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In-plane compressive properties of 3D
braided jute/epoxy composite honeycombs:
Structure-property relationships

Qian-gian Li""?©, Yasmine Mosleh® ©, Hong-hua Zhang*, Wei Li**
and René Alderliesten®

Abstract

To achieve the integrity of the honeycomb structure without interlocking or bonding, a 3D braided honeycomb structure
was designed and developed using natural fiber (jute) reinforced epoxy resin. To optimize the in-plane compressive
performance of 3D braided composite honeycombs, the effects of resin, unit cell opening angle, and joint wall length on the
in-plane compressive strength, deformability, stiffness and energy absorption were investigated. Furthermore, a theoretical
model was established between braiding parameters, geometric parameters of honeycomb cell structure, and in-plane
compressive modulus. It is found that if 3D braided composite honeycombs are designed for high load-bearing capacity, it is
necessary to reduce the resin strain to failure, increase free wall columns, align the angle between the free wall with the
main loading direction, or load along the braiding direction. If the design objective is to maximize the energy absorption, the
number of cell rows must be maximized. This study establishes the relationship between braiding parameters, honeycomb
geometric parameters, and the in-plane compression performance of the 3D braided composite honeycomb, providing

a reference for its structural design and performance optimization.
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Introduction

Honeycomb structures, as a typical cellular structure, have
been widely used in various fields for their excellent
structural efficiency and good designability.' Especially
fiber-reinforced composite honeycomb structures have
shown enormous development potential.

At present, there are several preparation methods for fiber-
reinforced composite honeycomb structures, including hot
press molding,” VARTM,’ interlocking,® 3D printing,” and
tailor-folding.® Stocchi* compared two molds used for
manufacturing jute fabric reinforced vinyl ester matrix hon-
eycomb structures and demonstrated that lateral compression
molds produced superior honeycomb structures compared to
molds with fixed inserts. The application of lateral pressure
allowed for thinner walls, better removal of excess resin, and
effective expulsion of trapped air bubbles. Antony et al.’ used
a thermal press to fabricate honeycomb core structures from
hemp fiber woven fabric/polypropylene (PP). Vitale et al.’
employed the VARTM process to manufacture jute/polyester
composite honeycombs. Song® applied interlocking technol-
ogy to prepare honeycomb structures by processing composite
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carbon panels into slotted ribs and then assembling them using
adhesive bonding between the slots. Pehlivan and Bayka-
soglu'® introduced a corrugation technique in which carbon
fiber reinforced polymer (CFRP) sheets are first shaped into
a specific form using corrugated molds, and then the corru-
gated sheets are glued and stacked to build honeycomb blocks.
Andrew et al.” utilized 3D printing technology to fabricate
discontinuous carbon fiber reinforced polyetheretherketone
(PEEK) composite honeycomb structures. Wei et al.'' pro-
posed a tailor-folding method to fabricate all-CFRP honey-
comb sandwich panels, involving cutting, folding, curing and
assembling. This method reduces the stress concentration and
reinforces the constraints between the adjacent cell walls. The
out-of-plane compression,' shear,'' in-plane compression,'
and bending® properties of CFRP honeycomb sandwich
panels were studied, and three-dimensional failure mechanism
maps were constructed to reveal the inherent relationship
between the failure modes and geometric parameters. How-
ever, most manufacturing processes involve multiple steps.
Therefore, developing an integrated honeycomb structure to
avoid delamination and weak joints is crucial. By using textile
methods to manufacture honeycomb fabrics, without cutting
or splicing, and combined with liquid molding technology, it is
possible to achieve composite honeycomb structures with
inherent structural integrity and fiber continuity. Especially for
3D textile composites, the interlayer strength and damage
tolerance of laminated composites have been significantly
improved,'*'> providing the possibility of achieving the
overall molding of complex structural components.

In a previous paper, we analyzed in detail the braiding
principle, braiding process, and internal structure of 3D
braided honeycomb fabrics.'® In our other paper, the in-
fluence of joint wall length on the in-plane compression
performance of 3D braided composite honeycombs was also
investigated.'® However, in addition to the joint wall length,

other cell parameters such as opening angle, wall thickness,
specimen thickness, and free wall length can all affect the
mechanical performance of composite honeycombs. >’
Compression is a common load condition in engineering
applications.”® Generally, more attention is paid to the
mechanical properties of honeycomb structures under out-
of-plane performance.”’ > However, in practical engi-
neering applications, structural components are not only
subjected to out-of-plane loads, and the failure does not
always occur in the out-of-plane direction. Under out-of-
plane compression load, the cell wall bears stress along the
hole, while under in-plane compression load, the cell wall is
subjected to tension, compression, or bending.’®*’ The
impact of the in-plane compression performance of hon-
eycomb structures on their application cannot be ignored.
To further investigate the factors influencing in-plane
compression performance, this paper analyzes the effects of
resin toughness (strain to failure) and opening angle on in-plane
compression performance perpendicular and parallel to the
braiding direction, and studies the effect of joint wall length on
in-plane compression performance after changing the resin
matrix and opening angle. A theoretical formula for the in-plane
compressive modulus of 3D braided composite honeycombs is
established through force analysis. The theoretical relationship
between the material Young’s modulus, braiding parameters,
honeycomb geometric parameters, and the “molding factor”
with the in-plane compressive modulus is also analyzed.

