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Abstract: Ultralight sandwich constructions with corrugated channel cores (i.e., periodic fluid-
through wavy passages) are envisioned to possess multifunctional attributes: simultaneous load-
carrying and heat dissipation via active cooling. Titanium alloy (Ti-6Al-4V) corrugated-channel-cored
sandwich panels (3CSPs) with thin face sheets and core webs were fabricated via the technique of
selective laser melting (SLM) for enhanced shear resistance relative to other fabrication processes
such as vacuum brazing. Four-point bending responses of as-fabricated 3CSP specimens, includ-
ing bending resistance and initial collapse modes, were experimentally measured. The bending
characteristics of the 3CSP structure were further explored using a combined approach of analytical
modeling and numerical simulation based on the method of finite elements (FE). Both the analytical
and numerical predictions were validated against experimental measurements. Collapse mechanism
maps of the 3CSP structure were subsequently constructed using the analytical model, with four
collapse modes considered (face-sheet yielding, face-sheet buckling, core yielding, and core buckling),
which were used to evaluate how its structural geometry affects its collapse initiation mode.

Keywords: sandwich panels with corrugated channel core; 3D-printed sandwich; bending response;
mechanism maps; geometrical optimization

1. Introduction

Increasing demand for integration and miniaturization of load-sustaining mechanical
structures calls for novel lightweight materials. Various methodologies have been devel-
oped to construct high-performance lightweight structures, e.g., selection of lightweight
base materials [1], structural/topological optimization based on machine learning [2,3],
bio-inspired design such as hierarchical [4] and graded [5] strategies and their combination,
and so on. The essence of the above method is to remove redundant mass by optimizing the
structure topology and size. Nowadays, however, a load-bearing mechanical structure is
often required to possess additional attributes, e.g., energy absorption, sound attenuation,
heat/mass transfer, energy storage, and so on [6–9]. Design and construction of lightweight
multifunctional structures have thus become a focal point in a wide range of applications.

High-porosity cellular metals with either open or closed cells have emerged as attrac-
tive multifunctional materials [10]. Particularly, for applications requiring simultaneous
load bearing and active cooling, sandwich constructions with three-dimensional (3D) lattice
trusses or two-dimensional (2D) prismatic cores have been extensively exploited [11]. For
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instance, an all-metallic corrugated sandwich panel is a typical multifunctional structure:
in addition to heat dissipation [1,12], it can effectively absorb sound if micro-perforations
are introduced to both its face sheets and core webs [13,14]; it can also provide effective
projectile penetration resistance if ceramic or concrete prisms are inserted to the inter-
stices of its corrugated core [15–17]. Nonetheless, in terms of specific stiffness and specific
strength, a corrugated sandwich construction is inferior to other competing structures
such as honeycomb-cored sandwiches, especially when subjected to bending and shear-
ing [18,19]. More recently, to maintain the flow-through topology of the corrugated core
and improve its load-carrying capability, a novel corrugated channel core (i.e., periodic
fluid-through wavy passages) was envisioned for multifunctional sandwich construc-
tions [20]. It was demonstrated, both theoretically and experimentally, that all metallic,
corrugated-channel-cored sandwich panels (3CSPs) exhibit not only significantly enhanced
convective heat transfer rate, but also superior mechanical performance relative to sand-
wich panels with parallel plate channels widely used for active cooling. Further, when
subjected to the loading of out-of-plane compression, the proposed corrugated channel core
exhibits superiority, particularly in the low-density regime, in comparison with competing
sandwich core topologies (e.g., square honeycombs, hollow pyramidal trusses, and octet
trusses) [20]. Upon inserting PMI foam blocks into the interstices of the corrugated channel
core made of a purpose-made fiber-reinforced composite, it was also shown theoretically
and experimentally that the resulting hybrid-cored sandwich panel (with composite face
sheets) not only exhibits superior specific stiffness/strength but also is endowed with a
new attribute, i.e., microwave absorption/transmission [21].

With ever increasing demand for lightweight multifunctional structures, we envision
that the novel all-metallic 3CSP construction proposed in our previous study holds great
potential for a wide variety of engineering applications, targeting in particular simulta-
neous load-bearing and heat dissipation via active cooling at ultra-lightweight. To this
end, processing methods suitable for fabricating high-quality 3CSP structures need to
be exploited, especially when high performance metals such as titanium alloys are used
as the parent material. Further, in addition to systematically studying the heat transfer
performance of an as-fabricated 3CSP specimen, its mechanical performance also needs to
be investigated comprehensively. Furthermore, analytical and numerical models need to be
established to explore in detail the physical mechanisms that underlie the experimentally
observed mechanical responses.

