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ABSTRACT

The sandwich composite forming process is an affordable high-volume technology developed to
manufacture 3D composite sandwich panels with complex curvatures and varying thickness from a flat
format by forming with a set of matched tools. Finite element models were developed as numerical
tools to facilitate the process design and optimisation, and to extend the opportunity for wider industry
uptake. The core was modelled at different scales: Meso-scale model was employed to investigate
forming mechanism, while macro-scale model was used to replicate overall forming response. Results
from meso-scale simulation indicate that the formability for complex curvature is mainly derived from
the bending deformation of the sandwich panel, while the through-thickness core crushing provides
the formability for variable thickness. A macro-scale model was developed to predict the homogenised
forming behaviour of the core based on Abaqus/Explicit. Results indicate that this macro-scale model
is able to significantly reduce the computational time and effectively inform the formability, enabling
process optimisation. The numerical tool was employed to design the forming process for a generic
demonstrator component. The manufacturing solution determined by simulation shows a good
agreement with experiment, indicating the suitability of the developed model for industry applications.

1 INTRODUCTION

Sandwich panels are used to increase the specific stiffness and strength of structures by increasing
the second moment of area, as outer skins transfer bending loads whilst the core transfers shear loads.
Optimised sandwich constructions can offer cost savings in the same order as weight savings [1]
comparing to monolithic panels of the same flexural stiffness. However, lower material costs are often
offset by higher processing costs, as additional intermediate steps are required to machine or cast the
core into shape and to assemble the panel. This additional cost cannot be justified for high volume
applications, where cost is typically the primary design criterion. One solution is to press the core
material into shape simultaneously with the skins, using a single forming operation.

Sandwich panel forming process is a technique developed to form 3D curved components from 2D
format enabling affordable production of sandwich components with varying cross-section shape and
thickness [2, 3]. In this process, the core is sandwiched between two fibre skins. Prior to forming, the
material assembly including the core and the skins are of uniform thickness, keeping cost to a
minimum. Then, it was formed in a set of matched tools. The core is locally crushed during the
forming operation for required shapes [2-4]. Some manufacturers in Europe are producing semi-
structural sandwich panels in this way [2, 5], but panel complexity is currently limited, as the forming
mechanisms are poorly understood. Thus, the process design is based on trial and error, which may
result in significant risks in application. The key to unlocking the potential of the process is the
development of a simulation tool to facilitate the process design for rapid and low-cost manufacture of
composite sandwich structures with assured high quality.

Finite element (FE) simulation provides a low-cost way to determine a set of compatible process
parameters for manufacturing. It is able to approximately predict local defects and visualise the
forming behaviour of the skins and the core. The application of simulation techniques can help to
assess the feasibility of the process prior to implementation. However, there is currently no FE model
available specifically for forming of honeycomb structures. FE modelling techniques for structural
analysis are usually designed to address load-carrying capability including damage prediction [6-9],
while a model for manufacturing simulation would be required to inform the formability including the



prediction of forming-induced defects. Here, through-thickness crushing of the honeycomb core is not
considered as defect but mechanism of forming in component manufacture, while it is typically
considered a failure mode in structural engineering [10-12]. Also, existing FE models are developed
for sandwich structures where the skins are bonded to the core [13-15]. During forming, the skins are
not bonded to the core, allowing relative slippage which facilitates formability. Debonding, which is
detrimental to the performance of finished structures, is not an issue here.

For the forming process simulation, the sandwich skins can be modelled as highly deformable
fabric reinforcement [16-26], while the development of the constitutive model for the core material
requires a homogenisation to obtain effective mechanical properties. The interaction at the contact
between skins and core needs to be modelled appropriately. The model is used to investigate the
feasibility of forming a generic component with complex curvature and variable section thickness.

2 MATERIALS

As shown in Figure 1, the sandwich preform assembly is constructed from two outer fibre
reinforced skins and a cellular core. The core has a hexagonal honeycomb structure and is made from
recycled cardboard. The low density of the porous core compared to the composite skins results in a
significant weight-saving compared to a monolithic composite panel of the same bending stiffness.
The crushable core presents an opportunity to produce complex composite panels with local variations
in thickness before consolidation, without the need to pre-machine the core to the desired shape.
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Figure 1: Primary constituents of a typical sandwich panel.

