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Abstract

The bipolar plate (BPP) is a crucial component of proton exchange membrane fuel cells (PEMFC). However, the weight
of BPPs can account for around 80% of a PEMFC stack, posing a hindrance to the commercialization of PEMFCs. There-
fore, the lightweight design of BPPs should be considered as a priority. Honeycomb sandwich structures meet some
requirements for bipolar plates, such as high mechanical strength and lightweight. Animals and plants in nature pro-
vide many excellent structures with characteristics such as low density and high energy absorption capacity. In this
work, inspired by the microstructures of the Cybister elytra, a novel bio-inspired vertical honeycomb sandwich (BVHS)
structure was designed and manufactured by laser powder bed fusion (LPBF) for the application of lightweight BPPs.
Compared with the conventional vertical honeycomb sandwich (CVHS) structure formed by LPBF under the same
process parameters setting, the introduction of fractal thin walls enabled self-supporting and thus improved LPBF
formability. In addition, the BVHS structure exhibited superior energy absorption (EA) capability and bending prop-
erties. It is worth noting that, compared with the CVHS structure, the specific energy absorption (SEA) and specific
bending strength of the BVHS structure increased by 56.99% and 46.91%, respectively. Finite element analysis (FEA)
was employed to study stress distributions in structures during bending and analyze the influence mechanism

of the fractal feature on the mechanical properties of BVHS structures. The electrical conductivity of structures were
also studied in this work, the BVHS structures were slightly lower than the CVHS structure. FEA was also conducted

to analyze the current flow direction and current density distribution of BVHS structures under a constant voltage,
illustrating the influence mechanism of fractal angles on electrical conductivity properties. Finally, in order to solve
the problem of trapped powder inside the enclosed unit cells, a droplet-shaped powder outlet was designed

for LPBF-processed components. The number of powder outlets was optimized based on bending properties. Results
of this work could provide guidelines for the design of lightweight BPPs with high mechanical strength and high
electrical conductivity.
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1 Introduction

With the continuous decrease of the world’s fossil fuel
resources and the increasing demand for global energy,
the need for clean energy is becoming more prevalent.
Proton exchange membrane fuel cells (PEMFC) have the
potential to meet this demand [1]. The bipolar plate (BPP)
is one of the most important components in PEMFCs,
the weight/mass of BPPs can account for around 80% of
a PEMEFC stack. Hence, lightweight design of the BPP
should be considered to achieve higher power density [2,
3]. Meanwhile, the BPP has to meet other requirements
such as high mechanical strength and high electrical
conductivity. Sandwich structures fulfill requirements
for bipolar plates due to their high specific strength and
specific energy absorption (SEA). A typical sandwich
structure consists of outer panels and a core embedded
between them, while various alternative core designs
have been employed, including truss core [4—6], foam
core [7, 8], honeycomb core [9], corrugated core [10-12],
bio-inspired core [13, 14], etc. Conventional manufactur-
ing methods generally connect the panel and the core
together by bonding or welding, which not only increases
the weight of the sandwich structure but also results in
lower structural strength [15]. Laser additive manufac-
turing (LAM) is an advanced manufacturing technology
based on layer-by-layer forming principle, which can be
used to manufacture complex structural components [16,
17]. Recently, laser powder bed fusion (LPBF) is a rapidly
developing LAM technology [18, 19], and it uses a fine
laser beam with high energy density to selectively fuse
regions of a powder bed [20]. LPBF is suitable for direct
printing of complex structures due to its high manufac-
turing precision [21] and it provides high design freedom
and forming flexibility for the manufacture of complex
sandwich cores [22-25].