The objectives of this study were therefore three-fold. Firstly, the method of selective
laser melting (SLM) was employed to fabricate Ti-6Al-4V 3CSP sandwich panels for the
first time. Previously, these panels were fabricated using a four-step procedure: (a) folding
of corrugated sheet; (b) fabrication of corrugated web; (c) assembling of sandwich panel;
and (d) vacuum brazing [20,22]. Under bending and/or shear loading, 3CSP specimens
thus fabricated with relatively thin face sheets and core web plates will not reach the
pre-designated strength, because it is difficult to weld the thin face sheets with the thin
core webs, thus yielding inferior shear strength. The SLM technique adopted in this study
can squarely address this deficiency, because the pressing demand for high performance
3CSPs as ultra-lightweight multifunctional structures in fields such as aerospace might
compromise the relatively high cost of SLM. Secondly, in addition to the out-of-plane
uniform compression considered in [20], the performances of as-fabricated Ti-6Al-4V 3CSP
sandwich panels subjected to four-point bending were systematically characterized using
a combined experimental, analytical, and numerical approach. Thirdly, the analytical
model, validated against experimental measurements, was employed to construct collapse
mechanism maps, thus providing an effective strategy for designing 3CSP structures
with optimal bending responses. Eventually, upon performing the foregoing tasks, we
demonstrated that four competing collapse initiation modes governed the failure processes
of the Ti-6Al-4V 3CSP structure as its geometry was varied, and the collapse mechanism
maps constructed using the developed analytical model provides an effective strategy for
designing 3CSP structures with optimal mechanical responses.
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The results of this study demonstrate that the proposed 3CSP structure indeed holds
great potential in multifunctional applications demanding simultaneous load-bearing and
heat dissipation at ultra-lightweight.

2. Methodologies
2.1. Fabrication of 3CSP Specimens
2.1.1. Topology of 3CSP Specimen

As depicted schematically in Figure 1, the all-metallic sandwich panel investigated in
the current study is composed of two face sheets of equal thicknesses (tf) and a corrugated
channel core with a thickness tc and a height h. Let L, B, and H represent the length,
width, and height of the sandwich panel, respectively. The idealized core profile is also
shown in Figure 1, which presents a triangular corrugation core with a wavelength l and an
inclination angle θ. The equivalent neutral surfaces of the webs are parallel to each other,
with spacing d. The face sheets and the core are made of the same metallic material (i.e.,
Ti-6Al-4V). For the present four-point bending test, as detailed in Section 2.2, the distance
between the two indenters (Lp) is fixed at 34 mm, while the span between the two bearings
(Lb) is fixed at 119 mm. The diameter of the indenter/bearing is 10 mm. The characteristic
length of the specimen is thus given by (Figure 1): χ = (Lb − Lp)/2. The weight per unit
area W denotes the weight of a structure per unit surface area [18]. For the present 3CSP, it
is given by W = Mf+Mc

a = 2tfρs +
tch

d cos θ ρs where Mf = 2tfLBρs and Mc = LtchB
d cos θ ρs are the

weight of the face sheets and the core, respectively; a = LB is the surface area of the 3CSP;
and ρs is the density of its parent material. Additionally, to facilitate the quantification of
structural mass, a dimensionless metric ψ = W/ρsχ is defined in this study. Subject to
the limits of fabrication precision and specimen dimensions, the specimens are envisioned
to vary systemically in geometry, as listed in Table 1. It should be mentioned that, in
Figure 1, the face sheets and the core webs are not welded together as done in our previous
study [20]. Rather, the two formed an integral part as 3D printing is used in the current
study to construct the 3CSP structure from scratch. Indeed, no interaction layer is present
between the core web and the face sheet in the as-fabricated Ti-6Al-4V 3CSP specimen.
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Table 1. Geometric details of sandwich panels with corrugated channel cores.

Specimen
No.

Length
L (mm)

Width
W (mm)

Core
Height h

(mm)

Web
Spacing d

(mm)

Thickness of
Face Sheet

tf (mm)

Thickness of
Core Sheet tc

(mm)
Angle θ (◦)

Wave
Length l

(mm)

I 136 24 12 12 1.0 0.4 45 17
II 136 24 12 12 1.0 0.4 45 17
III 136 24 12 12 1.0 0.6 45 17
IV 136 24 12 12 0.8 0.6 45 17
V 136 24 12 12 0.8 0.4 45 17
VI 136 24 12 12 0.8 0.6 45 17
VII 136 24 12 12 0.2 0.8 45 17

2.1.2. Fabrication Methodology

The method of selective laser melting (SLM) enables manufacturing metal structures
via additive printing layer by layer [23,24]. Because it completely melts a powder material,
the SLM methodology allows for a density of approximately 100% and assures series-
identical properties for fabricated specimens [25]. Due to the relatively complex geometry
of the proposed 3CSP (Figure 1), all specimens in this study (Table 1) were fabricated via
SLM. Figure 2 presents a typical Ti-6Al-4V sandwich panel thus fabricated using EOS M290
(EOS Ltd. Germany). The device is equipped with an IPG fiber laser having a power of
400 W and an equivalent speckle diameter of 100 µm. The IPG fiber laser outputs a laser in
continuous wave (CW) mode. A checkerboard scanning strategy was adopted during the
printing process, and the laser heat source was moved from the top to the bottom while
also moving from left to right. The corresponding processing parameters are presented
in Table 2, while geometries of as-fabricated specimens are listed Table 3, together with
measured deviations from those envisioned (Table 1). Subsequently, thermal treatment of
the fabricated specimens was carried out to minimize stress localization (Figure 3), which is
composed of three phases: a linear heating period from 0 to 800 ◦C, with a heating velocity
of 400 ◦C per hour; subsequent maintaining period at a constant temperature of 800 ◦C for
4 h; and a furnace cooling treatment of 240 ◦C per hour, from furnace temperature (800 ◦C)
to 80 ◦C. Lastly, air cooling proceeded until the specimen temperature reaches ambient
temperature. Otherwise, a furnace vacuum condition with a base pressure less than 0.02 Pa
was used during the entire thermal treatment.
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Table 2. SLM processing parameters for Ti-6Al-4V alloy 3CSP specimens.

