Performance comparison between glass and basalt fibre-reinforced composites for an automotive seat backrest
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Abstract
In recent years, the automotive industry has been developing lightweight components in order to comply with stricter fuel consumption regulations. In fact, car mass reduction plays an important role in reducing fuel consumption and CO2 emissions. Composite materials are very promising solutions because of their potential to reduce mass by replacing traditional steel components, while ensuring safety requirements and structure reliability. However, they might present some issues in terms of sustainability and cost. This paper presents a methodology developed to carry out safety tests on a virtual automotive seat and then assess the structural practicability of using a more sustainable material, the Basalt Reinforced-Fibre Polymer (BFRP), as a replacement of the original material, the Glass Reinforced-Fibre Polymer (GFRP). The starting point of this study was the mechanical characterisation of both traditional and green composites. Then, the composite material formulation MAT-58 was optimised to correlate the simulated and experimental results. Finally, static and energy absorption simulation tests were performed according to the ECE R17 regulation. The seat model was compliant with the safety requirements in all cases studied, and both composites presented a similar structural performance.
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Introduction
Led by strict new regulations to reduce vehicle emissions, automotive companies have been conducting research in order to design lightweight components, and achieve a sustainable mobility [1-3]. Studies have found that a 10% car mass reduction may reduce fuel consumption by 7% [4,5]. Also, every kilogram of vehicle mass reduction implies 20 kg of CO2 reduction [5]. Advanced High Strength Steels (AHSS), aluminium, magnesium and composite materials are some of the main materials with the potential to replace the steels in an automotive for a lighter design, guaranteeing the safety and structure reliability [6].
In particular, traditional fibre-reinforced polymer composites such as the Carbon Fibre-Reinforced Polymer (CFRP) and Glass Fibre-Reinforced Polymer (GFRP) are very promising due to their high specific strength [7-9]. However, they may pose challenges for the automotive industry such as low recyclability [10], and high cost and production time [11]. These composites have some limitations on the reuse and recyclability due to the presence of two or more phases, being usually disposed in a dump or incinerated by the end of their lifespan.
Green composites
In this paper, the term “green composite” will be used to define any fibre-reinforced polymer composite that was produced to replace traditional composites, whilst reducing environmental impact. This term includes, for instance, composites that are made of recycled materials (e.g. recycled carbon fibres), biodegradable materials and from natural sources (e.g. natural fibres and biobased resins). Natural fibres can be classified according to their origin, which can be from animal (e.g. silk, wool, hair), vegetable (e.g. flax, hemp, sisal, cotton) or mineral (e.g. asbestos, basalt) sources [12,13]. Organic fillers, i.e. natural fibres from animal or vegetable sources, are relatively cheap since they often come from abundant and renewable sources [14]. Compared to synthetic fibres, they are less abrasive, less harmful for production workers, easy to be incinerated, biodegradable, and have good thermal and acoustic insulation properties, low density and high specific strength [10,15]. The main drawbacks of these fibres are high inconsistency of properties due to cultivation or harvesting variations, high moisture sensitivity, poor interfacial fibre-resin bonding, need for surface treatment, risk of decomposition by biological agents, and thermal deterioration at temperatures above 200°C, which limits the processing temperature [16]. In fact, a major constraint on the development of green composites is the incompatibility between the hydrophilic organic fillers and the hydrophobic polymeric matrix [17]. Therefore, to improve the interfacial matrix-fibre bonding and, consequently, the mechanical characteristics of biocomposites, physical and chemical surface treatments of the natural fibres as well as adhesion promoters may be used [18].
A mineral fibre that is worth mentioning is basalt. Current basalt continuous rovings and fabric available in the market are approximately 30% stronger and 15-20% stiffer than E-glass fibres [19]. Basalt fibres production is similar to that of glass fibres. After washing and breaking the basalt rocks, the starting point is to melt the basalt stones at 1500°C, then push the resultant material through small holes of a platinum/rhodium crucible bushing, and finally spin it into basalt fibre yarns [13,19]. The advantages of basalt fibres include resistance to moisture absorption, chemical inertness when disposed in the soil, natural source (i.e. volcanic rocks), thermal stability, sound and electrical insulating properties, wear resistance, recyclability by incineration (which turns the fibres into a recyclable powder), and lower energy consumption in the manufacturing process when compared to fibreglass; on the other hand, basalt fibre disadvantages include higher production cost due to smaller production scale, higher density than glass and other natural fibres, fibre properties dependent on the geographic source location, and the need for fibre treatment to improve interfacial fibre-matrix bonding [20].
