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A novel sandwich core topology – corrugated channels (periodic fluid-through wavy passages) –was proposed
for simultaneous load-bearing and active cooling applications. Relative to a sandwich panel with parallel plate
channels, the sandwich with corrugated channel core exhibits not only significantly enhanced convective heat
transfer rate but also superiormechanical performance. To explore the underlying deformation and failuremech-
anisms, corrugated-channel-cored sandwich panels (3CSPs) with low relative densities (b1.5%) were
manufactured, with Ti-6Al-4V alloy used as the constituent material for both the core and the face sheets. The
quasi-static, out-of-plane compressive behaviors of Ti-6Al-4V sandwich panels were systematically studied
using a combined experimental, analytical and numerical approach. The compressive strength of the proposed
3CSPwas also comparedwith competing core topologies on thematerial selectionmap.With superior structural
and thermal efficiency, the corrugated channel core is promising for awide variety ofmultifunctional lightweight
sandwich constructions.
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1. Introduction

Recent developments in all-metallic sandwich constructions have
focused not only on searching for even lighter load-bearing structures
such as novel periodic lattice cores, but also on pursuing further func-
tionalities such as simultaneous load-bearing and heat dissipation [1].
A variant of lattice cores have thus been proposed to explore such
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Fig. 2. Fabrication of triangular corrugated-channel-cored sandwich panel: (a) folding of corrugated sheet; (b) fabrication of corrugated web; (c) assembling of sandwich panel;
(d) vacuum brazing.

Fig. 1. (a) Schematic of sandwich panel with triangular corrugated channel core; (b) top view and (c) side view. Representative volume element (RVE)with periodic boundary conditions
(PBL and PBR) for finite element simulation was marked by dashed lines in (b).
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Table 1
Geometric details of 3CSP specimens fabricated and tested in the current study.

Specimen
no.

Web
thickness tc
(mm)

Web
height h
(mm)

Wave
amplitude a
(mm)

Length of
one-half wave l
(mm)

Web
spacing d
(mm)

1 0.23 22 5 18 40
2 0.33 22 5 18 40
3 0.43 22 5 18 40
4 0.53 22 5 18 40

Fig. 3. Images of brazed joint between coreweb and face sheet: (a) brazed sandwich panel; (b) lowmagnification viewof brazed joint A in (a); (c) highmagnification viewof brazed gap B
in (b).
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multi-functionalities as thermal protection, sound insulation and impul-
sive loadmitigation, including square/triangular honeycombs [2,3], cor-
rugations and diamond trusses [4–6], pyramidal and tetrahedral trusses
[7–13], X-type trusses [14–16] aswell as hybrid cores (e.g., corrugations
with either honeycomb or foam insertions) [17–19].

At present, two-dimensional (2D) cellular materials with fluid-
through topologies, such as honeycombs and corrugations (folded
plates), are perhaps the most prevalent lightweight constructions for
multifunctional applications. For instance, Lu [20] developed amodified
fin-model to evaluate the efficiency of honeycombs in augmenting the
heat transfer performance of compact heat exchangers, and found that
the overall heat transfer rate of aluminumhoneycombswas comparable
to that achieved by open-celled aluminum foams. Subsequently, built
upon Lu's analytical solutions, Gu et al. [21] and Wen et al. [22] per-
formed simultaneous evaluation of the structural and heat transfer per-
formances of square, triangular and hexagonal honeycombs. Valdevit
et al. [23] used a genetic algorithm to obtain optimal geometric and
physical quantities that maximize the active cooling performance of
prismatic cored sandwich panels. These sandwich panels were then
employed by Valdevit and Vermaak [24,25] to design actively cooled
combustion systemsof hypersonic vehicles. Similar sandwich structures
were also used to construct regenerative cooling systems for the thrust
chambers of LOX/Methane liquid rocket engines [26].

