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Abstract: In this work, the manufacturing characteristics and a performance evaluation of carbon
fiber-reinforced epoxy honeycombs are reported. The vacuum-assisted resin transfer molding process,
using a central injection point, is used to infuse a unidirectional dry slit tape with the epoxy resin
system Prime 20 LV in a wax mold. The compression behavior of the manufactured honeycomb
structure was evaluated by subjecting samples to quasi-static compression loading. Failure criteria
for the reinforced honeycombs were developed and failure maps were constructed. These maps can
be used to evaluate the reliability of the core for a prescribed loading condition. Improvements in the
load-carrying capacity for the reinforced samples, as compared with unreinforced specimens, are
discussed and the theoretical predictions are compared with the experimental data. The compression
test results highlight a load-carrying capacity up to 26 kN (~143 MPa) for a single hexagonal cell
(unit cell) and 160 kN (~170 MPa) for cores consisting of 2.5 x 3.5 cells. The failure map indicates
buckling to be the predominant mode of failure at low relative densities, shifting to cell wall fracture
at relative densities closer to a value of 10~!. The resulting energy absorption diagram shows a
monotonic increase in energy absorption with the increasing #/I ratio of the honeycomb core cell walls.
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1. Introduction

Honeycomb cores are predominantly used in sandwich panels finding applications in a variety
of lightweight structures in the aerospace sector. Common aircraft structures in which honeycombs
are used include fairings, spoilers, helicopter blades, galleys, flooring, wall panels, and so forth [1].
Many of these structures use aluminum and/or aramid paper-based honeycombs, due to their high
strength-to-weight ratio and excellent fire, smoke, and toxicity performance. Aramid-based cores
such as Nomex™ offer advantages that include a lower cost and density compared to aluminum cores.
However, both cores are sensitive to moisture and exhibit structural deficiencies under prolonged
moisture exposure. Therefore, to overcome these drawbacks whilst improving strength and stiffness,
the search for structurally-efficient materials has led to the development of fiber-reinforced composite
honeycombs. For example, Rao and co-workers [2] produced honeycomb cores that were made
using short fiber-reinforced thermoplastic composites and reported a significant improvement in the
mechanical and functional properties [3]. Petrone et al. [4,5] investigated the effect of short and long
fiber reinforcements in the cell walls on the dynamic behavior of the core and reported substantial
improvements in the load-carrying capacity when the short fibers are replaced by continuous filaments.
Vivolo et al. [6] investigated the noise, vibration, and harshness (NVH) behavior of fiber-reinforced
thermoplastic cores and reported improvements in transmission loss values after reinforcement.
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Manufacturing details of such cores, along with mechanical and functional properties, can be found
in the monograph by Rao et al. [7]. Further literature focusing on a similar theme but different
structures, such as the pyramidal truss or lattice and foldcore designs, based on fiber-reinforced
composites is available in References [8-13]. In the continuous quest for improving properties, several
researchers have sought to understand the behavior of such materials by modelling them theoretically.
However, due to manufacturing difficulties, little work has been undertaken to assess the properties
of honeycomb structures manufactured using carbon fiber epoxy composites. One notable work is
that by Russell et al. [14], who manufactured and conducted experiments and numerical analyses
on carbon fiber epoxy composite cores based on a square geometry. The manufacturing technique
involved slotting rectangular sheets together, assembling them into a square honeycomb configuration,
and adhesively bonding the composite laminate sheets. The authors showed that the compressive
strength of such structures is strongly dependent on the fiber orientation and laminate type. They also
noted that the composite honeycombs failed by either elastic buckling or plastic micro-buckling when
loaded in compression.

One important application of honeycombs is energy absorption whereby the kinetic energy
due to impact is absorbed by the cell walls through plastic deformation. A detailed review of such
mechanisms, along with the mechanical properties of several other cellular solids is available in
Gibson and Ashby [15]. The authors introduced a key design concept of maps based on failure
modes of the structure, from which Petras and Sutcliffe [16] developed failure-mode maps for Nomex
honeycomb core sandwich panels under three-point bending. The failure mechanisms involved
included yielding of the top skin, intra-cell buckling, face wrinkling, core shear, and indentation.
Many earlier efforts [17-20] focusing on the determination of the honeycomb crush behavior and
energy absorption capability have concentrated on out-of-plane compressive loading. Failure initiation
and propagation in a honeycomb under quasi-static and impact loading have both been described in
detail [16]. Khan et al. [18] undertook a series of in-plane and out-of-plane quasi-static compression
tests on aluminum samples. The authors noted that the core showed a greater ability to absorb energy
when loaded in the out-of-plane direction, due to the fact that the cell walls collapsed plastically in a
combination of global and local buckling. This was also observed in a recent study by Ivafiez et al. [19]
where it was found that the specific energy absorption values in the out-of-plane direction were two
orders of magnitude greater than in the in-plane directions. Meran et al. [20] explored a number of
crashworthiness parameters for honeycombs, both experimentally and numerically, and observed
that energy absorption is influenced by the material properties, geometry, thickness, and angle of the
cell walls.

