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abstract 

This work presents the findings of a study to investigate the modelling of impact loading on fibre-metal laminates based on an innovative self-reinforced thermoplastic composite reinforcement manufactured from polypropylene. A finite element model of the thermoplastic fibre metal laminate (TFML) was developed using the LS-Dyna software package, with input from data collected following mechanical tests conducted over a wide range of strain-rates. Plates having different stacking sequences were modelled numerically under both low and high velocity impact loading, where the effect of varying stacking sequence and the thickness of the constituent material were investigated. An improved TFML configuration is proposed which, when impact energy absorption is considered, should outperform both commercial FMLs as well as monolithic aluminium alloys. It is believed that these environmentally-friendly thermoplastic-based materials offer potential for use in lightweight structures subjected to impact loading, such as aircraft leading edges and automotive body panels.
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MAIN TEXT

1 INTRODUCTION

Composite materials offer many advantages compared to conventional metals, such as a high specific strength and stiffness, as well as a superior fatigue resistance. In recent years interest has focused on developing hybrid materials based on thin layers of metal sheet and a fibre-reinforced composite [1,2]. These so called Fibre-Metal Laminates (or FMLs) [1,2] exhibit superior fatigue and fracture properties, characteristics that are associated with the composite plies, combined with enhanced ductility, due to the metal layers, Fig.1.  FMLs structures offer attractive properties under impact loading conditions, such as those associated with hail, ballistic impact and explosions. Such characteristics make FMLs attractive materials for use in aircraft parts, such as in doors, in the nose structure, in wings and empennage leading edges, as well as in wall structures in the cargo hold.
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Figure 1: Schematic construction of a 4/3 FML.
Vlot [3, 4] highlighted the impressive performance of GLARE©, a commercial FML, following quasi-static and both low and high velocity impact testing. In Vlot’s studies, the properties of GLARE were compared to aerospace grades of aluminium alloy (such as the 7075-T6 or 2024-T3 alloys) and also a carbon fibre/epoxy composite. Fleisher [5] tested lightweight luggage containers based on GLARE© and reported that they are capable of absorbing the energy associated with a bomb blast greater than that used in the 1988 Lockerbie air disaster. 

Despite the excellent impact performance and fatigue strength of GLARE© (or similar thermosetting-matrix FMLs), there are drawbacks associated with their relatively long processing cycles and modest interlaminar fracture toughness characteristics [6]. In an attempt to overcome many of these issues, a range of thermoplastic matrix FMLs, termed TFMLs, were developed and tested [7-12]. Reyes and Cantwell [9] studied TFMLs based on a glass fibre reinforced PP composite, reporting significant increases in fracture toughness and impact resistance, as well as reductions in processing time, compared to more conventional thermosetting-based FMLs.

