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Hybrid CFRP-elastomer-metal laminates: Influence of lay-up parameters on its damping behaviour
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Abstract
In this work, the damping behaviour of hybrid carbon fibre-reinforced plastics/elastomer/metal-laminates is investigated with regard to the influence of multilayer composite parameters, such as lay-up and visco-elastic material behaviour of the constituents. Elementary experimental studies (dynamic mechanical analysis) are performed to characterise the visco-elastic material behaviour of the elastomer and the carbon fibre-reinforced plastics. Furthermore, numerical studies are conducted by implementation of the visco-elastic material behaviour into commercial finite-element software. Therefore, detailed multi-layer finite-element models are created, offering a high flexibility concerning the finite-element type and number of elements especially in thickness direction of the laminate. In particular, existing material models are used and the influence of each constituent on the system’s damping behaviour is investigated. Owing to the detailed 3D modelling, no restrictions to the limits of equivalent single-layer or layer-wise shell elements arise.
1.
Introduction
The combination of fibre-reinforced plastics (FRP) and metals impresses with excellent mechanical and fatigue properties by low density [1]. Most of the so called fibre-metal laminates (FML) can be found in aerospace applications, however, it can be recorded, that the use of hybrid materials also increases in the fields of typical mechanical engineering purposes, e.g. in the ship building and automotive industry. The highest lightweight potential is promised by using a combination of carbon fibre-reinforced plastics (CFRP) and aluminium. In this case, however, special attention has to be paid to the corrosion potential and the significant mismatch of the thermal expansion between these two materials. To avoid these challenges a possibility is to introduce of an elastomeric layer and, hence, to develop the FML to a hybrid CFRP-elastomer-metal laminate (HyCEML).
The development of HyCEML allows the reduction of the thermal expansion mismatch between FRP and metal and, in addition, the prevention of galvanic corrosion. More important, it enables the possibility with regard to a smart design of laminated structures by flexible stiffness and adaptable damping behaviour. Owing to the visco-elastic material behaviour of the elastomer and the CFRP the vibration and damping behaviour can be adjusted to the design requirements [11]. Therefore, a detailed knowledge about the mechanical material behaviour of HyCEML and its constituents is essential and is the objective of this work.
2.
Materials and methods
2.1.
CFRP-elastomer-metal laminates
The investigated CFRP-elastomer-metal laminates (HyCEML) consist of common CFRP prepreg material HexPly M77/38%/UD150/CHS (provided by Hexcel Corporation), elastomer (El) Kraibon SAA9579-52 (provided by Gummiwerk Kraiburg GmbH & Co. KG) and aluminium (Al) alloy 2024-T3 AlCLAD sheets (provided by Kastens Knauer GmbH). For this study, the lay-up of HyCEML is varied depending on the setup of the investigation. However, the nominal thickness of specimens is set to be t = 2.5 mm, where the elastomeric layer is always between the CFRP- and aluminium-layer to avoid galvanic corrosion.
2.2.
Mechanical material behaviour and material models of the constituents
As input for the numerical examinations quasi-static material properties are identified by performing experimentally tensile tests based on EN ISO 527-4 [2] and ISO 37 [3] by using testing machines from Zwick GmbH & Co. KG. To measure the strain and to determine the Poisson’s ratio digital image correlation (DIC) is used. In the case of CFRP mechanical properties, the transverse shear modulus G32 is calculated by applying the rule of mixture assuming that Poisson’s ratio ν32 is 0.4 [10]. Furthermore, the mechanical properties of aluminium are taken from a data sheet. All mechanical quasi-static properties from the HyCEML constituents are summarised in Table 1 for CFRP and in Table 2 for elastomer and aluminium, respectively.
Table 1. Elastic properties of CFRP M77/CHS (tCFRP = 0.15 mm).
	Elastic modulus

/ GPa
	Poisson’s ratio

/ –
	Shear modulus

/ GPa
	Density

/ kg/m3

	E1 = 113.7
	ν 21 = 0.3371
	G21 = 3.76
	ρ = 1496

	E2 = 7.75
	ν 31 = 0.3381
	G31 = 3.76
	

	E3 = 7.75
	ν 32 = 0.4000
	G32 = 2.75
	


Table 2. Elastic properties of elastomer (tEl = 0.5 mm) and aluminium (tAl = 0.3 mm).
	Type
	Elastic modulus

