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ABSTRACT

Lattice-based sandwich structures are being widely investigated to meet increasing demands for light-
weight components. In the recent research works, lattice-based open cell structures have exhibited
higher specific strength compared to closed cell structures, such as a honeycomb structure. Generally,
a kagome structure is more effective than other lattice structures for compression and bending. In this
work, cross-sections of the strut of pyramidal kagome (PK) structure are developed to strengthen the
sandwich structure. A PK structure based on a semi-circular cross-section (SCC) was applied to the bend-
ing load calculation. The bending deformation modes of the SCC-based PK sandwich structure were
investigated. The bending load was calculated when the PK sandwich structure was bent as stable shear
mode and the equation could express the non-linear elastic characteristics during the bending process by
applying the effective shear modulus of inner PK cores. The calculated bending load-deflection curve was
compared with the bending load-deflection curve obtained by FEM. The tendency of the calculated bend-
ing load-deflection curve was similar to the FEM result.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Sandwich structures that are composed of face sheets and a
designed inner core are very effective in terms of specific strength
[1,2]. Truss based structures, which are referred to as open cell
structures, have some advantages over closed cell structures, and
for this reason open cell structures are considered to be desirable
alternatives to closed cell structures [3-5]. An open cell structure
subject to in-plane shear load has more strength than a honey-
comb structure, and the open cell structure can easily include addi-
tional functional properties by filling with a heat insulation
material [6]. The other advantage of the open cell structure is its
high specific strength compared to the closed cell structure [7].
The fabrication methods and mechanical characteristics of open
cell truss cores have been investigated for an octahedral truss
[8], pyramidal truss [9,10], and tetrahedral truss [11,12], kagome
structure [13-15], and so on. The above studies on truss structures
demonstrated that the kagome structure has superb mechanical
properties. Generally, the kagome structure has been fabricated
by a weaving method [16], laser melting method [17], or
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investment casting method [18]. However, the fabrication time is
typically long because of the complicated process, and production
cost is also expensive.

Most of the truss structures in these studies were based on
struts with rectangular cross-section [19,20] or round wire struts
[21]. Recently, sandwich structures based on metal tubes such as
the tube-woven kagome structure [22] and hollow truss pyramidal
lattice [23] have been introduced. There was also an attempt to
make a hollow composite truss structure using CFRP [24]. Even
though there have been a few studies on the cross-sectional effect
of truss core structures, research works on fabrication processes
employing hollow struts with triangular or square cross-sections
[25] is subject to further investigation.

In addition, the stress analysis of the composite sandwich struc-
ture which has complicated cross-sections became more difficult
because of its huge number of elements for the complicated
cross-sectional area. There were attempts for analysis of composite
sandwich structure by the homogenization method [26], calculat-
ing the elastic load and the critical fracture load of sandwich struc-
ture [27]. However, there was no attempt to calculate the bending
load of truss sandwich structure including the non-linear deforma-
tion of inner cores.
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In this paper, the method for bending load calculation for the
composite sandwich structure has been developed. The bending
deformation modes were categorized into three types such as
stable shear, local compression, and face wrinkling according to
gap distance between two neighboring inner cores and a ratio of
bending stiffness of the face sheet to the shear stiffness of inner
cores. The bending load was calculated only in the case that the
specimen was bent as the stable shear mode. The shear deforma-
tion of inner cores was approximated and the shear modulus of
inner cores was calculated according to its shear deformation.
The shear modulus value was obtained from the pure shear
load-displacement curve of the unit core structure. The bending
load of the composite sandwich structure was calculated by using
the shear moduli of cores. The bending load calculation was con-
ducted with a pyramidal kagome (PK) structure which had the
semi-circular cross-section.