In nature, animals and plants provide numerous excel-
lent structures with characteristics such as low den-
sity, high strength and high energy absorption capacity
[26-28]. Therefore, the biomimetic method is a potential
way for designing high-performance sandwich struc-
tures. Researchers have increasingly used the biomimetic
method to design new sandwich cores with excellent
mechanical properties in recent years. One of the typi-
cal sandwich core structures is the lattice truss core, and
it has attracted wide attention. For example, Ullah et al.
[29] found that bio-inspired kagome truss sandwich
structures formed by LPBF had superior compressive and
shear strengths. Wang et al. [30] proved that bionic lattice
structures had higher energy absorption performance
than BCC lattice structures. Inspired by beetle’s front
wing, Wang et al. [31] proposed a bio-inspired crashwor-
thy lattice structure and manufactured by LPBEF. Results
showed that bio-inspired structure exhibited a promising
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prospect for impact resistant applications. Although
great interest has been taken in LPBF bio-inspired lat-
tice structures, the main problem of lattice structures is
that unmelted powder adhered on overhanging area of
inclined rods, resulting in low forming accuracy of the as-
fabricated rod [32], and is detrimental to the strength and
stiffness of structures [33]. Some researchers proposed
bionic thin-walled sandwich structures because of their
high mechanical properties. Meng et al. [34] designed
bio-inspired horizontal hollow column sandwich struc-
tures with different core heights based on Cybister elytra
and produced them by LPBF, and investigated the effect
of core height on the energy absorption of the sandwich
structures. Results showed that the structures with core
height of 6 mm exhibited the best energy absorption per-
formance. Furthermore, Hu et al. [35] inspired by the
microstructures of the Norway spruce stem, four sand-
wich structures with a different arrangement of hori-
zontal hollow tubes were designed and manufactured
by LPBE. Results indicated that the gradient structure,
with tube size gradually decreasing from the top and bot-
tom plate towards the center, exhibited the highest spe-
cific absorption energy, ultimate strength and specific
strength. Obadimu et al. [36] investigated the compres-
sion performance of horizontal honeycomb structures
manufactured by LPBF, and the deformation mode of
structures was confirmed. However, in the aforemen-
tioned horizontal thin-walled core sandwich structures,
the thin-walled was perpendicular to the loading direc-
tion. Thus, thin-walled cores were easily deformed under
loading, and thus little energy absorption was obtained
[37].

Among all sandwich structures with various bionic
thin-walled cores, the vertical honeycomb core has
received much attention due to the features of high
energy absorption and high rigidity. For instance, Lin
et al. [38] designed a novel vertical honeycomb struc-
ture with twisted feature and manufactured by LPBE.
The influence of twist angle on the manufacturability and
compressive behavior was studied. The results showed
material relative density of LPBF-processed compo-
nents was reduced with the increase of twist angle, and
honeycomb structures with 30° twist angle exhibited the
highest specific compressive strength and energy absorp-
tion ability. Xia et al. [39] designed a bio-inspired verti-
cal honeycomb structure and manufactured by LPBE.
The experiment results showed that structures exhibited
superior energy absorption under the compression. In
another study, Anandan et al. [40] manufactured verti-
cal hexagonal honeycomb structures by LPBF and inves-
tigated the behavior of structures under loading. Results
showed that failure occurred through a plastic buckling
mechanism. Although above studies proved that the
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vertical honeycomb cores had excellent mechanical prop-
erties, there were little reports about LPBF integrally
formed vertical honeycomb cores and panels. The main
problem in LPBF-processing vertical honeycomb sand-
wich structures is that the top panel has poor formability
because of the unmelted powder bonded on overhanging
area, so the internal vertical honeycomb filling core need
to be optimized. In addition, the problem of unmelted
powder trapped inside the enclosed unit cells should be
considered [41].

Thus, aiming to improve the LPBF formability of con-
ventional vertical honeycomb sandwich (CVHS) struc-
tures, a novel bio-inspired vertical honeycomb sandwich
(BVHS) structure was designed based on microstructural
features of Cybister elytra, and manufactured by LPBF for
the application of lightweight BPPs. The forming quality,
bending properties and electrical conductivity proper-
ties of LPBF-processed BVHS components were studied.
Furthermore, the stress distribution of structures during
bending and current density distribution under a con-
stant voltage were clarified by the finite element analy-
sis (FEA). Finally, in order to remove unmelted powder
trapped inside the enclosed unit cells, a self-supported
droplet-shaped powder outlet was designed and the
number of powder outlets was optimized.

2 Materials and Methods
2.1 Bio-inspired Honeycomb Cells and Sandwich
Structures Design

The superior mechanical properties of the Cybister elytra
indicate that its special structure is an ideal prototype
for protection. The Cybister elytra is a typical sandwich
structure, which consists of outer skins and fiber bundles
embedded between them, as shown in Figure 1(a) [34].
The black rectangle on the cross-sectional SEM images
shows fractal feature of fiber bundles. The BVHS struc-
tures in this work were inspired from the fractal feature,
and five bio-inspired honeycomb cells with fractal angles
of 30°, 45°, 60°, 75° and 90° between fractal walls and a
horizontal plane were designed (Figure 1(b)). The cell
with fractal angle of 90° was the conventional honey-
comb cell. Fractal wall thickness and fractal height were
set as 0.75 mm and 1.2 mm. The unit cell wall thickness
and unit cell size can also significantly affect perfor-
mances of the honeycomb structures. In order to obtain
optimized values of honeycomb cell, a series of CVHS
components with seven sets of different honeycomb wall
thicknesses (T) and unit cell size (L) were manufactured
by LPBE, where T represented the sum of two unit cells
wall thicknesses (Figure 1(c)). The optimization results of
honeycomb unit cell were presented in Section 3.1. Con-
sidering the dimension of bipolar plates and mechanical
testing samples, other structural parameters, including
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panel thickness, core height, component length, width
and height, were constantly set as 1.5 mm, 2 mm, 35 mm,
5 mm and 5 mm, respectively (Figure 1(d)).