Abdullah et al. [7] studied the behaviour of TFMLs based on polypropylene (PP) fibre reinforcements under both low and high velocity impact conditions. Different configurations of TFML were studied and 4/3 TFMLs were found to outperform 2/1 and 3/2 configurations. Múgica et al [13] compared the impact performance of aluminium alloy and magnesium alloy-based TFMLs under low velocity impact loading. The authors noted that the perforation threshold of the aluminium-based TFMLs was more than double that of the magnesium-based TFML. The blast response of TFMLs was investigated by Langdon et al. [6] and Lemanski et al. [14]. They identified the failure mechanisms in the wide range of laminates that they considered, as well as those in a plain aluminium alloy.
[Paragraph extracted, moved to Appendix I]
Laliberte et al. [15] developed a user-defined material subroutine in LS-Dyna to model the failure processes in GLARE. By using tiebreak interfaces and thick-shell elements, the model predicted the absorbed energy, the peak impact force and the size of the residual dent after impact testing. The low velocity impact response of FMLs plates was modelled numerically in ABAQUS/explicit by Fan et al. [16]. They developed predictions of the deformed cross-sections and compared them to similar images from the tested plates. Sadighi et al. [17] studied the low-velocity impact response of 5/4 GLARE using different modelling techniques in ABAQUS. They concluded that the element formulation is more important than the type of failure. Reasonably accurate predictions of the impact response were obtained using solid elements for both the metal and composite layers.
Karagiozova et al. [18] conducted a numerical study on glass fibre/PP-based FMLs that were manufactured and subjected to explosive loading in an earlier study by Langdon et al. [6]. The authors showed that by using solid elements for both the composite and metals layers in ABAQUS/Explicit, as well as adhesive elements for interface modelling, it was possible to successfully predict the experimentally-observed failure modes.
The present work aims to model the impact response of the TFMLs based on an innovative self-reinforced PP reported in an earlier study by Santiago et al. [19]. Here, different methods for numerically modelling the TFMLs are then explored using LS-Dyna commercial software, comparing its results from experimental data. The impact behaviour of a 4/3 TFML is then studied in order to investigate the effect of varying the weight fraction of the constituent materials, the layer thickness as well as the stacking sequence. Finally, an improved TFML configuration is proposed, that should, in principle, offer a superior resistance to localised impact loading. 
2 MATERIALS and impact TESTING PROCEDURES
The thermoplastic fibre metal laminates (TFMLs) investigated in this study were based on a 4/3 configuration, i.e. four 0.4 mm thick 2024-T3 aluminium layers and three plies of a 0.3 mm thick self-reinforced polypropylene (SRRP), named as PURE and provided by Lankhorst Composite Bv, which presents promising performance for impact application [20]. The reinforcement was supplied in form of balanced plain-weave fabric made by co-extruded PP tapes. Each individual tape is 4 mm wide and 0.2 mm thick, manufactured by using different compositions of PP on the inner and outer regions of the filament. The inner PP has a high molecular orientation providing the mechanical resistance. The outer PP is designed to offer an increase in adhesion between the tapes. The manufacturing process melts the outer PP, providing the structural shape, whilst the inner PP is not affected by this process. The external PP layer represents a small fraction of the tape (approximately less than 5% by weight) and the tapes are not impregnated during the thermoforming process. Thus, the outer PP cannot be considered as a matrix, in the way that it is usually defined for thermoset composites [19]. The TFML panels were compression moulded at 135ºC under a pressure of 6 bar, Figure 1. A 0.4 mm thick PP adhesive was placed at each of the TFML interfaces in order to enhance the level of bonding between the composite and metal plies. TFMLs based on 3/2 and 5/4 configurations were also manufactured using the procedure outlined above.
  Low and high velocity impact tests were performed using a drop-weight machine and a gas-gun, respectively and these tests are described in detail in Ref. [19]. In both cases, 100 mm x 100 mm TFML panels were placed in a rigid circular ring, with an internal diameter of 80 mm and impacted at their centres. The low velocity impact tests were conducted at velocities between 2 m/s and 5 m/s, using a 4.65 kg impact mass with a 20 mm hemispherical indenter. High velocity impact tests were conducted using rigid steel spheres with a diameter of 20 mm diameter and a mass of 32 g. The projectiles were pneumatically launched at velocities between 70 m/s and 110 m/s. Laser velocity sensors, high frame-rate recording cameras and displacement gauges were used to monitor the tests. 
The mechanical properties of the TFMLs and the materials on which they are based, were characterized from quasi-static (10-3 /s) up to elevated rates of strain (400 /s) using both universal testing machines and a specially-designed rig that employs a dropped mass to generate high strain-rates. The Digital Image Correlation (DIC) technique was used to measure the strain field up to failure in the tensile specimens. These test techniques are described in detail in Ref. [19].
3 MODELLING of the tfml panels
3.1 Theoretical modelling
The author explored the using of rigid-plastic models for modelling the low velocity preliminary prediction of TFML panels response. Although it was used for similar FML predictions [21] previously, it was not applicable for the material here studied. However, the achievements of this approach material produced promising results when compared to experiments and it could encourage further efforts in this area. Thus, a brief summary of TFML modelling using rigid-plastic model is presented in Appendix I, as its limitations and suggestions for further developments.
3.2 Finite element model for low and high velocities impact loadings
Finite element models of the TFML panels were prepared using the LS-Dyna software package. The panels were 80 mm in diameter, with their external edges fully clamped. Impact loading was applied at the centre of the panel using a rigid 20 mm diameter hemispherical indenter. In each case, the concentrated mass and initial velocity of the projectile were selected to correspond to the impact event to be modelled. The 2024-T3 aluminium layers were modelled using solid elements, while solid and thick-shell elements were used for the SRPP layers. The metal/polymer interfaces were defined as being fully bonded (i.e. sharing nodes) and tied nodes (i.e. a tie-break condition). In order to identify an appropriate numerical modelling procedure for the TFMLs, three numerical models were defined by changing the SRPP elements and composite-metal interface and details are summarized in Tab. 1. The interfacial energy release rates, GI and GII that were used are given in Tab. 2. The materials constitutive model used are described in Section 4.2.
Table 1: Summary of the TFML numerical models.