Term Layer
Thickness

Laser
Powder Scan Speed Hatch

Distance Particle Size

Parameter 40 µm 230 W 970 mm/s 100 µm 15–53 µm

Table 3. Measured dimensions of test specimens fabricated with the SLM.

Specimen No. Thickness of Face Sheet (mm) Thickness of Core Sheet (mm)
Design Size Measured Size Error Design Size Measured Size Error

I 1.0 0.992 −0.80% 0.4 0.445 11.25%
II 1.0 1.063 6.30% 0.4 0.430 7.50%
III 1.0 1.042 4.20% 0.6 0.645 7.50%
IV 0.8 0.853 6.62% 0.6 0.551 −8.17%
V 0.8 0.831 3.87% 0.4 0.407 1.75%
VI 0.8 0.813 1.62% 0.6 0.603 0.50%
VII 0.2 0.225 12.50% 0.8 0.764 −4.50%
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Figure 3. Thermal treatment procedure for Ti-6Al-4V alloy 3CSP specimen.

Figure 4 displays the scanning electron microscope (SEM; Hitachi TM-4000, Hitachi
High-Tech Corporation, Tokyo, Japan) images for selected connection region between the
face sheet and the corrugated channel core. Built upon these SEM observations, relative size
offsets between the as-fabricated specimens and the envisioned specimens were measured,
as summarized in Table 3. The largest discrepancy (12.5%) occurs on the face sheet of
Specimen VII. In general, as shown in Figure 4, the connection between the face sheet and
core exhibits excellent continuity, thus avoiding secondary connection typically needed
during conventional processing. Note that all the test specimens listed in Table 1 were
fabricated using the method of additive manufacturing. Due to limitations of the additive
manufacturing facility used in the current study, relatively large size errors were found in
specimens having either thin face sheets (e.g., Specimen VII) or thin core web sheets (e.g.,
Specimen I). For instance, from the SEM image displayed in Figure 4, partially non-molten
particles (0.02–0.03 mm in size) are present on the surface of core web sheet, causing large
roughness of the surface. This is the main reason behind the large relative size offsets
between the as-fabricated specimens and the envisioned specimens shown in Table 3.
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Contrasted with specimens fabricated using the traditional methods such as by vac-
uum brazing, surface property has become a focal point in the evaluation of processing
quality for specimens fabricated with additive manufacturing [24,26]. Therefore, surface
roughness on the face sheets of as-fabricated specimens with/without polishing treatment
was characterized using a confocal microscope (OLYMPUS 3D measuring laser microscope
OLS4000; Olympus Corporation, Shinjuku, Japan). As illustrated in Figure 5, the rough-
ness (Ra) of the outer surface that was polished is 0.40 µm, while that of the in-situ inner
surface without polishing is 15.13 µm. Further analysis of the unpolished surfaces revealed
non-molten powders deposited on these surfaces, thus causing roughened surfaces of face
sheets and core web plates, as shown by the SEM image of Figure 4b. The surface rough-
ness results in the relative size offsets between the as-fabricated and envisioned specimens
shown in Table 3. These size offsets are one of the reasons for the relatively large deviations
of the present analytical/numerical predictions from experimental measurements. Previous
studies showed that reasonable surface treatment such as surface polishing contributes to
the removal of non-molten parent powders [24] and the reduction of surface roughness [27],
leading to improved constitutive mechanical behavior at microscopic level. Likewise, the
influence of non-molten residuum on the bending performance of a 3D printed specimen
is obvious [28].
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2.1.3. Material Properties of Parent Material

To characterize the mechanical properties of the parent material, dog-bone shaped
tensile specimens of Ti-6Al-4V were manufactured with SLM 3D printing. To ensure identi-
cal mechanical properties, the dog-bone tensile specimens and the 3CSP test specimens
for 4-point bending were fabricated simultaneously. Tensile tests were performed using
a standard servo-hydraulic test machine (MTS-858 Mini bionix; MTS Corporation, Eden
Prairie, MN, USA) at ambient temperature, with a nominal strain rate set as 1 × 10−3 s−1

in reference to ISO 6892-1:2009 [29]. The load and the strain were measured by the load-
ing gauge with an accuracy of 1 N and an extensometer with an accuracy of 10−3 mm,
respectively.

