Composite Structures 262 (2021) 113626

Contents lists available at ScienceDirect

COMPOSITE

STRUCTURES

Composite Structures

journal homepage: www.elsevier.com/locate/compstruct

Bending performance and failure behavior of 3D printed continuous fiber L))

Check for

reinforced composite corrugated sandwich structures with shape memory = "=
capability

Chengjun Zeng?, Liwu Liu?® Wenfeng Bian”*, Jinsong Leng ¢, Yanju Liu **

2 Department of Astronautical Science and Mechanics, Harbin Institute of Technology (HIT), P.O. Box 301, No. 92 West Dazhi Street, Harbin 150001, People’s Republic of China
® Department of Civil Engineering, Harbin Institute of Technology (HIT), Weihai 264209, People’s Republic of China
©Center for Composite Materials and Structures, Harbin Institute of Technology (HIT), P.O. Box 3011, No. 2 YiKuang Street, Harbin 150080, People’s Republic of China

ARTICLE INFO ABSTRACT

Keywords:

3D printing

Continuous fiber

Corrugated sandwich structure
Bending failure

Shape memory

Here, a co-extrusion-based 3D printing technology was applied to integrally manufacture continuous fiber rein-
forced composite trapezoidal corrugated sandwich structures (CFRCTCSs) with shape memory capability. The
theoretical models were developed to analyze the bending performance and failure behavior of the 3D printed
CFRCTCSs with various geometric configurations and verified by three-point bending tests. Good agreement
between the predictions and the experimental measurements was achieved. Considering four dominant failure
modes including face yielding, face buckling, core shear failure and indentation collapse, the failure maps
based on the analysis models were constructed to highlight the failure mechanism of CFRCTCSs and provide
a practical guide for the design of lightweight sandwich structures. Shape recovery tests were performed to
confirm the shape memory capability of the 3D printed CFRCTCSs. Finally, the comparison of the bending
properties with several competing structures indicates that the 3D printed CFRCTCSs possess the potential

to provide new opportunities for lightweight systems and multifunctional applications.

1. Introduction

Sandwich structures are a type of laminated composites that have
been available due to their high stiffness-to-weight and lightweight
features [1,2]. The most common sandwich structure consists of two
thin skins and an inner core made of honeycomb or polymer foam with
low density and low modulus [3]. The high thickness of the core pro-
vides a higher moment of inertia and improves the bending stiffness of
the sandwich panel [4]. In another type of sandwich structure, the core
is corrugated, which can be designed in various geometric shapes, such
as triangular, trapezoidal, sinusoidal and hexagonal cellular shapes
[5,6]. These corrugated sandwich structures can provide superior
shock absorption capacity and bending resistance, which makes them
a promising candidate in aeronautics, aerospace and marine engineer-
ing as an integrated protection system [7]. Some theoretical, experi-
mental and numerical investigations on the bending properties of
metallic corrugated sandwich structures have been published. Seong
et al. [8] theoretically and experimentally investigated the quasi-
isotropic bending behavior of metal corrugated sandwich panels.
Valdevit et al. [9] studied the transverse and longitudinal bending
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properties of corrugated sandwich steel plates through experimental
measurements and numerical calculations.

When both the panels and the corrugated core are made of fiber
reinforced composites (FRCs), the corrugated sandwich structure
may be more attractive for structural applications. Because FRC corru-
gated sandwich structures not only further reduce the weight com-
pared to metal corrugated sandwich structures, but also the tunable
mechanical properties of the composites provide even greater design
flexibility for corrugated sandwich structures [10,11]. However, the
traditional manufacturing processes of such composite corrugated
sandwich structures such as hot press molding, filament winding, pul-
trusion and vacuum-assisted molding require autoclaves or complex
rigid molds for non-autoclave processes, thus hindering the wide appli-
cation of composite corrugated sandwich structures [12].

The advances in rapid prototyping technologies such as additive
manufacturing, also commonly referred to as 3D printing, offer the
possibility to easily fabricate cellular cores with free-form 2D and 3D
topologies, which are quite difficult to be fabricated with general man-
ufacturing processes, e.g. hot pressing and injection molding [13]. The
most widely used 3D printing methods are extrusion-based methods
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and powder bed fusion-based methods, such as fused filament fabrica-
tion (FFF) [14,15], direct ink writing (DIW) [16] and selective laser
sintering (SLS) [17]. These methods form 3D objects by depositing
raw materials line-by-line and then layer-by-layer [18]. Related
research demonstrates that new sandwich structures integratedly con-
structed by 3D printing, especially those with topology optimized
microarchitecture, usually exhibit high bonding strength between
the panels and the core, which contributes to excellent bending prop-
erties [19]. When the raw materials are programmable materials such
as shape memory polymers (SMPs) [20,21], 3D printed objects often
possess the ability to transform their physical characteristics through
predetermined stimuli [22]. The manufacturing process combining
programmable materials and 3D printing technology brings new
opportunities for the design and fabrication of multifunctional light-
weight structures.

