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Abstract
The energy absorption under compression load of cellular 3D printed structures have been characterised for an unreinforced polyamide 6 and a short carbon fibre reinforced polyamide composite. The presence of the fibre reinforcement enhances all the characterised mechanical performances, without modifying the crushing mechanisms. Among the three cellular structures studied, the performances of the chiral auxetic structure are the best. The combination of the auxetic chiral structure with the polyamide composite material gets the best properties. Additionally, digital image correlation results have validated the finite element model, showing that even if the mechanical behaviour of auxetic cellular structures manufactured by 3D printing of composites is complex, the performances are in good agreement with simple numerical predictions.
1. Introduction
Transportation industry is always looking for new material development in terms of lightweight, damage tolerance and impact energy absorption [1]. Nowadays automotive sector is focused on the integration of carbon fibre reinforced polymers in the primary structures of car body shell to improve the crashworthiness. These structures, such as bumper-crash boxes or ladder frames, act as energy absorbers in crash events. As pseudo-ductile behaviour is mandatory in order to assure occupant safety and minimize injury levels [2], complex material and part designs are highly appreciated from engineers.

Investigations on cellular structures have shown their efficiency in the energy absorption application [3-4] and have identified auxetic lattice structures as promising candidates in terms of lightweight, specific stiffness, strength, and specific energy absorption (SEA). The programmable Poisson’s ratio (νxy) of auxetics induces high material densification under compression [5-6], allowing the aforementioned performance improvement.

The development of 3D printing new technologies allows manufacturing novel structural concepts with complex geometries and enhanced mechanical properties due to the use of discontinuous fibre reinforced printable polymer composites [7]. Different topology of cellular structures manufactured by Fused Filament Fabrication (FFF) have been reported in literature, and their quasi-static performances have been compared [8-10]. However, studies focused on engineering polymer matrix composite cellular structures manufactured by FFF is lacking. The scope of the study is to characterise the crushing behaviour of cellular structures manufactured by FFF of short carbon fibre reinforced polyamide 6.
2.
Experimental procedures
2.1. Materials  
A comparative analysis has been carry with specimens printed in Tough Nylon® and Onyx®, supplied by MarkForged, which are a standard polyamide 6 and a polyamide composite reinforced with carbon micro-fibres. The mechanical properties used for the Finite Element Modelling study described beyond are reported in Table 1. 

Table 1. Tensile test properties of printed composite materials. [11].

	Material
	Modulus 
Elasticity

(GPa)
	Yield Strength (MPa)
	Tensile Strength
(MPa)
	Brake 

strain 
(%)

	
	
	
	
	

	Onyx
	1.4
	36
	30
	58


2.2. Specimens design and 3D printing process
The selected three unit-cell designs are shown in Figure 1. The Chiral (Figure 1a) and the reentrant octagonal lattices (Figure 1b) show an auxetic behaviour [12-14], whereas the third is a conventional hexagonal pattern (Figure 1c) extensively used as core in sandwich structure when radial crushing is a dominant loading case [2, 15, 16]. The compresion specimens are composed by 8 ( 8 repetition of these cells, resulting in rectangular specimens with 80 ( 80 ( 60 mm dimensions (length, width and height).
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Number of elements 52394
Element’s length (mm) 0.1





	[image: image16.png]GO
1739
1800

-2.000

-2.200

2400

-2.600

-2.800

-3.000

-3.200

-3.440






	a)
	b)
	c)


Figure 1. Unit-cell geometrie; Chiral (a) [3, 13], Reentrat (b) [14], and Hexagonal (c) [2, 15, 16].
The name codification of the specimen is as follows; the first capital letter is refered to the lattice geometry (C for Chiral, R for Reentrant and H for Hexagonal), and the second one identifies the material and Material (N for Tough Nylon and O for Onyx). For example, C-O means that the specimen’s geometry and material are Chiral and Onyx composite, respectively.
The specimen have been printed in a MarkTwo® FFF printer from Markforged, and the printing parameters are reported in Table 2. Before testing specimens have been conditioned during 48 hours at 23 ºC and 55% RH. 
Table 2. Printing parameters of the specimens.
	Layer (mm)