The focus of this study is on the manufacturing and testing of composite honeycomb structures
made from a dry carbon slit tape. Here, a novel and practical methodology to fabricate the composite
honeycomb core structures using the vacuum-assisted resin transfer molding (VARTM) method is
introduced. The mechanical performance of the composite honeycombs subjected to out-of-plane
compressive loading was investigated. Finally, failure criteria were developed, and failure maps
were constructed to predict the mechanical properties of the composite honeycomb core structures.
The energy absorption characteristics were determined experimentally using quasi-static compression
tests and predicted for a number of other core densities using finite element analysis techniques.
Energy absorption maps were developed, based on experimental and numerical data for several
core densities.

2. Materials and Methods

A honeycomb core template was manufactured from acrylonitrile butadiene styrene (ABS)
polymer using a 3D printer, Connex 260, with a build volume of 260 x 260 x 200 mm. The resolution
was maintained at its finest level (600 x 600 dpi) to ensure a smooth finish. Liquid wax was poured into
the template allowing the wax to cool and take the shape of the honeycomb mold, Figure 1, after which
the plastic template was carefully extracted. Dry fiber Automated Fiber Placement (AFP) slit tapes,
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PRISM TX1100, having an areal weight of 196 g/m?, obtained from Cytec, was cut to match the height
of the hexagonal struts in the mold and then compacted under vacuum for 30 min. The pre-compacted
tapes were then inserted between the gaps of the hexagonal struts. An infusion mesh (Knitflow 40
with an areal density of 172 g/m? from Gurit, Zurich, Switzerland) was used as a flow medium
under the injection port extending to 50 mm from the periphery of the mold. Strips of Nylon peel ply
(82 g/m?) from Airtech was used at the four corners of the mold to direct the resin flow towards the
flow distribution media at the mold boundary. A central injection method on the part was chosen to
infuse the structure to avoid race tracking and resin-rich areas, which facilitates a uniform in-plane
flow, followed by out-of-plane resin permeation through the fiber bundles. A schematic of the setup is
shown in Figure 1. Prior to infusion, the assembly was bagged and held under 98% vacuum for 6 h
during which time vacuum levels were measured every 5 min to check for leaks. The measurements
taken over 6 h showed the leak to be lower than 5 mbar. An infusion resin (Prime 20 LV, 400g with
a slow hardener (mixing ratio 100:26 g) from Gurit) was used to infuse the mold after degassing for
15 min in a vacuum pot. A central radial injection method was used to infuse the assembly using an
8 mm diameter 0.5 m long Poly Vinyl Chloride (PVC) hose. The infusion duration for the resin to reach
the edge of the mold was approximately 35 min and 70 min to the outlet, after which the inlet was
clamped and the assembly was cured at room temperature for 36 h. The core was then post-cured in
a convection oven at 65°C for 7 h during which time the wax mold melted, leaving behind the fully
cured carbon fiber—reinforced hexagonal core. The cells in the core had an inscribed circle diameter
of 15 mm, a cell wall thickness of 1.5 mm and a cell wall length of 10 mm. The cured hexagonal core
was trimmed to a height of 20 mm on a table saw using a diamond tip rotary tool in preparation
for mechanical testing. Cores with a fiber volume fraction of 0.70 were manufactured in order to
investigate the effect of carbon fiber reinforcement on the compressive properties.

Central injection

~\. «—— Nylon bagging
=== 4—— Knitflow
T <— Peel ply

Vacuum port

<«—— Honeycomb core template

L | «—— Glass plate
Knitflow

Figure 1. A schematic of the vacuum-assisted resin transfer molding (VARTM) process used to

manufacture the hexagonal honeycombs.