	
	SRPP modelling
	Interface modelling

	NM-1
	Solid / MAT-24
	Shared nodes

	NM-2
	Solid / MAT-24
	Tied nodes

	NM-3
	Thick-shell / MAT-58
	Shared nodes


Table 2: Interface energy release rate parameters [18].

	GI
	2000 J/m2
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	140 MPa

	GII
	3000 J/m2
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	300 MPa


An impact velocity of 50 m/s was applied in order to undertake a mesh sensitivity analysis, in which elements with edge lengths varying from 0.1 mm to 2.0 mm were considered. It was noted that elements with average edge lengths between 0.15 mm and 0.35 mm offered the best compromise between CPU processing time and accuracy of the result.
4 MATERIAL PARAMETERS
The 2024-T3 aluminium alloy and the SRPP were modelled numerically, Fig. 2, using the material models available in LS-Dyna. The metal layer was modelled as solid elements using a ‘Johnson-Cook’ constitutive model (MAT-15 [22]) with solid elements.  In this, the material plastic stress, 
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(Eqn. 1), is defined by the parameters A, B and n, as function of the plastic strain, 
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; the strain-rate dependency is defined by the parameter C, according to the strain-rate reference, 
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. The material damage (Eqn. 2- 3) is defined by an accumulative parameter, D, as function of the effective plastic strain,
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represent  damage parameters, and the triaxiality defined as
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. Once the element reaches D=1, it is exclude from the model. The experimental material parameters were taken from experimental material characterization tests conducted in Ref. [19], whereas the damage parameters were taken from Buyuk et al [23].
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Figure 2: Numerical modelling of the tensile characterization test.
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(3)

The SRPP layers were modelled using the ‘Laminated Composite Fabric - MAT-58’ for the solid elements [22], which considers the material orthotropic behaviour under tensile, compression and non-linear shear loading. This constitutive model uses orthotropic failure criteria and is based on the ultimate conditions, neglecting strain-rate effects. In contrast, ‘Piecewise Linear Plasticity - MAT-24’ was employed for the thick-shell elements, where the SRPP is modelled as a homogenous material, with the strain-stress response tabulated and strain-rate effects considered. This failure criterion is based on the ultimate strain level. Both material constitutive models are described in Ref. [22]. The experimental constitutive parameters for the SRPP were extracted from mechanical characterization tests conducted in Ref. [19].
The accuracy of the constitutive laws and the associated parameters were assessed by modelling the mechanical tests, as shown in Fig. 3 (a-c), where a good agreement with the experimental data was observed for both the metal and the SRPP. The material constitutive parameters used are summarized in Tab. 3.
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Figure 3: Comparison of the experimental and numerical stress-strain responses: (a) aluminium 2024-T3 modelled using MAT-15; (b) a [0º/90º] SRPP sample modelled using MAT-58 and (c) a [+/-45º] SRPP sample modelled using MAT-58.
Table 3: The material constitutive parameters used in the numerical models.