Quasi-static uniaxial true strain versus true stress curve measured using the dog-
bone shaped Ti-6Al-4V specimen is presented in Figure 6. It is shown that the parent
material obtained with SLM 3D printing can be expressed approximately as an elastic-
plastic material, with a Young’s modulus of Es =111 GPa, a yield strength of σys =1072 MPa,
and a linearly hardening modulus of Ets =1.09 GPa. These measured material properties
of Ti-6Al-4V were subsequently applied to analytical predictions and finite element (FE)
simulations, as detailed in the following sections.
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2.2. Experimental Setup for Four-Point Bending

Both four-point bending and three-point bending tests are widely used experimental
methods for assessing the bending response of a structure. Compared with three-point
bending test, four-point bending test produces a pure bending region between the two
indenters, thus reducing stress concentration in the region in close contact with the indenter.
In the current study, the four-point bending experiment setup is illustrated in Figure 7.
The sandwich specimen was placed between the indenters and bearings, both having a
diameter of 10 mm. Four-point bending test was performed with an MTS-880 experimental
loading system (MTS Corporation, Eden Prairie, MN, USA). With reference to testing
codes ASTM C393-11 and D7249, the loading rate was fixed at 0.5 mm/min to mimic
quasi-static loading. Analog signals for the load and displacement data were extracted by
the measure sensors of the MTS system. To capture the deformation and collapse evolution
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of each specimen, a high-resolution photography system was utilized to record the entire
experiment process.
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2.3. Finite Element Simulation

Finite element (FE) simulations were performed with ABAQUS v6.10 (Dassault
Systèmes, Vélizy-Villacoublay, France). Geometries of the FE model were identical to
those of the test specimen. Ti-6Al-4V was modeled as an isotropic hardening material, as
characterized in Section 2.3, with a Young’s modulus of Es = 111 GPa, a Poisson ratio of
νs = 0.34, and a yield stress of σys = 1072 MPa (Figure 6). Both the face sheets and core
webs of the sandwich specimen were meshed using four-node shell elements (S4R), with
their dimensions set not according to the designated values but to the measured sizes listed
in Table 3. As a result, relative size offsets and deviations were accounted for in the FE
simulations. Each 3CSP specimen was made and integrated with 3D printing, requiring
no secondary connection as in the construction of sandwich structures using traditional
methods. From the SEM image shown in Figure 4a, it can be seen that, with additive
manufacturing, no interaction layer is present between the core web and the face sheet.
Therefore, in the present FE simulations, the face sheet and the core web were merged into
one component using the Boolean operation: that is, it was assumed that the core web is
perfectly bonded to the face sheet. It should be mentioned that, at present, there is not yet a
report on the Poisson ratio of 3D printed titanium alloy. In the current study, as an approxi-
mation, we simply used the Poisson ratio (0.34) measured for traditional rolled titanium
alloy sheets [20]. In a future study, we plan to evaluate systematically how 3D printing and
the associated processing parameters affect the Poisson ratio of titanium alloys.

The indenters and bearings were modeled as 3D analytical rigid shells, as they are
much stiffer than the sandwich specimen. A fixed displacement boundary condition was
used for each bearing. An automatic face-to-face interaction algorithm based on the penalty
function was used to simulate the contacts between indenter/bearings and face sheets, with
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the friction coefficient in the tangential direction fixed at 0.1. The selection of a meshing
size of ~1 mm was determined after performing a systematic study of mesh convergence,
as further refinement is found to have negligible effect on numerically simulated four-point
bending responses. For Specimens II and VIII, Figure 8 plots the numerically calculated
initial failure load P, normalized by Pref. calculated with the mesh size fixed at 1 mm, as a
function of mesh size. Similar results were obtained for other specimens and hence not
presented here for brevity. It is shown that the value of P/Pref. converges when the mesh
size drops to 3 mm for Specimen II and 1 mm for Specimen VIII. Meanwhile, the stable
time increment ∆T is also plotted in Figure 8, where ∆Tref. is the stable time increment
estimated with 1 mm mesh size. The larger is the ∆Tref./∆T, the lower is the computational
efficiency. Thus, with the numerical convergency and computational efficiency considered
simultaneously, the optimal mesh size in this study was selected as 1 mm.

Materials 2021, 14, x  9 of 24 
 

 

the mesh size drops to 3 mm for Specimen II and 1 mm for Specimen VIII. Meanwhile, the 
stable time increment TΔ  is also plotted in Figure 8, where ref.TΔ  is the stable time in-
crement estimated with 1 mm mesh size. The larger is the ref.T TΔ Δ , the lower is the com-
putational efficiency. Thus, with the numerical convergency and computational efficiency 
considered simultaneously, the optimal mesh size in this study was selected as 1 mm. 

 
Figure 8. Mesh insensitivity on initial failure load and computational efficiency for Specimens II 
and VIII. 

To simulate quasi-static bending with initial imperfections, the present FE simula-
tions were conducted with linear perturbation and explicit dynamics solvers. A buckling 
eigenvalue analysis was first performed to select the initial geometry imperfection pattern 
for subsequent quasi-static four-point bending simulation. Upon performing a velocity 
independence analysis, the velocity of the indenters was set to be 0.1 m/s. 

2.4. Analytical Modeling 
This section describes how the flexural stiffness and initial collapse load of the pre-

sent 3CSP sandwich structure can be predicted using analytical models. Following the 
classical work of Allen [30], it was assumed that the face sheets are mainly subjected to 
bending moments, while the cores are mainly subjected to transverse shear. To make the 
prediction theoretically valid, none of the specimens in this study was allowed to exceed 
the geometric threshold for normalized core height [18]. 