Nevertheless, so far as the structural load capacity is of concern,
sandwich constructions with fluid-through honeycomb cores were not
the best, because the primary function of honeycomb is to carry normal
and shear loads perpendicular to the axis of hexagonal/square/triangu-
lar prism [27]. For example, Wang and McDowell [28] investigated the
in-plane properties of honeycombswith such defects asmissing or frac-
tured cell walls using themethod of finite elements. The results indicat-
ed that the effective elastic stiffness and initial yield strength of
honeycombs under in-plane compressive loading were least sensitive
to the presence of defects. It has been shown in an experimental
investigation by Côté et al. [5] that, under out-of-plane compression
loading, prismatic (corrugated and diamond) cores were in weak buck-
ling modes and had lower strength-to-weight ratios than the square-
honeycomb core. In order to stabilize the core members against buck-
ling, Yan et al. [19] inserted closed-cell aluminum foams into the inter-
stices of corrugated cores and achieved significantly enhanced peak
compressive strength and energy absorption. However, the fluid-
through channels of the corrugated cores were blocked by the fillings,
the same as honeycomb cores with closed cell topologies (i.e., fluid can-
not pass through). Consequently, these cores cannot perform the func-
tionality of active cooling at the same time. To address the deficiency,
a new honeycomb core was proposed by truncating the middle portion
of the cell walls in a square honeycomb to construct flat heat pipes
(sandwich panels) for combined load support and thermal manage-
ment [29]. Nonetheless, when cell walls are truncated, they buckle
more easily under compressive and bend loads especially in the low-
density regime of honeycombs.

In the current study, inspired by hexagonal honeycombs fabricated
via the sheet crimping process [30], a novel sandwich design with cor-
rugated channel core (corrugated ducts or wavy passages) was pro-
posed, as shown schematically in Fig. 1. From the heat transfer point
of view, the enhancement of heat transfer achieved by the corrugated
duct could be as large as 2.5 relative to a conventional parallel-plate



Fig. 4. True tensile stress versus true strain curve of as-brazed Ti-6Al-4V alloy.
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channel [31], attractive for applications requiring active cooling as well
as load support such as supersonic vehicles, spacecraft skins, acoustic
liners and cooling jackets for combustors and jet engines [22,32,33].
While the convective heat transfer characteristics of corrugated chan-
nels had been investigated [31], a systematic study on the mechanical
performance of corrugated-channel-cored sandwich panels (3CSPs)
having corrugated channel cores is yet to be performed. This deficiency
is addressed in the current study.

This study aims to investigate the out-of-plane compressive behav-
iors of 3CSPs using a combined experimental, analytical and numerical
approach. The paper is organized as follows. Section 2 presents details
concerning the fabrication procedures of Ti-6Al-4V 3CSPs as well as ex-
perimental measurements; titanium alloy (Ti-6Al-4V) was selected as
the base metal for its high specific yield strength and service tempera-
ture [12]. In Section 3, the peak compressive strength of 3CSP was esti-
mated using analyticalmodels of elastic and plastic buckling. To validate
the analytical predictions as well as explore deformation modes and
failure mechanisms, finite element (FE) simulations were carried out
in Section 4. In addition to presenting experimental, analytical and FE
results, Section 5 also compared the out-of-plane compressive strength
Fig. 5. Schematic of the 3CSP sandwich specimen under out-of-plane compression and the DIC
system was constructed to depict the displacement vector calculated by ARAMIS software.
of 3CSPs with competing sandwich core structures on the basis of equal
core density.

2. Fabrication and experimental measurement

2.1. Corrugated channel structure

Corrugated-channel-cored sandwich panels with length L, width W
and height H, as sketched in Fig. 1a, were manufactured from Ti-6Al-
4V alloy (density ρs=4430 kg/m3) sheets and subjected to quasi-
static uniform out-of-plane compression. Each sandwich panel was
composed of two thin face sheets of equal thickness (tf) and a corrugat-
ed channel core assembled from corrugationwebswith thickness tc and
heighth. For simplicity, the idealizedwebprofile as shown in Fig. 1bwas
selected, which presents a triangular corrugationwebwithwave ampli-
tude a, length of one-half wave l, and hypotenuse length s. The equiva-
lent neutral surfaces of these corrugation webs were parallel to each
other with spacing d, and there was no phase shift between the walls
(Fig. 1b).

The representative volume element (RVE) with periodic boundary
conditions (PBL and PBR) for finite element (FE) simulations was
marked by dashed lines in Fig. 1b.