0.2
	Infill (%)

100
	Shell thickness (mm)

0.9
	Number of shells

1
	Number of floor layers

4
	Number of solid layers

292
	Total number of layers

300
	Temperature (ºC)

	
	
	
	
	
	
	
	Onyx 
275
	Nylon 
245


The density of the samples are reported in Table 3. Differences in the density between different structures are due to same number of unit-cells (8 ( 8 repetition) and shell thickness (0.9 mm) have been applied as design criteria. Differences in the density between different material are because of reinforcements increase composite material density. 
Table 3. Printing parameters of the specimens.

	Specimen
	C-N
	R-N
	H-N
	C-O
	R-O
	H-O

	Density (g/mm3)
	1.389
	1.317
	0.911
	1.452
	1.335
	0.956


Printing time for the Chiral, Reentrant and Hexagonal specimens are 40, 37 and 23.5 hours, respectively. It must be noticed that the printing times are identical for both studied materials.
2.3. Compression tests 
Quasi-static compresion tests were carried out using a Hoyton/HM-D universal testing machine equipped with a 100 kN load cell is used. The overall displacement was register from the encoder of the ball-screw. Additionally to this overall structure displacement, local strain mapping has been recorded and analysed by Digital Image Correlation (2D-GOM correlate) technique. The cross head speed was 10 mm/min along 50 mm of collapse distance, and the tests were carried out at room temperature and 55% RH. The specific energy absorption, SEA (kJ/kg) was calculated from the registered force-displacement curves by the following equations:
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where, lmax (m) is the total collapsed length and mt is the crushed specimen mass (kg).

3. Finite Element Modelling (FEM)
In order to predict and better understand the initial stages of progressive crushing phenomena, the quasi-static compression test has been simulated by the comercial FE software Abaqus/Standard. Model represents one half of the specimen Figure 2, since Y-Y simmetry boundary condition has been applied. Plane strain elements CPE4R have been used and compression plates have been modelled as rigid analytical surfaces. Prescribed vertical displacement has been applied to the top compression plate, while bottom plate is fixed. Geometric and material nonlinearities are taken into consideration to enable the large deformation of the structure. In spite of the mechanical properties of 3D printed part presents strong dependency to the printing directions [18], preliminary results have been obtained using linear transverse-isotropic and perfect elasto-plastic behaviour material as hypothesis. 

[image: image2]
Figure 2. FE model summary. General (left) and cell detailed view (right). 
4. Results and discussion
4.1. Compression test

The crushing behaviour of the three lattice strucutres and the two materials is shown in Figure 3. The first significative finding is that no variations have been reported in the collapse mechanism of structures when material is changed. Both materials allow the formation of hinge-like areas at the unit-cell corners, which are peak-stress zones, and consequently the structures crushed. Therefore, it can be concluded that the behaviour of the studied cellular structures is more depdendant on geometry thatn on material.

The crushing behaviour of the Chiral structure is divided in two stages (Figure 3 REF _Ref514773366 \h 
 \* MERGEFORMAT a). At the fisrt stage, up to 35 mm of displacement, the vertical hinges collapse at low loading, and consequently the load increases progressively. In the second stage, once almost all the vertical hinges are collapsed and densification is high, the straight vertical walls of the structure start buckling in an unstable mode, inducing sharp load peaks.

