x). Delamination can be
attributed to interlaminar shear damage and is evident as a sudden drop in the load-
displacement curves [62]. Previous authors have suggested that this type of failure could
be a consequence of microbuckling in the facing (i.e., wrinkling) [21].

Translaminar cracks are noticeable in one of the R4i25 reinforced samples (Figure 6a),
revealing other failure modes present in low density core samples. This failure mode
is consistent with the critical load calculated for yield facing (Figure 5). The prevailing
failure mechanism was fiber failure; no evidence of fiber/matrix debonding or fiber pullout
was observed. After the fiber layer failed, the load was transferred elsewhere, and the
crack propagated across the core (Figure 6b). The fracture line in the fiber layer runs
perpendicular to the longitudinal axis of the sample, whereas the fracture line in the
polymer layer shows a zigzag pattern, with segments oriented at +-45°, the same direction
in which the polymer filament is deposited on the layer (Figure 6a).

Similarly, delamination, fracture, and wrinkling can be observed in the R4i50 spec-
imens (Figure 7), confirming that different failure modes are possible, as reported in a
previous study [62]. Although no previous reports are available for composite sandwich
structures built entirely by AM, facing microbuckling was observed in sandwich structures
with fiber-reinforced composite facing and a 3D-printed lattice core [21].

Interlaminar /interlayer debonding between fiber and polymer layers in the facing
was the prevailing failure mode in high-density reinforced samples (R4i50) (Figure 7b). No
debonding between fiber layers was observed; it was limited to the fiber-polymer interface.
In Figure 7b,d, debonding is observed at the top layers (in compression), as reported in [61].

While the fiber-polymer interlayer debonding (Figure 7b,d) could be a result of the
shear stresses in the interface, it could also be considered a consequence of microbuckling
(i.e., wrinkling). Figure 7d shows that both wrinkling and interlayer debonding are present
simultaneously. The non-symmetrical interlayer debonding suggests that this is the result
of microbuckling combined with local AM defects in the facing. Previous studies have
reported that weak bonding between fiber and polymer layers in glass fiber CFRC combined
with a larger number of defects can limit the strength of composite materials [63].

The mechanical behavior of the specimens can be affected by the hygroscopicity
of nylon, which is the primary component of Onyx. Although precautions were taken
to minimize the influence of humidity on the specimens, environmental changes in the
manufacturing and storage conditions could explain the variations between samples [64,65].

Other sources of variability that could explain variations include voids and interlayer
imperfections derived from the FFF process, which might change from one specimen to
the next. The current limitations of the FFF process significantly influence the mechanical
properties, and CFRCs built by FFF are not comparable to those obtained by traditional
methods (pre-pregs) [66]. Furthermore, manufacturing defects strongly influence the
mechanical response under shear loading, and the mechanical properties are significantly
lower [66]. Defects such as intra- and interlaminar voids, non-homogeneous distribution of
fibers, and poor interlaminar bonding are expected in parts built by FFF [33,66].
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4. Conclusions

Fiber-reinforced specimens showed a 2 to 3-fold increase in strength and elastic modu-
lus compared to non-reinforced samples. On the other hand, a higher infill percentage in
lattice beams did not improve the flexural modulus, and both strength and critical load
were markedly better in sandwich beams with a low-density core.

Two analytical models for the elastic modulus in sandwich panels were evaluated,
with the 3D-printed panel exceeding the predictions of both models. The equivalent homo-
geneous model had the best performance, with a 20% relative error in CFRC specimens.
However, the results for non-reinforced samples with a higher core density were poor.
Similarly, analytical models for predicting the critical load in sandwiches were tested. The
relative error was around 20% for face yielding, which was present as fiber breakage in
a few samples. On the other hand, the analytical model could not correctly predict face
wrinkles or interlayer debonding between the polymer and fiber, although this was present
in fiber-reinforced samples.

New, better analytical (or numerical) models are needed. Given the limited effective-
ness of analytical models, further theoretical and experimental analysis of the wrinkles of
sandwich panels is necessary. For instance, the use of classic laminate theory, which has
been used to model the mechanical behavior of 3D-printed parts [67-69], could be used to
predict the mechanical response and failure of this new type of CFRC.

Three damage mechanisms were present: fiber breaking, facing-core delamination,
and fiber-polymer interlayer debonding. The interlaminar strength between the matrix
and reinforcement layers plays a role in buckling and interlayer debonding. Hence, the
effect of interlaminar shear stress on the flexural response of sandwich panels requires
further analysis, since previous studies have reported a significant sensitivity to the stacking
sequence [70].

Future work could explore the use of other fiber reinforcements (Kevlar and carbon)
and the influence of FVF on the bending strength of these composite structures, as suggested
in previous reviews for CFRC materials [28]. The effect of pre- and post-treatment processes
and a more rigorous dehumidification method for samples should also be investigated,
which could help improve interfacial bonding between layers.
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