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Lightweight sandwich panels with fluid‐through cellular cores are promising for applications requiring simul-
taneous load‐bearing and heat dissipation such as the combustion chamber of scramjet. While existing core
topologies have exhibited good designability for specific thermal or mechanical requirements, the increasing
demand for multifunctional attributes usually points to different core topology designs. Finding a single core
topology that possesses excellent mechanical and thermal properties simultaneously remains challenging. To
address the issue, the concept of a hybrid core (termed herein as the N core) that combines the conventional
corrugated core with the web core was proposed to mitigate confliction between thermal and mechanical
designs. Out‐of‐plane compressive characteristics of the hybrid cored sandwich panel was investigated theoret-
ically, numerically and experimentally. An elastic–plastic analytical model was developed to predict the out‐of‐
plane compressive behavior, with connection strength between facesheets and core as well as non‐uniform
strut thickness accounted for. For validation, test sample was fabricated using 3D‐printing technology and
tested under quasi‐static out‐of‐plane compression. The validated model was then employed to exploit optimal
configuration of the N core and maximum load capacity of the panel at minimal weight. It was demonstrated
that, due to non‐uniform strut thickness, the hybrid structure exhibited stepwise deformation, i.e., initial, sub-
sequent and ultimate failures. Under the constraint of equal mass, the load capacity of either the hybrid or cor-
rugated core is superior to the web core, while both the hybrid and web cores outperform the corrugated core
in terms of active cooling capacity. For multifunctional applications, the proposed hybrid corrugated core pos-
sesses comprehensive thermal and mechanical advantages over conventional corrugated and web topologies.
1. Introduction such applications, lightweight sandwich panels cored with fluid‐
Lightweight structures with multi‐functional attributes (e.g., simul-
taneous load bearing and active cooling, simultaneous load bearing
and sound attenuation, and simultaneous load bearing and energy
absorption) are attractive in numerous engineering fields, including
aerospace, transportation, nuclear engineering, and civil engineering
[1]. For example, the scramjet of a hypersonic vehicle needs an
actively cooled combustion chamber, which should dissipate the heat
by cooling fluid and, simultaneously, bear the high pressure produced
by deflagration [2,3]. Another example is the jet blast deflector (JBD)
on the deck of aircraft carrier, which needs to withstand the high tem-
perature of exhaust plume and bear the weight of the aircraft [4]. For
through cellular metals are promising [5].
The vast variety of high porosity cellular metals may be catego-

rized, in terms of topology, into three main types: (1) stochastic struc-
tures, such as metal foams [6,7] and fibril metals [8,9], (2) periodic
lattices, such as corrugations [10,11], honeycombs [12,13] and pyra-
midal trusses [14,15], and (3) hybrid structures, such as foam‐
corrugation hybrid [16], honeycomb‐corrugation hybrid [17], and X‐
lattice‐honeycomb hybrid [18]. With stochastic topologies (including
numerous processing‐induced structural defects), metal foams have
been demonstrated ideal for energy absorption [19,20] but not load
bearing. While lattice structures (both two‐ and three‐dimensional)
are good at load bearing when subjected to, e.g., compression [21],
ratory of
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Nomenclature

tf facesheet thickness
to oblique strut thickness
tl left vertical strut thickness
tr right vertical strut thickness
θ oblique angle
h sandwich height
b sandwich width
ρ core density
Yl, Yr, Yo vertical loads that left, right and oblique struts bear
Xo horizontal load that oblique strut bears
Mo bending moment that oblique strut bears
δl, δr, δo vertical displacements at the ends of left, right and oblique

struts
ξo horizontal displacement at the end of oblique strut
αo rotation angle at the end of oblique strut
p out‐of‐plane pressure
E elastic modulus

I inertial moment of strut cross‐section
A cross‐sectional area of strut
U strain energy of strut
σY yielding strength
σbl, σbr, σbo

critical buckling stresses of left, right and oblique struts
kl, kr, ko elastic buckling coefficients of left, right and oblique struts
pi, ps, pf initial, subsequent and ultimate failure loads
B connection efficiency factor
Tc temperature of cooling water
s integral path

Subscripts
l left vertical strut
r right vertical strut
o oblique strut
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bending [22] and shearing [23], their continuous and open channels
also enable a cooling fluid to flow through [24]. By combing two or
more different materials/structures, it has been demonstrated that
the concept of hybrid material design can achieve superior mechanical
performance in terms both specific stiffness/strength and specific
energy absorption [25].

Based upon the fundamental topology of corrugations (i.e., folded
plates), hybrid structures filled with a number of materials have been
proposed [16,17,26–30]. For example, using folding and laser welding
technologies, Yan et al. produced a sandwich panel with aluminum
foam‐filled corrugated core and investigated its compressive [16]
and bending [27] performances. The results showed that the strength
and energy absorption capacity of the hybrid‐cored panel was much
greater than the sum of empty corrugated sandwich and aluminum
foam alone. Subsequently, Han et al. [17] studied, both theoretically
and experimentally, the out‐of‐plane compressive properties of a
metallic trapezoidal corrugated sandwich filled with aluminum honey-
comb and found superiority of the hybrid structure in terms of specific
stiffness/strength and specific energy absorption (SEA). Actually, the
hybrid honeycomb‐corrugated core proposed by Han et al. [17]
demonstrates the highest SEA among existing cores, as reviewed by
Ha and Lu [1]. Also making use of the interstices in corrugations,
Wei et al. [28] proposed an integrated thermal protection material
based on C/SiC corrugated sandwich panel filled with glass wool, rock
wool and other insulation materials, which could raise service temper-
ature and reduce structural weight. Similarly, by filling alumina
ceramics into the core of metallic corrugated sandwich panel, a novel
composite bulletproof structure was constructed [29]: its ballistic per-
formance characterized by ballistic limit and exit velocity of impact
ejecta was significantly improved. By filling liquid damping materials
into the pyramidal core, a hybrid composite pyramidal truss sandwich
panel was constructed [30]: experimental results showed that such
hybridization leads to enhanced damping loss efficiency.