2.4.1. Bending Stiffness 
The total deflection δ of a sandwich structure under four-point bending can be ex-

pressed as a linear superposition of deflection δM caused by the bending moment and de-
flection δV caused by the shear force, namely: 

M V=δ δ δ+  (1)

The deflection caused by the bending moment is calculated as [31]: 

( ) ( ) ( )
2 2

3b 2 2bM
b b

b eq b eq

2 2
6 12
L L L L

P L D L D
χ χδ χ χ χ χ

χ
−  = + − + − 

 
 (2)

Figure 8. Mesh insensitivity on initial failure load and computational efficiency for Specimens II
and VIII.

To simulate quasi-static bending with initial imperfections, the present FE simula-
tions were conducted with linear perturbation and explicit dynamics solvers. A buckling
eigenvalue analysis was first performed to select the initial geometry imperfection pattern
for subsequent quasi-static four-point bending simulation. Upon performing a velocity
independence analysis, the velocity of the indenters was set to be 0.1 m/s.

2.4. Analytical Modeling

This section describes how the flexural stiffness and initial collapse load of the present
3CSP sandwich structure can be predicted using analytical models. Following the classical
work of Allen [30], it was assumed that the face sheets are mainly subjected to bending
moments, while the cores are mainly subjected to transverse shear. To make the prediction
theoretically valid, none of the specimens in this study was allowed to exceed the geometric
threshold for normalized core height [18].
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2.4.1. Bending Stiffness

The total deflection δ of a sandwich structure under four-point bending can be ex-
pressed as a linear superposition of deflection δM caused by the bending moment and
deflection δV caused by the shear force, namely:

δ = δM + δV (1)

The deflection caused by the bending moment is calculated as [31]:

δM

P
=

(Lb − χ)2χ2

6LbDeq
+

χ

12LbDeq

[
Lb
χ
(2χ− Lb)

3 +
(

Lb
2 − 2χ2

)
χ

]
(2)

where P is the total force, half of which is transferred to the loaded specimen by each
indenter. Let Deq denote the equivalent flexural rigidity of the sandwich.

In practice, the corrugated channel core is in general not loaded in the transverse
direction (y-direction in Figure 1) [32]. Therefore, contribution of the core to the flexural
rigidity may be ignored. The equivalent flexural rigidity Deq can thence be expressed as:

Deq = Es
Btf

3

6
+ Es

Btfh2

2
(3)

where Es is the Young’s modulus of the face sheet material.
In a simply supported beam subjected to a total force P, the shear force in the region

between the left indenter and the left bearing is P/2. Thus, the deflection caused by the
shear force is determined as:

δV

P
=

χ

2GeqBh
(4)

where represents the equivalent shear modulus of the core. Its value can be calculated as:

Geq = ρG cos2 θ (5)

where ρ = tc
d cos θ is the relative density of the corrugated channel core and G denotes the

shear modulus of the parent material of the core.

2.4.2. Initial Failure Loads

Under four-point bending, a 3CSP specimen may exhibit four major collapse modes:
(i) face yielding (FY); (ii) face buckling (FB); (iii) core yielding (CY); and (iv) core buckling
(CB). The pure bending section of the specimen is subjected to the largest bending moment,
given by:

M =
Pχ

2B
(6)

where M represents the bending moment per width. As mentioned above, it was assumed
that the bending moment is carried by the face sheets. Therefore, the maximum normal
stress on the loaded face sheets is:

σf =
Pχ

2Btf(h + tf)
(7)

At the same time, the maximum shear force per width in the loaded core is deter-
mined as:

V =
P

2B
(8)

such that the maximum shear stress in the loaded core is:

τc =
Pd

2Btch
(9)
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Correspondingly, the initial failure criteria of each collapse mode are summarized as
shown below. The critical stress of face yielding is:

σf = σys (10)

where σys is the tensile yield strength of the parent material. It follows that the face yielding
load is:

PFY =
2Btf(h + tf)

χ
σys (11)

At the onset of core yielding, the critical load is:

τc = τys (12)

where τys is the shear yielding strength of the parent material, which was assumed to
depend upon the tensile yield strength as τys = σys/

√
3. Correspondingly, the core

yielding load is determined as:

PCY =
2Btch

d
τys (13)

The critical stress of face buckling is given by:

σfb =
kfbπ2Es

12(1− νs2)

(
tf
d

)2
(14)

where Es and νs denote the Young’s modulus and Poisson ratio of the parent material,
respectively. kfb is the compression buckling coefficient, approximately equal to 6.97. Face
buckling will not take place if σf ≤ σfb. Hence, the critical load of face buckling is given by:

PFB =
2Btf(h + tf)

χ
σfb (15)

The shear buckling stress induced by core buckling is:

τcb =
kcbπ2Es

12(1− νs2)

(
ts

h

)2
(16)

where kcb is the shear buckling coefficient, which depends on the geometry parameter h/s.
For a rectangular core panel with an aspect ratio of h/s =1, the value of kcb is assumed to
be 14.71. Core buckling occurs when τc = τcb. Therefore, the critical load of core buckling
is calculated as:

PCB =
2Btch

d
τcb (17)

3. Results and discussion

In this section, quasi-static four-point bending results obtained from analytical predic-
tions, FE simulations, and experimental measurements are summarized and compared. Let
the non-dimensional bending stiffness be represented by S = P/δ, where P = P/(2EsBχ) is
the non-dimensional initial failure load and δ = δ/χ is the corresponding non-dimensional
indenter displacement.