Recently, continuous fiber reinforced thermoplastic polymer com-
posites have been successfully manufactured through an innovative
3D printing process [23-26]. This process can also be used to construct
continuous fiber reinforced composite lightweight structures
(CFRCLSs) with controlled properties, which shows a broad prospect
for low-cost manufacturing of FRC parts and multifunctional structures
[27]. Hou et al. [28] proposed the cross lap and panel-core lap design
strategies to fabricate CFRCLSs with complex configurations through
3D printing, and initially investigated the compression properties of
CFRCLSs. Sugiyama et al. [29] used continuous carbon fiber and fiber
tension to fabricate sandwich structures with various core shapes as a
single piece. Essassi et al. [30] studied the bending fatigue behavior of
3D printed bio-based composite sandwich beams. However, although
some preliminary investigations on 3D printing and mechanical behav-
ior of CFRCLSs mentioned above have been reported, there is still a
lack of extensive theoretical and experimental research on the bending
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performance and failure behavior of the 3D printed CFRCLSs. More-
over, there is almost no precedent of using SMPs for the 3D printed
CFRCLSs.

In the present study, the bending performance and failure mecha-
nism of the integrated continuous fiber reinforced composite trape-
zoidal corrugated sandwich structures (CFRCTCSs) fabricated by
combining SMPs and co-extrusion-based FFF 3D printing process were
investigated. The analysis models were proposed to predict the bend-
ing properties and failure modes of the 3D printed CFRCTCSs with var-
ious geometric configurations. Corresponding three-point bending
experiments were carried out to validate the analysis models, and
the failure maps based on different collapse mechanisms of the sand-
wich structures were constructed. Moreover, the shape recovery tests
were performed to evaluate the shape memory capability of the 3D
printed CFRCTCSs. Finally, the bending properties of the 3D printed
CFRCTCSs were compared with several competitive sandwich struc-
tures to gauge their overall potential.

2. Experimental methods
2.1. Design of the sandwich structures

The corrugated plates are continuous periodic structures composed
of the same elements. The geometry of the element can severely affect
the mechanical properties of these corrugated plates. To describe a
periodic trapezoidal element, as shown in Fig. 1a, a series of geometric
parameters are defined as: the thickness t of the core wall, the panel
thickness t; the length [ of the horizontal core wall, the height h of
the single-layer corrugated core and the corrugation angle y. The
trapezoidal corrugated sandwich panel consists of a single or multi-
layer periodic corrugated core and the upper and lower thin skins.

(b)

Start point ®

o[/ @\gf/fg\\@ﬁ@\\@//@\@/@\@/@ o

y2-nl-hl

End point

0verI;B£)ed path

y2-n3-hl

Fig. 1. Schematic diagram of (a) element and (b) printing path design of the trapezoidal corrugated sandwich panel.
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According to the geometric relationship between the element and the
sandwich structure, the relative density of the multi-layer trapezoidal
corrugated sandwich structures can be expressed as:

— _ ps _ nt(lsing + h) + 2t (Isiny + hcosy)
e (he + 2t7) (Isiny + heosy)

(1)

where, p; and p, denote the density of the multi-layer corrugated
sandwich structures and the material, respectively, h, = nh + tis
the total height of the multi-layer corrugated core, and n represents
the number of layers of the corrugated core in the sandwich structure.

In this work, the density of the 3D printed continuous fiber rein-
forced composites was p, = 1390 kg/m®. Some geometric parameters
were fixed as t = 2.3 mm, t; = 2.3 mm, b = 35 mm, while other geo-
metric parameters such as the corrugation angle y, the number of lay-
ers n and the height h of the single-layer corrugated core were
considered as design variables. The 3D printed CFRCTCSs were
grouped according to design variables including the corrugation angle
v (ie, 52° “y1”, 63° “y2” and 90° “y3”), the number of core layers n
(ie, one layer “nl”, double layers “n2” and three layers “n3”), and
the single-layer core height h (ie, 9 mm “h1”, 15 mm “h2” and
21 mm “h3”). For example, y2-n2-h1 represents a specimen with the
corrugation angle y of 63°, the number of layers n of 2 and the
single-layer core height h of 9 mm.