2.2 LPBF Manufacturing Process and Material

The gas atomized 316L stainless steel powder was used
as the raw material for LPBF processing in this work.
The LPBF system used in this work mainly consisted of
a YLR-500-WC ytterbium fiber laser (IPG Laser GmbH,
Germany), a powder spreading device, an inert argon gas
protection system, and an automatic processing control
system. The maximum power of the laser can reach 500
W, and the spot diameter is 70 pm. Based on the previous
study on LPBF of 316L stainless steel [42], the main LPBF
process parameters applied in this work were set as fol-
lows: laser power = 300 W, laser scanning speed = 1500
mm/s, powder layer thickness = 30 um and hatch spacing
=50 pm.

2.3 Experiments and Performance Metrics

After grinding and polishing processes, the cross-sec-
tional morphology of the LPBF-processed sandwich
component was observed by an optical microscope (OM,
PMGS3, Olympus, Japan). By comparing with the CAD
model in the identical area, the area of deviation can
be measured by Image ] and used to assess the forming
accuracy of LPBF-processed sandwich components.

The three-point bending test was conducted on a 100
kN electromechanical universal testing machine (MTS
Systems, CMT-5205) to evaluate the bending behavior of
components, as displayed in Figure 2(a). The top faces of
components were ground before bending test. The span
of the support and the diameter of the indenter were 20
mm and 4 mm, respectively (Figure 2(a)). The displace-
ment load was applied to the structures by an indenter
with the rate of 2 mm/min. During the three-point bend-
ing test, the deformation process of components was
recorded by a digital video (Sony, HDR-CX170) to fur-
ther investigate the fracture mechanism. According to
the force-displacement curves, energy absorption (EA)
can be calculated by the following equation:

EA(e) = efOFde, (1)
0

where F is the instantaneous force and e; is the deforma-
tion distance. The specific energy absorption (SEA) is the
EA per unit mass () and it can be calculated as follows:

SEA(e) = £A@, (2)

In addition, the bending strength (o), was also obtained
from the force-displacement curves, and can be used
to assess the capability of structures to resist bending
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Figure 1 The design of BVHS structures: (a) Bionic inspiration from the microstructure Cybister elytra [34], (b) CAD models of bio-inspired
honeycomb cells with different fractal angles, (c) Design parameters of the conventional honeycomb, (d) Design parameters of LPBF-processed

bionic sandwich structures

deformation. The bending strength can be calculated by
the following equation:

_ 3PxL
O = b2 (3)

where P is the ultimate bending load, L is the span of the
support, b is the width of samples and # is the thickness
of samples. Moreover, the specific bending strength (o),
the bending strength () per unit mass (m), was proposed
in our study and can be calculated as follows:

Og =

(4)

£l

The electrical resistance was obtained with a DC resist-
ance testing instrument (Anbai, AT516L) to evaluate the
electrical conductivity of components (Figure 2(b)). Prior
to the resistance testing, the top and bottom surfaces of
components were polished and coated with gold to mini-
mize the effect of interfacial contact resistance between
the component and the carbon paper. The illustration
in Figure 2(b) showed the resistance test device. Two
pieces of carbon paper were sandwiched between the
BVHS component and gold-plated copper electrodes. A
constant electrical current was applied via the two cop-
per electrodes. The compaction force applied on the two
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Figure 2 Images of experiment tests: (a) The three-point bending tests,

insulating resin boards was provided by an electrome-
chanical universal testing machine (MTS Systems, CMT-
5205). With increasing pressure, the value of resistance
was recorded until the reading on the DC resistance test-
ing instrument stabilized. The bulk resistance of LPBEF-
processed components can be calculated as follows:

R = Rpp+Rg + Rc + Rcgs (5)

where R is the electrical resistance value recorded by a
DC resistance testing instrument, Ry, is the bulk resist-
ance of samples, Rpp is the bulk resistance of the gold-
plated copper electrodes, R is the bulk resistance of the
carbon paper, R is the sum of interfacial contact resist-
ance between the gold-plated copper electrodes and the
carbon paper, the carbon paper and the components.
In addition, Rg, R and R, were regarded as constant,
hence their influence on the test results was not consid-
ered in this experiment. In this work, R was used as a
metric to evaluate the electrical conductivity properties
of LPBF-processed honeycomb components.