3.1. Observations of Structural Failure
3.1.1. Core Yielding

Figure 9 displays the experimentally measured, analytically predicted, and numeri-
cally simulated load versus deflection curves for 3CSP Specimen II (Table 1): note that the
initial failure of this specimen is core yielding, as indicated by the analytical predictions.
Corresponding to the circled numbers on the curves, photos of the deformed specimen are
compared in Figure 10 with those numerically simulated. It should be pointed out that,
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during the present experiments, the method of synchronous triggering is used to ensure
that data collection by the testing machine and image acquisition by the photography
system have identical zero time. Thus, for any point on the load versus displacement
curve, the exact photo image corresponding to this point can be extracted, thus enabling
the comparisons shown in Figure 10 and Figure 12. The loading procedure is marked as
Points 1–5, while the unloading as Points 6 and 7. As Figure 9 illustrates, during loading,
the bending response of Specimen II is composed of three major phases: (i) the elastically
loading phase (1–3); (ii) the plastically stable phase (3–4); and (iii) the plastic buckling
phase (4–5). The results in Figures 9 and 10 show that the key features obtained with
FE simulations agree with corresponding experimental observations. In the elastically
loading phase, the initial failure load P increases linearly with indenter displacement δ.
The specimen exhibits global bending, with no obvious out of plane deformation in the face
sheets and core webs, as shown in Sequence 2 of Figure 10. With further loading, a plastic
stable phase emerges, represented by 3 and 4 in Figure 9, wherein a gradual reduction in
stiffness occurs, and the load reaches a peak at Point 4. From the corresponding Image
3 shown in Figure 10, the premature collapse initiation of core yielding can be seen in the
core shear region between the indenter and the bearing. As the loading continues, shear
deformation in the core becomes more visible in Image 4 of Figure 10. Then, the plastic
buckling response begins and the load decreases with increasing indenter displacement.
Subsequently, an unloading procedure is performed. The corresponding response is shown
on the experimental and simulation curves as 5–7. During unloading, as elastic strain
energy is released, springback of the specimen occurs, the radius of curvature becomes
larger, and the deformation decreases. When the load P is dropped to 0 N, permanent
plastic deformation characterized with core yielding dominates the specimen.
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3.1.2. Face Yielding

Similar to the case of core yielding, load versus displacement curves and correspond-
ing deformed configurations are presented in Figures 11 and 12 for the case of face yielding
(Specimen IV in Table 1). Again, the bending response can be characterized into three
phases. After a linearly progressive elastic phase, plastic deformation dominates with
the initiation of face yielding, as indicated on Images 3 and 4 of Figure 12. The plastic
deformation is accompanied by stretching of the bottom face sheet and contraction of the
top face sheet in the pure bending region. Unlike Specimen II, the core of Specimen IV
experiences minimal plastic deformation, while its face sheets undergo dramatically plastic
deformation. The top face sheet buckles, developing a number of waves, as shown in
Image 5 of Figure 12. For Specimens VI, the FE simulation results agree well with those of
the experiments, but the analytical predictions somewhat overestimate due to idealized
assumptions made in the modeling.
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Figure 11. Non-dimensional load versus non-dimensional indenter displacement curve of Specimen
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of structural responses observed in experiment and FE simulation, respectively. Corresponding
deformed specimen configurations are displayed in Figure 12.

3.1.3. Face Buckling

In addition to the collapse modes discussed above for Specimens II and IV, face
buckling is captured in Specimen VII, both experimentally and numerically. Its final
deformation patterns and load versus deformation curves obtained via experiment and
FE simulation are displayed in Figures 13 and 14. Good agreement is obtained between
numerical and experimental results for bending stiffness and initial failure load. The elastic
buckling of a plate is well known to exhibit a stable post buckling response [33]. Therefore,
the peak loads obtained from the present experiment and simulation are much larger than
that predicted analytically, as shown in Figure 14.
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3.2. Comparison among Experimental, Analytical and FE Results

For each 3CSP specimen listed in Table 1, Table 4 compares the experimental, an-
alytical, and numerical (FE) results obtained for its non-dimensional bending stiffness,
non-dimensional initial failure load, and collapse modes. It is shown that, when contrasted
with experimental measurements, both the analytical and FE models predict accurately
the failure modes but overestimate the bending stiffness and initial failure load. For the
analytical model, the prediction error ranges 18–41%, whereas for the FE model, the error
ranges 5–26%. Further, it is found that the load-carrying capacity of a 3CSP structure
depends strongly on its structural geometry. To explore the underlying mechanisms, three
typical experiments with different failure modes are analyzed in detail next.
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Table 4. Summary of four-point bending respons es from analytical prediction, FE simulation, and experimental measurement.

Specimen
No.