2.2. Manufacturing process

An FFF 3D printer with two feeding channels as shown in Fig. 2a
was used to fabricate complex components made of continuous fiber
reinforced polymer composites. The original single-material printer
before modification was produced by Shenzhen Creality 3D Technol-
ogy Co., Ltd., China. As shown in Fig. 2b, continuous fiber and flexible
material are respectively introduced into the extruder from the corre-
sponding feeding channels. The heating device in the extruder pro-
vides sufficient heat to melt the flexible thermoplastic material from
a solid-state to a molten state. Then, under the action of traction, the
fiber bundle impregnated with the molten material is pulled out of
the nozzle and solidified on the platform. The printing path schemes
of typical CFRCTCSs including w2-n1-hl, y2-n2-hl and y2-n3-hl
are listed in Fig. 1b. Herein, the single-layer printing path starts from
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the “start point” and ends with the “end point” according to the serial
number, and there is no nozzle jumping in the process. After complet-
ing the single-layer printing, the extruder turns backwards again from
“end point” to “start point” to complete the printing of the next layer.
In order to enhance the adhesion between the adjacent core walls as
well as the corrugated core and the panels, the path overlapping is con-
sidered in the path design, as shown by the dotted elliptical frame
marked in Fig. 1b. The overlapping percentage of two adjacent paths
is approximately 80%.

In this study, the flexible material used to fabricate CFRCTCSs was
the semi-crystalline shape memory polylactic acid (PLA) prepared by
the research group of Professor Jinsong Leng at Harbin Institute of
Technology [15,31]. The melting temperature of the PLA filaments
was about 170 °C. The continuous carbon fiber bundle was T300B-
3000-40B produced by Toray Co., Ltd. of Japan. The printing parame-
ters were set to a layer thickness of 0.4 mm, a nozzle diameter of
2 mm, a printing speed of 100 mm/min and a nozzle temperature of
210 °C. The volume fraction of fiber was about 12.5%. Fig. 2c presents
the specimens with different geometric configurations manufactured
by 3D printing.

2.3. Three-point bending tests

The quasi-static three-point bending tests were performed on a uni-
versal mechanical tester (Zwick Z050), and the fixed loading rate was
determined to be 2 mm/min according to ASTM D7249/D7249M. The
total length of all the specimens was 158 mm, and the span L between
the supports was 110 mm. For each test, three specimens were mea-
sured to obtain the mean values of the bending properties. A digital
camera was used to record the failure process of the specimens during
the three-point bending.

2.4. Scanning electron microscope (SEM)

The local morphology of the 3D printed CFRCTCSs after bending
failure was characterized by VEGA3 TESCAN scanning electron micro-
scopy (SEM). Before the SEM analysis, the specimens were put into the
ETD-800 small ion sputtering instrument for gold plating to improve
the image quality.

(a)

Extruder

= Flexible material

Continuous fiber]

24 mm y1-n2-hl
124 mm y3-n2-hl
33 mm yl-n3-hl
33 mm y3-n3-hl
21 mm y2-nl-h2
27 mm y2-nl1-h3

Fig. 2. Schematic diagram of 3D printing for integrated CFRCTCSs: (a) 3D printing equipment, (b) the scheme of the printing process and (c) the prepared

CFRCTCSs with different geometric configurations.
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2.5. Tests on the constituent material

Hou et al. [32] systematically investigated the tensile and compres-
sive properties of 3D printed unidirectional continuous fiber rein-
forced PLA composite with various fiber volume fractions. When the
fiber content is 12.5%, the longitudinal tensile strength and modulus
are respectively 203.7 MPa and 17.0GPa, which are much higher than
the compressive strength and modulus. This indicates that the first
bending failure of the 3D printed CFRCTCSs will be mainly caused
by the compression failure of the material. Therefore, according to
the experimental method proposed by Du et al. [2], uniaxial compres-
sion tests were carried out on the 3D printed rectangular composite
specimens to determine the mechanical properties of the constituent
material. Four flat aluminum alloy blocks were fixed at both ends of
the rectangular specimen to keep it vertical during the compression
test, as shown in Fig. 3a. The effective length of the rectangular spec-
imens was 16 mm. Fig. 3b and Fig. 3c present the typical failure mode
and stress-strain curves of the specimens during compression, respec-
tively. The average compressive modulus E of the constituent material
is 3 GPa, and the compressive strength o, is 72.6 MPa.

2.6. Shape recovery tests

As shown in Fig. 4, there are three types of specimens used in the
shape recovery tests, numbered y1-n3-h1, y2-n3-h1 and y3-n3-hl.
The initial shape of all specimens is a rectangle with a geometric size
of 158 X 33 x 1.2 mm. Under the temperature condition of 70 °C, the
specimens were programmed into circular arc-shaped temporary
shapes with an inner diameter of 32 mm. The shape recovery tests
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were conducted in a hot water bath at 60 °C. A digital camera was uti-
lized to record the shape recovery process.

