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Abstract

The design and validation of a sandwich skateboard is presented. The skateboard consists of carbon
fiber reinforced face layers and a cellular composite core made from glass foam granules embedded in
an epoxy resin matrix. The infiltration core composed of glass foam granules and the fiber reinforced
face layers are infiltrated in one single step. Compared to skateboards made from wood, a weight
reduction of 14 % and an increase of static strength by 79 % are achieved while maintaining similar
stiffness. As a basis for the lifetime prediction of the core material a continuum damage mechanics
model for uniaxial static and cyclic loading is developed. The damage is separated into pure static and
pure fatigue damage and described in terms of stiffness loss of the material. The analysis of the cyclic
fatigue includes different amplitudes, mean stresses, and load sequences. The damage evolution is
modeled as a superposition of static and cyclic damage. The model incorporates nonlinear
accumulation and interaction of damage. The calculated lifetimes are in good agreement with
experiments.

1. Introduction

Cellular composites belong to the group of syntactic foams and use cellular granules as placeholders.
The placeholders consist of glass, mineral or metal foams [1, 2]. The mechanical properties of cellular
composites, such as strength or stiffness can be improved by using cellular placeholders compared to
conventional cellular solids with equal weight [1, 3, 4]. The static and fatigue behavior of the
presented cellular composite is analyzed in [4-6]. The application as supporting core in thin-walled
members is shown in [7, 8]. The present paper covers the application of a cellular composite in a
sandwich structure. Since sandwich structures are loaded by different load-time-functions, the static
and cyclic damage behavior of the cellular composite is analyzed and modeled for different
amplitudes, mean stresses and frequencies.

2. Application in a Sandwich Structure

Using cellular composites as core material, it is possible to produce sandwich structures with fiber-
reinforced composites as face layers in one step [9, 10]. The idea is to eliminate the adhesive
lamination process between core and the surface layers by integrating the surface layer production into
the manufacturing process of the core. To demonstrate the advantages of the proposed cast process a
3D shaped sandwich skateboard with a cellular composite core has been developed [11]. The aim was
to increase the strength and to reduce the weight compared to conventional skateboards made of
plywood. The stiffness should remain similar to conventional skateboards. A cellular composite with
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0.5-1 mm foam granules made from recycled glass was chosen as core material and carbon fiber
reinforced layers are chosen as face material [6].

Due to the complex structure of the skateboard, the manufacturing process is carried out with the help
of an infiltration core as proposed in [9]. The glass foam granules are coated with a small amount of
epoxy resin with a mixing ratio of 5:1. After filling and curing in a core mold, a high porous
infiltration core with sufficient shape stability is produced. In a following step, the infiltration core is
positioned together with the dry fiber fabric into the casting mold. After closing the mold, the core and
layer area are infiltrated with epoxy resin simultaneously. This leads to a homogeneous connection
between the core and the faces. The advantage of this process is the ability to produce single or
multiple curved structures and to avoid a separate bonding of the faces with the sandwich core.

The numerical simulation, optimization and the face lay-up of the 3D-shaped skateboard is described
in [11, 12]. The optimized core and face thickness of 3.1 mm and 1.3 mm lead to a total sandwich
thickness of 5.7 mm (Fig. 1a). As a result from the analytical and the numerical optimization, the
weight of the sandwich skateboard could be reduced by 14 % compared to a conventional skateboard
made of plywood [11, 12]. The sandwich skateboard (Fig. 1b) has a weight of 945 g (without axes and
wheels).
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Figure 1. a) Cross section of the sandwich structure; b) Sandwich skateboard with axes and wheels