Basalt fibre-reinforced composites have the potential to be widely used in structural applications in several areas such as marine, infrastructure, automotive, sport etc, being a more sustainable alternative for the fibreglass composite [19]. Current applications of natural fibres in the automotive field include seat back, dashboard, door panels, package trays, headliners, and trunk liners [21]. Particularly, outstanding automotive applications include the Lotus Eco Elise [22] and the recent McLaren F1 racing car [23] that use hemp and flax fibre-reinforced composites, respectively, in their automotive seat structure. Around 60% of an automotive seat’s mass is due to its metallic structure; hence replacing the alloy steel with fibre-reinforced composites allows a significant mass reduction [24]. The usage of alternative materials for automotive seats must however ensure general passenger's safety requirements for several kind of loads such as fatigue, dynamic load, static load and impact from potential accidents [25].
Study goals
The paper has been developed as results of the research project “Carbogreen”, financed within the IR² call issued by the Piedmont Region (Italy), conducted by Sabelt s.p.a. and Politecnico di Torino, with the support of BeonD s.r.l. This work aims to evaluate the structural feasibility of a novel green composite, a Basalt Fibre-Reinforced Polymer (BFRP), when replacing the traditional Glass Fibre-Reinforced Polymer (GFRP) composite in an automotive seat, in particular the backrest component. For this purpose, static and energy absorption virtual test simulations were performed according to ECE R17 regulation [26] using LS-Dyna. The FEM methodology developed to carry out safety tests on the seat model is presented. The starting point was to experimentally test GFRP and BFRP specimen samples under tensile, compression and bending loads to mechanically characterise the materials. Then, the composite material formulation MAT-58 was calibrated aiming to correlate the simulated results with the experimental ones. After that, the seat FEM model and the test settings for both energy absorption and static tests were developed. Finally, the results of each test for both composite solutions were discussed in terms of regulation compliance.
Materials and methods
Experimental tests
First of all, two kinds of GFRP and BFRP fabric have been selected and characterised: biaxial weave and unidirectional. In particular, the biaxal woven E-glass Formax FGE103-ST and the unidirectional Angeloni TVU 400 have been chosen for the GFRP, while the biaxial basalt continuous filament roving (BCF) BASALTEX BAS BI 450 and the unidirectional BASALTEX BCF BAS UNI 350 were used for the BFRP. Both composites have been produced through Resin Transfer Moulding (RTM) process with a fibre to matrix volume ratio of 50%. The epoxy resins Momentive Epikote and Prime 27 have been used as the matrix for the GFRP and BFRP, respectively. Unlike the GFRP design, the BFRP composite allows the backrest to be easily recycled by incinerating the material and therefore producing basalt powder. 
Several composite samples have been tested under tensile, compression and bending loading conditions according to ASTM standards D3039, D3518, D6641 and D7264 [27-30]. For each loading condition and material, five specimens were tested using an Instron® dynamometer under quasi-static regime. Thus, different tests were performed for the biaxial GFRP and biaxial BFRP such as tensile (tens.) tests of specimens with fibres oriented at 0° and ±45°, compression (compr.) tests of specimens with fibres oriented at 0°, and the bending (bend.) test of specimens with fibres oriented at 0°. For the unidirectional GFRP and BFRP the aforementioned tests were performed as well as those aimed to study the transverse behaviour such as tensile (tens.) tests of specimens with fibres oriented at 90°, compression (compr.) tests of specimens with fibres oriented at 90°, and the bending (bend.) test of specimens with fibres oriented at 90°. Figure 1 shows a sample of the biaxial GFRP and BFRP specimens tested, whilst Figure 2 presents a sample of the unidirectional GFRP and BFRP specimens tested.