2.4 Finite Element Analysis

The numerical simulation of structures under three-
point bending was conducted by ANSYS LS-DYNA to
analyze the stress distribution and deformation process.
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The indenter and the support were replaced with three
rigid rods to simplify the model (Figure 3(a)), which can
improve the computation speed of numerical simula-
tion. During the simulation, the bottom rods were fixed,
the top rod was constrained by a displacement of 15 mm
along the coordinate system —Z direction. Besides, the
distance between the bottom rods were set as 20 mm.
Friction was used as the contact mode of whole models
and the friction coefficient was 0.30. The stress—strain
curve of the 316L stainless steel sample and material
properties were shown in Figure 3(b).

The numerical simulation of current density distribu-
tion of honeycomb sandwich structures was conducted
by COMSOL. The equation underlying the solution of
the model is the charge conservation equation, which can
be calculated as follows:

V. (—oV) =0, 6)

where V is the gradient operator, ¢ is the material con-
ductivity and V' is the potential. A conductivity of 13100
S/cm was obtained for the LPBF-processed 316L stain-
less steel using a metal four-probe tester (RTS-11), which
was then input into COMSOL as a material parameter.
As shown in Figure 3(c), Dirichlet boundary conditions
were set on the top and bottom surfaces of the model,
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Figure 3 (a) Numerical simulation of three-point bending, (b) The uniaxial tensile stress—strain curve of 316L at room temperature, (c) Numerical

simulation of electrical conductivity properties

where a constant potential of 220 V was applied to the
top surface and a constant potential of 0 V was applied to
the bottom surface. The current density distribution was
studied by selecting a YZ plane at an identical position.

3 Results and Discussion

3.1 Optimization of the Honeycomb Unit Cell Size

Seven structures with different sets of honeycomb wall
thicknesses (7) and unit cell size (L) were fabricated by
LPBF and compared according to three performance cri-
teria, namely light-weighting, flexural strength and elec-
tric conductivity. LPBF-processed CVHS components
were shown in Figure 4. The weight of seven LPBF-pro-
cessed CVHS components and a solid LPBF-processed
component with the same sample size were obtained by
an electronic balance (Xing Yun, JA103P), and the per-
formance criteria of light-weighting was calculated as
follows:

mp = (ms - mc)/ms:

7)

where my; is light-weighting, m, is the weight of the
solid component, m, is the weight of the CVHS compo-
nent. For the performance criteria of flexural strength
and electrical conductivity, which was obtained by the
three-point bending test and the DC resistance testing,

ToslLs M

ToslLs .
ToslLs > ,‘ ot % e
////7///////////////////////H/IIlljIHWH\”\H\\l\‘t\\\\\{'\\\\\\\\\\\\“\\\\\\\\\\\\\\\\
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Figure 4 | PBF-processed CVHS components with different sets
of honeycomb wall thicknesses (7) and unit cell size (L)

respectively. It is worth noting that the electrical conduc-
tivity should be obtained by the following equation:

, (8)

where S, is electrical conductivity, R is the electrical
resistance value recorded by the DC resistance test-
ing instrument. The results of three performance cri-
teria of CVHS components were shown in Table 1 and
drawn in Figure 5(a). According to Figure 5(a), triangle
area proportions of seven components were calculated

Se =

==



Lin et al. Chinese Journal of Mechanical Engineering (2024) 37:102

Table 1 Three performance criteria of CVHS components with
different structural parameter

Structural Light-weighting Flexural strength Electrical

parameter (%) (MPa) conductivity
(S/cm)

Tos/Ls 31.58 1072 932

To/Ls 33.12 1042 1003

Tos/Ls 33.54 1023 10.99

Tos/Ls 33.62 898 85

T, o/Ls 2334 1284 16

T,o/Ls 15.95 1428 19

Tso/Ls 3.169 1651 12,99

and charted in Figure 5(b) to assess the overall perfor-
mance of the CVHS components. The results showed
that T,;/Ls; exhibited the highest area proportion and
the best overall performance. Therefore, the thickness of
2.5 mm and unit cell size of 5 mm were used for further
investigation.