Using a 3-point bending test, the stiffness and the strength of the sandwich skateboard in comparison
to a plywood skateboard are analyzed and presented in Fig. 2. The skateboard is fixed on cylindrical
supports with a radius of 17.5 mm and a length of 60 mm (Fig. 2a). The support distance is 410 mm.
The loading at the center is realized with a beech wood stamp, which has a width of 64 mm. The
stiffness of the sandwich skateboard is only slightly below the stiffness of the plywood board (Fig.
2b). The force-deflection curve of the sandwich board remains nearly linear till fracture occurs at
5.2 kN. The plywood board shows a considerable inelastic behavior after the proportionality limit at
2.9 kN, where 1 mm inelastic deflection and the onset of damage is reached. With this criterion the
strength of the sandwich skateboard is 79 % higher than the strength of the wood skateboard. The
specific strength Fp/Fs (load at inelastic deflection of 1 mm divided by the structural weight) of the
sandwich board is 109 % higher compared to the specific strength of the plywood board.
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Figure 2. a) 3-point bending on sandwich skateboard; b) Comparison of the force-deflection curves

3. Fatigue Damage Behavior of a Cellular Composite
3.1. Experimental Investigations
The quasi-static mechanical properties of cellular composites with different glass foam granule sizes

were discussed in [4, 6]. Table 1 contains the mechanical properties of the cellular composite with 1-2
mm glass foam granules as used in the following investigation.

Table 1: Mechanical properties of the cellular composite with 1-2 mm glass foam granules [13]

Density p | Young’s | Poisson’s | Tensile yield | Tensile Compressive Compressive
[g/cm?] modulus | ratio strength strength yield strength | strength

E [MPa] v [-] o,r [MPa] our [MPa] | oyc[MPa] ouc [MPa]
0.72 3100 0.31 5.8 9.1 17.1 18.3

The fatigue behavior of cellular composites under static and cyclic tensile and compressive loading
was investigated in [4, 5, 13]. The damage behavior was analyzed by means of scanning electron
microscopy (SEM). It was found that microcracks are forming first in the glass foam granules.
Subsequently, these microcracks lead to the formation of a macrocrack passing through the glass foam
granules and the matrix. Macrocracks finally causes the specimen’s failure. The fatigue process was
found to be an interaction between the static and the cyclic damage. The damage D is described in
terms of macroscopic stiffness loss (see e.g. [14])

D=1- £ ,

Ey

(M

with the current Young’s modulus £, which is defined as the initial stiffness of the unloading path of
the hysteresis loop. E, is the initial Young’s modulus of the undamaged specimen. The damage
evolution in tension was found to be significantly different than in compression [5].
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3.2. Damage Modeling

Continuum damage mechanics models for static and cyclic damage are used to model the damage
evolution of the cellular composite. For calibrating the model parameters, pure static and pure cyclic
damage tests were performed [13].

3.2.1. Static Damage

For the description of the static damage increment dDs the Kachanov-Rabotnov creep damage model
[15, 16]

m
o

dl)S = Amdl (2)

with the material constants 4, m and the damage exponent p is applied. The damage increment dD;
depends on the current damage D, which leads to a nonlinear damage evolution. Since p depends on
the stress, it is further possible to describe nonlinear damage accumulation (sequence effects). The
parameters of the static damage model and their determination are described in [13].

3.2.2. Cyclic Damage

The cyclic fatigue damage model from Chaboche and Lesne [17] is used for the description of the
cyclic damage. In this model, the damage increment dD. is calculated as function of the current
damage D, stress amplitude o0,, mean stress oy, stress exponent f, damage exponent o and the
parameter M for the mean stress dependency by

N
dD, =D“(—3] dN . 3)
M

Since the damage increment dD. depends on the current damage D it is possible to describe nonlinear
damage evolution. Furthermore, it is possible to consider nonlinear damage accumulation (sequence
effects) by using the damage exponent a, which depends on the load level. The parameter M for the
mean stress dependency is calculated using the function M = M, - 6, where M, is a constant. See [13]
for all parameters of the cyclic damage model.