2. PK core structure design and materials

The manufacturing process of the polymer PK structure was
developed in the previous research [28]. The PK structure was fab-
ricated by the injection molding and adhesive bonding process. The
flat mesh was fabricated by the injection molding process as
shown in Fig. 1(a). The pyramidal structures that are shown in
Fig. 1(b) were formed from the flat mesh. Two pyramidal struc-
tures were welded face-to-face by ultra-sonic wave welding device
as shown in Fig. 1(c). The inner PK structure was made of
polypropylene and the PK structure was bonded adhesively with
the GFRP face sheets as shown in Fig. 1(d).

2.1. Cross-sectional design for core strut

The cross-section of the PK structure was a flat rectangular
shape in the previous research [28]. The rectangular strut was
weak in terms of sustaining the bending load and the structure is
vulnerable to buckling. The PK structure could be strengthened
by changing the cross-sectional shape of the PK structure because
the critical buckling load is proportional to Young’s modulus and
the geometrical moment of inertia of the strut. Even though the
cross-section areas are same, the moment of inertia can be greatly
increased depending on the cross-sectional shape. A tubular and a
semi-circular cross-sections were considered as improved alterna-
tives to the conventional PK structure based on flat rectangular
cross-sections. The designed cross-sections of the strut are shown
in Fig. 2. The cross-sectional areas were same as 0.6 mm? while the
moment of inertia of the tubular cross-section was 4.4 times
greater than that of rectangular shape. The mechanical strength
including the bending stiffness and strength could be improved
by changing the cross-sectional shape from a flat rectangular shape
to a tubular or semi-circular shape.
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The investigation of bending deformation modes was made
with the SCC-based PK sandwich structure because the fabrication
process of SCC-based PK structure was easier than the tubular
shape. Moreover, the difference of geometrical moment of inertia
between the semi-circular cross-section and round tubular cross-
section was small. The SCC-based PK structure was designed as
shown in Fig. 3. The strut angle, 0, was 45° which was the optimum
angle from the previous research [28]. The height of the core, c, was
3.6 mm. The thickness of the core, t,, was 0.4 mm. The width of the
core, w, and unit length of the core, I, were 1.36 mm and 4.18 mm,
respectively.

2.2. Analysis modeling for the bending deformation mode

Generally, the failure of the sandwich structure occurs as face
yielding, face wrinkling, core yielding, core buckling, and face
indentation [27]. However, composite sandwich structures com-
posed of strong face sheets do not easily fail by face yielding and
face indentation. Therefore, the failure modes of face wrinkling,
core buckling, and local compression were investigated for the
composite sandwich structure. The three failure modes of sand-
wich were expressed by the bending deformation mode in this
work. An adhesive failure between the core and face sheets was
not considered because the adhesive failure did not occur in the
similar bending condition [28].

The bending deformation of a sandwich structure can be
affected by design parameters such as a gap distance and a flexural
rigidity of the face sheet. The gap distance means the distance
between the PK structures. From the reason, the major parameter
for the deformation mode was the ratio of bending stiffness of
the face sheet to shear stiffness of the inner cores and the gap dis-
tance between the inner cores. The analysis for the bending defor-
mation mode was conducted with five different stiffness ratios as
shown in Table 1. The gap distance was varied from O mm to
7.5 mm with 0.15 mm of increments.

The bending analysis was conducted by the commercial finite
element analysis software (ABAQUS, Dassault systems, France).
The bending specimen was designed as a 1/2 scale model and a
symmetric boundary condition was applied. The bending specimen
model is shown in Fig. 4. The thickness of the face sheet, t; was
0.6 mm and the core structure was designed as the SCC-based PK
structure. The length of the face sheet, L;, was 120 mm. The width,
b, of the sandwich structure was 4.2 mm. The diameters of the rolls
were 4 mm and the span length between bottom rolls, L, was
75 mm. The bending deflection was set to be 7.0 mm.