The advantage of hybrid‐cored sandwich constructions in mechan-
ical properties stem mainly from the coupling enhancement effect
between different core components. Han et al. [31] studied the cou-
Fig. 1. Schematic of N-type hybrid core constructed by insertin
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pling effect between the folded plate (corrugation) and the inserted
aluminum foam, and pointed out that support from foam on folded
plate significantly elevated the plastic buckling strain of the sandwich.
Similarly, strong interaction between honeycomb insertions and corru-
gated web was found to stabilize buckling and changed the crushing
deformation mechanisms of both constituents, leading to enhanced
strength and energy absorption [32].

In existing studies, hybrid‐cored sandwich constructions based on
inserting a different material into corrugations have no flow‐through
channels, thus restricts their applications in the scenario where active
cooling is required in addition to load bearing. Therefore, as shown
schematically in Fig. 1, the current study proposes a new hybrid‐
cored sandwich panel, termed herein as the N‐type. The N‐type hybrid
core is formed by inserting I‐type struts into the interstices of corru-
gated core, thus enabling cooling fluid to flow through each of its open
channels. Our previous study [5] has shown that the heat dissipation
performance of the N‐type hybrid structure is superior to the conven-
tional corrugated structure and almost identical to that of the web core
structure (i.e., I‐core). Although the heat transfer performance of I‐core
is attractive [33], its mechanical performance is not, especially under
out‐of‐plane compression and/or transverse shear. Therefore, in addi-
tion to heat dissipation, whether the proposed N‐type hybrid structure
has advantages in load capacity is another interesting topic.

For a N‐type structure, in addition to the coupling effect between I
struts and corrugated webs, the presence of I struts enables the struc-
ture to have constituent members with different thicknesses: a non‐
uniform distribution of wall thickness in the N‐core is expected to
cause competition and cooperation among the struts, thus influencing
its load capacity significantly. In addition, the connection strength
between the facesheet and the core is closely related to strut thickness
[34], so how the introduction of I struts will influence the connection
strength is another issue to be addressed. In the current study, an elas-
tic–plastic theoretical model under out‐of‐plane compression load was
stablished for the proposed N‐type sandwich core, and the model pre-
dictions were compared with those calculated numerically using the
method of finite elements (FE). Further validation were carried out
g I-type struts into interstices of conventional corrugations.



Table 1
Load type and core topologies considered in this study.

Load type Core topologies

Out-of-plane compression V-type I-type M-type N-type
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by performing quasi‐static out‐of‐plane compression experiment using
alloy N‐type sandwich sample fabricated via 3D printing. The vali-
dated analytical model was then employed to optimize the N‐type
hybrid core for superior mechanical performance, relative to conven-
tional corrugated and web core topologies.

2. Problem description

Corrugated cores (named here as the V‐type according to its cell
topological shape) are extensively applied in a wide variety of fields,
notably the packaging and transportation industry [35], while web
cores (called herein as the I‐type) including I girders and H beams
are widely used in road and bridge construction [36]. In this study,
as shown in Fig. 1 and Table 1, new hybrid corrugated cores, namely
the N‐type and the M‐type, are proposed by combining the V‐ and I‐
type cores. The load type and core topologies considered in the study
are listed in Table 1.

As the N‐type core can be degenerated to other core types listed in
Table 1, only the unit cell of N‐type core was depicted for analysis in
Fig. 2. There are two types of vertical strut in the N‐type core: one
meeting with the oblique strut at the top facesheet and the other meet-
ing with the oblique strut at bottom facesheet. For easy to distinguish
the two vertical struts, the former strut was referred to “left vertical
strut”, and the later as “right vertical strut” in the context below. Rel-
evant geometric parameters include: facesheet thickness tf, oblique
strut thickness to, left vertical strut thickness tl, right vertical strut
thickness tr, oblique angle θ, and sandwich height h. With aim to
develop lightweight structures, it is assumed that the struts are slender
so that uniform stress distribution in each strut holds. Given the sym-
metry of the N‐core, the solid cross‐sectional area of each internal tri-
angle (i.e., open channel) in its unit cell is given by:

S1 ¼
2hcosθ � to � tf cosθ
� �2

8sinθcosθ
� tr 2hcosθ � to � tf cosθ

� �
4cosθ

þ t2r
8

tan θ ð1Þ

S2 ¼
2hcosθ � to � tf cosθ
� �2

8sinθcosθ
� tl 2hcosθ � to � tf cosθ

� �
4cosθ

þ t2l
8

tan θ ð2Þ

The total area of a single unit cell is:

S0 ¼
h hþ tf
� �
tanθ

ð3Þ
Fig. 2. Definition of geometrical parameters of the N-type hybrid structure.
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The relative density of the N‐core, ρ, can thus be calculated as:

ρ¼ 1� S1 þ S2
S0

¼ t2r � 2t2f þ 16htf þ t2l
8h hþ tf

� �

� 2cosθ tr þ tlð Þ tf � 2h
� �

sinθ � 4hto þ 2totf
� �þ 2tosinθ tr þ tlð Þ þ t2r þ 2t2o þ t2l

8hcos2θ hþ tf
� �

ð4Þ
When tr = 0, the structure degenerates to the M−core. It degener-

ates to the V‐type when tl = tr = 0 and to the I‐core when to = 0 and
tl = tr. Therefore, analytical solutions obtained for the N‐core are
applicable to the other three cores.