Materials and methods

Materials

The experimental materials used in this study are listed in
Table 1. All materials were commercially available products.
The resin properties, as provided in the manufacturer’s
product manual, are detailed in Table 2. The resin and curing

Table . Specifications and the sources of commercially available epoxy resins.

Materials Specifications

Source

Jute yarn (double strands)

The average diameter is 2 mm

JD.com?®

The linear density is 461.70 tex x 2

Epoxy SWANCOR 251 I-1A resin
SWANCOR 251 1-1BS curing agent
Epoxy EPIKOTETM resin 04908

Shangwei (Tianjin) Wind Power
Materials Company Limited’
Hexion®°

EPIKOTETM curing agent 04908

Table 2. Properties of utilized epoxy resins.?”>°

Density Tensile strength Tensile modulus Tensile strain  Flexural strength Flexural modulus
Resin name (g/lecm?) (MPa) (MPa) (%) (MPa) (MPa)
SWANCOR 2511 l.1~1.2 67~80 2700~3500 4.5~8.5 110~140 2800~3600
Curing: 24 h at room temperature (28°C) +8 h post curing at 70°C
EPIKOTETM 1.15 74 2900 9.4 112 3100
04908 Curing: 4 h at 70°C + 6 h post curing at 80°C
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agent are mixed in a 10:3 ratio. The mixture was thoroughly
stirred to ensure uniform distribution of the hardener. The
resin-hardener mixture was subjected to a degassing process
under vacuum to remove any entrapped air bubbles, ensuring
the consistency and quality of the composite material.

Sample preparation

3D braided honeycomb fabrics were fabricated by controlling
the separation and combination of the braid according to
changing the interlaced state of jute yarns on a 3D braiding
machine, for details on the braiding process and fabric structure,
please refer to our published paper.'® The 3D braided honey-
comb fabric is fixed and filled with polytetrafluoroethylene
(PTFE) modules, and then cured and molded using Vacuum
Assisted Resin Transfer Molding (VARTM), as shown in
Figure 1(a). After curing, demold and remove the PTFE
module. Finally, obtain the 3D braided composite honeycombs
through cutting and polishing, as shown in Figure 1(b). 3D
braided composite honeycombs with different epoxy resin
toughness (strain to failure), opening angles, and joint wall
lengths are shown in Figure 2. The samples are named as
follows: C refers to the samples prepared using SWANCOR
2511 resin, D refers to the samples prepared using EPI-
KOTETM 04908 resin; 120°/90° refers to the opening angle; X
refers to loading perpendicular to the braiding direction, while Y
only loads parallel to the braiding direction; 1/2/3 respectively
refer to the number of rows of cells along the braiding direction.

Sample parameters

The fiber volume fraction®'-*? is crucial for the analysis and

evaluation of fiber-reinforced composites, while the relative

density'%** is one of the key parameters of porous structures

and forms the basis for lightweight design. Investigating the
geometric parameters, fiber volume fraction, and relative
density of 3D braided honeycomb composites is of sig-
nificant importance for the structural optimization and
subsequent mechanical performance evaluation of 3D
braided honeycomb composites.

The geometric parameters of the honeycomb structure are
defined in Figure 3. The total number of yarns in all samples is
95. The braiding angle a and pitch length % are controlled as
such to be similar in all samples and are 32° and 6.7 mm,
respectively. The number of yarn columns for free wall 1, is 2
and the free wall thickness #is 6.24 + 0.21 mm. The number of
yarn columns for joint wall m, is 5. The total number of
braiding cycles ffor all samples is 24. The number of braiding
cycles for free wall f; is 2 and the free wall length /; of all
samples is 21 mm. The height of sample H is 1537 =+
0.22 mm. The other parameters of the samples are shown in
Table 3. It should be noted that due to marginal change in fiber
volume fraction (less than 2%). The effect of fiber volume
fraction variation on mechanical properties will be marginal.

Compression test setup

The compression tests were conducted by a 250 kN
capacity Zwick universal testing machine with computer
control and data acquisition systems. Each specimen
was placed between two rigid plates attached to the
machine. The test was controlled by the top plate
moving vertically downward to compress the specimens
at a loading rate of 2 mm/min.** Further details of the
test setup can be found in Figure 4 of our published
paper.'’