The material properties were examined by material tests and
applied to the analysis. Young’'s modulus of polypropylene,
Poisson’s ratio, and yield strength of polypropylene were
1222 MPa, 0.35, 15 MPa, respectively. The true plastic stress vs.
true plastic strain curve was calculated and applied to the analysis.
Young’s modulus of the GFRP and Poisson’s ratio material was

(d)

Fig. 1. Fabrication of the pyramidal kagome structure: (a) flat mesh; (b) pyramidal core; (c) pyramidal kagome structure; (d) pyramidal kagome sandwich structure.
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Flat rectangular

Tubular (round) Semi-circular

Core design

of inertia

0.34 mm 0.56 mm
. 0.4 mm
Cross-sectional shape
1.5 mm

0.94 mm 1.36 mm

Cross-secion area 0.6 mm?’ 0.6 mm’ 0.6 mm’
Geometrical moment

0.008 mm* 0.037 mm* 0.035 mm*

Fig. 2. Geometrical moment of inertia according to different cross-sectional shapes.

Table 1
Parameters for bending mode analysis.

(b)

Fig. 3. Designed SCC-based PK structure: (a) dimensions of SCC-based PK structure; (b) perspective view of SCC-based PK structure.

Young's modulus (GPa) Thickness of face sheet,

Flexural rigidity of face sheet, Shear rigidity of core, DylAG,, (mm?)

tr (mm) D¢ (N mm?) AG, (N/mm)
Case 1 30 0.6 666,792 150 4445
Case 2 15 0.6 333,396 100 3334
Case 3 15 0.5 264,758 100 2648
Case 4 30 0.3 287,469 150 1916
Case 5 15 0.3 143,734 150 958
Ly?
Y
d I c
X-symui b
ymmetry

Y
Lox (a)

L2
(b)

Fig. 4. Model of the three-point bending analysis: (a) front view; (b) side view.

30 GPa, 0.34, respectively. The number of elements for the SCC-
based PK structure was 18,672.

3. Results of bending deformation mode

The bending deformation mode could be changed according to
the ratio of the bending stiffness of the face sheet to the shear stiff-
ness of the inner core and the gap distance between the PK

structures. The major bending deformation came about as the
stable shear mode, local compression mode, and face sheet wrin-
kling mode as shown in Fig. 5.

When the bending stiffness of the face sheet and the shear stiff-
ness of the inner core were balanced, the sandwich structure was
bent with stable shear mode as shown in Fig. 5(a). The local com-
pression mode occurred when the shear stiffness of the core was
higher than the bending stiffness of the face sheet and the gap
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Fig. 5. Major bending deformation: (a) stable shear mode with case 2 (s/L = 0.02);
(b) compression mode with case 4 (s/L = 0.02); (c) face sheet winkling mode with
case 5 (s/[L=0.1).

distance between the PK structures was small enough. The local
compression mode was not stable and the excessive inner cores
made the sandwich structure heavier. Face sheet wrinkling
occurred when the gap distance between the PK structures became
large.

The load-deflection curve of the specimens is shown in Fig. 6.
When the specimen was bent with the stable shear mode, the
bending load-deflection curve became stable. The bending load
increased stably without decrease. However, when the local com-
pression mode occurred, the bending load decreased after bending
deflection of 3 mm because the local area of specimen was com-
pressed excessively. In case of the specimen shown in Fig. 5(c),
the specific bending stiffness was 75% lower than the specific
bending stiffness of the specimen shown in Fig. 5(a) because of
its low stiffness ratio. The stable shear mode was desirable from
the viewpoint of specific strength among the three deformation
modes.

Three bending deformation mode were classified into local
compression, stable shear, and face wrinkling on the bending
deformation window as shown in Fig. 7. Each symbol in the bend-
ing deformation window means that the analysis was conducted
with the coordinate value of the stiffness ratio and the relative
gap distance.