Regarding the crushing behaviour of the Reentrant structure (Figure 3b), three different regions can be identified. At the initial stage, up to 5 mm, a high slope linear zone is found, which is associated to the elastic behaviour of the structure. There is an inflexion point between the first and second region related to the beginning of the crushing mechanisms at the vertical corners. At the second region, load increases gradually due to the fact that the amount of buckled vertical corners increases and the walls of the unit-cells get in contact. At the final region, strating at 40 mm, and due to the high densification, the structure behaviour is similar to that of bulk materials. 
The behaviour of the Hexagonal structure (Figure 3c) shows two regions. At the first one, similar to the Reentrant structure, the load increses up to the inflexion point where the collapse of the unit-cell starts. At the second region, there is not stiffening, since Hexagonal unit-cell does not yield negative Poisson’s ratio and densification does not take place.
	a)
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	b)
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	c)
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Figure 3. Compression crush curve for the Chiral (a), Reentrant (b) and Hexagonal (c).
The quantitative analysis of the results show that the performances of the reinforced polyamide are better than for the unreinforced one. This is supported by the fact that the crushing load of the three structures are higher for the composite samples. According to SEA values shown in Figure 4, Chiral structure and composite material (C-O) specimen shows the best performance. Comparing the SEA values of the C-O with C-N, an increment of 37% can be achived. Considering that the printing time is the same for both materials, and that the cost of the compsoites is 12% higher, the use of composite is supported by functional and cost arguments. For the Reentrat design, the SEA increment by adding carbon micro-fibres to the polyamide is similar to that of the Chiral case, whereas in Hexagonal structures is higher (57%). Regarding the designs, the best Chiral performance (SEA) is 137% and 94% higher than the best Reentrant and Hexagonal designs, respectively.
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Figure 4. Specific absorption energy (SEA) values for both materials and different structures.
4.2. FEM results

Chiral (C-O) cellular structure has been selected for FE simulation due to its perfomance (SEA values), stable crushing mechanism and auxetics behaviour. The aim of this simulation is to predict the behaviour of the Chiral cellular structure integrated in more complex spaceframes.
Negative Poisson’s ratio effect in the FE model is magnificated in the middle zone of the Chiral specimen as shown in Figure 5. Using reached displacements at the selected unit-cell (Figure 5a), Poisson’s ratio values have been calculated for tres deformation level (ε) (Figure 5b, Figure 5c, Figure 5d). Finally Poisson’s ratio values have been reported in table 4.
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Figure 5. FE model (a) and X-axis displacements at ε = 0.104 (b), 0.126 (c) and 0.169 (d).
Table 4. Poisson’s ratio variation under compression
	Deformation
	ε (-)
	0.104
	0.126
	0.169

	Poisson ratio
	νxy (-)
	0.53
	0.50
	0.35


4.3. Digital Image Correlation

Representative unit-cell (Figure 6a) measurements under quasi-static compression have been correlated by digital image correlation techniques. It may be conclude that DIC measurements (Figure 6b and Figure 6c) are well correlated with FE modelling predictions. Moreover, Poisson’s ratio calculated using DIC measurements are in good agreement with numerical techniques. For specimen deformation level ε (-) of 0.1 a Poisson’s ratio of -0.64 is calculated. In conclusion, numerical techniques capture, fairly well, the first stages of crushing behaviour of the Chiral structure.
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Figure 6. Digital Image Correlation. Unit-cell (a), X – axis (b) and Y-axis (c) measurements.
5. Conclusions
Energy absorption capabilities of 3D printed cellular composite structures have been evaluated and discussed in the present work. The most efficient combination, among the studies structures, was the Chiral auxetic structure with polyamide 6 composite material (a falta de específicas). No changes on the crushing mode of Chiral composite structures have been reported from the reference unreforced polyamide 6 structure. The specific energy absorption have been improve in a 37 % for a 12% additional material cost, according to the information provided by 3D printer’s preprocesing software (Eiger®). Additionally, Chiral auxetics lattice negative Poisson’s ratio effect have been registered by DIC but futher a deeper chacterization at large deformation in compression loading conditions are needed. Finally, numerical simulation predicitions with experimental results are in good agreement and capture crushing behaviour of lattice structure.
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