@) Infusion Vacuum PTFE  Release
. Secaling net  Fabrics bag module  agent
Resin - —_— L I Resi
injection | glass plate / iy
— LI outlet
!
J —
glass plate
Steel bar for controlling height
Demolding
and Cutting
Aig dp'{;E VARTM removing and
. the PTFE ~ polishing
modules
3D braided Dl
: honeycomb
fabric :
composite

Figure 1. Schematic diagrams of (a) VARTM molding process and (b) manufacturing process of 3D braided composite honeycombs.
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Different loading direction

&

C-120°-Y-2

Different resin matrices

g8

C-120°-X-2

Different opening angle

D-120°-X-2 D-90°-X-2

Different joint wall lengths

Braiding cycles

1/2/5

2/4/10+

D-120°-X-2

i
i
s}

B | ) b,
D-90°-Y-2 D-90°-Y-3

1, : Free wall length
L5: Joint wall length

6: Opening angle

H: Sample height

t: Free wall thickness
T: Joint wall thickness

Figure 3. Geometric parameters of 3D braided composite honeycombs (X is vertical to the joint wall; Y is parallel to the joint wall; Z

is along the hole direction).

Results and discussions

Effect of resin toughness on in-plane compressive
properties of 3D braided composite honeycombs

The difference in load-displacement curves between
D-120°-X-2 and C-120°-X-2 is manifested in the load drop

or load reduction (BC stage), as shown in Figure 4(a). At
this stage, the curve of C-120°-X-2 shows a “cliff-like”
drop, while the curve of D-120°-X-2 shows a fluctuating
decrease. There are no obvious cracks in C-120°-X-2
before a sudden collapse, as shown in Figure 5(a).
Cracks appear sequentially in D-120°-X-2 with tougher
resin, but no collapse occurred, as shown in Figure 5(b).
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Table 3. The geometrical parameters of the honeycomb samples.

The braiding cycles of

Joint wall length  Fiber volume fraction

Samples Width (mm) Length (mm)  joint wall length (mm) (%) Relative density
C-120°-X-2 9228 £ 0.86 11620343 4 17 2748 + 7.74 0.38 + 0.04
D-120°-X-2 9333+ 125 11233047 4 17 29.92 + 1.26 0.36 + 0.01
C-120°-Y-2 9281 £1.09 11490+ 1.24 4 17 2671 £7.73 0.37 £ 0.04
D-120°-Y-2 9567 £386 117.17 £232 4 17 27.70 £ 1.99 0.36 £ 0.02
D-90°-X-1 86.38 +2.33 14825+ 130 2 4 27.52 + 4.63 0.36 + 0.02
D-90°-X-2  86.83 £2.05 13350+ 255 4 17 28.90 + 5.97 0.39 £ 0.03
D-90°-X-3 8727 + 1.56 130.67 £3.30 10 55 26.65 + 6.40 0.42 + 0.02
D-90°-Y-1 87.11 £3.01 14925+£0.75 2 4 29.24 + 0.04 0.35 £ 0.02
D-90°-Y-2 8733+ 152 13433+£1.70 4 17 31.89 +£2.50 0.37 £ 0.02
D-90°-Y-3  88.00 + 142 12933 £2.05 10 55 28.70 = 1.20 0.40 + 0.03
@ 4 ®)
C-120°-X-2 6l C-120°-Y-2
8r - D-120°-X-2 — D-120°-Y-2
E 4 . EE
2 |
; 2
7L / (
0 - . . .
0 1 2 ! 4 5 7

Displacement (mm)

Displacement (mm)

Figure 4. Load-displacement curves of 3D braided composite honeycomb with different resin (a) comparison of curves in X-

direction and (b) comparison of curves in Y-direction.

Compared to C-120°-Y-2, the fluctuation of the curve for
D-120°-Y-2 is more pronounced, as shown in Figure 4(b).
From the observation of the failure process, the cracks of
D-120°-Y-2 and C-120°-Y-2 appear sequentially, but there
are more cracks in D-120°-Y-2, as shown in Figure 5(c)
and (d), respectively. In summary, using a resin with higher
tensile strain to failure (toughness) is beneficial for im-
proving the progressive damage process of the samples
and reducing the sudden fracture and thereby collapse of
the samples.