3. Testing

The 20 mm high core was cut to samples with dimensions 62 x 62 mm, resulting in 2.5 x 3.5 cells
and 20 x 20 mm, resulting in a single unit cell. Five specimens of each type were tested in compression
as per standard ASTM C 365. A crosshead speed of 2 mm/min was chosen and a self-aligning spherical
block was used to ensure that the load application was normal at all times. A standard preload of
45 N was applied and the load vs. deflection traces were recorded at a sampling rate of five data
points per second. The chord modulus was taken over the 25% and 45% deflection range of the load vs.
deflection trace and the compression strength was calculated from the peak stress and the effective area
of the honeycomb core. To determine fiber volume fraction in the cell walls, polished cross-sections of
individual cell walls were examined under a stereo microscope, Zeiss AX10 (Oberkochen, Germany),
and the fiber volume fraction was determined by analyzing micrographs using the image analysis
package in Matlab.
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To determine energy absorption, the honeycombs were tested under flatwise-bare compression, as
per standard ASTM C 365, on a universal testing machine, MTS DBSL-30t. Unit cells and 2.5 x 3.5 cell
specimens of 20 mm height were subjected to compressive loading at a crosshead displacement rate of
5 mm /min until densification.

4. Results

4.1. Fiber Volume Fraction

Three regions (shaded white in Figure 2) in the micrographs of images captured at magnifications
of 10x and 20x were used to calculate the fiber volume fraction. Three specimens in total were
sampled, and their respective volume fractions along with averages and standard deviations are listed
in Table 1. From the micrographs, it is evident that the fibers are uniformly distributed within the
matrix, with no trace of large resin-rich areas or inadequate compaction. Only a marginal difference
(7%) between the target and measured volume fraction was observed.

(b)

Figure 2. Cross-sectional micrographs of the cell wall of the manufactured honeycomb at magnifications
of (a) 10x and (b) 20x. Region 1, with region 2 and 3 lying beside it demarcated in white, was chosen
to calculate the fiber volume fraction and is shaded in white.

Table 1. Region-wise listing of fiber volume in percentage of three samples of carbon fiber—reinforced cores.

Resolution
Samples

10X 20X

Region 1 (%) 70 63

1 Region 2 (%) 68 63
Region 3 (%) 60 65
Region 1 (%) 70 69

2 Region 2 (%) 65 65
Region 3 (%) 68 70
Region 1 (%) 65 62

3 Region 2 (%) 65 66
Region 3 (%) 60 65

Total 65 65

Standard deviation 3.7 2.5




J. Compos. Sci. 2019, 3, 13 50f12

4.2. Compression Tests

From the compression stress vs. strain traces for the unit cell and the 2.5 x 3.5 cells, both structures
exhibit an initial linear response before reaching maximum values of approximately 245 and 235 MPa,
respectively. The cell walls in the unit cell exhibit a maximum strain of 0.03%, following which they
deform by bending, buckling, and finally collapsing.

Failure instability initiates at 0.02% strain due to cell wall kinking (Figure 3(i,iii)) at the bottom
support at a compressive stress of approximately 185 MPa in the single unit cell and 175 MPa in the
2.5 x 3.5 cells. The cell walls then buckle at approximately 225 MPa for the case of the unit cell and
200 MPa for the 2.5 x 3.5 cell samples. Vertical cracks start to develop at the junction of the inclined
and the vertical cell walls shortly afterwards (indicated by the white arrows in Figure 3(ii,iv)), followed
by the progressive collapsing of the cell wall after the peak compressive stress.
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Figure 3. Cont.
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Figure 3. Stress vs. strain traces of fiber-reinforced honeycombs used to calculate elastic modulus of
(a) unit cell and (b) cores based on 2.5 x 3.5 cells. (i) Unit cell cell-wall kinking at supports, (ii) vertical
cracks developed at supports, (iii) cell wall buckling initiation and kinking of 2.5 x 3.5 cell core (iv),
and core failure due to buckling-initiated cell wall rupture.

4.3. Failure Maps

The failure criteria were established for cores with uniform cell wall thickness and the material
being linear elastic specially orthotropic. The unit cell approach used here considers the periodicity
and symmetry in the honeycomb structure. The equations for the failure criteria were derived by
equating the mass per unit thickness of the core and considering force equilibrium in the loading
plane as per the literature [2,15]. Two common failure criteria (compression buckling and cell wall
fracture) were chosen to develop failure maps for cores with relative densities (&) between 10~2 and
10!, as presented in Table 2. The critical buckling stress of the honeycomb core is equal to that of the
inclined members, neglecting post-buckling effects. The effect of fiber volume fraction on the failure
mode is considered by treating the core height as a constant (20 mm) for all cell wall volume fractions
in this study. Other material constants used to establish the failure criteria are listed in Tables 3 and 4.

Table 2. Common failure modes observed in honeycomb cores used to develop failure mode map [7].