The two skins are made from FCIM359 biaxial carbon fibre non-crimp fabric (NCF), supplied by
Hexcel, Leicester, UK. Each ply is 0.4 mm thick and consists of 440 gsm of carbon fibre in 24K tow
format. The fibre architecture is £45° with a pillar stitch at 0° in the roll direction. The material shows
an asymmetric shear behaviour and has previously been modelled by the authors using a homogenised
non-orthogonal constitutive model [21-24, 26]. This model has been validated with sufficient fidelity.

2.1 Characterisation of core material

The cell dimensions of the honeycomb core were measured at 5 different positions and its average
values are shown in Figure 2. The material for the cell walls was assumed to be isotropic. Uniaxial
tensile tests were performed on flat specimens using a universal testing machine at a strain rate of 0.03
s’. The tensile force was recorded by a 5 kN load cell and an extensometer was used to measure the
axial strain. Material properties were obtained using average values from five repeats listed in Table 1.
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Figure 2: Dimension of the honeycomb core.



Property Density Young’s modulus Poisson’s ratio Fracture strain
Value 0.74x10% kg/m® 0.41 GPa 0.21 0.067

Table 1: Properties of the cell wall material (i.e. cardboard) from experimental testing.

2.1.1 Through-thickness compression testing

Properties of the honeycomb core in through-thickness compression were tested according to
ASTM C365 (see Figure 3a). A small linear region in the stress strain curve presents at low strains due
to cell wall bending, as indicated in Figure 3b. This is followed by a long plateau region where
buckling of the cell walls occurs. Densification begins from 15 mm of crushing (i.e. 0.75 in nominal
strain), when the cell structure has fully collapsed. It causes a rapid increase in stress with further
increase in strain. The 20 mm thick core material characterised here can be compressed to a final
thickness of approximately 2 mm (i.e. 0.90 nominal strain). The crushing response of the material was
tested at 3 different strain rates (1 mm/min, 10 mm/min, 50 mm/min), showing that the response is rate
insensitive (see Figure 3b).
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Figure 3: Through-thickness compression testing of the honeycomb core.

2.1.2 In-plane tensile testing

In-plane tensile tests were performed on the honeycomb core along the longitudinal and transverse
directions as shown in Figure 4. Results show that the core exhibits the same in-plane tensile stiffness
(0.2 MPa) in the two test directions up to ~0.32 nominal strain. The longitudinal tensile modulus (i.e.
the slope of the curve) between 0.40 and 0.45 nominal strain is ~0.39 MPa, where the cell walls are
generally aligned to the tensile loading direction. The specimen fails at ~0.46 nominal strain in
longitudinal tensile loading due to the debonding of specimen from the testing rig. In contrast, damage
starts at 0.44 nominal strain for the transverse core specimen and complete failure occurs at ~0.70.
There is no significant increase in tensile modulus in the transverse direction, as debonding occurs at
the double-thickness walls (see Figure 2), where two adjacent cardboard plies are glued together to
produce the core architecture.
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Figure 4: In-plane tensile testing of the honeycomb core.
2.1.3  Shear testing

The shear behaviour of the honeycomb core was tested according to ASTM C273 (see Figure 5a).
As shown in Figure 5b, gradients of the stress-strain curves from three shear tests are consistent,
indicating reproducibility of shear moduli derived from the tests. The average shear modulus is 1.56
MPa. Failure occurred in the adhesive used to bond the core to the aluminium tabs, therefore the peak
stress and strain in Figure 5 are not representative of the ultimate values of the core.
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Figure 5: Shear testing of the honeycomb core.