The maximum load and compressive strength of 3D
braided composite honeycombs with different resin
toughness both meet: C-120°-X-2>D-120°-X-2, C-120°-Y-
2>D-120°-Y-2, as shown in Figure 6(a). It can be inferred
that the use of resin with higher tensile strain to failure
reduces the load-bearing capacity of the sample. Com-
pared to the maximum loads of C-120°-X-2 and C-120°-
Y-2, the maximum loads of D-120°-X-2 and D-120°-Y-2
are approximately reduced by 30% and 21%, re-
spectively. It can be noted that the resin type has a greater
impact on the mechanical properties in the X direction.
The Y direction is both the braiding direction of the

sample and the arrangement direction of the yarn, with
the yarn playing the main load-bearing role. The X di-
rection is perpendicular to the braiding direction, and the
resin plays a greater role in this direction than in the ¥
direction. The maximum load and compressive strength
also meet the following: C-120°-X-2>C-120°-Y-2,
D-120°-X-2>D-120°-Y-2, indicating that for samples
with the same free wall columns, the smaller the angle
between the free wall and the loading direction, the better
the bearing capacity of the sample, as shown in Figure 7.

As observed in Figure 6(b), the displacement and strain
at failure in the X direction increases, whilst the displace-
ment and strain at failure in the Y direction decrease.
Compared to C-120°-X-2, the displacement and strain at
failure of D-120°-X-2 are increased by approximately 20%
and 12%, respectively. The displacement and strain at
failure of D-120°-Y-2 are reduced by approximately 11%
and 17%, respectively. Changes in the resin have a greater
impact on the displacement and strain at failure in the X
direction.

The compression modulus in both the X and Y directions
decreases, as shown in Figure 6(c). The compressive
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(d)

6.02"mm 8

D-120°-Y-2

Figure 5. The evolution of failure mechanisms of different samples under compression load (a) C-120°-X-2, (b) D-120°-X-2, (c) C-
120°-Y-2 and (d) D-120°-Y-2; illustrating that cracks appear sequentially with increasing displacement, where the yellow dashed box

represents the location of crack occurrences.

modulus of D-120°-X-2 and D-120°-Y-2 are approximately
53% and 27% lower than those of C-120°-X-2 and C-120°-
Y-2, respectively. This indicates that utilizing a resin with
higher tensile strain reduces the in-plane compressive
modulus while enhancing deformation capacity. This effect
is particularly pronounced in the X direction for the in-plane
compressive modulus. But the compressive modulus of
C-120°-X-2 is greater than that of C-120°-Y-2, while the

compressive modulus of D-120°-X-2 is smaller than that of
D-120°-Y-2. Due to the greater impact of resin changes on
the compression modulus in the X direction, the com-
pression modulus in the X direction decreases more than in
the Y direction, resulting in a lower compression modulus
for D-120°-X-2 than for D-120°-Y-2.

After using resins with enhanced toughness, the strain
energy absorption capacity in both the X and Y directions
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Figure 6. In-plane compression performance of 3D braided composite honeycombs with different resin: (a) bearing capacity, (b)
deformation degree, (c) compression modulus, and (d) energy absorption performance.

decreased, as shown in Figure 6(d). Specifically, compared to
C-120°-X-2 and C-120°-Y-2, the total energy absorption of
D-120°-X-2 and D-120°-Y-2 decreased by approximately
10% and 12%, respectively. Similarly, the volume-specific
energy absorption decreased by approximately 20% and 21%.
Although using resin with higher tensile strain increases the
progressive damage process, it reduces the load-bearing ca-
pacity. For Y direction loading, it also reduces the displacement
and strain at failure. Therefore, changing the resin reduces the
energy absorption performance in both the X and Y directions.

Effect of opening angle on in-plane compressive
properties of 3D braided composite honeycombs

The BC stage of the curves for 3D braided composite
honeycombs with different opening angles exhibits a fluc-
tuating decline, as depicted in Figure 8(a) and (b) re-
spectively. The failure processes of D-90°-X-2 and D-90°-
Y-2 are shown in Figure 9(a) and (b), respectively. The
occurrence or propagation of cracks corresponds to the
fluctuating descent of the curves.
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(a)

(b)

Figure 7. Simplified force analysis of 3D braided composite honeycombs under in-plane compressive load: (a) compressing in the X
direction and (b) compressing in the Y direction.

@ ) o
71— D-120°-X-2 7F — D-120°-Y-2 B
sl — D-90°-X-2 B ol T D-90°-Y-2 ‘.

Z 5t Z 5t

é 4 é 4

3 A 2

& 1l g .l

3 Sd C
2r ) 2+
1t - 1
0 . . P lial 0 i ; b -
0 1 2 3 4 5 6 o 1 2 3 4 5 6 7

Displacement (mm) Displacement (mm)

Figure 8. Load-displacement curves of 3D braided composite honeycomb with different opening angle (a) comparison of curves in X
direction and (b) comparison of curves in Y direction.