The relative density of the triangular corrugated channel core was
given by:

ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

a
l

� �2
r

tc
d
: ð1Þ

2.2. Fabrication methodology

Corrugated channel core sandwich panels were fabricated using a
four-step process as shown in Fig. 2. First, Ti-6Al-4V sheet was folded
to form triangular corrugations (Fig. 2a). The corrugated sheet was
then cut into corrugated webs with wire-cut electro-discharge machin-
ing (EDM), as illustrated in Fig. 2b. With reference to Fig. 2c, to create a
sandwich panel, vacuum brazing was used to bond the Ti-6Al-4V face
sheets and the assembled corrugated core together, as follows: solder-
ing paste with a nominal composition of 40Ti-20Cu-20Ni-20Zr (wt%)
(LucasMilhaupt Co., Ltd)was coated to the contact regions. Upondrying
in an oven, the sample was placed in a high–temperature vacuum braz-
ing furnace, which was subsequently evacuated to a base pressure of
system for surface displacement field measurement. Note that the local coordinate (x, y, z)



Fig. 6. Nominal compressive stress versus strain responses of Ti-6Al-4V sandwich panels
with triangular corrugation channel cores of different relative densities.
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~10−4 Torr. The sample was heated at the rate of ~10 °C/min to 500 °C
and kept at temperature for 20min to volatilize the polymer binder. Be-
cause the solidus and liquidus temperatures of the braze alloy were 848
°C and 856 °C, respectively, and theβ-transus temperature for Ti-6Al-4V
alloy was 980 °C [10,34], the brazing temperature was set at 900 °C and
held for 30min. After brazing, the furnacewas cooled at a rate of ~45 °C/
min to 600 °C and annealed for 20 min to minimize residual stresses.
Fig. 7. DIC results for a 3CSP of ρ ¼ 1:52% at Fig. 6 selected strains (a) surface Mises strain; (b
composed of the displacement component along the x-axis of the local coordinate shown in Fi
Finally, the furnace was cooled to ambient temperature at a rate of
~15 °C/min. Fig. 3a displayed a representative as-brazed sandwich
panel.

Table 1 listed the geometric parameters of all the 3CSP specimens
tested in the present study, with the face sheet thickness fixed at
tf=2 mm. Note that samples 1 to 4were different only in the thickness
of core webs, and the corresponding relative densities were 0.66%, 0.94,
1.23% and 1.52%.

To assess the quality of the brazed joints, Fig. 3b displayed lowmag-
nification image of the interface region marked in Fig. 3a by dashed line
A. The Ti-based braze alloy was seen to provide good wettability,
forming meniscus-like fillets at the interface between the corrugated
web and the face sheet. The gap area between the web and face sheet,
marked by dashed box in Fig. 3b, was further magnified under scanning
electron microscopy (SEM), as shown in Fig. 3c. The total thickness of
the brazed joint gap was about 90 μm The measured shear strength of
brazed Ti-6Al-4V joint using the same filler metal as in the current
study was approximately 450 MPa [10].
2.3. Mechanical properties of parent material

To characterize the tensile properties of Ti–6Al–4V, dog-bone speci-
mens were cut from as-received Ti-6Al-4V sheet and then subjected to
the same thermal history as brazing. 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 [35].
Load and displacement measurements were provided by the testing
) displacement contours on core web surface. Note that the displacement contours were
g. 5.



Fig. 8.Measured compressive stress plotted as a function of the ratio of deflection to web
thickness (ρ ¼ 1:52%).
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machine and an extensometer, with an accuracy of 1 N and 10−3 mm,
respectively.

To determine the Young's modulus Es and 0.2% offset yield strength
σys, the measured true tensile stress-strain curve was separated into
two parts and fitted using a bi-linear model, as shown in Fig. 4. For the
initial linear elastic part, experiment datum on true stresses between
200 and 800MPawere fittedwith a linear equation. The parentmaterial
was found to be adequately represented by an elastic-plastic solid of
Young's modulus Es=126 GPa, yield strength σys=889 MPa and line-
arly hardeningmodulus Ets≈1.2 GPa. The Poisson ratio νs was estimat-
ed to be 0.34 [36].

2.4. Experimental measurements

3CSP specimens were tested under quasi-static out-of-plane com-
pression following the guidelines of ASTM STP C365 at ambient temper-
ature (25 °C), with a nominal strain rate of 1.67×10−4 s−1.
Compressive loading was exerted along the z-direction (out-of-plane
direction) as sketched in Fig. 5. A speckle patternwas applied to the cor-
rugationweb surface to collect surface displacement field using a three-
dimensional (3D) digital image correlation (DIC) system. The exposed
web surface was firstly spray painted white, and then a stochastic pat-
tern of 1–3 mm diameter black dots was employed to cover ~50% of
web surface area [37]. To deal with the experimental datum, the reac-
tion force analog signal and the displacement analog signal from the
test machine were imported into the DIC system. Upon calibration, im-
ages were collected at 2 s intervals during the test. Images of DIC were
analyzed using the ARAMIS v6.0.1-3 (GOM mbH, Braunschweig,
Germany) software after the test. 15 × 15 pixels facet size and 5 pixels
facet spacing were set to calculate the full-field deformation character-
istics of the monitored surface as functions of time.
Table 2
Compressive properties of Ti-6Al-4V sandwich panels with corrugated channel cores.