[Insert Figure 1. Biaxial GFRP and BFRP composites]

[Insert Figure 2. Unidirectional GFRP and BFRP composites]
Numerical model
The LS-Dyna R12 solver was used for the Finite Element Method (FEM) numerical simulation. In order to simulate the composite laminate, the fully integrated shell element formulation (type 16) was used alongside the recommended Hourglass (type 8) that activates the full projection warping stiffness to avoid solution degradation when in the presence of warped elements. Moreover, when dealing with orthotropic materials, it is important to invoke invariant node numbering INN = 4 in *CONTROL_ACCURACY. This is particularly important when dealing with unidirectional composites since they might lead to numerical instability.
For the composite laminates, the material formulation used was the *MAT_LAMINATED_COMPOSITE_FABRIC (MAT-058) with faceted failure surface activated (FS = -1). The MAT-058 is based on the Matzenmiller-Lubliner-Taylor theory that uses a modified Hashin failure criterion [31], and can be used to simulate complete laminates, unidirectional composites and woven fabrics depending on the failure surface option (FS) used. According to the LS-Dyna manual [32], the faceted failure surface option has a damage evolution that does not depend on any of the other stresses. This means that damage evolution for different stress components is dealt with as independent from each other, resulting in a non-smooth failure. Therefore, coupling only exists due to the elastic parameters and whole structure interactions. In addition, shear behaviour is considered, and the faceted failure surface option provides extra parameters aimed to optimise the shear stress-strain curve in the non-linear range. The faceted failure surface option activates the following failure criteria [33]:
(1) In the tensile fibre mode, failure is assumed whenever 
 			(1)
(2) In the compressive fibre mode, failure is assumed whenever 
			(2)
(3) In the tensile matrix mode, failure is assumed whenever 
			(3)
(4) In the compressive matrix mode, failure is assumed whenever 
			(4)
(5) Finally, the shear failure is assumed whenever 
				(5)
Where: XT, XC, YT, YC, SC are their respective strength values, and  are the effective stress components (at fibre direction, transverse to fibre direction and shear, respectively) given as follows. Damage parameters are expressed as: ; and  are the nominal (true) stress components.
			(6)
For the flat composite surfaces such as the specimens, the global material coordinate AOPT=2 was used. Instead, for the seat backrest the local material coordinate option AOPT=0 was used due to its more complex shape. Moreover, the keywords *PART_COMPOSITE and *ELEMENT_SHELL_COMPOSITE were used to model uniform and non-uniform composite plies, respectively. These keywords allow to set up user-defined integration points through thickness, in which each layer can be set with the respective material, ply angle and thickness.
MAT-058 calibration
From the experimental tests, parameters such as density, Poisson coefficient, transversal and longitudinal Young’s modulus, shear modulus, and maximum stress and strain at different directions (transversal, longitudinal and in-plane shear) were acquired. These experimental parameters fed the LS-Dyna material card MAT-58 and then, by trial and error, they were calibrated in order to correlate the simulated results with experimental curves. The calibration methodology adopted is similar to the one presented by Sisca et al. [34] Therefore, three steps were performed in order to validate the MAT-58 parameters:
1. One Element Test (OET)
2. Specimen Test
3. Four-point Bending Test
As an example, in Figure 3 the specimen models for the biaxial and the unidirectional composites are depicted, whereas Figure 4 shows the four-point bending test model. 
[Insert Figure 3. Tensile and compression specimens FE model – a) Biaxial composite b) Unidirectional composite]
[Insert Figure 4. Four-point bending test]
MAT-58 calibration results
The overall performance of both GFRP and BFRP composites is quite similar in most loading conditions, especially in the elastic range where the materials’ stiffness is equivalent. For the sake of clarity, in the following description GF-EXP and BF-EXP are the experimental curves for the GFRP and BFRP, respectively, whilst GF-FEM and BF-FEM are the corresponding GFRP and BFRP simulated curves.