The comparison of in-plane compression mechanical The maximum load and compressive strength in the Y di-
properties for 3D braided composite honeycombs with rection follow the order: D-120°-Y-2<D-90°-Y-2, and D-90°-
different opening angles is shown in Figure 10. Y-2>D-90°-X-2, as shown in Figure 10(a). For D-120°-X-2,

The maximum load and compressive strength in the X D-90°-X-2, D-120°-Y-2 and D-90°-Y-2, they all have four
direction meet the following trend: D-120°-X-2>D-90°-X-2,  rows and four columns of free walls, but the angles between
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D-90°-Y-2

Figure 9. The evolution of failure mechanisms of (a) D-90°-X-2 and (b) D-90°-Y-2; illustrating that cracks appear sequentially with

increasing displacement.

their free walls and the joint walls are 30°, 45°, 60°, and
45°, respectively. Figure 7 shows that the smaller the
angle between the free wall and the loading direction, the
better the load-bearing capacity. Therefore, the bearing
capacity follows the order: D-120°-X-2>D-90°-X-2,
D-120°-Y-2<D-90°-Y-2. For D-90°-X-2 and D-90°-Y-2,
the angle between their free walls and the loading di-
rection is also the same, but the Y direction is the braiding
direction of the sample, and the yarn plays the main load-
bearing role. Therefore, the load-bearing capacity follows
the order of D-90°-Y-2>D-90°-X-2. In summary, the
bearing capacity follows the order: D-120°-X-2>D-90°-
Y-2>D-90°-X-2>D-120°-Y-2.

The displacement and strain at failure follow the order of
D-120°-X-2<D-90°-X-2,  D-120°-Y-2<D-90°-Y-2, as
shown in Figure 10(b). It can be inferred that the larger the
opening angle, the smaller the displacement and strain at
failure.

The in-plane compressive modulus in the X direction is
positively correlated with the opening angle. The in-plane
compressive modulus in the Y direction is negatively
correlated with the opening angle, as shown in
Figure 10(c). It can be inferred that the larger the opening
angle, the stronger the sample’s ability to resist in-plane
compression deformation in the X direction, but the weaker

its ability to resist in-plane compression deformation in the
Y direction.

For total energy absorption, specific energy absorption,
and volume-specific energy absorption, all parameters de-
crease with the opening angle decrease in the X direction.
Conversely, they increase as the opening angle decreases in
the Y direction, as illustrated in Figure 10(d).

Effect of joint wall length on in-plane compressive
properties of 3D braided composite honeycombs

Samples with an opening angle of 90° and different joint
wall lengths were prepared to verify that the effect of
joint wall lengths on its in-plane compressive perfor-
mance is consistent with the specimen with an opening
angle of 120°.

The representative in-plane compression curves in the X
and Y directions of 3D braided composite honeycombs with
an opening angle of 90° and different joint wall lengths are
shown in Figure 11(a) and (b), respectively. The corre-
sponding failure process is shown in Figure 12.

Before the sudden collapse of D-90°-X-1, only one
visible crack appeared and extended, and its compression
curve showed no significant fluctuations except for
a significant linear decrease at B point. As the decrease of
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Figure 10. In-plane compression performance of 3D braided composite honeycombs with different opening angles: (a) bearing
capacity, (b) deformation degree, (c) compression modulus and (d) energy absorption performance.

joint wall length, the number of cells increases and the
number of cracks gradually increases. There are more
fluctuations on the compression curves of D-90°-X-2 and
D-90°-X-3.

The cracks of D-90°-Y-1 appear sequentially, and due to
the sudden and significant expansion of the cracks, the curve
shows two consecutive “cliff-like” decreases. The cracks of
D-90°-Y-2 increase, with obvious sawtooth shaped fluc-
tuations in the curve. D-90°-Y-3 suddenly collapses when
only one crack appears, and the curve has no downward
stage.

To explore the influencing factors of maximum load
and failure displacement, it is proposed to normalize

displacement and load, that is, the maximum load is
divided by the number of free wall columns, and the
failure displacement is divided by the number of free wall
rows."”

When the load is along the X direction, the maximum
load, compressive strength, and compressive modulus
increase sequentially with the increase in the number of
cell (free wall) columns, that is, D-90°-X-3>D-90°-X-
2>D-90°-X-1. The number of free wall rows is the same,
and the trend of failure displacement and failure strain is
consistent. When the load is along the Y direction, the
number of free wall rows is the same, and the maximum
load and compressive strength tend to be consistent, but
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Figure | 1. Load-displacement curves of 3D braided composite honeycomb with different joint wall lengths (a) comparison of curves

in the X direction and (b) comparison of curves in the Y direction.

follow the trend: D-90°-Y-1>D-90°-Y-3>D-90°-Y-2.
The number of free wall rows increases, the compres-
sive modulus, failure displacement, and failure strain
follow as the order: D-90°-Y-3>D-90°-Y-2>D-90°-Y-1.
The energy absorption performance increases with the
joint wall length reduction and an increase in the
number of cells. These in-plane compression mechan-
ical properties for 3D braided composite honeycombs
with various joint wall lengths can be found in
Figure 13.