E / GPa
	Shear modulus

ν / –
	Density

ρ / kg/m3

	SAA9579-52
	0.074
	0.48
	1180

	AL2024-T3
	73.10
	0.31
	2780


Furthermore, to qualify the visco-elastic material behaviour of CFRP and elastomer, dynamic mechanical analysis (DMA) tests based on ISO 6721-4 [4] are carried out gathering a data base in a frequency range of f = 0.1 Hz to 10 Hz at a continuous temperature between T = -80 °C and 50 °C in a step size of 3 °C. The dataset is used to describe the storage and loss modulus over a wide range of frequency by applying Williams-Lendel-Ferry approach, also known as the time-temperature superposition principle. The visco-elasticity of the elastomer can be modelled by build-in software methods, whereas an extended user-defined material model is required to describe the orthotropic visco-elasticity of fibre-reinforced plastics.
2.3
Numerical model, boundary conditions and FE mesh
For measuring the influence of visco-elasticity of the polymeric constituents, a virtual test setup based on ISO 6721-3 [5] is chosen. In this case, a cantilever beam (length × width = 180 mm × 15 mm) clamped on one side is modelled in Abaqus and is excited by a harmonic force on the opposite side. A detailed schematic picture of the test setup is shown in Fig. 1.
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Figure 1. Schematic test setup of the HyCEML cantilever beam based on ISO 6721-3 [5].
In a first step the mesh fineness is evaluated for all numerical studies and optimised to reduce the calculation time. For that purpose, a detailed parameterised multi-layer finite element model is generated, where a minimum of three elements through the layer thickness is chosen. As know from previous analysis [6], 20-nodes volume elements (C3D20H) capture the material behaviour of HyCEML with a high accuracy in terms of depicting the transverse deformation and hence, are chosen for this investigation. In general, a modal analysis is not carried out, owing to the fact, that in this case all time or frequency depending material behaviour is neglected by FE software [7]. Hence, the result shown in the following section is based on steady-state analysis.
3.
Results and discussion
In comparison to experimental studies, the impact of visco-elasticity of polymeric constituents of HyCEML on vibration properties, can be clearly identified by numerical investigations. In the following, the visco-elasticity of elastomer and CFRP is either taking into account or neglected to highlight its effect on vibration properties of HyCEML. For all graphs, the amplitude of the material response is normalised to the initial deflection of the cantilever beam [8].
In the first step, four numerical calculations are carried out to present in detail the influence of the visco-elasticity of the elastomer and CFRP, respectively. In Fig. 2 the amplitude of the cantilever beam is faced to the excited frequency. It can be illustrated, that as soon as visco-elasticity is considered the material response of HyCEML leads to higher values of the natural frequencies. This can be traced back to the increase of storage modulus with increasing frequency. In addition, also a reduction of the amplitude, i.e. increasing of damping values of HyCEML,  can be observed. For both effects, the elastomer has the greatest influence.
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Figure 2. Numerical investigation of the influence of visco-elasticity of HyCEML constituents (elastomer and CFRP) on the damping behaviour of the hybrid laminate.

In the second step, the lay-up is varied from the typical laminate structure [CFRP/El/Al]s to [Al/El/CFRP]s. Fig. 3 shows the material response (amplitude versus frequency) of both lay-ups for a constant harmonic force excitation. If aluminium is placed on the outer side of the laminate the natural frequency is reduced to lower frequency values. Also, a reduction of the damping can be observed, which can be traced back to the fact, that the visco-elasticity of the elastomer and the CFRP plays just a minor importance when these layers are placed in the middle of the laminate. Hence, the energy dissipation due to the visco-elasticity of the polymeric constituents in shear is reduced.
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Figure 3. Influence of the laminate structure on the damping behaviour of yCEML, considering visco-elasticity of the HyCEML constituents (elastomer and CFRP).

To sum up the influence of the visco-elasticity of the polymeric constituents of HyCEML on its damping behaviour, Table 3 includes the loss factors based on half power value bandwidth (3dB) method [9] for undamped [CFRP/El/Al]s and damped [CFRP/El/Al]s and [Al/El/CFRP]s laminates, respectively. It can be shown, that each mode shows an individual dissipation behaviour and the second natural frequency is more damped than the first natural frequency. It also can be confirmed, that CFRP on the outer side of a laminate has a greater influence on damping of HyCEML than aluminium as shown in Fig. 3.
Table 3. Loss factors based on half power value bandwidth (3dB) method for undamped and damped hybrid CFRP-elastomer-metal laminates.
	Laminate
	Loss factor @
1. natural frequency
	Loss factor @
2. natural frequency

	[CFRP/El/Al]s undamped
	0.0065
	0.0035

	[CFRP/El/Al]s damped
	0.0147
	0.0219

	[Al/El/CFRP]s damped
	0.0068
	0.0136


4.
Conclusion
In this work, the influence of the visco-elasticity of the polymeric constituents on the damping behaviour of a hybrid CFRP-elastomer-metla laminate (HyCEML) is investigated and characterised. Usually, the direct influence of visco-elastic material behaviour on the structural damping can be hardly characterised by experimental studies. Hence, numerical investigations are conducted allowing to neglect or to take into account the visco-elasticity and thus to highlight the effect of every constituent. Therefore, a build-in material model is used to describe the visco-elasticity for the elastomer and a orthotropic visco-elastic material model is developed for CFRP. It can be figured out, that the greatest influence on damping is coming from the elastomer, whereas a further attributed proportion is based on visco-elastic effects of the CFRP.
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