3. Theoretical investigation of bending behavior
3.1. Bending deflection

For a multi-layer corrugated sandwich beam loaded by three-point
bending, the total deflection & at its midpoint can be expressed as the
sum of the deflections due to panel bending and core shearing [33]:

FL® FL

:m—i—“(G—A)eq (2)

O

Where (ED.q and (GA)., are the equivalent bending stiffness and
equivalent shear stiffness of the multilayer corrugated sandwich beam,
respectively, which can be expressed as

Ebt?  Ebts(h +t;)° E.bh®
=_f+ f( +f)+bc

(EDeq 6 2 12

3)

b(he +17)° -

(GA)eq = hc GXZ (4)

Where, E, is the in-plane equivalent elastic modulus of the corru-

gated core in the x-direction, and (_?,‘z is the out-of-plane equivalent
shear modulus of the corrugated core in the x-z plane. The detailed

derivation of E, and G, is given in Supplementary material section
S2.1.
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Fig. 3. Compression test of 3D printed continuous fiber reinforced composite: (a) specimen, (b) compressive failure mode and (c) measured stress—strain curves.
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Fig. 4. The initial shapes, temporary shapes and permanent shapes of the 3D printed CFRCTCSs: (a) y1-n3-h1; (b) y2-n3-h1; (c¢) y3-n3-hl.

3.2. Bending failure load

The following failure modes may occur when a carbon fiber com-
posite sandwich beam is subjected to three-point bending: 1) face
yielding; 2) face buckling; 3) core shear failure; 4) indentation failure.
The definitions of these bending failure modes are presented in Sup-
plementary material section S1. The failure of a corrugated sandwich
beam is usually determined by one of these competitive mechanisms,
which depends on the geometry of the sandwich beam and the
mechanical properties of the constituent material.

3.2.1. Face yielding

The face yielding occurs when the maximum normal stress in the
panel reaches the yield stress of the constituent material. The con-
stituent material is assumed to be completely elastoplastic. It repre-
sents face yielding only when the panel is completely plastically
deformed. When the maximum stress occurs at the position of the max-
imum moment, which is the center of the beam, there is a balance
equation [34]:

he/2 _ he /2+tf
2 / Eunzdz + / oy adz
0 he/2

2 is a constant describing the distribution of equiva-

FL
- 5)

where, =
lent strain along the cross-section of the beam.

Then, the critical load corresponding to the face yielding (FY) fail-
ure mode is

12t (h + t7) + 2R°E

Fy = 3L

boy, (6)

Where, E= E'x /E.

3.2.2. Face buckling
The mutual coupling effect between the core and the panels is not
considered in the analysis models. Under the lateral loading condition,
the structural length of the panel corresponding to the trapezoidal core
unit in the x-direction is small. Therefore, the face member is consid-
ered as a beam rigidly connected at both ends. The face beam length is
Iy = 1+ 2hcoty, so the critical Euler buckling stress in the panel mem-
ber can be expressed as [33]
mEt} o
op = ———"5
P 7 3(1 + 2heoty)?
The critical load of face buckling (FB) failure mode can be obtained
by replacing 65, with o in Eq. (6):

72bt? [1 2ty (he + t;)E + 2th,(]
9L (1 + 2hcoty)*

Fp = ®)

3.2.3. Core shear failure

Under simply support conditions, the transverse shear force acting
on the multi-layer sandwich beam by three-point bending is mainly
borne by the corrugated core. The possible shear failure modes of
the corrugated core are core member buckling (CB) and yielding
(CY). Based on Eq. (S13) and Eq. (S14) in Supplementary material,
expressions for estimating the critical load for the shear failure of
the corrugated core can be obtained.

P 47%t*bh, Esin®y ©)
@ 3h? (hcosy + Isiny) [(3h + teosy) + (34 — tsiny)C" — 6C]
P
Fo = 4t*bh, sinyo, (10)

heosy + Isiny ) [(3h + tcosy) 4 (34 — tsiny)CF — 6CM
(
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where o, denotes the axial yield strength of the constituent
material.

3.2.4. Indentation failure

The indentation collapse of the sandwich beam originates from the
local elastic instability of the panel, accompanied by the local com-
pression yielding of the core. The analysis model proposed by Craig
A et al. [35] is utilized to predict the collapse failure load of a multi-
layer periodic corrugated sandwich beam, in which the core is consid-
ered to be infinitely rigid-plastic. It is simply assumed that the core is
subjected to a positive compressive force corresponding to the magni-
tude of the yield stress on the recessed portion of the panel. The max-
imum failure load is given as follows [35]

7*(h. + L})Eo‘f}

1/3
Frax = btf|: 3L

(11)

Corresponding to the two different compression failure modes of
the corrugated core, the failure load of the two indentation failure
modes including the indentation failure induced by core web buckling
(IB) and the indentation failure induced by core web yielding (IY) can
be obtained from Eq. (S17) and Eq. (S18) in Supplementary material,
respectively:

2 Eo? 1/3
fi2 (hc +tf) Ucb:| (12)

Fyp = btf|: 3L

7*(he + tf)Er;czy:| 13 (13)