2.2 Friction between materials

The friction between the core and the NCF skins was tested following ASTM D1894, 1SO8295. A
50 mm x 100 mm core sample was bonded to a moving sled using double-sided adhesive tape, while
the NCF used in the skins was bonded to a static aluminium table. The adhesive tape, NCF and core
specimen were replaced after every test. Friction coefficients were calculated from the ratio of the
tangential (pulling) force and the applied normal force (10 N, corresponding to a normal pressure of 2
kPa) during relative movement at a constant velocity (100 mm/min). The average value was calculated
from five repeat tests for each surface pairing [26]. The friction behaviour depends on the direction of
relative displacement or displacement tendency at the interface rather than the side of NCF contacting
to the honeycomb core due to the identical effect of the pillar stitch pattern on both surfaces of this
NCF. Multiple orientations of NCF and core were tested. As shown in Figure 6, the coefficient of
friction varies from 0.47 to 0.57 along different relative orientations of the core to the yarn direction of



the NCF. However, the friction behaviour in the simulation was assumed to be isotropic throughout,
using an average value of 0.52. While this assumption may affect the precision of the simulation
results, it greatly reduces complexity since it enables the in-built isotropic Coulomb friction model to
be used in Abaqus/Explicit. Friction coefficients were previously obtained by the authors for other

surface pairings, including 0.23 for tool-fabric contact and 0.36 for tool-core contact [22, 23, 26].
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Figure 6: Friction testing for interfacial friction coefficient between NCF fabric and core. L and T
denote the longitudinal and the transverse directions of the core respectively; Y and S denote the yarn
and the stitch directions of the NCF on the contact surface; the pulling direction of the sled is the
reference direction (i.e. 0°); all of the numbers in these contact pairing codes are the angles in degree

with respect to the reference direction.

2.3 Material modelling for core material

The mechanical behaviour of the honeycomb core can be modelled at multiple scales, as shown in
Figure 7. At the meso-scale, the architecture of the core can be represented by a unit cell which repeats
in translation. The high geometrical fidelity of this model enables the deformation modes of the core to
be studied in detail, as the mechanical response is replicated explicitly. However, simulations at this
level of detail are computationally expensive, and consequently the size of the structure that can be
analysed is limited.
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Figure 7: Multi-scale modelling of honeycomb core material.

Meso-scale model

Alternatively, the core can be modelled at the macro-scale, by homogenising the material
behaviour and considering it to be a continuum. The macro-scale response should be equivalent to the
corresponding meso-scale model in terms of representative average performance. It is important that
the influence of the different deformation modes is captured, such as bending of the cell walls which
contributes to the initial linear region on the stress strain curve in Figure 3b. Therefore, both modelling
scales, meso and macro, have been used to provide a balance between fidelity and execution time. The
meso-scale model was employed to identify mechanisms of core deformation (such as cell wall



bending, cell wall buckling and densification in Figure 3). These were then correlated with suitable
macro-scale indicators (such as nominal through-thickness strain) for formability/defect prediction.
The honeycomb core was constructed from a series of shell elements at the meso-scale (S4R in
Abaqus/Explicit) or continuum brick elements (C3D8R in Abaqus/Explicit) following homogenisation
at the macro-scale. Since the walls of the honeycomb core were perpendicular to the rigid surface in
compression, unrealistically stress concentration and contact penetration might occurred when the load
was directly applied to the meso-scale model. Consequently, the simulation might fail to converge due
to penetration. Two methods were introduced to refine the contact behaviour to improve numerical
stability, by increasing the surface area of the core material in contact with the tool and hence reduce
local stresses. For the first method, dummy flanges were added to the free edges of each cell wall.
These were assigned a much lower stiffness than the wall material, i.e. less than 1.0 % (see Table 2) to
limit their influence on the overall cell response. The second method used a dummy infill material to
occupy the cell pores. The honeycomb structure was embedded into a solid volume using the
*EMBEDDED ELEMENT command in Abaqus/Explicit. Thus, contact was initiated at one of the
solid surfaces rather than the edges of the corresponding cell walls. Similarly, the infill material had
the same overall dimensions as the representative volume and the material properties were 1.0 % of
the homogenised core material (see Table 2) and a small facture strain (0.010) was assigned for
element deletion to minimise the additional resistance on buckling. Either method facilitates numerical
convergence using a meso-scale model but without significantly compromising the simulation fidelity.