Figure 3 shows the experimentally determined fatigue limit o5 for N =5 x 10° cycles depending on the
mean stress o,,. The dot-dashed lines show the linear relation between the mean stress o, and the stress
amplitude o, for a constant stress ratio R = 0pin/Omax. The maximum value of o5 = 6.3 MPa is found at
Om = -4.6 MPa. The damage and the failure behavior can be divided in a compressive and a tensile
range. The failure behavior at stresses o, < -4.6 MPa is characterized by a progressive shortening of
specimens and developing a shear band at approximately 45° to the loading axis [4]. In contrast to
compression, the strain development in tension is low and the specimens fail by a macrocrack
propagation through the matrix and the glass foam granules normal to the loading direction. This kind
of damage and failure is typical for brittle materials.

In the original version of the cyclic damage model, a linear dependency (Goodman relation) between
the mean stress and the fatigue limit is used [17]. It can be seen in Fig. 3 that this approach cannot be
used in case of the investigated cellular composite. Therefore, the fatigue limit is approximated using
the Gaussian distribution

1 (o —(-4.6MPa))’
__55(Mpa)’ o 2 (o6MPay 4
A" 2z -3.6MPa

o
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in the present work. The Gaussian distribution is often used in case of fiber reinforced plastics, see e.g.
[18].
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Figure 3. Fatigue limit o, for N=15 X 10° cycles under mean stress oy,

3.2.3. Damage Interaction

In case of the investigated cellular composite, the static and cyclic damage lead to the microcrack
growth in the glass foam granules in the same way [4, 5, 13]. Both types of damage can interact and
accelerate the damage process. In this case, the total damage increment can be computed as sum of the
static and cyclic damage increments [19] with

dD=dDs+dD,. (5)

Using this procedure it is possible to account for nonlinear damage accumulation and interaction
between the static and the cyclic damage [19]. The integration of Eq. 5 is performed numerically using
an explicit Euler code. A cycle jumping procedure was developed, which allows for a fast calculation
of damage evolution for arbitrary load frequencies [13].

4, Lifetime Calculation and Comparison with Experiment

To demonstrate the capability of the damage model, the lifetimes for compressive cyclic loading (R =
10) and different frequencies are calculated and compared with experimental results. In the present
case, a sine waveform is used. Experimental results are available for 0.1 Hz, 1 Hz and 20 Hz test
frequency. Figure 4 shows that there is a strong influence of frequency on the lifetime in terms of
number of cycles to failure N The lifetime at higher frequencies is higher than that at lower
frequencies because the cumulative time at load for static damage is shorter.

The results obtained from the damage model agree well with the experimental results, see Fig. 4. It can
be seen that N¢is continuously decreasing by reducing the test frequency because the static damage is
gaining more influence. In contrast, the calculated fatigue life for 100 Hz test frequency is only
slightly higher than that at 20 Hz test frequency. This means that the influence of static damage
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becomes lower at higher frequencies. Further results including an investigation of different load ratios,
sequence effects and signal form influence are discussed in [13].
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Figure 4. Effect of loading frequency in case of compressive cyclic loading (R = 10, sine waveform)

5. Conclusions

A newly developed infiltration method enables the production of complex 3D shaped sandwich
structures with cellular composites as core material and fibre reinforced composites as face layers in
one step. The investigated cellular composite is an epoxy resin based syntactic foam reinforced with
glass foam granules made from recycled glass. As an example, a lightweight sandwich skateboard was
developed. The weight of the sandwich skateboard could be reduced by 14 % compared to a
conventional skateboard made of plywood. While maintaining a similar stiffness, the static strength of
the sandwich board could be increased by 79 %.

A continuum damage mechanics model for cellular composites under static and cyclic loading is
presented. The damage is modeled as an interaction between static and cyclic damage and the model
incorporates nonlinear accumulation and interaction of damage. For this purpose, the damage is
separated into pure static and pure cyclic damage and described in terms of stiffness loss of the
material. The frequency effect is caused by an interaction of static and cyclic damage, which is
included within the presented damage model. The mean stress dependency is analyzed experimentally
and approximated by a Gaussian distribution with high accuracy. The calculated lifetimes at different
loading frequencies are in good agreement with experiments.
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