From this, it can be seen that the in-plane compressive
mechanical properties of D-90° and C-120° follows the
same pattern, with changing the resin toughness, cell
opening angle, and joint wall length. The bearing capacity is
positively correlated with the number of free wall columns.
The failure displacement is positively correlated with the
number of free wall rows, and the energy absorption per-
formance is positively correlated with the number of unit
cells.

Analysis of in-plane compressive modulus
of 3D braided composite honeycombs

The in-plane compression modulus is an important pa-
rameter for evaluating the mechanical properties of 3D
braided composite honeycombs. The influence of different
parameters on the in-plane compression modulus has been
analyzed through experiments. This part will further es-
tablish the relationship between braiding parameters,
structural geometric parameters, and in-plane compression
modulus through force analysis.

Based on the previous analysis, it can be con-
cluded that the free wall plays the main load-bearing
role under in-plane compressive in the X direction, and
the change in the joint wall length has almost no effect.
Therefore, it is assumed that when the specimen is
subjected to in-plane compressive stress in the X

direction o,, the deformation of the joint wall can be
ignored. As shown in Figure 14, the force F, acting
on the free wall AB can be decomposed into the ax-
ial compression force F, along the free wall and the
force F, that causes the free wall to bend. The free
wall AB produces the axial deformation J, and the
deflection J,, respectively, as shown in Supplemental
Information 1.
The equivalent strain in the X direction is:

- cos+ 6, - sing
& = -
I - sin?
2 2, a2
oy (cosg + f—f) {(cos "+ (ﬁ) (sin?) (M
= 3
E (f) sin
The equivalent strain in the Y direction is:
dy - sinf+ 6, - cos?
&, =
4 Iy - cosf+ 1
(2)

oy - sing- cos?- {1 + (ﬁ)z}

The in-plane compression modulus of 3D braided
composite honeycombs in the X direction is

3
o, sing(ﬁ) E

b (cosg+ %) {(cos g)z + (ﬁ)z(sing)z}

3

When the specimen is subjected to in-plane compres-
sive stress in the Y direction o,, both the free wall and the
joint wall deform, as shown in Figure 15. The force F),
acting on the free wall AB can be decomposed into the
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Figure 12. The evolution of failure mechanisms of (a) D-90°-X-1, (b) D-90°-X-3, (c) D-90°-Y-1I, and (d) D-90°-Y-3; illustrating that
cracks appear sequentially with increasing displacement.

axial compression force F, along the free wall and the Jy - cos?+d, - sin?
force F), that causes the free wall to bend. The free wall AB & = I, - sin?
produces the axial deformation J, and the deflection J, 2 ,
respectively. The joint wall AC is subjected to a force F/ Cainf . 6. [ o1 } 4
resulting in axial deformation J., as shown i)r: o Oy SR C0%; Cosz(ll) !
Supplemental Information 2. B E( n )3

I

The equivalent strain in the X direction is:
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Figure 13. In-plane compression performance of D-90° with different joint wall lengths in different loading directions: (a) bearing
capacity, (b) deformation degree, (c) compression modulus, and (d) energy absorption performance.

Figure 14. Analysis of deformation and force of honeycomb structures under in-plane compressive loads in X direction.
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The equivalent strain in the Y direction is:
i 8 0 6)2 % AR
oy sing - {(sind)” + (1) [(eosd)” +5]}
3 ®)
E (cos + )(11)

The in-plane compression modulus in the Y direction of
3D braided composite honeycombs is

. E(cost+ ) (2)

E/:—:
g 00 ) (qin 0)2 0’ N2 b
sing{(snd” + (1) [(eos®) + ]}

8y:

3

(©6)

According to the relationship between the braiding pa-
rameters and the geometric parameters of the honeycomb
structure,””lg it can be concluded that:

t m1+\/_71

= Y7 .t

LT 2fi 4 M )
12 f2—2r
2 8
l] ﬁ+21" ()

To address inaccuracies resulting from discrepancies
between actual and theoretical values of honeycomb geo-
metric parameters, a correction coefficient A has been in-
troduced. For details, please refer to Supplemental

% b

I—-*x- Mitt o

Information 3. The in-plane compressive modulus in the
Xand Y directions of 3D braided composite honeycombs are
as follows:
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Based on the actual ratio of wall thickness to wall length,
as well as the ratio of free wall length to joint wall length, the
correction coefficients A for £, and E, are determined to be
1.25 and 1.11, respectively. The theoretical and experi-
mental values of in-plane compression modulus are com-
pared in Table 4, with errors within 15%.

i C't 5
i H0¢
15

Figure 15. Analysis of deformation and force of honeycomb structures under in-plane compressive loads in Y direction.