	Aluminium 2024-T3 / MAT-15
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	2780 kg/m3
	E
	73.10 GPa

	A
	284.96 MPa
	C
	0.0083

	B
	504.81 MPa
	n
	0.5871

	SRPP / MAT-58

	ea
	1.602 GPa
	e11t
	0.1033

	eb
	1.602 GPa
	e22c
	0.0102

	prba
	0.8994
	e22t
	0.1033

	tau1
	14.98 MPa
	gms
	0.5400

	gamma1
	0.0952
	xc
	23.26

	gab
	415.53 MPa
	xt
	156.32

	gbc
	415.53 MPa
	yc
	23.26

	gca
	415.53 MPa
	yt
	156.32

	e11c
	0.0102
	sc
	31.96

	ro
	780 kg/m3
	
	


5 Evaluation of the models 
The residual central displacement, Wf, of the 4/3 TFML following low velocity impact testing was predicted using numerical models. The experimental data were recorded using a displacement gauge that measured the average maximum residual displacement of the front and back faces of the panel at the impact location in samples with no visible damage [19]. The same procedure was used for analysing the finite element data. The experimental and numerical results are summarized in Fig. 4.
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Figure 4: Comparison of the experimental data with numerical predictions for the residual displacement of the centre of the TFML 4/3 panels following low velocity impact loading.
The numerical model overestimates the residual central displacement by up to 12%. It was also noted that both the numerical models predict a similar panel response with increasing impact energy, Eimp. The ballistic limit of the 4/3 TFML, Vb, was predicted using the numerical models NM-1, NM2 and NM3, as presented in Tab. 4. Here, the ballistic limit is defined as the maximum impact velocity for which the projectile does not pass through the panel [19]. The numerical models underestimate the ballistic limit, threshold by between 15.4% and 21.2%. The NM-3 model ignores strain-rate effects, which is likely to explain the poor prediction of Vb.  

Table 4: Experimental, theoretical and numerical results for the ballistic limit of 4/3 TFML.
	
	Vb (m/s)
	Error

	Experimental
	96.56
	-

	NM-1
	81.65
	-15.44 %

	NM-2
	80.30
	-16.84 %

	NM-3
	76.11
	-21.18 %


Typical force-displacement responses following low velocity impact loading on a 4/3 TFML (impactor mass = 4.65kg and impact velocity = 2.88m/s) are compared with FE predictions in Fig. 5. The FE results underestimate the maximum load and absorbed impact energy, with the MN-3 model offering better agreement, in terms of the loading/unloading phases, failure and the overall absorbed energy.
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Figure 5: Comparison of the experimental force-displacement response with the theoretical and numerical predictions for a 4/3 TFML.

The observed failure modes after high velocity impact are compared to the FE model in Fig. 6(a-b), where the rear face and cross-sectional profiles are shown. It was noted that the NM-1 and NM-2 panels predicted brittle failure modes, due to the simple failure criterion. The NM-3 model predicted failure modes that were qualitatively similar to those observed experimentally. Fig. 7 also shows that the NM-3 model is capable of predicting the rear face failure modes described by Santiago et al. [19], such as petals (Mode 1), tearing (Mode 2) as well as mixed-mode failure.
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Figure 6: Comparison of the failure modes in the 4/3 TFML: (a) rear face and (b) cross-section following high velocity impact.
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	[image: image35.jpg]



	[image: image36.jpg]



	 SHAPE  \* MERGEFORMAT 




	NM-3
	[image: image38.png]LS-DYNA keyword deck by LS-PrePost
Time = 0.00090835





	[image: image39.png]LS-DYNA keyword deck by LS-PrePost
Time = 0.0016227





	[image: image40.png]LS-DYNA keyword deck by LS-PrePost
Time = 0.0011396







Figure 7: Comparison of the experimental failure modes after high velocity impact with those predicted by the NM-3 model for the 4/3 TFMLs.

The NM-3 finite element model offers a more accurate prediction of the panel response under low and high velocity impact loading, in terms of the force-displacement trace and the resulting failure modes. The finite element study has shown that a consideration of orthotropic material properties, with an appropriate failure/damage model, is required to successfully model the SRPP. In contrast, strain-rate effects are of secondary importance. However, the prediction of the ballistic limit and the absorbed impact energy could be improved if dynamic effects in the SRPP are taken into account. Varying the nature of the interface model did not result in significant differences in the impact response of the TFML, due to the low strength of the metal/polymer interface. It is important to note that including modelling of the degree of adhesion causes numerical instabilities and increases processing time.
6 impact behaviour of the tfmls
The numerical response of the 4/3 TFML was compared to the monolithic aluminium 2024-T3 for the case of impact by a spherical projectile at a velocity of 75 m/s, both lower than the expected material ballistic limit. As shown in Tab. 5 and Fig. 8, the TFML exhibits a smaller residual displacement and a higher striker rebound velocity, suggesting a higher ballistic limit, findings that agree with the theoretical results. In addition, the TFML did not completely fracture in the through-thickness direction, suggesting that this could be a promising material for use in pressurised vessels, such as aircraft fuselage structures. 
Table 5: Numerical predictions of the residual displacement, Wf , and striker rebound velocity, Vres, following impact at 75 m/s on a 4/3 TFML and a monolithic 2024-T3 aluminium alloy.
	Schematic

