Out-of-plane compressive response of additively manufactured cross-ply composites
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ABSTRACT
Recent studies demonstrated that the composites with high-strength fibres embedded in a low shear strength matrix are more suitable to mitigate ballistic and blast loading. This is due to the fibres in the composite fail by ‘indirect tension’ mechanism which is facilitated by the low shear strength of the matrix. Attwood et al. (2014) demonstrated the existence of this failure mode in Dyneema cross-ply composites made from Ultra High Molecular Weight Polyethylene fibre reinforced in a rubbery matrix. Recently, Hu et al. (2018) replicated those experiments with carbon fibre reinforced composites and demonstrated that the composites having matrix shear strength less than 15MPa fail by ‘indirect tension’ mechanism. Manufacturing of composites with varying shear strength is challenging with thermoset polymers. Therefore, this study is focussed on understanding the use of the additive manufacturing approach to fabricate continuous fibre reinforced composites and investigate their suitability to mitigate static/dynamic loading. 
In this study, a micro-mechanical and finite element model, as motivated by the Parry and Wronski (1990) and Attwood et al. (2014) was extended to predict the out-of-plane compressive behaviour of additively manufactured cross-ply composites. This model accounts for the effect of matrix shear strength, fibre type, specimen geometry, and pressure-sensitivity on the out-of-plane compressive strength of additively manufactured composites made from Carbon, Glass and Kevlar fibre reinforced in Nylon matrix. To validate our micro-mechanical and finite element model, out-of-plane compressive tests were performed on the additively manufactured [0°/90°]30 composites to measure their compressive response with varying specimen sizes. Furthermore, X-ray Computed Tomography (XCT) scanning has also been performed on the failed specimens to investigate their failure mode.  This study revealed for the first time that ‘indirect tension’ is one of the active failure mechanisms of additively manufactured cross-ply composite under quasi-static uniaxial out-of-plane compression, for a wide range of specimen sizes. The peak strength of the composites varies with specimen size for Kevlar fibre reinforcement, while the Carbon and Glass fibre reinforcement has shown no size dependence on their peak strength. It is shown that the developed micro-mechanical model can predict these experimentally observed behaviours of additively manufactured composites under out-of-plane compression loading. 
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	Figure 1: CT scan image of failed 3D printed Kevlar fibre reinforced Nylon cross-ply ply [0°/90°]30 composites specimen having a side length of 25 mm.
	Figure 2: The measured and predicted peak strength, σmax as a function of specimen size L for 3D printed Kevlar cross-ply composites. An experimental measurement for Dyneema cross-ply composite is also included in the figure from Attwood et al. (2014).
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