3. Theoretical model

3.1. Initial failure

Fig. 3 shows schematically an N‐core sandwich panel subjected to
quasi‐static, uniform out‐of‐plane compression p at the top facesheet.
The facesheets are assumed to be much stiffer than the core, so only
transfer load to the core; the core members bear axial force, shear force
and bending moment. The material make of the core is taken as ideal
elastic–plastic so that, after initial failure of a strut, the supporting
force of the strut does not change. As shown in Fig. 3, due to symme-
try, it suffices to consider a unit cell for stress analysis.

When analyzing the force and moment balance of core struts, the
load applied via facesheets to the struts can be equivalent to axial
force, shear force and bending moment applied at the end of the struts.
Suppose that the left and right vertical struts bear vertical forces Yl and
Yr, and the oblique struts bear horizontal forces Xo, vertical forces Yo

and bending moments Mo. Therefore, the load matrix F of the struts
can be expressed as:

F ¼ Yl Yr Yo Xo Mo½ �T ð5Þ
Correspondingly, the displacement matrix Δ can be expressed as:

Δ ¼ δl δr δo ξo αo½ �T ð6Þ
The subscripts l, r and o refer to the left vertical strut, the right ver-

tical strut, and the oblique strut, respectively.
The strain energy stored in a strut can be calculated by:

U ¼
Z

M2
s

2EI
dsþ

Z
F2
N

2EA
ds ð7Þ

where Ms and FN are the bending moment and axial force of the strut,
respectively, E is the elastic modulus of material, I and A are the cross‐
sectional inertial moment and area of the strut, which satisfy:

Ms ¼ 0; FN ¼ Yl for left vertical strutð Þ ð8Þ

Ms ¼ 0; FN ¼ Yr for right vertical strutð Þ ð9Þ

Ms ¼ Mo þ Yoscosθ � Xossinθ; FN

¼ Yosinθ þ Xocosθ for oblique strutð Þ ð10Þ



Fig. 3. Unit cell analysis of N-type core sandwich panel under uniform out-of-plane compression.
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Upon substituting Eqs. (8–10) into Eq. (7), the strain energy Ul, Ur

and Uo of the three strut types can be determined. The vertical dis-
placement δ, horizontal displacement ξ, and rotation angle α of each
strut are related to the strain energy, as [37]:

δ ¼ @U
@Y

; ξ ¼ @U
@X

; α ¼ @U
@M

ð11Þ

The relationship between displacement Δ and load F is obtained by
simplifying the above formula, yielding:

Δ ¼ DF ð12Þ
where D is the compliance coefficient matrix, which can be derived
from Eqs. (7–11), and its specific expression is given in Eq. (A1) of
Appendix A.The above governing equation is subjected to correspond-
ing displacement and force boundary conditions. For the oblique strut,
its horizontal displacement ξo and rotation angle αo at the end are both
null, while its vertical displacement δo is identical to that at the end of
vertical struts. For the vertical struts, only vertical displacements are
involved. The displacement boundary condition for all the struts can
be written as:

LΔ ¼ 0 ð13Þ
where L is the coefficient matrix of displacement boundary condition,
with its specific expression given in Eq. (A2). As to the force boundary
condition, the vertical load sustained by all the struts is equal to the
pressure of out‐of‐plane compression, yielding:

BF ¼ pbh
tanθ

ð14Þ

where B is the coefficient matrix of force boundary condition, and
its specific expression is given in Eq. (A3).

Equations (12–14) constitute a set of complete governing equations
and boundary conditions for the load matrix F, which can be solved as:

F ¼ bhpcosθ
sinθ h2 tl þ trð Þ þ 2tosin3θ h2 þ t2ocos2θ

� �� �

h2tl
h2tr

2tosin3θ h2 þ t2ocos
2θ

� �
�2tocosθsin2θ t2osin

2θ � h2
� �

�ht3osin
2θcosθ

2
6666664

3
7777775

ð15Þ
With reference to Fig. 3, let σl, σr and σo denote the maximum stres-

ses of the left vertical strut, the right vertical strut and the oblique
strut, respectively, which can be expressed using a stress matrix Σ, as:

Σ ¼ σl σr σo½ �T ð16Þ
The stress matrix Σ and the load matrix F satisfy:

Σ ¼ SF ð17Þ
where S is the coefficient matrix of relationship between load and
stress, given specifically in Eq. (A4). Substitution of Eq. (17) into Eq.
(15) leads to:
4

Σ ¼ 2h3pcosθ
sinθ h2 tl þ trð Þ þ 2tosin3θ h2 þ t2ocos2θ

� �� �
1
1

sin2θ

2
64

3
75 ð18Þ

It can be seen from Eq. (18) that the maximum stress of each strut
increases linearly with out‐of‐plane pressure p, until elastic buckling or
plastic yielding occurs:

Σ <

min σbl; σYf g
min σbr ; σYf g
min σbo; σYf g

2
64

3
75 ð19Þ

where σY is the yielding strength. The critical buckling stresses σbl,
σbr and σbo can be calculated as:

σbl ¼ klπ2Et2l
12h2 1� ν2ð Þ ; σbr ¼ krπ2Et2r

12h2 1� ν2ð Þ ; σbo ¼
koπ2Et2osin

2θ

12h2 1� ν2ð Þ ð20Þ

where kl, kr, ko are the elastic buckling coefficients depending on the
restraint strength at both ends of each strut. Strictly speaking, the
restraint strength depends on the relative thickness of the facesheet
and the struts, and cannot be simplified using fixed or simply support.
Determination of these elastic buckling coefficients will be discussed in
Section 3.4.