Table 4. The theoretical and experimental values of compressive modulus.

Samples r fi f2 m a (°) 4 (°) Theoretical value (MPa) Experimental value (MPa) Error (%)
C-120°-X-1 0.66 2 10 2 32 120 9243 94.62 £ 11.72 2.32
C-120°-X-2 0.66 2 4 2 32 120 230.73 231.87 + 32.32 0.49
C-120°-X-3 0.66 2 2 2 32 120 460.30 480.05 + 11.87 4.11
C-120°-Y-1 0.66 2 10 2 32 120 357.61 314.50 £ 5.26 13.71
C-120°-Y-2 0.66 2 4 2 32 120 169.38 170.41 + 9.09 0.60
C-120°-Y-3 0.66 2 2 2 32 120 93.13 107.44 + 9.28 13.32
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According to equations (9) and (10), it can be seen that
the in-plane compressive modulus of 3D braided composite
honeycombs is related to E, f1, f>, mi, a, 0 and r. The in-
fluence of different variables on the in-plane compression
modulus is shown in Figure 16.

The in-plane compressive modulus E, and E, shows
a linear positive correlation with the Young’s modulus of
the material £, as shown in Figure 16(a). A higher
Young’s modulus results in a greater in-plane compres-
sive modulus, with Young’s modulus having a greater
influence on the in-plane compressive modulus in the X
direction.

The in-plane compressive modulus in the X direction and
Y direction are both negatively correlated with the braiding
cycles of the free wall. However, the in-plane compressive
modulus in the X direction is negatively correlated with the
braiding cycles of the joint wall, whereas the in-plane
compressive modulus in the Y direction shows a positive
correlation with the braiding cycles of the joint wall. As
shown in Figure 16(b), an increase in f; results in decreases
in both E, and E,. Conversely, an increase in f, leads to
a decrease in E, and an increase in E,.

The in-plane compressive modulus in the X direction and
Y direction both exhibit a positive correlation with the
number of yarn columns in the free wall, as shown in
Figure 16(c). As the number of yarn columns in the free wall
m, increases, both E, and E, increase.

The in-plane compressive modulus in the X direction and
Y direction both exhibit a positive correlation with the
braiding angle a, as illustrated in Figure 16(d). As a in-
creases, both £, and E, increase.

The in-plane compressive modulus of 3D braided com-
posite honeycombs in the X direction shows a positive cor-
relation with the opening angle, whereas the in-plane
compressive modulus in the Y direction exhibits a negative
correlation with the opening angle, as depicted in Figure 16(e).
As 6 increases, £, increases while E), decreases. This explains
why the in-plane compressive modulus in Figure 10(c) follows
such trends of: D-120°-X-2>D-90°-X-2, and D-120°-Y-2<D-
90°-Y-2.

The in-plane compressive modulus in the X direction and Y
direction of 3D braided composite honeycombs both exhibit
anegative correlation with the “molding factor” r, as shown in
Figure 16(f). A larger r results in smaller values of £, and E,.
As observed, the influence of the “molding factor” » on the in-
plane compressive modulus in the Y direction is more
significant.

Failure analysis

Whether one changes the resin toughness and cell opening
angle, the joint wall length, or loading direction, the crack
positions of the 3D braided composite honeycombs show an
overall oblique strip shape distribution on the sample, and
the sample exhibits “shear-type” failure, as shown in

Figure 17. This is consistent with the conclusion obtained
by Papka and Kyriakides*>*® that hexagonal aluminum
honeycomb and polycarbonate circular honeycomb collapse
in a shear mode under in-plane compressive load. It can be
inferred that “shear-type” collapse is a common failure
characteristic of honeycomb structures.

The failure positions are all at the intersection of the joint
wall and the free wall, which is the “Y-shaped” connection.
The main failure types include yarn pull-out, fiber pull-out,
fiber breaking, matrix breaking, and fiber-matrix debond-
ing."” For detailed information on the fracture surface
characteristics, please refer to our published paper.'® Under
the in-plane compression load in the X direction, cracks
fracture and expand from the outer side towards the inner
side of the “Y-shaped” connection. While under the in-plane
compression load in the Y direction, cracks fracture and
expand from the inner side towards the outer side of the “Y-
shaped” connection. This is because under in-plane com-
pression load, a plastic hinge is formed at the “Y-shaped”
connection, as shown in Figure 18. The green circular area
represents the intersection area between the joint wall and
the free wall.