Specimen
type

Relative
density ρ
(%)

Compressive
stiffness Ec
(MPa)

Initial elastic
buckling stress σc

b

(MPa)

Peak stress
σc
p (MPa)

1 0.66 183.47 0.43 1.75
2 0.94 339.26 1.06 3.5
3 1.23 483.51 4.38 6.56
4 1.52 546.13 5.87 7.89
3. Analytical modeling

3.1. Compressive stiffness

Under out-of-plane compression, the load-carrying capacity of the
present corrugation webs was similar to that of hexagonal honeycombs
[27] and square honeycombs [38]. Thus, the equivalent compressive
modulus Ec of the 3CSP was given by:

Ec ¼ ρEs; ð2Þ

where Es is the Young's modulus of the parent material.

3.2. Out-of-plane compressive strength

The peak out-of-plane compressive strength of Ti-6Al-4V 3CSP was
governed by a competition between initial elastic buckling and ultimate
buckling of the corrugated webs. Because the corrugated webs were
considered to be thin plates, the peak compressive strength of the
3CSP was:

σc ¼ σ cwρ; ð3Þ

where σcw is the maximum compressive strength of web walls.
The initial elastic buckling stress was given as [39]:

σeb
cw ¼ kπ2Es

12 1−ν2
s

� � tc
s

� �2

; ð4Þ

where s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4a2 þ l2

p
and k is a buckling coefficient that depends upon

the aspect ratio h/s of web wall (Fig. 1b and c) and the boundary condi-
tions. For a corrugated channel core subjected to simple compression,
the two edges perpendicular to the loading direction of each web wall
were treated as clamped, while the other two edges parallel to the load-
ing direction were taken as simply supported. For a web wall with as-
pect ratio h/s≈1, the buckling coefficient k is approximately equal to
6.74 [40]. Upon substituting Eq. (4) into Eq. (3), the peak compressive
strength of the 3CSP induced by elastic buckling is given by:

σeb
c ¼ kπ2Es

12 1−ν2
s

� � tc
s

� �2

ρ: ð5Þ

By substituting n=d/a (n being a scale factor), s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4a2 þ l2

p
and

Eq. (1) into Eq. (5), a relation between elastic bifurcation stress and
core relative density was obtained as:

σeb
c ¼ kπ2Es

12 1−ν2
s

� � n
4ξþ 1=ξ

� �2

ρ3; ð6Þ

where ξ=a/l. Alternatively, the non-dimensional elastic buckling stress
was given by:

∑eb
c ¼ σeb

c

σysρ
¼ kπ2

12 1−ν2
s

� �
εys

nφð Þ2ρ2 ð7Þ

where φ ¼ 1
4ξþ1=ξ.

The ultimate buckling stress of a rectangular plate was [39]:

σub
cw ¼ πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12 1−ν2
s

� �q tc
s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kEsσys

q
: ð8Þ



Fig. 9. Analytical predictions of normalized failure stresses with experimental
measurements and FE simulation results.
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Upon substituting Eq. (8) into Eq. (3), the peak compressive strength
of the 3CSP induced by ultimate buckling was obtained as:

σub
c ¼ πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12 1−ν2
s

� �q tc
s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kEsσys

q
ρ: ð9Þ

Again, by substituting n=d/a, s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4a2 þ l2

p
and Eq. (1) into Eq. (9),

a relation between ultimate buckling stress and core relative density
was obtained as:

σeu
c ¼ πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12 1−ν2
s

� �q ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kEsσys

q n
4ξþ 1=ξ

ρ2: ð10Þ

or, equivalently, as:

∑eu
c ¼ σeu

c

σysρ
¼ πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12 1−ν2
s

� �q
ffiffiffiffiffiffi
k
εys

s
nφρ; ð11Þ

where εys is the yield strain of the parent material.
Finally, the plastic buckling stress of a rectangular plate could be

expressed as [2]:

∑p
c ¼ σp

c

σysρ
¼

χ ψρ2−3εys
� �

þ 3

χεys 2νs−1ð Þ þ 3
; ð12Þ

where χ=Et/σys, ψ ¼ kπ2

3 ðnφÞ2 and φ ¼ 1
4ξþ1=ξ.
Table 3
Error analysis between FE simulations and analytical model predictions.