Depending upon the type of failure mode, the initial failure load of
the N‐core hybrid structure calculated from Eqs. (18–20) is listed in
Table A1 of Appendix A. As the sandwich is supported by three differ-
ent kinds of struts in the core and is an indeterministic structure, the
initial failure of a single strut does not mean that the structure reaches
its peak load‐bearing capacity, since the remaining struts can sustain
additional load. After the initial failure of a single strut, the structure
will progressively collapse until the second and third struts both fail, as
detailed in the following sections in terms of subsequent failure and
ultimate failure.

3.2. Subsequent failure

After the initial failure, the remaining struts can continue to sup-
port the external load p. Therefore, the load matrix, displacement
matrix and coefficient matrix should be modified by excluding the ele-
ments corresponding to the damaged strut. Accordingly, the compli-
ance relation, displacement and force boundary conditions become:

Δ
∼
¼ D

∼
F
∼

ð21Þ

L
∼
Δ
∼
¼ 0 ð22Þ

B
∼
F
∼
¼ pbh

tanθ
� Yi ð23Þ

where Yi is the vertical load sustained by the initially failed strut, which
can be obtained by substituting the stress value in Table A1 into Eq.

(15). Solving Eqs. (21–23) leads to the load matrix F
∼
. The maximum

stress of the remaining struts can thence be derived, according to the
updated relation between stress matrix and load matrix:
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Σ
∼ ¼ S

∼
F
∼ ð24Þ

where the compliance matrix D
∼
, the displacement boundary coefficient

L
∼
, the force boundary coefficient B

∼
and the stress coefficient S

∼
can be

obtained by removing row or column elements in Eqs. (A1‐A4) that cor-
respond to the initial damaged strut, with specific expressions given in
Table B1 in Appendix B. Based on Eq. (24), subsequent failure loads and
the corresponding failure modes are presented in Table B2.

3.3. Ultimate failure

After the initial and subsequent failures, the N‐cored sandwich can
still support the load p until the final strut is damaged, causing ulti-
mate failure of the structure. At this point, the structure reaches its
peak strength, which can be determined by:

Yi þ Yj þ Yk ¼ pbh
tanθ

ð25Þ

where Yi, Yj and Yk are the vertical loads sustained by the initial, sub-
sequent and ultimate failed struts, respectively. It can be seen from Eq.
(25) that the order of ijk change arbitrarily. In other words, for each
strut, if the failure mode is fixed, its failure sequence does not influence
the ultimate failure load of the structure. Therefore, although there are
in total 48 different ultimate failure modes, the ultimate failure load
only has 8 different cases, as shown in Table C1 in Appendix C.

3.4. Elastic buckling coefficient

For a specific strut, the elastic buckling coefficients of Eq. (20), i.e.,
ko, kr, kl, can be determined by calculating the ratio of torsional stiff-
ness provided by the facesheet and other two struts to the torsional
stiffness of the strut itself.

For the left vertical strut as shown in Fig. 4(a), the total torsional
stiffness St imposed by the top facesheet and the two oblique struts
at the top end is calculated by:

St ¼ 6EIf
lf

þ 6EIo
lo

26

where If (=btf3/12) and Io (=bto3/12) are the moment of inertia of the
facesheet and oblique strut, respectively; lf (=h/tanθ) and lo (=h/sinθ)
are separately the length of the facesheet and oblique strut.

The total torsional stiffness Sb imposed by the bottom facesheet to
the right vertical strut at its lower end is calculated by:

Sb ¼ 6EIf
lf

27

Then, ratios of the torsional stiffness of the left vertical strut itself
to external torsional stiffness imposed at its top (ηl,t) and bottom
(ηl,b) ends are calculated as:
Fig. 4. Determination of torsional stiffness at top and bottom ends of eac
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ηl;t ¼
EIl
llSt

28

ηl;b ¼
EIl
llSb

29

It follows that the elastic buckling coefficient of the left vertical
strut can be determined by [34]:

kl ¼
0:4þ ηl;t
� �

0:4þ ηl;b
� �

0:2þ ηl;t
� �

0:2þ ηl;b
� � 30

Upon combining Eqs. (26–30), kl can be expressed as a function of
dimensionless thicknesses, as:

kl ¼
2:4tanθ tf

tl

� �3
þ 2:4sinθ to

tl

� �3
þ 1

1:2tanθ tf
tl

� �3
þ 1:2sinθ to

tl

� �3
þ 1

�
2:4tanθ tf

tl

� �3
þ 1

1:2tanθ tf
tl

� �3
þ 1

ð31Þ

Similarly, the elastic buckling coefficients of the right vertical strut
and oblique strut are obtained:

kr ¼
2:4tanθ tf

tr

� �3
þ 2:4sinθ to

tr

� �3
þ 1

1:2tanθ tf
tr

� �3
þ 1:2sinθ to

tr

� �3
þ 1

�
2:4tanθ tf

tr

� �3
þ 1

1:2tanθ tf
tr

� �3
þ 1

32

ko ¼
1:2
sinθ

tr
to

� �3
þ 2:4

cosθ
tf
to

� �3
þ 2:2

0:6
sinθ

tr
to

� �3
þ 1:2

cosθ
tf
to

� �3
þ 1:6

�
1:2
sinθ

tl
to

� �3
þ 2:4

cosθ
tf
to

� �3
þ 2:2

0:6
sinθ

tl
to

� �3
þ 1:2

cosθ
tf
to

� �3
þ 1:6

33
4. Experiment

4.1. Test sample fabrication based on 3D printing high strength aluminum
alloy

In this study, high strength aluminum alloy powder developed by
CRRC Industrial Academy was used to fabricate the test sample via
3D printing. To minimize the influence of boundary, the sample
included two continuous unit cells, as shown in Fig. 6(a). The designed
and actual geometric dimensions of the sample are listed in Table 2,
which show that the three types of strut have non‐uniform thickness,
varying from 1 mm (right vertical strut), 2 mm (left vertical strut) to
3 mm (oblique strut).