Fiy—btf|: 3L

4. Results and discussion
4.1. Failure behavior

4.1.1. The effect of the number of core layers

To investigate the influence of the number of corrugated core lay-
ers on the bending performance and failure modes of the 3D printed
CFRCTCSs, three kinds of sandwich structures with various numbers
of layers (ienl = 1, n2 = 2 and n3 = 3) were investigated through
three-point bending tests. These sandwich structures had the same cor-
rugation angle y2 = 63° and the same single-layer core height
hl = 9 mm. Fig. 5 presents the load-displacement curves. It can be
found that although these curves have different ultimate loads, they
still exhibit similar evolutionary patterns. Specifically, the load
increases almost linearly within a limited displacement range at the
beginning. After the initial failure, the load peaks and then decreases
with a considerable period of stable deformation. The peak loads of
y2-n1-hl, y2-n2-hl and y2-n3-hl are 3.19 kN, 5.85 kN and 6.87
kN, respectively. It is obvious that the peak load increases with the
number of layers n. The theoretical analysis had been performed to
predict the critical failure loads of the 3D printed CFRCTCSs with dif-
ferent geometric parameters. The analytical predictions were com-
pared with experimental results to verify the effectiveness of the
proposed analysis models for predicting the bending properties and
failure modes of the 3D printed CFRCTCSs. The dotted line in Fig. 5
represents the analytical prediction of the initial bending failure load
for the corresponding specimen. The predicted values of the three
specimens are 3.02 kN, 5.22 kN and 6.55 kN, respectively, which
are 5.3%, 10.7% and 4.7% smaller than the experimental values,
indicating that the analytical predictions are in good agreement with
the experimental ones.

Fig. 6 records the photographs of the bending failure states of the
3D printed CFRCTCSs with the various number of core layers at two
different moments. Corresponding to Fig. 6, Fig. 7 shows the local
microscopic morphology of the failed specimens. State I corresponds
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Fig. 5. Bending load-displacement responses of the 3D printed CFRCTCSs
with the various number of corrugated core layers.

to the moment at which the circle symbols in Fig. 5 are located, and
state II corresponds to the moment at which the rectangle symbols
in Fig. 5 are located. From Fig. 6a and Fig. 7a, the face yielding failure
of the specimen y2-n1-h1l during bending loading can be observed,
which is consistent with the analytical prediction of the failure mode.
This face yielding is attributed to the strong core configuration and the
thin panels. Besides, the delamination and fracture of the inclined web
of the trapezoidal corrugated core are also included during the bend-
ing process of the specimen y2-n1-hl.

Different from y2-nl-hl, the collapse mode of the 3D printed
CFRCTCSs is dominated by the core shear failure when the number
of layers is two. As shown in Fig. 6b, the initial failure mode of the
specimen y2-n2-hl is the matrix failure of the ends of the inclined
member. It can be observed from Fig. 7b that obvious fibers pull-out
and buckling occurred after the matrix failure, followed by matrix
cracking and crack propagation. When the number of corrugated core
layers is further increased from two to three, the increase of the initial
failure load is significantly reduced, which is 61.7% less than the
increase from one to two layers. The core shear collapse in the speci-
men y2-n3-h1 is observed in Fig. 6¢ and Fig. 7c. This collapse is caused
by the shear fracture of the core member induced by the indentation
failure of the beam.

4.1.2. The effect of corrugation angle

The effect of the corrugation angle on the bending performance of
the 3D printed CFRCTCSs was evaluated by testing three types of sand-
wich beams with different corrugation angles (ie y1 = 52°, y2 = 63°
and y3 = 90°). These sandwich structures had the same number of
core layers n = 2 and the same single-layer core height h = 9 mm.
The load-displacement curves corresponding to yl = 52° and
w3 = 90° are shown in Fig. 8. By combining Fig. 5 with Fig. 8, it
can be known that the experimental peak load of yl-n2-hl, y2-n2-
hl and y3-n2-hl are 6.12 kN, 5.85 kN and 3.74 kN, respectively. By
applying the analysis models proposed in this paper, the predictions
of the initial failure load for three sandwich specimens with various
corrugation angles are 5.22 kN, 5.22 kN and 3.28 kN, which are
14.7%, 10.7% and 12.3% smaller than the experimental ones.

Fig. 9 demonstrates the impact of the corrugation angle on bending
deformation and failure modes of the 3D printed CFRCTCSs. From
Fig. 9a, it can be observed that the initial failure modes of y1-n2-h1
are mainly manifested as core shear failure caused by core member
yielding. The plastic hinges appear at the joint between the upper
panel and the core members. Moreover, the microscopic images in
Fig. 10a show the matrix failure caused by fiber buckling at the joint
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Fracture

b
Fracture

Fig. 6. Deformation processes and failure photographs of the 3D printed CFRCTCSs with different number of corrugated core layers: (a) y2-n1-h1; (b) y2-n2-hl;

(c) y2-n3-hl.

of two corrugated cores. It can be found in Fig. 9b and Fig. 10b that the
collapse of y3-n2-h1 is mainly caused by the shear yielding failure of
the vertical core web. Matrix cracking and crack propagation occur at
the nodes and eventually lead to fracture. This is consistent with the
failure mode obtained by applying the proposed prediction models.