Specimen type Relative density ρ (%) FE Anal. Error

EB UB EB UB For EB For UB

1 0.66 0.10 0.33 0.11 0.33 −10% −1%
2 0.94 0.21 0.45 0.23 0.48 −7% −7%
3 1.23 0.37 0.55 0.39 0.62 −6% −12%
4 1.52 0.55 0.64 0.59 0.77 −6% −17%

Note: FE andAnal. refer tofinite element calculations and analytically predicted results, re-
spectively,while EB andUBdenote the non-dimensional stresses obtained by elastic buck-
ling and ultimate buckling stress, respectively.
4. Finite element simulation

Based on the RVE marked by dashed lines in Fig. 1b, finite element
(FE) simulations were carried out using ABAQUS v6.10 (Hibbitt,
Karlsson & Sorensen, Inc.). Isotropic hardening was adopted to model
Ti-6Al-4V, with Young's modulus Es=126 GPa, Poisson ratio
νs=0.34, and yield stressσys=889 MPa, as shown in Fig. 4. Corrugated
webs were discretized using linear 3D reduced integration shell ele-
ments (S4R in ABAQUS notation). Face sheets were modeled as 3D ana-
lytical rigid bodies since they were much stiffer than core structures. A
mesh refinement study indicated a global element size of 0.5 mm to
be sufficient for convergence. Face sheets were assumed to be perfectly
bonded with corrugated webs.

An eigenvalue analysis was performed to calculate the initial elastic
buckling stresses and capture the buckling modes, while simulation of
quasi-static compression was carried out using the explicit solver. The
results were all calculated for sandwich panels having imperfections
in the form of buckling modes [5]. In this study, an initial imperfection
in the shape of the lowest buckling mode, with a peak magnitude 20%
of web thickness tc, was introduced. For periodic boundaries (PB) im-
posed on the RVE, all the degrees of freedom (both displacements and
rotations) of the corresponding pairs of nodes on the left (PBL) and
right (PBR) boundaries of the RVE (Fig. 1b) were set to the same value
[17]. A fixed boundary condition was applied to the bottom face sheet,
while through-thickness displacement was uniformly loaded to the
top face sheet at a sufficiently low loading rate. In addition, it was
established that single-cell, two-cell and even four-cell simulations led
to identical results, thus verifying the feasibility of single-cell
simulation.

5. Results and discussion

5.1. Experimental results

Fig. 6 presented the measured out-of-plane compressive stress ver-
sus strain responses of sandwich samples listed in Table 1. The nominal
compressive stress σc

n=P/A was calculated following ASTM STP C365,
where P was the compressive loading and A was the cross-sectional
area. These sandwiches exhibited similar compressive behaviors, in-
cluding an initially linear response region, then a nonlinear response
till a peak strength was reached, followed by a sudden and dramatic
drop in stress. As expected, the peak strength was strongly dependent
upon relative density. The softening after the peak strength was accom-
panied by large plastic deformation and fracture of core webs, but no
breakage of brazed joints occurred during the whole process of
compression.

As illustrated, the deformed configurations, surfaceMises strain con-
tours and displacement contours corresponding to points①-⑤marked
in Fig. 6 were shown in Fig. 7 for ρ ¼ 1:52%. The deformed configura-
tions of the present triangular corrugated channel core behaved differ-
ently from those of traditional corrugated cores [5]: in the former each
core web was divided into a plurality of rectangular thin plates and
the deformationwas governed by the local buckling of these thin plates,
while in the latter Euler elastic buckling of constituent struts dominated
the deformation [5]. Additional FE simulations results (not shown here
for brevity) also confirmed that the two kinds of structures exhibited
distinct deformation modes under out-of-plane compression. With ref-
erence to Fig. 7b, when the compressive stress reached the initial elastic
buckling stress, as shown in image①, the central part of the rectangular
thin plates bulged out distinctly. When the stress was increased to the
peak stress at ε=1.6% in configuration②, there was aMises strain con-
centration region,marked in Fig. 7a by dashed circle line and the folding
lines (i.e., the supported edges of rectangular plates) experienced bend-
ing, followed by structural instability. At configuration ③, the surface
Mises strain reached the tensile elongation limit (~14%; Fig. 4) of Ti-
6Al-4V, accompanied by a noticeably audible cracking noise. As the



Fig. 10. Analytically predicted peak failure stress plotted as a function of relative density
for selected values of d/a.