configuration
	Wf (mm)
	Vres (m/s)
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	6.57
	23.42
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	6.88
	19.35


(a)
[image: image43]
(b)
[image: image44]
Figure 8: Numerical predictions of the response after impact of (a) 4/3 TFML and (b) a 2024-T3 monolithic aluminium during impact by a projectile with a velocity of 75 m/s.
The effect of off-centre impact was examined by conducting FE analyses on a plate that was struck at distances of up to 10 mm from the plate centre. The 80 mm diameter plates were impacted by a 20 mm rigid sphere travelling at 75 m/s. As shown in Tab. 6, off-centre impact by up to 3 mm results in less than a 2% difference in the residual central displacement and less than a 3% difference in the striker rebound velocity. These findings are relevant to impact test procedure reported in [19], where the high velocity impact tests were conducted with an average 3 mm misalignment, due to equipment limitations.
Table 6: The effect of off-centre impact on the 4/3 TFMLs. 
	
	Misalign. (mm)
	Wf (mm)
	Var.
	Vres (m/s)
	Var.

	[image: image45.png]



	0.00
	6.57
	-
	23.42
	-
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	3.00
	6.45
	1.83%
	22.82
	2.56%
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	6.00
	6.23
	5.18%
	19.12
	9.82%
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	10.00
	5.72
	12.94%
	13.02
	44.40%


The influence of varying the thickness of the SRPP layers, as well as the stacking sequence of the 4/3 TFMLs was explored numerically by conducting a comparative analysis.  Here, the TFML configurations were subjected to impact by a 15 g sphere with a diameter of 20 mm at a velocity of 75 m/s. The areal density of the 4/3 TFMLs was the same as that described earlier. The results are summarized in Tab. 7. It was noted that an increase the thickness of the SRPP layers located in the rear half of the plate (AM-5) resulted in slightly lower values of Wf  and Vres. It should be noted that the thickness of the aluminium was maintained constant.
A similar comparative analysis was conducted by considering a range of TFMLs with different thicknesses of aluminium and different stacking sequences. Here, the thickness of the SRPP layers was maintained constant. Tab. 8 summarizes the results of this analysis, where it was noted that placing thicker aluminium at the mid-plane (AM-9) yields a laminate with a superior performance. The symmetrical TFMLs (AM-6 and AM-7) and those with thicker metal layers in the rear half of the laminate (AM-8) did not perform any better than the reference panel.
Table 7: Comparative analysis showing the effect of varying the thickness of the SRPP and stacking sequence on the impact response of a 4/3 TFML.

	
	SRPP thicknesses1 (mm)
	Schematic 

configuration
	Wf (mm)
	Vres (m/s)

	AM-1

(reference)
	[0.39]3
	[image: image49.png]



	6.57
	23.42

	AM-2
	[0.47/0.24/0.46]
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	6.60
	23.64

	AM-3
	[0.29/0.59/0.29]
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	6.60
	22.95

	AM-4
	[0.59/0.29/0.29]
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	6.67
	23.47

	AM-5
	[0.29/0.29/0.59]
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	6.51
	23.24

	1: 0.40 mm thickness aluminium layers for all samples.


Table 8: Comparative analysis showing the effect of varying the thickness of the aluminium alloy and stacking sequence on the impact response of a 4/3 TFML.

	
	Aluminium thicknesses2
(mm)
	Schematic

configuration
	Wf  (mm)
	Vres (m/s)

	AM-1

(reference)
	[0.40]4
	[image: image54.png]



	6.57
	23.42

	AM-6
	[0.54/0.26]s
	[image: image55.png]



	6.56
	21.84

	AM-7
	[0.26/0.54]s
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	6.63
	23.66

	AM-8
	[0.26/0.26/0.54/0.54]
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	6.75
	23.53

	AM-9
	 [0.54/0.54/0.26/0.26]
	[image: image58.png]



	6.44
	21.78

	2: 0.39 mm thickness SRPP layers for all samples.