4.1.3. The effect of height of single-core

The single-layer sandwich structures with three different core
heights (ie h1 = 9 mm, h2 = 15 mm and h3 = 21 mm) were consid-
ered in the three-point bending experiments. These single-layer sand-
wich structures had the same corrugation angle y = 63°. The
load-displacement curves of the samples corresponding to
h = 15 mm and h = 21 mm are plotted in Fig. 11, while the bending
response of the samples corresponding to h = 9 mm is presented in
Fig. 5. From Fig. 5 and Fig. 11, it can be determined that the
experimental peak loads of y2-nl-hl, y2-n1-h2 and y2-n1-h3 are
3.19 kN, 2.16 kN and 1.53 kN, respectively. Obviously, the peak load
is sensitive to changes in the height of the corrugated core because the
second moment of inertia of the sandwich beam is affected by the
height of the corrugated core. As the height of the corrugated core
increases, inclined webs in the corrugated core withstand greater
bending moments at the same load level, resulting in lower shear
strength.

Bending deformation and collapse photographs of the 3D printed
CFRCTCSs with different single-layer core heights are presented in
Fig. 12. It can be observed from Fig. 12a that the breakage of the upper
panel of y2-n1-h2 occurs under the indentation pressure of the

bending test fixture and then the crack occurs due to slippage.
Fig. 12b indicates that the shear failure of the inclined core webs is
the dominant collapse mode of y2-n1-h3 under bending loading.
Besides, y2-n1-h3 is subjected to Euler buckling of the upper panel
during core shear failure.

4.2. Flexural modulus and strength

For composite sandwich structures, the flexural modulus and bend-
ing strength can be calculated as follows [36]:

I F
= Sl 14
T~ 4 o5 (14)
3sz\xL

where L is the span in the three-point bending experiment, H is the
total thickness of the sandwich structure, P,,,, is the maximum load,
and F / &p is the slope of the initial linear segment of the
displacement-load curve. In this work, Eq. (2) was utilized to get
F / &, and then it was introduced into Eq. (14) to obtain the predicted
value of the flexural modulus of various sandwich structures. The pre-
dicted value of bending strength was obtained based on the analytical
value of the bending failure load. The comparison of the predictions
and measurements of specific flexural modulus Ef / p; and specific
bending strength o / ps of the 3D printed CFRCTCSs with various
geometric configurations is presented in Fig. 13.
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Fig. 7. The local micromorphology of the 3D printed CFRCTCSs with different number of corrugated core layers: (a) y2-n1-h1; (b) y2-n2-h1; (c) y2-n3-h1.
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Fig. 8. The bending load-displacement responses of the 3D printed CFRCTCSs
with various corrugation angles.

It can be seen from Fig. 13a that whether the experimental value or
the predicted value, the Ef / ps gradually decreases as the number of
corrugated core layers n increases. This proves that the single-layer
sandwich structure possesses a higher specific flexural modulus when
other structural parameters are fixed. By comparing three sandwich
structures of y1-nl-hl, y2-n1-h1 and y3-n1-h1 with the single-layer
corrugated core, it is found that y1-n1-h1 and y2-n1-h1 have remark-
ably higher predicted and experimental values of the specific modulus.
The same conclusion can be drawn by comparing the three sandwich
structures of y1-n2-hl, y2-n2-hl and y3-n2-hl with double corru-
gated cores. It can be concluded that when the corrugation angle is
90°, CFRCTCSs have a lower specific flexural modulus, which may
be due to the crushing failure that the vertical core webs tend to occur.

Besides, the single-layer core height makes a considerable impact on
the flexural modulus of the 3D printed CFRCTCSs. The experimental
values of the specific modulus of y2-n1-hl, y2-n1-h2 and y2-n1-h3
with single-layer core heights of 9 mm, 15 mm and 21 mm are
2.98 x 10° m?¥s? 0.82 x 10° m%s? and 0.38 x 10° m?%s?, respec-
tively. Obviously, as the single-layer core height increases, the specific
flexural modulus of the sandwich structure decreases sharply. This is
mainly because a larger single-layer core height means a longer core
web, which is more vulnerable to shear yield failure, resulting in lower
bending resistance of the structure.