3.2 Forming Quality of BVHS Components

LPBF-processed BVHS components with different frac-
tal angles (30°, 45°, 60°, 75° and 90°) and corresponding
CAD models were shown in Figure 6. From images of the
LPBF-processed components, hanging dross with differ-
ent amount can be clearly observed on the lower surface
of the top panel of different components (marked by red
arrows). Without solid-supporting structures, the liquid
metal in the laser-induced melt pool tended to perme-
ate downward into gaps among powder bed, resulting in

(b) 35
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Figure 6 The BVHS structures manufacturing by laser powder bed
fusion with different fractal angles: 30°, 45°, 60°, 75° and 90°

the formation of dross [43]. Figure 7(a) showed LPBF-
processed components with different fractal angles (30°,
45°, 60°, 75°, 90°) and OM images of selected cells, where
the red dashed line represented the designed profile. It
can be found that the irregular-shaped profile, which was
formed for the reason of hanging dross, can be observed
on overhanging area. While the 90° component exhibited
the most irregular profile, which significantly decreased
the dimension accuracy. For other four components, with
the decrease of the fractal angle, the processed profile
was gradually smoothed. To quantitatively compare the

@) Electric conductivity
(s/cm)

Proportion of area (%)
- - N N w
o (4] o (4] o

[4)]
!

Light-weighting Flexural strengfh
(%) (MPa)

T0.5/L3 TO.JL4 T0.5/L5 T0.5/L7 T1.5/L5 T2.JL5 T5.5/L5

Structural parameters (mm)

Figure 5 The parameters optimization of the CVHS structure: (a) Performance evaluation of seven structural parameters based on three
performance criteria: electric conductivity, light-weighting and flexural strength, (b) Area proportion of the seven structural parameters
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Figure 7 OM micrographs and manufacturing accuracy of the LPBF-processed BVHS components: (a) Images of the overhanging area, (b)

Manufacturing accuracy of components

formability of five components, the sum of cross-section
area inside the design profile and the vacant area between
the design profile and the cross-section was used to
assess formability. The deviation area of five components
with different fractal angles (30°, 45°, 60°, 75°, 90°) were
shown in Figure 7(b). It can be seen that the 45° compo-
nent showed the minimum deviation area (1.53 mm?),
thus its manufacturing accuracy is the highest, followed
by the 30° component (1.74 mm?), the 60° component
(1.80 mm?), the 75° component (1.83 mm?) and the 90°
component (2.54 mm?). Compared to the other four
components, the 90° component exhibited the poorest
formability, which was due to the largest overhang area
dimension of the top panel. The introduction of frac-
tal features reduced the overhang area dimension of the
top panel and thus improved the formability of other
four components. For other four LPBF-processed BVHS

components with different fractal angles (30°, 45°, 60° and
75°), the overhang area dimension of the top panel gen-
erally decreased with decreasing fractal angles. However,
the 45° component had the highest manufacturing accu-
racy, followed by the 30° component, the 60° component,
the 75° component. This because for fractal thin walls,
its inclined lower surfaces also negatively affected form-
ability of LPBF-processed components [44]. Although the
30° component had the smallest overhang area dimen-
sion of the top panel, the fractal thin walls lacked suf-
ficient support during LPBF processing, resulting in a
larger area of deviation. For the 45° component, due to
self-support behavior, the processed profile of the fractal
thin walls was well consistent with the designed profile,
so it had the minimum area of deviation, namely the best
formability.
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Figure 8 Comparison of bendmg specimens before and after
polishing

3.3 Mechanical Properties and Deformation Process

Prior to the three-point bending experiment, the top
faces of the samples were polished as shown in Figure 8.
The representative force—displacement curves of five
BVHS components under three-point bending tests were
shown in Figure 9(a). It can be seen that the curve of the
75° component can be divided into three regions, namely
a linear elastic deformation region, a plastic deformation
region and a force drop region. While curves of other
four components exhibited a similar trend and included
four regions, namely a linear elastic deformation region,
a plastic deformation region, a plateau region and a
force drop region. From the comparison of force—dis-
placement curves, it can be seen that the 90° component
exhibited the smallest elastic displacement (0.06 mm),
followed by the 75° component (0.08 mm), the 60° com-
ponent (0.13 mm), the 30° component (0.14 mm) and the

(b

Page 9 of 16

45° component (0.17 mm). However, the 30° component
exhibited the highest ultimate bending force (5.15 kN) in
the plastic deformation region, which was 0.76%, 12.44%,
18.87% and 32.49% higher than the 45° component (5.11
kN), the 75° component (4.51 kN), the 60° component
(4.18 kN) and the 90° component (3.48 kN). In addition,
the 30° component exhibited the largest displacement
(4.96 mm) at the ultimate bending force, followed by the
75° component (4.88 mm), the 90° component (4.81 mm),
the 45° component (4.51 mm) and the 60° component
(4.35 mm). After the plastic deformation region, the 90°
component experienced the longest plateau region (2.95
mm), followed by the 45° component (2.53 mm), the 60°
component (2.34 mm) and the 30° component (2.18 mm).
Finally, all curves entered force drop region with the
increase of the displacement. It is worth noting that none
of the five components experienced fracture during the
three-point bending process, which can be attributed to
the excellent toughness of 316L stainless steel.