As concerns the biaxial fabrics, Figure 5 (a) shows similar performance for both materials under longitudinal tensile load. The BFRP composite has, however, a tensile strength approximately 20% higher than the GFRP. Figure 5 (b) presents the shear stress-strain performance of the composites. Both composites show a similar shear modulus in the initial linear range, although the GFRP composite has a shear strength value approximately twice that of the BFRP. 
In Figure 5 (c), the longitudinal compression results are shown. The GFRP composite has a 70% higher compression strain than the one from the BFRP. Finally, Figure 5 (d) shows the force vs. displacement of both composites considered. The curves cannot be directly compared with each other in terms of peak force since the specimens’ thicknesses are different.
As regards the FEM results, the simulated specimens correlated very well with the experimental values for both materials. Some differences can be observed only on the GFRP shear strength value and the BFRP bending displacement due to a saturation point of the material model where the numerical output is insensitive to any parameter modification. 
[Figure 5. Biaxial composite correlation – a) Tensile 0° b) Tensile ±45° c) Compression 0° d) Bending 0°]
As concerns the unidirectional reinforcements, the BFRP composite shows the best results in all directions, especially at 90°, as seen in Figure 6. This is due to the presence of transversal fibres that tie together the longitudinal fibres. Only in terms of shear properties, the GFRP composite is performing better than the BFRP composite, with a maximum strain approximately 30% higher than the BFRP. As seen previously, the bending results cannot be directly compared with each other in terms of peak force since the specimens’ thicknesses are different. The FEM results in Figure 6 show a higher level of correlation although the bending curves were not able to follow exactly the experimental trends, being however more conservative.
[Insert Figure 6. Unidirectional composite correlation – a) Tensile 0° b) Tensile ±45° c) Tensile 90° d) Compression 0° e) Bending 0°]

Seat FEM model
The complete seat FEM model has been duplicated in order to replace the original GFRP backrest with a new BFRP one, maintaining the same composite stacking sequence. There was a 16.8% mass reduction from the original GFRP backrest (1.73 kg) to the BFRP backrest (1.44 kg). Meshing phase and model set up have been conducted using BetaCAE ANSA. Moreover, the structural performance comparison has been set up considering the ECE R17 regulation that concerns vehicles’ approval regarding seats, their anchorages and any head restraints. In particular, two types of tests have been virtually reproduced according to the aforementioned regulation:
· Energy absorption test (at four impact points)
· Static test
Energy absorption test
For the energy absorption tests (Figure 7), the ECE R17 [26] states that a headform of 165 mm diameter shall impact the seat at 24.1 km/h in a pendular movement at selected impact points. It also requires that maximum impactor’s deceleration must not exceed 785 m/s2 (80g) continuously for more than 3 ms, and no dangerous edge must occur during or remain after the impact. Furthermore, the headform has been modelled as rigid steel and its initial velocity was set to 24.1 km/h using the keyword INITIAL_VELOCITY_RIGID_BODY.
[Insert Figure 7. Energy absorption test (lateral view)]
The impact points (Figure 8) were selected at the plastic cover in the middle (point 1), 65 mm from the top in the middle (point 2), 65 mm from the top at 70 mm left (point 3) and seat rear middle point at 45° to vertical (point 4).
[Insert Figure 8. Impact points (1, 2, 3, 4) – a) Front view b) Lateral view]
Static test
In the static test, the headform and the SAE J826 manikin torso [35] were modelled as rigid steel, and were positioned according to ECE R17 regulation [26] as seen in figure 9. In addition, the pendulums’ revolute joints were positioned at the R point for both headform and torso.
[bookmark: _Toc50048978][Insert Figure 9. Torso and headform positioning – a) Front view b) Lateral view]
Follower forces applied in the torso and headform centre were created using the keyword *LOAD_NODE_POINT. This means a force was applied perpendicularly to a plane parallel to the backrest, which changed in time, according to a load profile as seen in Figure 10.
The ECE R17 requires that the maximum x-displacement of the headform must be less than 102 mm at the step 2 (with respect to the displaced torso reference line at step 1), and that the head restraint and anchorage must be strong enough to bear without breakage the headform’s 890 N load at the step 3, corresponding to a moment of 645 Nm.