Similar to Ef / ps, it can be observed from Fig. 13b that the specific
bending strength of / ps of CFRCTCSs decreases with an increase in the
number of core layers n. Theoretical and experimental results are close
but still exist a certain deviation, which may be caused by external dis-
turbances during the measurements. It is worth noting that when the
number of core layers is one, the specific strength of the specimen with
a corrugation angle of 90° is not significantly lower than that of the
specimen with a corrugation angle of 52° or 63°. This implies that
although the corrugation angle of 90° reduces the flexural modulus
of single-layer CFRCTCSs, it makes no adverse effect on the bending
strength. By comparing the 3D printed CFRCTCSs with various corru-
gation angles but the same number of core layers, it can be concluded
that setting the corrugation angle to 63° contributes to higher specific
bending strength.

4.3. Failure mechanism maps

Failure maps are important for designing corrugated sandwich
structures with several potential failure modes. In this section, the
proposed analysis models were used to construct the failure maps
which could reveal the dominant initial failure mechanism of the
3D printed CFRCTCSs. As shown in Fig. 14, with the dimensionless
parameters t; / L and h / L as the abscissa and ordinate, respectively,
the initial failure mode maps of the 3D printed CFRCTCSs with
single-layer corrugated core under three-point bending were
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Fig. 10. The local micromorphology of the 3D printed CFRCTCSs with various corrugation angles: (a) y1-n2-h1; (b) y3-n2-hl.

constructed by Eq. (6), Eq. (8), Eq. (9) and Eq. (10) considering three The failure mechanism map corresponding to each specific corruga-
kinds of corrugation angles. The material properties and other tion angle can be divided into four regions, and in each region a speci-
geometric parameters were constant. fic failure mechanism is dominant. Obviously, the transition line
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Fig. 11. Bending load-displacement curves of the 3D printed CFRCTCSs with
the various heights of single-core.

between any two failure modes mainly depends on the strength and
geometric parameters of the panels and corrugated core. In the case
of high t;/ L and h / L, the core shear failure induced by Euler buckling
of the inclined core webs is the main collapse mechanism due to the
strong panels and long inclined core webs. In the case of low t; / L,
the face failure caused by Euler buckling is the primary failure mode
due to the thin panels. Fig. 14 also presents the influence of the corru-
gation angle y on the transition line between various failure mecha-
nisms. As the corrugation angle increases, the incidence of core
shear failure caused by the inclined web yielding increases, while
the incidence for the other three failure mechanisms including face
yielding, face buckling and core buckling is reduced.

Fig. 15 illustrates the prediction maps of the initial failure for the
3D printed CFRCTCSs with specific single-layer core height. The exper-
imental data is added to the maps with different symbols representing
the corresponding failure modes. Fig. 15a depicts that the competitive
failure modes for h = 9 mm are face yielding (FY), core member yield-
ing (CY) and indentation failure induced by core web yielding (IY).
Near the transition line between face yielding and indentation failure
modes, experimental results and analytical predictions are inconsis-
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Fig. 13. Comparison of analytical predictions and experimental results of
specific bending properties for the 3D printed CFRCTCSs: (a) Specific flexural
modulus Ef / pg; (b) Specific bending strength of / ps.

tent. This is mainly caused by experimental errors and mixed failure
modes. Except for the vicinity of the transition lines, the predictions
in other areas are consistent with the experimental results.

Fig. 15b shows the failure mechanism diagram for the 3D printed
CFRCTCSs with h = 15 mm. Compared with the corresponding value
of h = 9 mm, the map is shifted slightly to the left and the area of core
shear yielding is expanded. All experimental observations are located
in the area of core shear yielding, which agrees with the analytical pre-
diction. Besides, with lower H / L and y, the dominant failure mode is
converted from face yielding to face buckling. Different from the fail-
ure mechanism map corresponding to h = 15 mm, the initial failure
map corresponding to h = 21 mm is dominated by five failure modes,

()

Shear failure

Fig. 12. Bending deformation and collapse modes of the 3D printed CFRCTCSs with the various heights of single-core: (a) h = 15 mm; (b) h = 21 mm.
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Fig. 14. Initial failure maps illustrated as functions of tr / L and h / L for
various corrugation angles where FB is face buckling, CB is core member
buckling, FY is face yielding and CY is core member yielding.

as shown in Fig. 15c. The other two dominant failure modes including
core shear buckling and indentation failure induced by core web buck-
ling occur in the corresponding regions. With higher H / L and lower y,
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the dominant failure mode is indentation failure induced by core web
buckling. This failure mode occurs because the slender inclined web is
more prone to Euler buckling failure.