Table 4
Error analysis between experimental results and analytical model predictions.

Specimen type Relative density ρ (%) Exp. Anal. Error

EB UB EB UB For EB For UB

1 0.66 0.07 0.30 0.11 0.33 −34% −10%
2 0.94 0.12 0.38 0.23 0.48 −49% −20%
3 1.23 0.42 0.63 0.39 0.62 7.7% 0.5%
4 1.52 0.46 0.61 0.59 0.77 −23% −20%

Note: Exp. and Anal. refer to experimental and analytically predicted results, respectively,
while EB and UB denote the non-dimensional stresses obtained by elastic buckling and ul-
timate buckling stress, respectively.
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compressive stressing was further increased, small fractures in configu-
ration ④ became linear fractures in configuration ⑤, as marked by
dashed ellipse and rectangle lines in Fig. 7a, respectively.

To determine the initial elastic buckling stress, Fig. 8 plotted the
measured compressive stress as a function of the ratio of deflection w
to web thickness tc, which resembled the typical response of a simply
supported plate subjected to uniform compressive edge loading. The
deflection w in the geometric center of a single rectangular plate was
calculated by x-direction displacement derived using the ARAMIS soft-
ware and the included angle between the x-direction shown in Fig. 5
and the normal direction of the web. Selected experiment data were
intercepted from theoverall data shown in the inset. The 6thorder poly-
nomial fitting (solid line) for the selected data was employed according
to the inflection point method on load-deflection curve [41], yielding:

σn
c ¼ 2:279 w=tcð Þ6−3:0214 w=tcð Þ5−17:741 w=tcð Þ4 þ 51:255 w=tcð Þ3

−52:804 w=tcð Þ2 þ 26:933 w=tcð Þ−0:058
ð13Þ

The curve's coefficient of determination (R2) was 0.9987.
To find the inflection point, the minimal root obtained by equating

the second derivative of Eq. (13) to zero was applied to determine the
initial elastic buckling stress. The corresponding results were summa-
rized in Table 2.

5.2. Comparison of analytical predictions with experimental measurements
and FE calculations

Fig. 9 compared the analytically predicted elastic buckling and ulti-
mate buckling stresses with the experimental measurements with
εys=0.7%, χ=1.35, n = 8 and ξ=5/18 for selected values of relative
density (ρ). Overall, reasonable agreement was achieved.

Table 3 summarized the data used to plot Fig. 9 and the relative er-
rors between FE simulations and analytical predictions. Note that the
elastic buckling stress by FE was calculated using buckle analysis in lin-
ear perturbation steps. The error analysis showed that the FE simulation
results were slightly smaller than the analytical predictions: while the
errors for elastic buckling were relatively constant (−7%), the errors
for ultimate buckling increased from−1% to−17% as the relative den-
sity was increased. The difference was mainly attributed to the differ-
ence in the way the connection nodes between core webs and face
sheets was modeled: the two edges perpendicular to the loading direc-
tion of eachwebwall were taken as clamped in analytical modeling, but
not strictly treated as clamped in FE simulation.

Error analysis between experimental results and analytical predic-
tions was also carried out, as shown in Table 4. Due to processing-
induced imperfections in corrugated channel cores, the relative errors
between experiment and analytical modeling for elastic buckling were
obvious, especially when the relative density was low. The thinner the
core webs were, the harder it was to control the geometric defects.
Whereas, the errors for ultimate bucklingwere acceptable. This implied
that the results of ultimate buckling stress for 3CSPs were relatively less
sensitive to the presence of geometric imperfections.

To validate the analytical prediction further, FE calculation results for
a specimenwithρ ¼ 0:029were also shown in Fig. 9. These results dem-
onstrated that both the elastic buckling and plastic buckling stresses
were in agreement with the present analytical predictions.

