
1 INTRODUCTION 

Sandwich constructions have proven to be very 

useful in many application areas due to their high 

stiffness and strength to weight ratios. However, 

their production is limited to flat plates. A further 

expansion of their use is only possible if they can be 

formed into complex shaped parts. 

One can distinguish different families within the 

group of sandwich materials. These families differ 

from the way the face sheets are supported by the 

core. This support can be homogeneous (e.g. foam 

cores), regional (e.g. perforated cores), structured 

(e.g. honeycomb cores), unidirectional (e.g. 

corrugated cores) or punctual (e.g. textile cores 

made out of pile yarns connecting the face sheets). 

Thermoplastic sandwich panels with foam cores 

have already been successfully thermoformed in 

short processing cycles, resulting in complex parts 

that can be used in application areas such as food 

packaging and automotive (Rozant et al. [1]). 

Rozant’s study revealed the importance of the 

temperature distribution through the thickness of the 

sandwich when thermoforming thermoplastic 

sandwich parts. In [2], Mohr and Straza formed 

successfully all-metal sandwich sheets with 

perforated cores. In another paper [3], Mohr points 

out the importance of the out-of-plane core shear 

strength in a sandwich deepdrawing process with 

bending in one direction. Based on theoretical 

considerations he derived a relation between the 

maximum allowed punch force (directly linked to 

the core shear strength) and the minimum allowed 

deepdrawing tool radius for a certain configuration 

of the deepdrawing tools, sandwich geometry and 

sandwich material (core and face sheets). 

This relation is adopted in this paper to deduce the 

minimum forming radius of the forming tools for a 

certain thermoplastic sandwich with honeycomb 

core and a certain deepdrawing configuration. The 

shear strength of the honeycomb core is found by 

performing a non-linear analysis on a geometrically 

detailed sandwich unit cell. This will form the first 

part of the paper. 

In the second part, deepdrawing FE analyses are 

performed on full three-dimensional and 

geometrically detailed sandwich plates with 

honeycomb cores. The found minimum tool radius is 

used. The analyses permit to validate the importance 

of the core shear strength in forming analyses. 

2 SANDWICH CORE SHEAR STRENGTH AND 

MINIMUM TOOL RADIUS 

2.1 Sandwich specifications 
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Figure 1 shows the considered honeycomb 

geometry. The representative unit cell is also 

indicated. This unit cell is used to evaluate the 

honeycomb core shear strength. The core cell size S 

is 6.4mm, the wall thickness tw is 0.16mm, the core 

thickness C is 7.3mm and the face sheet thickness t 

is 0.8mm. The sandwich material is polypropylene 

(PP) at room temperature with a Young’s modulus E 

of 1700MPa, yield stress σ0 of 10MPa and hardening 

modulus ET of 410MPa. 

2.2 Punch force versus core shear strength 

Figure 2 illustrates the forming process 

configuration for deepdrawing with bending in one 

direction. This set-up is used further in this paper for 

an analysis on a full 3D sandwich model. In [3], 

Mohr uses the equivalent mechanical deepdrawing 

systems of figure 3 to examine this forming process. 

 

Fig. 1. Honeycomb characteristics and unit cell definition. 

 

 

Fig. 2. Deepdrawing configuration for bending in one 

direction. 

 

Fig. 3. Equivalent mechanical systems (Mohr [3]) for (a) the 

relation between punch force and highest shear force and (b) 

the deepdrawing deformation process (bending followed by 

unbending). 

With help of figure 3(a) Mohr singles out the region 

of high shear stress where the sandwich is clamped 

between holder and die. The average shear stress 

<τ> in the critical cross section is then: 

S
C

P
ττ ≤=

2
, (1) 

with τs the core shear strength. 

An analytical expression for the punch force P is 

found using the equivalent mechanical system of 

Figure 3(b) by equating the internal strain energy for 

successive bending and unbending with the external 

work delivered by the punch force P. This 

expression is given in [3] and repeated here: 
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Using equations (1) and (5) a direct relation is found 

between core shear strength Sτ  and minimum 
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allowed tool radius R. Sandwich geometry, material 

characteristics and deepdrawing configuration 

(prescribing the mechanism of Figure 3(b)) are kept 

fixed. In the next section core shear strength is 

evaluated to determine the minimum allowed tool 

radius for the considered thermoplastic sandwich 

and deepdrawing process. 