4.4. Shape memory properties

From Fig. 4, it can be observed that three kinds of deformed spec-
imens with various cellular configurations can recover from the tem-
porary shapes to the permanent shapes close to the initial shapes
after reheated to 60 °C, which indicates that the 3D printed CFRCTCSs
presented are potential candidates for reconfigurable and deployable
lightweight components. The difference in cellular configuration has
little effect on the shape recovery process. The shape recovery process
of the specimen numbered y3-n3-h1l in a 60 °C water bath is shown in
Fig. 16. With the increase of time, the central angle 0 of the arc-shaped
specimen gradually decreases until it approaches zero. To evaluate the
shape memory performance of the 3D printed CFRCTCSs, here the
shape recovery ratio is defined as Rf = (6p - 6) / 6p X 100%. Where
6y is the central angle corresponding to the temporary shape of the
specimen, 6, = 280°. The functional relationship between the shape
recovery ratio of y3-n3-hl and the heating time can be found in
Fig. 16. The recovery ratio reaches 77% within 10 s, indicating that
w3-n3-hl possesses a rapid thermally-induced shape recovery
response. The maximum shape recovery ratio of y3-n3-hl is as high
as 95% even though there is damping during the deployment.
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04+ 0.4 F
o IY Y
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Fig. 15. Comparison of the experimental and theoretical results of the initial failure mode illustrated as functions of y and H / L for different heights of the
single-core. IB is indentation failure induced by core web buckling, and IY is indentation failure induced by core web yielding.
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Fig. 16. Demonstrations of the shape recovery process of the 3D printed CFRCTCS numbered y3-n3-h1 at 60 C.
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Fig. 17. (a) Flexural modulus and (b) bending strength versus density maps for the 3D printed CFRCTCSs compared to other competing sandwich structures.
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5. Comparison of competing structures

The material property charts provide a convenient way to compare
the mechanical properties of the 3D printed CFRCTCSs with sandwich
structures which are fabricated by various methods. Fig. 17a and 17b
compare separately the measured bending modulus Ef and bending
strength of of the 3D printed CFRCTCSs with several competitive
sandwich structures, including all-metallic hybrid-cored sandwich
constructions [37], 3D CFRP honeycomb sandwich beams [38],
CFRP skin/aluminum honeycomb core sandwich structures [36],
GFRP/wooden sandwich panels [39], 3D printed meta-sandwich
structures [40], GFRP truss core panels [41], woven textile sandwich
panels [42], 3D printed lattice core sandwich beams [43] and GFRP
skin/foam core sandwich structures [44].

The results in Fig. 17 demonstrates that the 3D printed CFRCTCSs
possess higher flexural modulus and bending strength than conven-
tional 3D printed sandwich structures such as polymer meta-
sandwich structures [40]. This proves that the 3D printing method
of the continuous fiber reinforced polymer composite sandwich struc-
ture involved in this work has considerable advantages and potential
compared to the general single-material 3D printing process. It is
noted that the bending resistance of the 3D printed CFRCTCSs is con-
siderably more competitive than GFRP / wooden sandwich panels [39]
and woven textile sandwich panels [42] manufactured by hot-press
molding methods, and comparable with CFRP skin/aluminum honey-
comb core sandwich structures [36]. Additionally, Fig. 17a suggests
that the flexural modulus of all-metallic hybrid-cored sandwich con-
structions [37] and CFRP sandwich beams with egg or pyramidal hon-
eycomb cores [38] is superior to the remaining sandwich structures
including the 3D printed CFRCTCSs described herein. However,
Fig. 17b confirms the stronger bending strength of the 3D printed
CFRCTCSs than other sandwich structures, which exhibits the broad
application prospects of the 3D printed CFRCTCSs in high-strength
and lightweight structures.

6. Conclusion

In this paper, CFRCTCSs were fabricated by combining SMPs and
FFF-based 3D printing process and were experimentally investigated
under three-point bending. The initial failure load, flexural modulus
and bending strength of the 3D printed CFRCTCSs were predicted
through theoretical analysis. The failure mechanism maps based on
the proposed analysis models were constructed to predict the failure
modes of CFRCTCSs. The analytical predictions match well with exper-
imental measurements. Besides, the shape memory capability of the
3D printed CFRCTCSs was characterized by shape recovery tests.
Based on the results and discussion in this article, the following con-
clusions can be drawn:

1) Increasing the number of core layers improves the peak failure
load of the 3D printed CFRCTCSs but leads to lower specific
flexural modulus and specific bending strength.

2) There is little difference in the bending performance of the 3D

printed CFRCTCSs when the corrugation angle is 52° or 63°,

while CFRCTCSs with a corrugation angle of 90° have obviously
lower specific modulus due to the vertical core webs are prone
to shear failure.

The increase in core height causes the initial failure mode of the

3D printed CFRCTCSs to change from face yielding to core

member yielding and core buckling due to Euler buckling of
the slender core web, during which the specific properties of
the structure are dramatically reduced.

The 3D printed CFRCTCSs possesses excellent shape memory

performance, and the maximum shape recovery ratio is as high

as 95%.

3)

4)
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5) Comparison with several competitive sandwich structures
demonstrates that the 3D printed CFRCTCSs have outstanding
bending properties.
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