Bending Stiffness S (10−5) Initial Failure Load P (10−5) Collapse Mode

Analysis Simulation Experiment Analysis Simulation Experiment Analysis Simulation Experiment

I 111.11 99.06 76.91 5.84 5.34 3.72 CY CY CY
II 116.00 97.41 77.57 5.64 4.87 3.76 CY CY CY
III 129.93 103.12 76.42 7.27 5.46 3.58 FY FY FY
IV 104.51 94.55 85.79 5.86 5.26 4.54 FY FY FY
V 93.51 80.82 76.19 5.34 4.29 3.74 CY CY CY
VI 102.53 90.55 82.82 5.57 5.11 4.65 FY FY FY
VII 31.79 22.28 24.02 0.35 0.32 0.36 FB FB FB

3.3. Discussion
3.3.1. Effect of Geometric Sizes on Bending Stiffness

The results in Table 4 reveal that relatively large discrepancies exist between experi-
mentally measured and numerically calculated bending stiffnesses and initial failure loads:
for instance, for Specimen III, the discrepancy of bending stiffness is 26%. This is mainly
attributed to geometric imperfections induced during 3D printing. According to the specific
morphology of the corrugated channel core, the method of SLM involves three main steps.

1. Printing: To ensure the face sheet and the core are formed in one step, the specimen
needs to be placed at an inclined angle, with a support used between the supporting
plate and the suspended surface to ensure the forming accuracy.

2. Heat treatment: To eliminate residual stresses induced during 3D printing, the as-
printed specimen (together with the supporting plate) is put into a vacuum furnace,
with the furnace temperature controlled in accordance with that shown in Figure 3.

3. Post processing: Upon removing the supporting plate via wire cutting, electrical
grinding tool and sandpaper are used to manually polish the surfaces of the specimen.

Taking again Specimen III as an example, because the processing accuracy of the
present wire cutting and surface polishing methods is not high, its face sheets are not
even, as shown clearly in Figure 15. In the present study, the analytical model assumes
that both the top and bottom face sheets of a 3CSP specimen have uniform thickness.
Therefore, in accordance with the analytical model, the face sheet thickness listed in
Table 3 for each specimen is the average of measurements at selected positions along
the face sheet. This causes the discrepancy between model prediction and experimental
measurement. Further, in the FE simulations, shell elements having uniform thickness
are used to model the face sheet, which also leads to discrepancy between numerical
simulation and experimental measurement. In future studies, 3D solid elements in lieu of
shell elements will be employed to refine the FE model so as to quantify the influence of
non-even face sheets on the mechanical behavior of a 3CSP structure.
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When developing the present analytical model, the bending deformation of a 3CSP
specimen is taken as the superposition of deformation caused by the bending moment
and that induced by the shear force. The former is dictated by the bending stiffness of the
face sheets, while the latter is dominated by the shear stiffness of the core. The equivalent
shear stiffness of the core, as shown in Equation (5), is derived via homogenization, which
requires that a sufficiently large number of cells are present within the characteristic
length of the 3CSP structure [34]. In the current study, due to 3D printing accuracy and
constraints on printed cell size, the ratio of characteristic length to unit cell length is
χ/l = 2.5 for each specimen. This causes the discrepancy between analytical model and
FE simulation. Figure 16 plots the analytically predicted bending stiffness as a function of
χ/l for specimens having identical total mass (W = 13.25 kg/m2). For comparison, results
calculated with the FE model are also presented. It is shown that the two curves converge
only when the value of χ/l is sufficiently large, e.g., at χ/l = 5.5. Therefore, to ensure the
prediction accuracy of analytical modeling for 3CSP structures, special focus needs to be
placed upon the magnitude of χ/l in future studies.
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3.3.2. Effect of Poisson Ratio

As mentioned above, in the absence of Poisson ratio for 3D printed Ti-6Al-4V, a Poisson
ratio of 0.34 measured using traditional rolled titanium alloy sheets is used in the present
study. In this section, how the bending response of a 3CSP structure is dependent upon
the value of Poisson ratio is quantified using the FE model. As the value of Poisson ratio
is varied in the range of 0.10–0.45, Figure 17 presents the errors of numerically calculated
bending stiffness and peak load relative to the reference case of Poisson ratio equaling to
0.34. It is shown that, for the bending stiffness, the largest error of 5.54% occurs when the
Poisson ratio is 0.1. Similarly, for the peak load, the largest error of 1.7% also occurs when
the Poisson ratio is set to 0.1. Overall, the influence of Poisson ratio on the numerically
simulated mechanical performance of 3CSP structures is small.
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Figure 17. Effect of Poisson ratio on numerically calculated bending stiffness and peak load of
3CSP structure.