Failure Type Failure Criterion
Cell wall fracture (CF) 0% (fracture) = Oz (cell wall) D where
2
Oz (cell wall) = (%) ({(fv% z°
Core buckling (CB) Oz (buckling) =

h ty
2 2 _ul G (7)+2
2o (B (1) +2(Pm) + (h)] 7= ke
H is the height of the core; & is the length of the vertical cell wall of the honeycomb; [ is the length of the inclined cell
wall of the honeycomb; v is the Poisson’s ratio of the cell wall material; 6 is the honeycomb internal angle; h/1, t1 /1,
and f, /t; are the non-dimensional parameters that define the geometry of a hexagonal cell; and @ is the relative
density of the honeycomb core.

Since a linear buckling analysis is adopted here, the failure maps (Figure 4) developed in the
Matlab environment were created for the two fiber volume fractions (0.35 and 0.7), assuming linearity.
The plot shows the maximum load-carrying capacity as a function of relative density, based on
specially-orthotropic material. The load index on the y-axis in the maps was normalized by the
Young’s modulus, E11, of the respective cell wall fiber volume fractions. At lower relative densities
(0.04-0.09), compressive buckling of cell walls appeared to be the dominating mode of failure which
transitioned briefly to cell wall fracture between relative densities of 0.09 and 0.18. The point of



J. Compos. Sci. 2019, 3, 13

8of 12

confluence in Figure 4 is obtained by equating 0 fucture) and O byckiing) and eliminating &. The density
at that point is the balanced relative density that indicates the occurrence of both buckling and
fracture simultaneously and represents the optimum relative density for the core. With any further
increase in relative density beyond this point, the dominant failure mode changes from cell wall
fracture to buckling. The load indices at the point of confluence for cores with cell wall fiber volume
fractions of 0.35 and 0.7 are 1.76 x 1072 and 1.68 x 1073, respectively. The corresponding compressive
stresses are 147 MPa and 272 MPa, and the relative density at that point is 0.23 for both fiber volume
fractions. Compared with the experimental results, for the core of relative density 0.15, the failure
mode (buckling) is in clear agreement with analytical predictions in Figure 3(i,ii).

Table 3. Material properties of the matrix and reinforcement used [21,22].

Material Elastic Modulus—E (Pa) Shear Modulus—G(Pa) Poisson’s Ratio—v
Prime 20 LV 45 x 10° 1.6 x 10° 0.4
Cytec Prism TX1100 2.3 x 1011 5.0 x 1010 0.3

Table 4. Elastic constants as a function of fiber volume fraction using the mechanics of the

materials approach.

Fiber Volume Fraction

Properties
0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
E11 (GPa) 83.34 94.7 106.0 117.0 129.0 140.0 151.0 162.0
E5, (GPa) 6.85 7.40 8.05 8.83 9.77 10.9 12.4 14.3
G12 (GPa) 2.42 2.61 2.83 3.10 3.42 3.82 4.31 4.96
V1o 0.37 0.36 0.36 0.35 0.35 0.34 0.34 0.33
E»» is the transverse elastic modulus.
10
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Figure 4. Failure mode map for fiber-reinforced honeycombs with cell wall fiber volume fractions of

(a) 0.35 (b) 0.7.



J. Compos. Sci. 2019, 3,13 90f12

4.4. Energy Absorption

The load vs. displacement traces (Figure 5) were used to determine the energy absorption (E4),
using Equation (1) [20],

Total energy absorbed, E4 = /PdS (1)

where P is the applied force and dS is the corresponding incremental displacement during the crushing
process. The specific energy absorption (SEA) of a structure is the energy per unit mass, as given by
Equation (2).

_ Total energy absorbed, E5 [ PdS
N Mass, m - pv

SEA )

where m is the mass of the material, v is the volume, and p is the composite density.
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Figure 5. Energy absorption calculated as the area under the stress vs. deflection trace of (a) unit cell
and (b) 2.5 x 3.5 cell core.

Figure 5 shows the load-displacement responses and the computed specific energy absorption
values of the unit cell and 2.5 x 3.5 cell samples subjected to quasi-static axial crushing. The crushing
process of the unit cell and 2.5 x 3.5 cell honeycomb structures is shown in Figure 3. For both the
unit cell and the array, the structure exhibits an initial linear response before reaching peak loads of
approximately 26 and 150 kN, respectively. After the critical compressive peak load, a large drop in the
crushing load was observed due to cell wall collapse through bending and local buckling. Based on
the test results, the 2.5 x 3.5 cells exhibit specific energy absorption values of 44.5 and 36.7 kJ/kg,
respectively. From the images in the insert of Figure 3a, the unconstrained cell walls in the single unit
cell appear to be free to slide during the crushing process, indicating an unstable and less efficient
energy absorption mode. However, as the number of cells increases (2.5 x 3.5), the cell walls within
the periphery of the specimen appear to collapse more progressively, due to the change in the restraint
conditions, which in effect contributes to a higher energy absorption.
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4.5. Energy Absorption Diagram