[bookmark: _Toc50048980][Insert Figure 10. Proposed load profile]
Results
Energy absorption test
Figures 11 to 15 show the deceleration curves alongside their maximum deceleration values from the energy absorption test performed at 4 different impact points as described in Figure 8. In all impact points studied, the seat was compliant with the ECE R17 for both GFRP and BFRP backrest design. The deceleration curves presented a similar behaviour for both materials used. In general, the BFRP reduced the maximum deceleration values, particularly in the impact points 1 and 4. Moreover, Figure 15 shows the first 10 ms of the energy absorption test at point 4 reported before in Figure 14. In the first 2 ms, deceleration peaks of around 68.6 g for the GFRP and 52.5 g for the BFRP are reported, which were the maximum values found among all points studied. In addition, point 4 is made of composite material and, therefore, is more rigid than the other points studied, which are made of polymer (point 1) or foam (points 2 and 3). This explains the highest deceleration values found in point 4.
[Insert Figure 11. Energy absorption test – point 1]

[Insert Figure 12. Energy absorption test – point 2]

[Insert Figure 13. Energy absorption test – point 3]

[Insert Figure 14. Energy absorption test – point 4]

[Insert Figure 15. Energy absorption test – point 4 (reporting only the first 10 ms)]
Figure 16 shows the average global damage index for the basalt backrest at the end of the impact tests 1 and 4. A damage index value equal to 0 means that no damage has occurred, whilst 1 means total failure. Thus, the impactor’s deceleration did not exceed 785 m/s2 (80 g) continuously for more than 3 ms, and no dangerous edge occurred during or remained after the impact.
[Insert Figure 16. Average global damage index – a) Impact point 1 b) Impact point 4]
Static test
In the static test simulations, the seat model was also compliant with the ECE R17 in both design concepts. The maximum displacement was below 102 mm at load step 2 (92 mm and 95 mm for the GFRP and BFRP concepts, respectively); and no failure has occurred by the end of the simulation. Figure 17 shows the backrest maximum principal stress distribution, whilst Figure 18 presents the average global damage index distribution. Although the maximum first principal stress increased by 35.6% with the BFRP backrest as compared to the GFRP design, the maximum global damage index reduced by 34.4% from 0.277 to 0.181 for the GFRP and BFRP backrests, respectively. The highest stress and damage values were found in the headrest zone, particularly at the edges, as a result of the headform’s load application.
[Insert Figure 17. Maximum principal stress distribution at load step 3 – a) GFRP b) BFRP]
[Insert Figure 18. Average global damage index at load step 4 – a) GFRP b) BFRP]
[bookmark: _Hlk97210067]Conclusion
The purpose of this article was to develop an FEM methodology to perform structural safety test simulations on a seat with a backrest in composite materials and then evaluate the feasibility of replacing the original material, the GFRP, with the more sustainable green composite, the BFRP. Firstly, GFRP and BFRP specimen samples were mechanically characterised. With the properties found experimentally, the composite material card MAT-58 was optimised in order to correlate the experimental and simulated behaviour of the studied composites. Then, a complete seat FEM model was set up to simulate the energy absorption test at four different impact point and the static test as prescribed by the ECE R17 regulation.
As expected, the GFRP and BFRP composite materials showed a very similar behaviour in all seat simulation tests performed, being also compliant with the ECE R17 in all cases studied. In the energy absorption test, the impactor’s deceleration was below the maximum allowed by the regulation in all four impact points, and no dangerous edge due to the impact has occurred. Furthermore, the seat FEM model was compliant with the static test requirements such as headform’s maximum displacement, and head restraint and anchorage strength. Also, a reduction of damage in shear has been observed in the BFRP backrest design. This can be linked to the higher BFRP mechanical performance, particularly due to the unidirectional BFRP used as reinforcement in the headrest zone.
In order to guarantee the sustainability of the new implemented material, a Life Cycle Assessment (LCA) is necessary to evaluate the real environmental impact of the final design decision. Future developments could be an analysis of the manufacturing process, an NVH evaluation to assess the seat comfort when using different materials and a cost estimation. Finally, international regulations specify several safety tests that must be performed, hence further testing is necessary.
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