When the load is along in the X direction, the sample
shrinks in the width direction and expands in the length
direction. The opening angle tends to shrink inward and
decrease. The free wall will rotate inward towards the opening
angle. The rotation will also force the joint wall to move to the
left, but the joint wall will hinder this deformation. Therefore,
the green circular area shows lateral compression. Similarly,
rotating the free wall inward will cause the other end of the
two free walls to deflect upwards and downwards, re-
spectively, resulting in longitudinal stretching in the green
circular area. As shown in Figure 18(a).

When the load is along in the Y direction, the sample
shrinks in the length direction and expands in the width
direction. The opening angle tends to expand outward
and increase. The free wall will rotate towards the outside
of the opening angle, and the other end of the two free
walls will compress each other. Therefore, the green
circular area shows lateral compression. Similarly, the
rotation of the free wall to the outside will cause the other
end of the two free walls to deflect downwards. The
connection between the free wall and the joint wall will
drive the joint wall to move downwards, but the joint wall
will hinder this deformation. Therefore, the green cir-
cular area shows longitudinal stretching. As shown in
Figure 18(b).

The above analysis correspond to the description in
our previous paper'® where we concluded: “3D braided
composite honeycombs exhibit transverse compressive
strain and longitudinal tensile strain at the intersection of
the free wall and joint wall under in-plane compressive
load.”

Regardless of whether the in-plane compressive load is
applied in the X or Y direction, there is an angle between the
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Figure 17. The samples exhibit “shear-type” failure with an inclined strip shape.
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Figure 18. Deformation of plastic hinges (a) in-plane compression in X direction and (b) in-plane compression in Y direction.

free wall and the loading direction. The free wall is too thick
to bend or fold, hence it will bear shear deformation. Once
cracks are generated at the intersection of the joint wall and
the free wall, the 3D braided composite honeycombs will
become unstable and tilt, causing large deformation and
crack generation and propagation. Cracks will propagate

from single cells to adjacent diagonal cells until cracks
penetrate the entire length or width of the specimen, and the
specimen will completely collapse. From this, it can be seen
that the cracks in the 3D braided composite honeycombs are
distributed in an inclined strip shape on the specimen as
a whole.
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Conclusion

This paper experimentally investigates the effects of resin
toughness (strain to failure), loading direction, opening
angle, and joint wall length on the in-plane stiffness,
strength, deformability and energy absorption capability of
3D braided composite honeycombs, and establishes
structure-property relationships. Moreover, a theoretical
model to describe the in-plane compressive stiffness of 3D
braided composite honeycombs is developed enabling
further investigation of influencing material and geometrical
parameters on in-plane compressive modulus. Furthermore,
damage analysis is carried out and the evolution of failure
mechanisms is visualized using camera snapshots. The
findings of this study are listed as follows:

(1) Irrespective of resin toughness, loading direction,
and geometric parameters such as honeycomb cell
opening angle, and joint wall length: the maximum
load and deformation to failure increase with the
number of free wall columns. Moreover, reducing
the cell size (increasing the cell number) improves
the energy absorption capacity of the composite
honeycombs.

The resin with a higher tensile strain to failure leads
to more progressive damage during the failure
process, while also reducing the load-bearing ca-
pacity and energy absorption capability of the
specimens. The change in resin strain to failure has
a greater impact on the in-plane compression per-
formance perpendicular to the braiding direction.
The in-plane compressive modulus of the composite
honeycombs perpendicular to the braiding direction
increases with an increase in Young’s modulus of
composites, the number of yarn columns in the free
wall, the braiding angle, and the opening angle,
conversely, it is negatively correlated with the
number of braiding cycles in both the free and joint
walls and the “filling factor.”

Along the braiding direction, the in-plane com-
pressive modulus increases with Young’s modulus
of composites, the number of braiding cycles in the
joint wall, the number of yarn columns in the free
wall, and the braiding angle, but is negatively cor-
related with the number of braiding cycles in the free
wall, the opening angle, and the “filling factor.”
The 3D braided composite honeycombs exhibit
“shear-type” failure, with cracks distributed in an
inclined strip shape on the specimen as a whole. The
failure positions are all at the “Y-shaped” connection
formed by the intersection of the joint wall and the
free wall.

@)

3

~

“4)

This paper offers a detailed analysis of structure-property
relationships giving guidelines as to how to optimize the in-

plane compression performance of 3D braided composite
honeycombs by tailoring their key geometrical parameters.
This study provides a valuable theoretical reference for the
structural design, performance enhancement, and applica-
tion development of 3D braided composite honeycombs.
Furthermore, natural fibers such as jute offer an environ-
mentally friendly alternative to synthetic fibers in designing
load-bearing structural honeycombs, limiting the overall
CO, emissions of engineering structures.
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