To characterize the tensile properties of the high strength alu-
minum alloy, three dog‐bone samples of identical size were fabricated,
using the same 3D printing technology. Room temperature tensile tests
were performed using standard servo‐hydraulic test machine (MTS‐
858 Mini bionix, MTS Corporation, USA), at a nominal strain rate of
1 × 10‐3 s−1 in accordance with ISO 6892–1:2009 [38]. Data reliabil-
ity was improved by three repeated experiments. As shown in Fig. 5,
the tensile stress is almost constant after yielding, which is consistent
with the assumption of ideal elastic–plastic model. The elastic modulus
h strut: (a) left vertical strut; (b) right vertical strut; (c) oblique strut.



Table 2
Geometric dimensions of N-type sandwich panel manufactured by 3D printing.

Length L Width b Height h Facesheet thickness tf Oblique strut thickness to Left vertical strut thickness tr Right vertical strut thickness tl

Design (mm) 120.00 20.00 33.00 3.00 3.00 2.00 1.00
Measured (mm) 120.03 20.40 33.10 3.10 3.13 2.09 1.17

Fig. 5. True tensile stress versus true strain curves of 3D printed aluminum
alloy.
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(E), yielding stress (σY) and Poisson ratio (νs) of the 3D printed alu-
minum alloy were measured to be 65.8 ± 0.8 GPa, 538.3 ± 0.5 MPa
and 0.3, respectively.

4.2. Compression test

Quasi‐static out‐of‐plane compression test of the fabricated sample
was carried out on the hydraulic testing machine (MTS). The top and
bottom facesheets were clamped with a pair of steel flange plates, the
latter connected with the testing machine to transfer load and dis-
placement, as shown in Fig. 6(b). At the beginning of test, the bottom
flange plate was fixed, while the top flange plate exerted displacement
loading, with a fixed rate of 1 mm/min. A computer‐based data acqui-
sition system was employed to record load and displacement during
the test. The whole experimental process was monitored using a digital
camera to record the deformation of test sample during compression.

5. Finite element modeling

Finite element simulations of N‐type sandwich panels under quasi‐
static out‐of‐plane compression are carried out with ABAQUS/Explicit.
A unit cell is taken to perform the simulations due to structural symme-
try, and two rigid plates are used to model the puncher. Geometric
Fig. 6. Test sample and experimental apparatus: (a) 3
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imperfections induced during 3D printing are ignored. Four‐node shell
elements (S4R) having a size of 1 mm × 1 mm and five integration
points through the thickness are used to model the facesheet and the
core. Mesh sensitivity study was performed to ensure that the simula-
tion results are independent of grid number. General contact was
employed, with the Coulomb friction coefficient fixed at 0.2. Interfaces
between the core and the facesheet were treated as perfectly bonded.
Out‐of‐plane compressive loading was applied by moving the top rigid
plate at a sufficiently low speed to mimic quasi‐static loading [39]. The
facesheet and the core are made of the high strength aluminum alloy,
which is assumed isotropic and ideally elastic–plastic satisfying the
von Mises J2 flow theory [40].

6. Results and discussion

6.1. Initial, subsequent and ultimate failures

To further explore the initial, subsequent and ultimate failure phe-
nomena, the out‐of‐plane compression process was simulated using the
finite element method (FEM). The predictions were compared with
experimental results in Fig. 7 in terms of force versus displacement
curve as well as structural morphologies corresponding to initial, sub-
sequent and ultimate failures. The three circled points on the curve
correspond to the three failure morphologies. It is clear that there is
significant difference among the three types of failure stress. The ini-
tial failure stress is therefore not the only index to characterize the
load capacity of the structure, as it can still tolerate a great deal of
structural damage after the initial failure.

As shown in Fig. 7, initial failure was caused by buckling of the left
vertical struts and the two boundary vertical struts. Upon buckling,
these vertical struts still provide certain support for the facesheet,
but the growth rate of their axial stresses slightly dropped relative to
the totally elastic stage. As the load was further increased, the right
vertical strut yielded, corresponding to point 2 of the force versus dis-
placement curve. This led to further decline in stress growth rate
between points 2 and 3. Ultimate failure occurred at point 3, when
the oblique strut started to yield. After the ultimate failure, the load
capacity of the whole sandwich decreased rapidly. Overall, the FEM
results were in good agreement with the experimental results, espe-
cially the trend of slope change in stress versus strain curve and the
deformed morphologies of vertical/oblique struts.
D printed N-core sandwich; (b) compression test.



Fig. 7. Comparison of experimental and simulated stress versus strain curve and deformation morphologies at initial failure (point 1), subsequent failure (point 2)
and ultimate failure (point 3) for N-type hybrid structure subjected to out-of-plane compression.
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6.2. Validation of the theoretical model

Next, the validated FEM model was used to verify the theoretical
model. Fig. 8 depicts the initial, subsequent and ultimate failure loads
of the N‐type hybrid structure as functions of oblique strut thickness
(to / h), with other geometric parameters fixed at tf / h = 0.04,
tr / h = 0.01, tl / h = 0.04, θ = 45°. The numerical results agreed
excellently well with the theoretical predictions, thus validating the
theoretical model developed in the present study. Both models pre-
dicted a big gap between the initial failure stress and the final failure
stress, regardless the thickness of the oblique strut. That is to say, it is
not comprehensive to use a single initial failure load to characterize
the load capacity of an N‐type structure, for it still has great load‐
bearing capacity after initial failure.