2.3 Application 

A sandwich unit cell finite element model is built up 

using 4-node, reduced integration shell (S4R) 

elements (figure 1). Much attention is paid to the 

boundary conditions. Not only the influence of the 

skins is accounted for (according to the early work 

of Grediac [4]), yet also periodic boundary 

conditions are used, representing the unit cell as a 

small part of an infinite plate. The out-of-plane shear 

behaviour is simulated with ABAQUS/Standard 

(figure 4). With the calculated core shear strength of 

0.8MPa, the minimal allowed tool radius is 77mm 

according to equations (5) and (1). In the next 

sections this tool radius is used to perform 

deepdrawing FE-analyses. 

 

Fig. 4. FE-calculation of the out-of-plane honeycomb core 

shear strength. 

3 FORMING SIMULATIONS ON FULL 3D 

SANDWICH MODELS 

3.1 Deepdrawing simulation with bending in one 

direction 

This deepdrawing process is presented in figure 5 

(cfr. figure 2: D=175mm, P=155mm and R=77mm). 

The sandwich unit cell defined in figure 1 is used to 

build up the whole sandwich plate. 26 unit cells (52 

hexagonal cells) are used in the bending direction, 

giving the plate a total length of 293mm. Only 1 cell 

is used in the direction perpendicular to the bending 

direction. Periodic boundary conditions are used in 

this direction, representing the sandwich plate as 

infinite in this direction. Symmetry conditions are 

exploited. The model contains 324840 variables. 

ABAQUS/Standard is used for the analysis. The 

CPU-time needed for this calculation is about 8 

hours on a 4 GB RAM processor. 

The circles in figure 5 indicate the areas with the 

highest shear stresses (red and blue indicate equal 

shear stresses of opposite signs). They appear in the 

walls of the core. Macroscopically this gives rise to 

out-of-plane shear stress. Shear stress area A is due 

to the reaction forces with blank holder and die, 

consistent with the considerations made from the 

equivalent mechanical system of figure 3(a). The 

shear stress in area B is a consequence of the 

reaction forces due to contact between the blank and 

the forming tools. Figure 6 shows a zoom of this 

area halfway the analysis. The drawn contact forces 

F explain the presence of high out-of-plane shear 

stresses in the core. 

 

Fig. 5. Sandwich forming process with bending in one 

direction. The contour plot shows the shear stress 

 

 

Fig. 6. Zoom on area B of figure 5 halfway the sandwich 

forming process. Contact between the blank and the forming 

tools introduces shear stresses in the core. 
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3.2 Deepdrawing simulation with bending in two 

directions 

For the simulation of this process the sandwich plate 

is built up using the unit cell of figure 1 in a pattern 

of 6 by 10 (120 hexagonal cells), giving a plate of 

67mm by 67mm. The model contains 705894 

variables. Symmetry conditions are exploited. 

In comparison with the forming process with 

bending in one direction, only a smaller degree of 

deformation is possible, because a tool radius R of 

77mm is chosen and the sandwich dimensions are 

rather small. Figure 7 presents the forming 

configuration for this case together with the shear 

stresses of the formed sandwich part. Figure 8 shows 

the formed sandwich part in 3D together with the 

shear stresses. The simulation is conducted with 

ABAQUS/Standard and takes 12 hours of CPU-time 

on a 4 GB RAM processor. 

 

Fig. 7. Sandwich forming process with bending in two 

directions. The contour plot shows the shear stress 

 

Fig. 8. Formed sandwich part with bending in two directions. 

The contour plot shows the shear stress. The areas with the 

highest shear stresses are indicated 

Shear stresses in the core walls are still dominant. 

However, in a plane making an angle of 45° with the 

symmetry planes, high in-plane shear stresses in the 

face sheets can be distinguished (indicated with the 

black line in figure 8). The results show that the 

highest shear stresses in the face sheets appear in the 

area where the core shows the highest out-of-plane 

shear stress. The combination of high bending and 

shear stresses give rise to a wrinkling phenomenon 

in the face sheets. 

4 CONCLUSIONS 

The out-of-plane shear behaviour is proven to be 

important in forming sandwich components. It plays 

a key factor in an important forming failure: core 

thickness reduction. The simulations are carried out 

on small sandwich panels (close to 100 hexagonal 

cells), yet the models contain up to 700.000 

variables, leading to 12 hours of CPU time on a 4Gb 

RAM processor. 

In a next step the authors will try to homogenize the 

sandwich behaviour (via constitutive models or 

directly via the stiffness matrix) taking into account 

the importance of the out-of-plane sandwich forming 

mechanisms. One sandwich equivalent element 

covers one representative unit cell (figure 1). This 

means that local failure phenomena, such as 

wrinkling/dimpling of the face sheets, can not be 

accounted for. However, important phenomena, such 

as core thickness reduction, could still be predicted.  

These equivalent models contain fewer variables and 

should therefore drastically reduce CPU-time. 
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