5.3. Effect of non-dimensional geometric parameters ξ and n

From Eqs. (11) and (12), it could be concluded that the non-
dimensional peak stresses of 3CSPs under compressionwere dependent
upon the topological core parametersρ, k, ξ=a/l and n=d/a, and parent
material properties, such as the yield strain εys, χ=Et/σys and νs. In
Eqs. (11) and (12), it was assumed that:

φ ¼ 1
4ξþ 1=ξ

: ð14Þ

It followed that φmax=1/4 when ξ=1/2.
For applications of simultaneous load-bearing and active cooling, the

non-dimensional geometrical parameter n=d/a not only played an im-
portant role at low Reynolds numbers but also governed the stability of
corrugated channels [42]. In Fig. 10, the peak failure stress of 3CSPs pre-
dicted using Eqs. (11) and (12) was plotted as function of relative den-
sity for selected values of d/a, with ξ=1/2, χ=1.35 and εys=0.7%. The
peak stresswas significantly affected by d/a and the predicted transition
of relative density from ultimate buckling stress to plastic buckling
stress decreased with increasing d/a.

5.4. Comparison of competing topologies

To compare the proposed corrugated channel cores with competing
sandwich core topologies under out-of-plane compression, Fig. 11 plot-
ted the experimentally measured peak compressive strengths σc as
functions of core density ρ. In addition to Ti-6Al-4V alloy used in the
current study, the parent materials compared include 304 stainless
steel (square-honeycombs [2], corrugated cores [5], diamond cores
[5], hourglass trusses [9], pyramidal trusses [9] and hollow pyramidal
trusses [7]), aluminum alloy (tetrahedral trusses [43]), and titanium
alloy (pyramidal trusses [12] and octet-trusses [10]). As titanium alloy
has a higher specific strength than the other metallic materials, the to-
pologies made from it were seen to be stronger on a per weight basis



Fig. 11. Comparison of experimentally measured peak compressive strengths of
competing sandwich core topologies.
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in general. In particular, in the low density regime, the corrugated chan-
nel cores made of Ti-6Al-4V exhibited obvious superiority than those
made by the same parent material, e.g., pyramidal trusses [12] and
octet-trusses [10].

To further demonstrate the superiority of corrugated channel struc-
ture, the non-dimensional compressive strengths (σ c=σysρ) of the
3CSPs predicted analytically with ξ=1/2 and n=8 were compared
with those of competing lattices in Fig. 12, including square honey-
combs [2], corrugated cores [5], pyramidal trusses [9] and hollow pyra-
midal trusses [7]. In the analytical modeling, the sandwich core
structures were all assumed to be made from an elastic-ideally plastic
solid with yield strain εys=0.7%. Analytical predictions of typical lattice
cores were reviewed by Kooistra et al. [44]. For hollow pyramidal
trusses, there existed no explicit relationship between the compressive
strength and relative density, and hence the sequential quadratic pro-
gramming (SQP) algorithmwas used to calculate the peak failure stress.

From Fig. 12 it was seen that, within the range of relative density
considered, almost all the ultra-lightweight sandwich cores collapsed
by elastic buckling first and then yielding, except for hollow pyramidal
trusses. The non-dimensional failure stress of an optimized hollow
Fig. 12. Analytically predicted failure stresses of competing sandwich cores plotted as
functions of relative density.
pyramidal truss was given by the yielding stress of hollow truss and
equal to its optimal value of 0.5. In the region of 0:008bρb0:08, the cor-
rugated channel core outperformed all the other lattice cores. However,
for very low relative densities (ρb0:008), the optimized hollow pyrami-
dal truss exhibited the best performance. Surprisingly, for ρN0:08, the
corrugated channel core had the same non-dimensional failure stress
as the square honeycomb, for they both collapsed by yielding (core
members aligned with the loading direction). However, with fluid-
through passages, corrugated channel cores enabled simultaneous
load-bearing and active cooling, while square honeycombs could not
be used for such multifunctional applications.
6. Conclusions

Ultra-lightweight corrugated-channel-cored sandwich panels
(3CSPs) made of Ti-6Al-4V were manufactured via vacuum brazing.
Quasi-static, out-of-plane compressive behavior of the 3CSP was inves-
tigated using a combined approach of experimental measurement, ana-
lytical modeling and numerical simulation. Analytical predictions based
upon thin plate buckling theory agreed reasonably well with experi-
mental measurements and numerical calculations. Compared with
competing sandwich core topologies such as square honeycombs, hol-
low pyramidal trusses and octet trusses, the proposed corrugated chan-
nel core exhibited superiority particularly in the low density regime.
The 3CSPs hold great potential for applications requiring simultaneous
load support and active cooling at low weight.
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