The specimens were bent with local compression mode when
the relative gap distance became less than 0.02 except in case 1.
The local compression mode was defined when the specimen
was compressed more than 20% in the center area. The stable shear
mode and face wrinkling mode occurred when the relative gap
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Fig. 6. Specific bending load-deflection curves according to bending mode.
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Fig. 7. Bending deformation window for composite sandwich structure.

distance was above 0.04. When the stiffness ratio was higher than
2648 mm?, the stable shear mode was dominant, and when the
ratio was lower than 1916 mm?>, the face wrinkling mode
appeared.

When the specimen was bent as stable shear mode, the bending
load could be calculated by considering the bending load of the
face sheets and the shear load of the inner core. Actually, the spec-
imen was bent with complex loading, however the complex loads
could be assumed as combination of two major loads, i.e. bending
load for face sheet and the longitudinal shear load for the inner
core. To calculate the longitudinal shear load of the core, the shear
modulus of the inner core was needed and the shear modulus
could be calculated by considering the shear deformation curve
of the inner core. The shear deformations of the inner core were
measured from the analysis results, and the obtained shear defor-
mation curves are shown in Figs. 8 and 9.

The effect of the stiffness ratio between the face sheet and the
core with the same gap distance is shown in Fig. 8. The shear defor-
mation curve of the inner cores was not much affected by the stiff-
ness ratio because the deformation curves of case 1 and case 2
were very similar even when the stiffness ratio of the specimen
increased by 33.4%. However, the shear deformation curve was
much affected by the gap distance as shown in Fig. 9. The shear
deformation considerably increased from zero to 40 mm according
to the gap distance increased. When the longitudinal distance was
20 mm in the Fig. 9(a), the shear deformation increased by 51%
when the relative gap distance increased from 0.04 to 0.1. The
shear deformation curve of the inner cores seemed to be mainly
affected not by the stiffness ratio but by the gap distance between
the cores because the shear deformation was mainly changed by
the relative gap distance. The shear deformation curve could be
approximated if the gap distance and stiffness ratio were fixed
and used to calculate the shear modulus of the inner core.

4. Bending load prediction model

The bending analysis of various cross-sections of PK sandwich
structures takes a long time for element generation and the numer-
ical bending analysis because there are more than 200,000 ele-
ments for the PK sandwich structure. The calculation of the
bending load of the foam core sandwich was formulated by Allen
[29] as equation (1), where § is the total bending deflection, J,
and J; is the bending deflection which was generated by the bend-
ing deformation of the sandwich structure and the shear deforma-
tion of the sandwich structure, respectively. The L; is the span
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Fig. 8. Comparison of shear deformation of inner cores according to face sheet vs. inner core stiffness ratio: (a) s/L = 0.04; (b) s/L=0.1.
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Fig. 9. Comparison of shear deformation of inner cores according to gap distance: (a) case 1 (Dy/AG. = 4445); (b) case 2 (Dj/AG. = 3333).

Table 2

Dimensions and material property of the SCC-based PK sandwich structure.
Core thickness, ¢ (mm) 3.6
Face sheet thickness, tf (mm) 0.6
Width of sandwich structure, b (mm) 4.2
Distance between the center of face sheets, d (mm) 42
Span length, L (mm) 75
Length of face sheet, Ly (mm) 120
Elastic modulus of face sheet, Ef (GPa) 30
Gap distance, s (mm) 2.5

length between two lower rolls, Erand G, are the elastic modulus of
the face sheet and the shear modulus of the inner core, respec-
tively, c is the height of the inner core, b is the width of the sand-
wich structure, tr is the thickness of the face sheet, and d is the
distance between the center lines of two face sheets. The bending
load calculation was conducted with the SCC-based PK sandwich
structure and the dimensions are indicated in Fig. 4 and Table 2.

pL PL;

PP NT N (C.
BRI AT

(1)

The bending load could be calculated with Eq. (1). However, the
non-linear characteristic of the inner core structure was not con-
sidered in the equation. In some research works, the bending load

was obtained by calculating the elastic area and non-linear area,
respectively. In the separated calculation, Eq. (1) was applied to
the calculation of elastic bending load and the core shear failure
load or the face indentation load was applied to a non-linear load
[27,30]. Even though non-linear loading could be described in cal-
culating the bending load, the bending load shows considerable
error compared with the experimental results. In this study, the
non-linear bending load of the sandwich structure was calculated
by applying the effective shear modulus of the core to calculate
more accurate bending load.