Energy absorption in these carbon fiber—reinforced honeycombs occurs in four regions, namely
the linear elastic region up to the maximum compression strength (peak stress), the elastic-plastic
region following the peak stress, the plastic region of uniform stress, and finally, the densification
region where the cell walls begin to close up and densify. For honeycombs, a longer plastic region,
preferably horizontal, provides a higher energy absorption, since the work done to plastically deform
the cell walls consumes the kinetic energy. However, for the purposes of the total energy absorbed
by the structure in this study, all the regions are considered, given that pre-crushed samples were
used. The energy absorption diagram for cell wall thickness to length ratios (//) of 0.08 and 0.04 were
developed using results from a finite element model that was validated with experimental results from
cores with a t/I ratio of 0.15. SHELL 181 elements (four-node element with six degrees of freedom
at each node offering both bending and membrane capabilities) were used to model the honeycomb
core. ANSYS Parametric Design Language (APDL) scripting was used to generate the hexagonal
honeycomb core, and the material properties for the core were obtained from experimental data.
A Young’s modulus of 83.34 GPa, a yield stress of 2.5 GPa, and a tangent modulus of 1.4 GPa were
taken for the carbon composite sheet from Table 3 and Reference [21], respectively. Given that there is
no way to obtain an exact value for the yield stress for such elastic-plastic materials, this value was
assumed based on experimental data. The Poisson’s ratio was taken to be 0.37. The Young’s modulus
and the tangent modulus were corrected by the relative density using the relative density function
in Table 2. The assumption that the core is isotropic is appropriate, given that the error between the
experimental and Finite Element (FE) prediction is less than 10%.

A convergence study was carried out using 5, 15, 25, 30, and 50 elements along the thickness
of the core. The FE model was validated by comparing the experimental load vs. deflection trace
with that from the FE analysis. The study indicated that 30 elements were sufficient (Figure 6), by
exhibiting a discrepancy of less than 10% from the experimental results. Therefore, 30 elements along
the thickness of the core were used to analyze the honeycombs based on the two t/I ratios. The load vs.
deflection trace obtained from the analysis was used to predict the energy absorbed, and cumulative
energy was plotted against stress to construct the energy diagram shown in Figure 7.

3x10° . . .
; ] CONVERGENCE STUDY
2x10 FORCE vs. DISPLACEMENT 1
J UN-PRECRUSHED SAMPLE
1 ELEMENTS ALONG THE THICKNESS OF THE CORE
f— S i -
= 2x10 - FE - MODEL
h=) 1 30
© 5 T Ly 2.5X 3.5 CELLS
8 W0 b _—— . ——
L A T ~ s B
5x10° 1 s = = ==
] EXPERIMENTAL PRE-CRUSHED SAMPLE —“‘#/
0 T T T ! T T T T T T T T T T T T T
0 2 4 8 8 10 12 14 18 18 20

Displacement [mm]

Figure 6. Convergence study conducted using a finite element model of the 2.5 x 3.5 cell core.

It is evident that the total energy absorption increases with increasing cell wall /] ratio, with higher
absorption occurring in the elastic region, followed by the plastic region, and then the densification
region. Optimal energy absorption is given by the curve linking the inflection points of all of the
t/l traces in the diagram, denoted as a bold black line in Figure 7. These diagrams can be used to
characterize the cushioning properties of the cores and hence to optimize their structures.
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Figure 7. Energy absorption diagram for the carbon fiber—reinforced cores with three different t/! ratios.
5. Summary

In this study, carbon fiber-reinforced honeycomb cores were manufactured using the
vacuume-assisted resin transfer molding (VARTM) method. Wax templates were extracted from molds
that were printed using a 3D printer. Pre-compacted dry carbon tapes were used as the reinforcement
in the cell walls. The mechanical performance of composite honeycombs was determined by subjecting
them to out-of-plane compression loading. Failure maps were constructed for two fiber volume
fractions, and energy absorption maps were developed using experimental and numerical data.
The compression test results showed a load-carrying capacity of up to 26 kN (~143 MPa) for a single
hexagonal cell (unit cell) and 160 kN (~170 MPa) for cores consisting of 2.5 x 3.5 cells. The failure
map indicates buckling to be the predominant mode of failure at lower relative densities, shifting to
cell wall fracture at relative densities closer to a value of 10~ 1. The energy absorption diagram shows
a monotonic increase in energy absorption with an increase in the t// ratio of the honeycomb core
cell walls.
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