6.3. Parametrical study

As discussed in the previous sections, the failure process of an N‐
type hybrid structure can be divided into three stages, i.e., initial, sub-
sequent and ultimate failure, wherein each failure stage may involve
either the buckling or yielding of top/right vertical struts and oblique
struts. To characterize such complex failure conditions, a graphic rep-
resentation rule was designed to help identifying the failure mode
(elastic buckling versus plastic yielding) and the failure stage (initial,
subsequent, ultimate failure). As shown in Table 3, different shapes
were used to distinguish different failure mode, e.g., bending strut rep-
resents elastic buckling, while serrated strut represents plastic yield-
ing. Four different colors, i.e., black, blue, green and red, were
adopted to represent no failure, initial failure, subsequent failure
and ultimate failure, respectively.
Fig. 8. Initial, subsequent and ultimate failure loads of N-type hybrid
structure plotted as functions of oblique strut thickness: comparison between
theoretical model predictions and FEM results (tf / h = 0.04, tr / h = 0.01, tl /
h = 0.04, θ = 45°).
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For a given N‐type hybrid structure subjected to out‐of‐plane com-
pression, there are in total 6 × 4 × 2 = 48 possible combinations of
failure route (including failure mode and failure stage). For example,
which strut will fail first and what is the corresponding failure mode?
Is there an optimal failure route for maximum load capacity under the
condition of constant structural mass? Usually, as the thinnest strut
will first fail, failure route can certainly be tailored by varying the geo-
metric parameters. There are in total five geometric parameters,
including the facesheet thickness tf, the oblique strut thickness to, the
right vertical strut thickness tr, the left vertical strut thickness tl and
the oblique angle θ. Under equal mass condition, these geometric
parameters are not completely independent of each other: there are
only four independent parameters, as indicated in Eq. (4). Next, effects
of each geometrical parameters will be analyzed on the premise of
equal mass, i.e., equal relative density.

6.3.1. Influence of thickness ratio between right and left vertical struts
Fig. 9 plotted the initial and ultimate failure loads as functions of

the thickness ratio (tr / tl) between right and left vertical struts, with
tf / h= 0.02, to / h= 0.01, θ= 45° and ρ= 0.1. Typical failure routes
corresponding to different thickness ratios were illustrated in the fig-
ure. As the right vertical strut became thicker and the left vertical strut
became thinner, the initial failure load rose first and then decreased,
peaking near tr / tl = 1. The right vertical strut buckled first when
tr / tl is small, but the left vertical strut buckled first when tr / tl is
big. In contrast, when tr / tl is moderate, the left and right vertical
struts both first yielded. As the predicted ultimate failure load of the
N‐type hybrid structure was almost constant, its load‐bearing capacity
is insensitive to tr / tl under equal mass. Strictly speaking, the load‐
bearing capacity is maximized when the two vertical struts have iden-
tical thickness, i.e., the structure is symmetrical. Here, it is recalled
that the symmetrical web core (i.e., tr = tl) is a popular topology for
sandwich construction [41].

When the thickness ratio becomes infinitely small (or large), i.e.,
tr / tl → 0 (or tr / tl →∞), the N‐type structure is reduced to the M‐
type. The results of Fig. 9 showed that, under the condition of equal
mass, the ultimate failure load of the M‐type structure is almost equal
to that of the N‐type.

6.3.2. Influence of oblique strut thickness
To quantify the influence of oblique strut thickness, the remaining

geometric parameters were all fixed. The thickness ratio tr / tl was
fixed to be unit, corresponding to the largest load capacity of the N‐
type structure as discussed in the previous section. Two parameter
combinations for the facesheet thickness, oblique angle and relative
density were selected: tf / h = 0.02, θ = 45°, ρ = 0.1 and tf /
h = 0.02, θ = 85°, ρ = 0.3. Corresponding failure loads plotted as
functions of dimensionless thickness of the oblique strut (to / tr) were
presented in Fig. 10 (a) and (b), respectively. As the oblique strut was



Table 3
Graphic representation of failure route including failure mode and failure stage.

Failure mode Elastic buckling Plastic yielding

Failure stage No failure Initial failure Subsequent failure Ultimate failure

Examples Initial failure Subsequent failure Ultimate failure Legend
Yielding of oblique strut – –

Buckling of right vertical strut Yielding of left vertical strut –

Buckling of oblique strut Buckling of right vertical strut Yielding of left vertical strut

Fig. 9. Influence of thickness ration between right and left vertical struts on
initial and ultimate failure loads of N-type hybrid structure.
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changed from thin to thick, i.e., the two vertical struts varied from
thick to thin under given mass of the structure, the initial failure load
rose first and then decreased, peaking near to / tr = 0.5 (point A).
Here, yielding of the two vertical struts was the initial failure mode.
For a structure with small oblique angle and low relative density,
e.g., θ = 45°, ρ = 0.1 as shown in Fig. 10 (a), the ultimate failure load
decreased slowly as to / tr was increased. In contrast, it rose gradually
in the case of big oblique angle and high relative density as shown in
Fig. 10 (b) for θ = 85° and ρ = 0.3.
Fig. 10. Influence of oblique strut thickness on initial and ultimate failure loads of
ρ = 0.3, tr / tl = 1.
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As to / tr was increased, the gap between the loads of ultimate fail-
ure and initial failure first decreased and then increased, meaning that
the initial failure is more likely to occur when a strut is much thinner
than the others, similar to the observation in Fig. 9. The ultimate fail-
ure load is mainly dependent upon the mass of the structure, thus the
variation of final load is relatively small compared to the initial load. A
special point A in Fig. 10 is noted, where the initial and ultimate fail-
ure loads are equal and the initial load peaks. At point A, the three
struts in a unit cell failed simultaneously. This special point is also a
demarcation point of failure mode, which will be discussed in the next
section.