Material Density Young’s modulus  Poisson’s ratio  Fracture strain
Dummy flange 0.74x10°% kg/m® 0.004 GPa 0.21 0.067
Dummy infill material ~ 0.05x10° kg/m?® 0.0003 GPa 0.0 0.010

Table 2: Material properties of dummy materials used in meso-scale models.

The honeycomb core was modelled at the macro-scale using a crushable foam model available in
Abaqus/Explicit [27] which is suitable for modelling buckling of cell walls in compression of
crushable cores. The homogenised material properties were calibrated using data collected from
compression tests, as shown in Figure 8. The RMSE (Root Mean Square Error) of the simulated stress-
strain curve is less than 5 % compared to the experimental curve, indicating adequate agreement.
Meso-scale simulations provide detailed information on the deformation mode of the honeycomb core,
but these models take much longer to converge than the equivalent macro-scale model. While the
macro-scale model only replicates the equivalent behaviour of the homogenised continuum and does
not indicate the detailed deformation behaviour, the overall averaged response is representative of the
stress-strain curve determined experimentally, as shown in Figure 8.
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Figure 8: Stress-strain curve for through-thickness compression of the honeycomb core.

3 PROCESS MODELLING
3.1 FE models for forming

An explicit FE model was established to simulate the forming process of composite sandwich
panels, consisting of a honeycomb core and two outer fabric layers. The sandwich panels were press-



formed into the desired shape using a set of matched tools, as shown in Figure 9. All parts of the
tooling were defined as rigid bodies in the model, including the punch, the die and the blank holder.
The die and the blank holder were fixed during forming, while a vertical displacement of the punch
simulated the forming stroke. A penalty contact algorithm was employed to define the interfacial
behaviour. An isotropic Coulomb friction model was used for the tool-core, tool-fabric and core-fabric
contacts, using friction coefficients of 0.36, 0.23 and 0.52, respectively. The upper and lower fabric
skins were modelled using a non-orthogonal constitutive model previously developed by the authors
for a biaxial non-crimp fabric with a pillar stitch [22].
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Figure 9: Schematic of a FE model of forming a sandwich panel. The original dimensions of the core
were 300 mm x 300 mm x 20 mm.

3.2 Core bending

The FE model was employed to simulate forming of a hemisphere to assess the formability of
honeycomb core over a tool with complex curvature. A hemispherical punch with 100 mm diameter
was used in conjunction with a die with 144 mm diameter, as shown in Figure 9, but the blank holder
was initially omitted. A 50 mm stroke was applied to the punch to replicate the forming process. As
shown in Figure 10, a meso-scale core model was used to understand the forming mechanism. The
central area of the honeycomb core (with no skins attached) was successfully formed into a
hemispherical configuration, indicating the feasibility of the proposed forming technique. However,
large deformation occurs in the unconstrained regions around the perimeter of the core, since no blank
holder was used. Permanent through-thickness deformation (i.e. crushing) is limited and the
unconstrained core is able to slide in the plane of sandwich panel under tension.

The forming process was repeated with blank holder to apply an additional constraining force
during forming of the hemisphere. As shown in Figure 11b, the shape of the formed hemisphere is
more defined when using a fully-matched tool, as large out-of-plane deformation is limited due to the
application of the blank holder. However, the level of core crushing increases in areas in contact with
the punch during forming.
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Figure 10: Stress distribution in the honeycomb core during hemisphere forming using a meso-scale
model (von Mises stress, scale in Pa).
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Figure 11: Comparison of different boundary conditions during hemisphere forming of the core (von

Mises stress, scale in Pa).

3.3 Core crushing

The forming of honeycomb core with variable local thickness was investigated using an 80 mm x
80 mm cubic punch with a fillet (radius 20 mm) at the edges. A 10 mm stroke (i.e. half of the core
thickness) was applied in the thickness direction. The core was compressed against a flat plate, where
all tools were modelled as rigid bodies. A meso-scale model was used to simulate the compressive
response of the cardboard core sample, which had dimensions of 120 mm x 120 mm x 20 mm.