Figure 9(b) showed the SEA and specific flexural
strength (o,) of the five LPBF-processed BVHS com-
ponents based on the three-point bending force-dis-
placement curves. The 30° component (10.55 J/g, 238.11
MPa/g) and the 45° component (10.54 J/g, 233.04 MPa/g)
exhibited relatively higher SEA and specific flexural
strength, followed by the 60° component (8.52 J/g, 205.96
MPa/g), the 75° component (8.65 J/g, 200.87 MPa/g). The
90° component (6.72 J/g, 161.86 MPa/g) exhibited the
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Figure 9 Bending properties of BVHS components fabricated by LPBF: (a) The force-displacement bending curves, (b) The specific energy
absorption and specific flexural strength of LPBF-processed BVHS components, (c) The snapshots of four typical stages of the 30° component

marked in (a)
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lowest SEA and specific flexural strength. From the above
comparison, it can be seen that with the increase of the
fractal angle, the mechanical properties of the structures
obviously decreased. Figure 9(c) showed four snapshots
obtained during the three-point bending test of the 30°
component, captured from the elastic deformation
region (cl in Figure 9(a)), the plastic deformation region
(c2 in Figure 9(a)), the plateau region (c3 in Figure 9(a))
and the force drop region (c4 in Figure 9(a)), respectively.
When the component deformed to the force drop region
(Figure 9(c4)), the component slid on the support, which
resulting in the decrease of bending forces.

The influence of fractal angles on the mechanical prop-
erties of BVHS structures was illustrated by FEA. Fig-
ure 10(a), (b) showed the stress distribution results of
the 90° structure and the 30° structure when reaching
the ultimate bending force. The insets in Figure 10(a),
(b) showed the stress distribution at the same position
of different structures. By comparing the stress distri-
bution of the bottom view of the 30° structure and 90°
structure, it can be seen that the stress of two structures
mostly concentrated around central area of the bottom
panel, but the stress concentration area (marked by black

(@) 2591215917281296 864 432 0
_— ' e sl

Effective stress (v-m)

\

Effective stress (v-m)
p— A

2591 2073 1555 1037 519 0
Figure 10 Comparison analysis of stress distribution during bending: (a) The 90° structure, (b) The 30° structure
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circle) of the 90° structure was significantly larger than
the 30° structure. From the front view, it can be seen that
the inner vertical honeycomb wall of the 90° structure
had local stress concentration area (marked by a white
circle and an arrow), while the 30° structure exhibited
uniform stress distribution at the same position. To fur-
ther investigate the influence of fractal features on the
stress distribution of structures, the 30° structure and the
90° structure at the fractal position (marked by a black
dashed rectangle) were extracted to exhibit the stress dis-
tribution in detail. For the 90° structure, the stress was
mainly concentrated in the top panel, while the vertical
honeycomb wall showed the uniform stress distribu-
tion. For the 30° structure, the top panel still bore most
of the bending force, but the fractal thin wall existed the
local stress concentration area (marked by red dashed
line). It can be concluded that the local stress concentra-
tion occurred at the fractal thin wall during bending, the
transmission of force was hindered. Therefore, the intro-
duction of the fractal thin wall obstructed the transmis-
sion of force and dissipated most of the force, leading to
more uniform distribution of stress across the structure,
and thus improving the mechanical properties.

(b)  2650220817671326 884 442 0
— o ] i

Effective stress (v-m)

Effective stress (v-m)

2650 2120 1590 1061 531 0
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3.4 Electrical Conductivity Properties

The electrical resistance (R), recorded by a DC resistance
testing instrument, of the BVHS components with dif-
ferent fractal angles were shown in Figure 11. From the
experimental results it can be seen that the resistance
decreased with the increase of fractal angle, meaning that
higher fractal angle led to better electrical conductivity. It
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is clear that the fractal angles significantly influence the
electrical conductivity properties of the LPBF-processed
components.