The limiting cases of to / tr → 0 and to / tr →∞ correspond to the
conventional I‐type (or I‐beam) and V‐type (corrugated) structures,
respectively. Therefore, for both limiting cases, the structure exhibits
only one failure stage. Under the condition of equal mass, the failure
load of the I‐type structure is nearly 100% higher than that of the V‐
type in the case of small oblique angle and low relative density, as
shown in Fig. 10(a). However, in the case of large oblique angle and
high relative density as shown in Fig. 10(b), the situation is completely
reversed: the V‐type structure has a load capacity 51.7% higher than
that of the I‐type. It is noted that, for a fixed set of parameter combi-
nations in Fig. 10, the load‐bearing capacity of the N‐type structure
is not as good as that of the conventional I‐ and V‐type structures of
equal mass, for the N‐type structure with more design parameters is
yet optimized. In Section 7, a global parametric optimization of the
N‐type structure will be performed and the performance of the opti-
mized structure will be compared with conventional structures.
N-type hybrid structure with (a) θ = 45°, ρ = 0.1, tr / tl = 1 and (b) θ = 85°,
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6.3.3. Influence of oblique angle
With to = tr = tl, tf / h = 0.02 and ρ = 0.1, the inclination angle of

the oblique strut was varied to examine its effects on initial and ulti-
mate failure loads of N‐type hybrid structures under equal mass.
Fig. 11 showed that the initial and ultimate failure loads both first
increased and then decreased as the inclination angle was increased
from 0 to 90°. The optimal inclination angle was ~ 52°, where both
the initial and ultimate loads peaked. Meanwhile, with increasing
Fig. 11. Influence of inclination angle on initial and ultimate failure loads of
N-type hybrid structure.

Fig. 12. The influence of facesheet thickness on initial and ultimate failure
loads of the N-type hybrid structure.

Fig. 13. Failure map of N-type hybrid structure showing its initial and ultimate fa
failure map with θ fixed at (b) 45° and (c) 30° (c), as well as with (d) tr = tl = to

9

inclination angle, the initial failure mode changed from yielding to
buckling of the two vertical struts, while the ultimate failure mode
was always buckling of the oblique strut.

6.3.4. Influence of facesheet thickness
It was assumed that the facesheets do not suffer bending moment

but only transfer load to the core struts in the theoretical model. How-
ever, the facesheets provide mechanical supports to the struts, and the
strength at the connection between the facesheet and struts affects the
torsional stiffness and buckling resistance of the core struts. According
to Eqs. (31–33), the strength at the connection is determined by thick-
ness ratios of facesheet to the three struts, i.e., tf / tl, tf / tr, tf / to. Hence
it is necessary to discuss the influence of facesheet thickness on the
overall load capacity of sandwich panel. With all of the core geometric
parameters kept constant, e.g., to / h=0.04, tr / h=0.04, tl / h=0.04
and θ = 45°, Fig. 12 shows the initial and ultimate failure loads of N‐
type hybrid structure subject to the varying of facesheet thickness (tf /
h). It can be found that the initial and ultimate failure loads both first
increase rapidly as increasing the facesheet thickness, and approach
asymptotic when the facesheet thickness is higher than a critical value,
e.g., tf / h > 0.1.

6.4. Failure maps

The effects of geometric parameters on initial and ultimate failure
loads were quantified in the previous section, under the condition of
equal mass. This section focused on the construction of failure maps,
with each geometric parameter varying in a wide range. Since the
influence of facesheet thickness tf on out‐of‐plane compression charac-
teristics tends to be asymptotic if tf is larger than a critical value, for
simplicity it was fixed at tf / h = 0.1 (beyond the critical value). There
are thus only four independent geometric parameters, i.e., oblique
strut thickness to, left vertical strut thickness tl, right vertical strut
thickness tr, oblique angle θ and sandwich height h. In addition, as dis-
cussed in the previous section, the N‐type structure exhibited high load
capacity if the two vertical struts have the same thickness (tr = tl)
under the condition of equal mass. Therefore, the thickness ratio tr /
tl was fixed at unity to further reduce the number of variables in the
failure map. The map of initial and ultimate failure modes can thence
be drawn using three parameters (i.e., to / h, tr / h and θ), as shown in
Fig. 13(a).

Theoretically, if the two vertical struts are assumed identical, there
are in total 4 (initial failure) × 2 (ultimate failure) = 8 different types
of failure mode. However, the table in Fig. 13 showed that only 6 fail-
ure modes existed in reality. Two possible failure modes were absent,
ilure modes: (a) 3-D failure map subject to changes of tr, to and θ; slices of 3-D
(d). For the plotting, tf / h = 0.1 and tr = tl.
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i.e., (oblique strut yielding, vertical strut buckling) and (oblique strut
yielding, vertical strut yielding), where the first and second compo-
nents in the bracket represented the initial and ultimate failure modes,
respectively. This occurred because yielding of the vertical strut (pvy) is
always prior to yielding of the oblique strut (poy), the latter attributed
to the fact that poy / pvy =1 / sin2θ>1 always holds (more details are
referred to Table A1). Therefore, yielding of the oblique strut as an ini-
tial failure would never happen.

To facilitate the study of failure modes, the 3‐D failure map of
Fig. 13(a) was sliced at fixed θ of 45° and 30° as well as at tr = tl = to,
as shown in Fig. 13(b‐d). When the struts are relatively thin, the struc-
ture is more likely to buckle rather than yield, e.g., Mode 1 and Mode 5
failure as shown in Fig. 13(b) and (c), and the smaller the oblique
angle is, the more likely the structure is to buckle rather than yield.
As shown in Fig. 13(d), if all the struts have identical thickness, the
vertical strut always fails prior to the oblique strut regardless of its
oblique angle. That is, the load capacity of the oblique strut is always
higher than that of the vertical strut having identical thickness.