4.1. Calculation of effective shear modulus of truss cores

The bending load calculation for the face sheet bending is rela-
tively simple because the face sheet is deformed elastically.
However, the bending load calculation for the inner core is more
complex because the shear load was affected by critical buckling
load or shear stiffness of the inner core. The non-linear character-
istic was obtained by considering the shear deformation of inner
core.

In this work, bending load was calculated by considering the
shear modulus of sixteen PK cores. The shear modulus was calcu-
lated from the shear deformation of the PK structures. The non-



J.-S. Hwang et al./ Composite Structures 134 (2015) 10-17

Shear deformation (mm)

Longitudinal distance (mm)

Fig. 10. Shear deformation of inner core according to longitudinal direction.

linear characteristics of the PK structures including buckling or
yielding of cores were included in the shear deformations of cores
and the non-linear bending deformation could be expressed. The
shear deformations of the inner cores during the bending process
are shown in Fig. 10. The distribution of shear deformation at the
deflection of 7.0 mm was shown as approximated by using the
bending deformation window and its shear deformation curves.
The other curves for shear deformation distribution were propor-
tionally approximated based on the shear deformation curve when
the deflection was 7.0 mm. The bending increment was set to
0.1 mm from 0 to 6.9 mm.

When the shear deformation of the PK structure was deter-
mined from the shear deformation curve, the middle coordinates
of each PK structure was defined as representative shear deforma-
tion of each PK structure. The representative shear deformation
value was used because the shear deformation was varying even
in the unit PK structure according to the location in the longitudi-
nal direction. The shear modulus of PK structures was calculated
by using the representative shear deformation value. The represen-
tative shear deformation of each PK core was expressed as the
shear strain, 9, and the shear moduli of eight PK structures were

Shear
] displacement

<

%

(a)

Shear stress (MPa)

15

calculated by the 7y value in each bending increment. The shear
modulus of each PK structures was calculated based on the pure
shear stress—strain curve of unit PK structure. The pure shear
stress-strain curve of the unit PK structure is shown in Fig. 11
(b). The shear stress—strain curve was expressed as an exponential
function, as shown in Eq. (2), and the derivative of Eq. (2) is shown
in Eq. (3). The shear modulus of each PK structure was calculated
by substituting the representative shear strain, ), to Eq. (3)

y

1(y) = —0.83921 el wfs) — 2.00654 el wotoss)

)

vy 083921 2.00654 5
7= 021838 001954

The shear moduli of eight PK structures were calculated from
zero to 7.0 mm in deflection with the increment of 0.1 mm and
the shear moduli of eight PK structures were averaged in each
bending increment as the effective shear modulus of the inner
core. The effective shear modulus distribution according to the
bending deflection is shown in Fig. 12. The effective shear modulus
decreased depending on the deflection because elastic buckling
was generated in the PK sandwich structures according to the
bending deflection.

(’0.01?954)

e(’o.z;’%as) +

4.2. Bending load calculation

The flexural rigidity of the sandwich structure is generally
expressed by Eq. (4). The first term and the third term were
neglected because the effect of flexural rigidity of the faces about
their own separate axis and inner core was very small. The second
term was used for calculation of the flexural rigidity.

bt} 2
D=E4 %*Eﬂz “)

When the deflection of shear deformation of the sandwich
structure was calculated, shear deformation of the face sheet was
neglected because the face sheet is too thin to be deformed in
cross-sectional shear. The bending load was calculated by Eq. (1)
and the effective shear modulus of eight PK structures was applied
to the equation. The small compressive deformation of the PK
structure, which was located at the center area, was also consid-
ered based on the compressive deformation-deflection curve
shown in Fig. 13. The additional compression due to the compres-
sive deformation at the center area was added to the left term of
Eq. (1) as the additional deflection.