To better understand the influence mechanism of frac-
tal angles on the electrical conductivity properties of
structures, FE simulation was conducted to investigate
the current density distributions and the direction of cur-
rent conduction of different structures at the constant
voltage (Figure 12(a)). The length of the arrows indicated
the magnitude of the current density and the direction of
arrows represented the direction of current conduction.
The insets in Figure 12(a) showed structural electrical
resistance corresponding to the equivalent circuit. For
the 30°, 45° 60° and 75° structures, the honeycomb core
consisted of three fractal thin walls and one vertical thin
wall, which can be equivalent to three group of parallel
resistances (R, Ry, R;) and one electrical resistance (R,)
in series. The equivalent circuit diagram of these four
structures was shown in Figure 12(b). For the 90° struc-
ture, the honeycomb core only consisted of one vertical
thin wall. In order to compare with the electrical resist-
ance of other four structures, the honeycomb core of the
90° structure was divided into two electrical resistances
(R, and R,) in series. Figure 12(c) showed the equiva-
lent circuit diagram of the 90° structure. Other electrical
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resistance, including the top panel, the bottom panel and
the sum of three group of parallel resistances were repre-
sented as R, R, and R, respectively. The relation between
the electrical resistance and structure parameters,
namely length and cross-section area of current conduc-
tion path can be described as follows:
L

R=p5, )
where R is the electrical resistance, p is resistivity of the
material, L is the length of current conduction path, S is

cross-sectional area. According to the above equation, R,
and R, can be calculated as follows:
_ 1
Ry = Tagwe X R (10)
RO = % X R27 (11)

where 6 is fractal angle (30°, 45°, 60°, 75°). Comparing the
magnitude of R, and R, according to the above equations,
it can be seen that R, is constantly greater than R, and R,
decreased with increasing 6. Therefore, the introduction

Table 2 Three performance criteria of BVHS components with
different fractal angles

Fractal angle Deviation area Specific Electrical

©) (mm?) bending resistance
strength (mQ)
(MPa/g)

30 1.74 238.11 20.63

45 1.53 233.04 18.52

60 1.80 205.96 1747

75 1.83 200.87 15.51

90 2.54 161.86 14.50

(@) Deviation area
(mm?)
——=30" 1.0

Electrical resistance
(mQ)

Specific bending strength
(MPa/g)
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of the fractal feature increased the electrical resistance of
the structure, thus negatively affecting the electrical con-
ductivity properties.

In addition, for the 30° structure, it can be clearly
observed that the current density concentration occurred
at the intersection of fractal thin walls and the top panel
(marked by black dashed circle). It can be concluded that
due to the introduction of the fractal feature, the current
accumulated at the intersection of fractal thin walls and
the top panel, and thus reducing the electrical conductiv-
ity properties of the structure.

3.5 Design and Optimization of the Powder Outlets
Based on the above study, the overall performance
of BVHS structures with different fractal angles were
evaluated around three criteria: deviation area, specific
bending strength and electrical conductivity. Three per-
formance criteria of BVHS components with different
fractal angles were shown in Table 2 and draw in Fig-
ure 13(a). Figure 13(b) showed area proportion of the five
BVHS structures with different fractal angles. The results
showed that the 45° structure had the highest proportion
of area, which represented the best overall performance.
When the BVHS structure was applied for LPBF pro-
cessed sandwich components, un-melted powder would
trap inside the enclosed unit cell and can not be removed
after LPBF processing. To solve the problem of unmelted
powder trapped inside the enclosed unit cells, four unit
cells of the 45° structure with different numbers (0, 2, 4
and 6) of self-supported droplet-shaped powder out-
lets were designed. According to the number of powder
outlets, four kinds of unit cells were coded as Ny, N,, N,
and Ng. Other structural parameters, including compo-
nent length, width and height were constantly set as 75
mm, 11 mm, 5 mm, respectively. It is worth noting that a
series of 1 mm diameter through holes was designed on
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Figure 13 The parameters optimization of the BVHS structure: (a) Performance evaluation of BVHS components with different fractal angles based
on three performance criteria: deviation area, specific bending strength and electrical resistance, (b) Area proportion of the BVHS components



Lin et al. Chinese Journal of Mechanical Engineering (2024) 37:102

Page 13 of 16

(b)

ral

W g7

I

(C)4
....... +N0
+N2
34 ——N,
— 3.22 (II-2)
=z
<
o 2
(8]
3]
[l
14
2
I-1(II-1) -3
0 T T . - :
0 5 10 15 20 25

Displacement (mm)

(d)

950 40
I Flexural strength S
[ Specfic flexural strength|  §
— o
ggoo- =
138
£ = 2
> o
850+ @
“7" ©
ﬁ =}
g 36 5
3800+ 5
L S
(]
Q.
%)

750- -34

Ny N, N,

Structure

Ng

Figure 14 The design and optimization of the powder outlets: (@) BVHS with different number of droplet-shaped powder outlets, (b)
Droplet-shaped geometry of powder outlets, (c) Force-displacement bending curves, (d) The flexural strength and specific flexural strength

of the LPBF-processed 45° component with powder outlets

the top panel of all components, considering powder can
get trapped inside the N, (Figure 14(a)). Considering that
the overhang angle significantly affects the forming qual-
ity of LPBF-processed components, the droplet-shaped
with self-supporting properties was chosen as the geom-
etry of the powder outlet (Figure 14(b)). LPBF formability
improved as the overhang angle increased, so the upper
end of the powder outlet consisted of two inclined sur-
faces with an overhang angle of 60°. In addition, in order
to ensure that all the powder in the enclosed unit cells
can be removed, the height of the powder outlet must
be large enough, but not greater than the height of the
core layer (2 mm), so the height of the powder outlet was
designed to be 1.8 mm.