As shown in Figure 12, the cell walls buckle or fold around the compression surface, which has a
negligible effect on the core material outside the punch area. Crushing starts at the top of the specimen
in contact with the punch surface and propagates through the thickness towards the base of the
specimen. Less crushing can be observed at the lower surface of the specimen than the upper surface.
The simulation results are in good agreement with the deformation modes exhibited by test specimens
(Figure 12).
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Figure 12: Crushing a cardboard core for different local thicknesses (von Mises stress, scale in Pa).

4 FORMIING SIMULATION FOR DEMONSTRATOR PART

4.1 Numerical model

A generic composite component was chosen to demonstrate the feasibility of forming sandwich
panels into complex curved configurations. As shown in Figure 13, a set of matched tools (including
punch and die, but no blank holder) were modelled as rigid bodies, where the die was fixed and the
punch was subjected to a displacement in the z-direction. A single-layer of FCIM359 NCF (at +45°
relative to the x-axis) was positioned on both the top surface and bottom surface of the core to form a
sandwich.



Figure 13: Schematic of a FE model of forming a generic component. The longitudinal direction of the
panel is along the x axis, while the transverse direction is along the y axis.

4.2 Shape optimisation

The FE model described above was used to optimise the blank shape for the forming process. An
initial forming simulation was run for a rectangular blank of dimensions 720 mm x 590 mm
(thickness of the core 20 mm, thickness of the skins 0.4 mm), as illustrated in Figure 14a. In total, 9
simulations were performed and excess material outside of the final trim line on the formed
component was removed iteratively. In each iteration, the fabric blank was trimmed into the same
shape of the core blank for convenience.
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(Avg: 75%)
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Figure 14: Shape optimisation for sandwich panel forming. NE, Max, Principal (Abs) denotes the
principal nominal strain whose magnitude is the maximum out of three.

4.3 Forming-induced defects

The demonstrator component was manufactured as shown in Figure 15a. The predicted shear
angles of the sandwich skins (see Figure 15b) are in the range from -30° to 12°, which does not exceed
the wrinkling onset shear angles (42° in positive shear and -50° in negative shear, as reported in [26]).
Simulations indicate that no out-of-plane wrinkling occurs in either skin after forming, which is in
agreement with the experiment.
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Figure 15: Manufactured component (a) and shear angle distribution of NCF skins from simulation (b)
for a generic component.



A cross-section of the component was taken at an arbitrary position to identify other forming-
induced defects. Resin rich regions were identified along the top edges of the thickest region of the
core, i.e. the dark edges in the longitudinal direction (see Figure 15a and Figure 16a). This was also
predicted by the simulation, as shown in Figure 16b. During forming, the fabric skins become trapped
due to the high frictional forces, causing the fabric to bridge the concave regions of the tool. The high
in-plane tensile forces in the fabric plies cause the core to crush locally, creating channels along the
edges of the geometry which consequently fill with resin, resulting in resin-rich areas.
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Figure 16: Section view of the sandwich panel from experiment and simulation.

5 CONCLUSIONS

FE models have been developed to simulate the process of forming curved sandwich panels with
variable thickness. A series of experiments were performed to characterise the honeycomb core to
provide input data for material modelling. The core was modelled at different scales. The meso-scale
model was employed to identify the relevant forming mechanisms, while the macro-scale model was
used to replicate the overall forming response. Results from the meso-scale simulation indicate that the
formability for sandwich panels with complex curvature is primarily derived from the bending
deformation of the sandwich panel, while through-thickness crushing of the core enables variable
thicknesses. A macro-scale model was developed to efficiently predict the homogenised behaviour,
enabling process optimisation. A generic component was simulated, where a flat sandwich panel blank
was formed into a 3D configuration. The developed FE model was employed to optimise the blank
shape for net-shape forming. The manufacturing solution determined by simulation shows a good
agreement with experiment, indicating the suitability of the numerical tool for industrial applications.
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