b’

+Ef

2.0
1.5+
1.0 |
0.5F B Shear stress of unit PK structure
— Fitting curve
0.0 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Shear strain

(b)

Fig. 11. Shear stress—strain relation of unit PK structure: (a) shear analysis model; (b) shear stress-strain curve.
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Fig. 12. Variation of effective shear modulus for eight PK structures according to
bending deflection.

4.3. Results and discussion

The calculated bending load during three-point bending is
shown in Fig. 14 and the results were compared with the FEM
result which was designed with the same parameters of bending
load calculation. The bending load-deflection distribution was
very similar to the computational results of the commercial FEM
software which takes more than 10 times the computing time for
the bending analysis compared with the load calculation. In the
calculated bending load-deflection curve, the initial bending stiff-
ness was exactly same as the FEM software. The maximum differ-
ence gap between the calculated value and FEM software was 9.0%.

Even though there were some errors in the bending load calcu-
lation, the non-linear characteristics during bending of the sand-
wich structure could be expressed by applying the effective shear
modulus of the inner core. When compressive deformation was
applied, the bending load curve was more accurate in the view
point of bending load tendency. However, compressive deforma-
tion could be neglected because the deformation amount by com-
pressive in the stable shear specimen was very small. If bending
deflection increased, compressive deformation could become more
significant.

Error may have occurred when the effective shear modulus was
calculated. Firstly, the shear modulus of each eight PK structure

0.4 -

Compressive deformation (mm)
j=)
N
T
\

0.0 - L 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Bending deflection (mm)

Fig. 13. Compressive deformation of a PK sandwich structure at the center.
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Fig. 14. Comparison of bending load of SCC-based PK sandwich structure between
calculation and FEM.

was calculated based on the pure shear analysis results; however,
PK structures actually take a complex load of shear and compres-
sion load. The shear modulus of each PK structure will be higher
if the shear analysis is conducted with compression deformation
and the bending load calculation could be more accurate.
Secondly, error could occur when the shear deformation of each
PK structure was represented as one value in the PK structure.
The shear deformation of PK structure could be different following
longitudinal direction even in one PK structure, however the shear
deformation at the center point of each PK structure was used as
the representative shear deformation of each PK structures and it
can make the error. However, the bending load was calculated in
a few minute with the error of 9% while the FEM software takes
more than four hours. The bending mode window and the bending
load calculation method could be helpful to design the composite
sandwich structure and to understand the bending load-deflection
tendency.

5. Conclusion

The concept of bending load calculation of composite sandwich
structure was suggested in this work. The semi-circular
cross-section was applied and the geometrical moment of inertia
increased 4.3 times as compared with rectangular cross-section.
The bending deformation modes of the composite sandwich struc-
ture was investigated according to the ratio of bending stiffness of
the face sheet to the shear stiffness of inner cores and relative gap
distance between PK structures. Among the possible modes, i.e. the
stable shear mode, local compression mode, and face wrinkling
mode, the specimen bent with stable shear mode was considered
as the best bending mode from the viewpoint of bending load dis-
tribution and weight optimization. The shear modulus of PK struc-
tures was calculated from the shear deformation of inner cores and
the bending load of sandwich structure was calculated by using the
effective shear modulus of PK structures. Even though there are
some errors, the non-linear characteristic during the bending pro-
cess was demonstrated in the bending load-deflection curve and
the bending load tendency was very similar to the analysis result
that was conducted by the FEM software. The bending load was
calculated in a few minutes with the maximum error of 9% while
the FEM software takes more than four hours. The bending mode
window and its shear deformation curve are found to be useful
for the designing of the composite sandwich structure.
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