After LPBF processing, all BVHS components with dif-
ferent number of powder outlets were ultrasonic cleaned
in ethanol for 10 min to well remove trapped powder.
The force—displacement curves of four LPBF-processed
BVHS components with different number of powder out-
lets under three-point bending tests were shown in Fig-
ure 14(c). It can be seen that the N, exhibited the highest
ultimate bending force (3.77 kN), which was 3.71%,
7.43%, and 14.59% higher than the N, (3.63 kN), the N,

(3.49 kN) and the N (3.22 kN), respectively. The flexural
strength and specific flexural strength of the components
were shown in Figure 14(d). With the increase of pow-
der outlets, the specific flexural strength of components
decreased from 38.21 MPa to 35.24 MPa, indicating that
powder outlets negatively affected bending properties. By
observing the deformation processes of components, it
was found that the area around the droplet-shaped pow-
der outlets was prone to fracture, which resulted in the
reducing of bearing capacity and energy absorption of
structures. The inset of Figure 14(c) showed the fracture
of Ny occurred at the bottom end of the powder outlet
during bending.

The electrical resistance (R) of BVHS components with
powder outlets was measured by a DC resistance testing
instrument, and shown in Table 3. It can be seen that the

Table 3 Electrical resistance of components with different
number of powder outlets

Strcuture Ny N, N, Ng

R (mQ) 1.93+0.02 1.81+0.01 1.83+0.01 1.64+0.04
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electrical resistance of the N, had the highest electrical
resistance, was 5.18%, 6.22%, 15.03% than N,, N, and N,
The results showed that introduction of the powder out-
lets slightly improved the electrical conductivity prop-
erties of components. The possible reason was that the
316L had excellent electrical conductivity properties.
Deviations in resistance values mainly caused by other
factors during testing, such as interfacial contact resist-
ance and compaction force.

4 Conclusions

In this work, a series of novel bio-inspired vertical honey-
comb sandwich (BVHS) structures inspired by the Cybis-
ter elytra with different fractal angles were designed and
fabricated by LPBF for the application of PEMFC bipolar
plates. The influence of the fractal angles on LPBF form-
ability, bending properties and electrical conductivity
properties was experimentally investigated, the underly-
ing mechanism was also revealed using FE simulation.
Finally, aiming to solve the problem of unmelted powder
trapped inside the enclosed unit cells, a self-supported
droplet-shaped powder outlet was designed and the
number of powder outlets was optimized. The following
conclusions can be drawn:

(1) The fractal angles significantly influenced the form-
ing quality of LPBF-processed BVHS components.
With the increase of fractal angles, the forming
quality of the structures first improved and then
deteriorated. The manufacturing accuracy of the 45°
component was the best, conversely the 90° compo-
nent was the worst.

(2) The fractal angles greatly affected the bending
properties of structures. With the increase of the
fractal angles from 30° to 90°, the ultimate bend-
ing load decreased by 32.49%, SEA decreased from
10.55 J/g to 6.72 J/g, and specific flexural strength
decreased from 238.11 MPa/g to 161.86 MPa/g. The
reason was that the introduction of the fractal thin
wall obstructed the transmission of force and dis-
sipated most of the force, leading to more uniform
distribution of stress across the structure, and thus
improving the mechanical properties.

(3) The fractal angles significantly influenced the elec-
trical conductivity properties of the BVHS struc-
tures. With the increase of the fractal angles, elec-
trical resistance of the structures decreased from
20.63 mQ to 14.50 mQ), meaning that the electrical
conductivity properties of the structures gradually
improved. Due to the introduction of the fractal
feature, the current flow blocked at the intersection
of fractal thin walls and the top panel, which result-
ing in the decrease of current flowing into the bot-
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tom panel and thus reducing the electrical conduc-
tivity properties of the structure.

(4) The design of droplet-shaped powder outlets nega-
tively affected bending properties of structures. The
area around the droplet-shaped powder outlets was
more prone to fracture, and with the increase of
powder outlet number, the ultimate bending load
decreased by 14.59%. However, the design of pow-
der outlets had less impact on the electrical con-
ductivity properties of structures due to the excel-
lent electrical conductivity of the 316L stainless
steel.
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