4. Collapse Mechanism Maps

Collapse mechanism maps [35,36] are used next to probe the effect of structural geom-
etry on collapse initiation mode. To this end, dimensionless quantifications of structural
response are conducted for the cases described in the previous section, with normalized
geometrical parameters introduced as:

tf =
tf
χ

, tc =
tc

χ
, h =

h
χ

, n =
d
h

(18)

Upon substituting these normalized parameters into Equations (11), (13), (15), and (17),
the critical loads corresponding to the four collapse modes can be rewritten as:

PFY = εytf(h + tf) (19)
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where εy = σy/Es is the yielding strain.
To facilitate visualization of optimization results based on failure maps, Figure 18

plots a prototypical collapse map for the scenario of n = 1 and ψ = 0.0526, where “FB”
“FY”, “CB”, and “CY” represent abbreviations of the four collapse modes. “F” and “C”
represent “Face sheet” and “Core”, while “Y” and “B” represent “Yielding” and “Buckling”,
respectively. Non-dimensional initial failure load contour plots for the 3CSP structure with
different geometries are delineated via the dashed lines. With these contour plots, the
optimal geometries can be obtained by searching for those associated with higher P values.
Optimal geometries thus obtained are marked with and without considering geometry
limitation, represented by red and blue solid circles, respectively. For a 3CSP specimen
with ψ = 0.0526, excellent bending resistance can be achieved by a geometry lying at
the intersection point (red solid circle) of face buckling, face yielding, and core yielding,
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if geometrical limitation is ignored. The optimal geometry lies on the confluence (blue
solid circle) of face yielding, core yielding, and geometric limitation (if geometric limit is
considered). Further, given the geometric parameters of Specimen V in Table 1, its bending
resistance can be effectively enhanced by decreasing the normalized thickness of face sheet
and increasing the normalized height of core (black solid circle in Figure 18).
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Figure 19 presents the collapse maps for three 3CSPs having different values of ψ.
For the given range of normalized geometries, the initial collapse modes for sandwich
structures with different geometries (characterized with different values of n and ψ) vary.
Solid circles marked in Figure 19 represent the geometries of experimental specimens
described separately in the previous section, namely Specimens V, VI, and VII. Regardless
of the geometry of a 3CSP specimen, the four competing collapse modes can all occur. For
the scenario of n = 1 and ψ = 0.0363, the dominating initial collapse modes are collapses
produced from the face sheets, which can be validated via the four-point bending test
of Specimen VII. Within the tf range of 0.001–0.015 and h range of 0.0–0.3, the collapse
mechanism mode is presented by face sheet bucking and yielding when tf is less than 0.013.
However, when tf exceeds 0.013, the collapse mechanism mode changes from face sheet
yielding to core yielding and core buckling. Between these two modes of core collapse,
core buckling increasingly dominates as the core height is increased.

The domination of collapse mode(s) also varies with varying structural mass. As
the value of ψ is increased, the region representing core collapse grows, as shown in
Figure 19a–c. For the scenario of n = 1 and ψ = 0.0526 (Figure 19b), the component of
the collapse mechanism map assembles with the four competing collapse modes: i.e., face
sheet buckling, face sheet yielding, core buckling, and core yielding, consistent with the
scenario of n = 1 and ψ = 0.0583 (Figure 19c). However, Figure 19b,c shows that the core
buckling and core yielding collapse regions gradually expand relative to those of Figure 19a.
Additionally, the solid circles marked in each collapse mechanism map of Figure 19 reveal
that the 3CSP specimens tested in this study do not have optimal geometries.
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It must be pointed out that the present analytical predictions deviate, in some cases
quite significantly, from experimental results. As previously discussed, these large discrep-
ancies are likely caused by the idealized assumptions (e.g., sufficiently large number of unit
cells to ensure the prediction accuracy of homogenization) made to simplify the analytical
modeling, as well as by the relatively low surface quality of 3CSP specimens fabricated
using the 3D printing facility at hand. As a preliminary study, while the idealized analytical
model was employed to carry out the current structural optimization, the results need be
applied in caution, especially when the core height is large where the intersection points
may shift by as much as 20–30%. More comprehensive and accurate collapse mechanism
maps will be constructed in future studies with significantly improved analytical models.

5. Conclusions

Novel ultra-lightweight corrugated-channel-cored sandwich structures are envisioned
and fabricated from Ti-6Al-4V alloy using the selective laser melting (SLM) methodology.
Their performances (e.g., bending resistance and initial collapse modes) when subjected
to four-point bending are subsequently experimentally measured. A combined approach
of analytical modeling and numerical simulation based on the method of finite elements
(FE) is employed to further explore in detail physical mechanisms underlying the bending
performance. The main conclusions are summarized as follows.
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1. Four competing collapse initiation modes, i.e., face-sheet yielding, face-sheet buckling,
core yielding, and core buckling, govern the failure processes of a 3CSP structure as
its geometry is varied.

2. Both the analytical and FE models predict accurately the failure modes but overesti-
mate the bending stiffness and initial failure load.

3. Collapse mechanism maps constructed using the developed analytical model provide
an effective strategy for designing 3CSP structures with optimal bending responses.

4. The collapse mechanism maps can be employed to quantify the influence of 3CSP
structural topology on collapse initiation modes.

The proposed 3CSP structures hold great potential in a wide variety of multifunc-
tional applications targeting simultaneous load-bearing, and heat dissipation via active
cooling at ultra-lightweight. Nonetheless, several issues of the present work need to be
addressed in future studies, including the relatively large deviations of analytical and FE
predictions from experimental measurements, the determination of Poisson ratio for 3D
printed titanium alloys, the improvement in processing quality with 3D printing, and the
characterization of heat transfer performance of 3CSP structures.
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