7. Optimization

7.1. Definition of optimization problem

It can be seen from Tables A1 and C1 that, with material make
fixed, the initial and ultimate failure loads of an N‐type hybrid struc-
ture are functions of five geometric parameters, namely:

pi ¼ f 1
tf
h
;
to
h
;
tr
h
;
tl
h
; θ

� �
34
pf ¼ f 2
tf
h
;
to
h
;
tr
h
;
tl
h
; θ

� �
35

According to Eqs. (1–4), the relative density of the structure is also
a function of geometric parameters:

ρ ¼ g
tf
h
;
to
h
;
tr
h
;
tl
h
; θ

� �
36

The optimization objective is to find the maximum ultimate failure
load under the constraint of equal mass:

maxpf
s:t:ρ ¼ ρ0

10�3
⩽ to=tr ⩽ 103

10�3
⩽ tr=tl ⩽ 103

0
�
< θ < 90

�

37

where the ranges of thickness ratios and inclination angle were
restrained to ensure that the struts are not too thin or too thick and
the inclination is meaningful in engineering practice. The exhaustive
search method was adopted to solve the above nonlinear optimization
problem, with the multi‐core parallel algorithm adopted to speed up the
solution process [42].
Fig. 14. Maximum ultimate failure load (a) and corresponding topological characte
core relative densities.
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7.2. Comparison of different optimal structures

For N‐/M‐/V‐/I‐type sandwich structures, Fig. 14(a) presents their
optimized ultimate failure loads as functions of core relative density.
Since failure mode is dependent upon relative density, the curve in
Fig. 14(a) can be divided into three regions according to the relative
density: elastic zone, transition zone and plastic zone. In the elastic
zone with low relative density (0 < ρ < 0.06), the initial, subsequent
and ultimate failure modes are all elastic buckling. In the plastic zone
with high relative density (0.13 < ρ < 0.5), the initial, subsequent
and ultimate failure mode are all plastic yielding. In the transition
zone with intermediate relative density (0.06 < ρ < 0.13), elastic
buckling and plastic yielding coexist.

As shown in Fig. 14(a), at a given relative density, the N‐ and M‐
type structures exhibited a higher load capacity than the V‐ and I‐
type structures. The I‐type structure is better than the V‐type at low
densities (ρ < 0.06), while the reverse holds at high densities
(ρ > 0.18); at moderate densities, the two structures have similar per-
formance. Although the load capacity of the N‐type is close to the M‐
type and slightly higher than the V‐type, it had previously been
demonstrated that the N‐type structure possesses significantly higher
convective cooling efficiency than both M‐ and V‐type structures,
due to relatively uniform distribution of flow channels in the N‐type
[5]. Therefore, the N‐type structure has comprehensive advantages
over other structures for multifunctional applications demanding
simultaneous load‐bearing and active cooling.

To show how the topological characteristics of each optimized
structure vary with core relative density, Fig. 14(b) plotted the optimal
thickness of oblique strut to / h and optimal inclination angle θ as func-
tions of relative density for the optimized V‐type structure. Within the
low density zone where buckling failure dominates, the optimal thick-
ness of oblique strut increases with relative density, while its optimal
inclination angle is almost constant (~54°). Within the transition and
plastic zones, the optimal thickness no longer increases with increas-
ing relative density, but the optimal inclination angle increases
rapidly, approaching 90° in the high relative density zone where yield-
ing failure dominates. In conclusion, in the high density zone, the V‐
type structure tends to obtain maximum load capacity with denser
arrangement of struts having constant thickness.

Similarly, Fig. 14(c) and (d) displayed how the optimal geometric
parameters of optimized M‐ and N‐type structures vary with relative
density. For both structures, in the elastic buckling zone the optimal
inclination angle increases rapidly with increasing relative density,
and the optimal thickness of vertical strut is much greater than the
oblique strut, i.e., tl ≪ to . This indicates that, in the low relative den-
sity zone, the optimized M‐ and N‐type structures are closer to the I‐
type structure. For both structure, in the plastic yielding zone, the opti-
mal inclination angle increases slowly to 90°, while the optimal thick-
ness of oblique and vertical struts remains constant as the relative
density is increased, similar to the V‐type structure. Finally, it is worth
noting that for the N‐type structure, the optimal thickness of the other
vertical strut tends to 0, i.e., tr ≪ tl, which means that the optimal N‐
ristics (b-d) of optimized N-/M-/V-/I-type sandwich structures having varying
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type structure is close to the M‐type structure in the high relative den-
sity zone.

8. Conclusion

The out‐of‐plane compression behavior of a novel hybrid‐cored
sandwich panel was investigated using theoretical modeling, experi-
mental measurement and numerical simulation. The proposed hybrid
core, termed as the N‐type, was constructed by combining the conven-
tional corrugated core (V‐type) with the web core (I‐type). An analyt-
ical model was developed to predict its failure mode and load capacity,
which was validated by numerical simulations with the method of
finite elements and experimental measurements. The validated analyt-
ical model was subsequently adopted to optimize its geometric param-
eters under the constraint of equal mass. It was found that the hybrid
structure fails stepwisely under out‐of‐plane compression, causing
three segments with different slopes in the stress–strain curve, corre-
sponding to initial, subsequent and ultimate failures, respectively.
The failure order and failure mode (buckling versus yielding) depend
on the combination of geometric parameters, so the failure map of the
structure can be tailored by adjusting the geometrical parameters. The
exhaustive search method was used to find the optimal combination of
geometric parameters. The optimized failure load of the hybrid struc-
ture was compared with competing structures of equal mass. It was
demonstrated that the proposed structure inherits the mechanical
and thermal attributes of V‐ and I‐type structures, thus promising for
multifunctional applications requiring simultaneous load‐bearing and
active cooling at minimal mass.
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