Based on these observations, it can be concluded that an optimized configuration of TFML is one that has thicker aluminium layers at the mid-plane and thicker SRPP layers in the rearmost half of the laminate, as shown in Tab. 9. The proposed configuration offers a value of Vres that is 14.4% lower than the reference laminate and is capable of absorbing 26.8% more energy than this benchmark.
Table 9: Comparative analysis of the optimized 4/3 TFML configuration.

	
	Aluminium thick.

(mm)
	SRPP thick.

(mm)
	Schematic

configuration
	Wf  (mm)
	Vres (m/s)

	AM-1

(reference)
	[0.40]4
	[0.39]3
	[image: image59.png]



	6.57
	23.42

	AM-10
	[0.54/0.54/

0.26/0.26]
	[0.29/0.29/0.59]
	[image: image60.png]



	6.19
	20.04


It is anticipated that this optimal design (AM-10) is related to the magnitude of the dimensionless maximum displacement (Wf/H). Bending effects would be expected to be more significant for small values of Wf/H and possibly the aluminium alloy 2024-T3 layers would be more effective positioned at the upper and lower surfaces of a laminate rather than as thick ones at the mid-section which would efficiently support membrane forces.

7 conclusions

This paper modelled the low and high velocity impact response of fibre-metal laminates based on an innovative self-reinforced thermoplastic composite. An FE analysis, based on a combination of solid elements and thick orthotropic shells for the metal and composite, respectively, predicted the dynamic response with reasonably accuracy. It was shown that placing thicker SRPP layers in the rear portion of the laminate leads to an improved impact performance. In contrast, it is more beneficial to place thicker aluminium layers at the laminate mid-plane. Based on these observations, an optimized TFML configuration has been proposed that is capable of absorbing 26.8% more energy than a reference TFML based on the same areal density.
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APPENDIX I - Evaluation of using rigid-plastic formulation for modelling impact loading on TFMLs

Only a limited number of studies have investigated the impact resistance of FMLs using theoretical approaches, with most focusing on thermosetting composites. Vlot [24] modelled the low-velocity impact response of plates using linear and non-linear elastic-plastic models combined with a Hertz contact law. Theoretical models for the low velocity impact response of FMLs have also been developed by Payeganeh et al. [25] and Ghasemi et al. [26], although they were limited to considering the elastic behaviour of the layers. Hoo Fatt et al. [27] developed an analytical model to predict the high-velocity impact response of FMLs, where the ballistic limit of GLARE© panels subjected to impact by a blunt cylinder was considered. A reasonable level of agreement with the experimental data was observed, with the model being used to quantify the energy absorption mechanisms in the FML panel. Jones [21] explored the use of rigid plastic formulations for predicting the residual deformation of thermoset-based FMLs after low velocity impact and blast loading. Different configurations of material, panel shape and boundary conditions were studied. Using experimental data available in the literature, it was concluded that a rigid plastic formulation could predict the global response of these FMLs with reasonable success.

The theoretical procedure developed in previous studies [28-30] was used to predict the residual deformation after impact (or denting) of the circular TFML plates after elastic unloading. For this, the TFML panel is assumed to exhibit a perfectly plastic response, motivated by the ductile response observed in [19], Fig. 9(a), for moderate impact energies (in which the material response is not dominated by the elastic response and nor failure occurs). In addition, the strain-stress response of the material, Fig. 9(b), exhibits an evident equivalent yield transition, presenting, however, a significant elastic response and evident strain hardening at high deformation levels. For this, a similar procedure as presented in Section 2 was used on ASTM-3039 [31] specimens.
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Figure 9: (a) Cross-section of a circular TFML panel following impact at a moderate energy and (b) TFML 4/3 strain-stress response.
The thickness of the circular plate is H. It is assumed to be fully clamped around a circular boundary of radius, R and impacted normally at the centre by a rigid hemispherical striker of radius, a, and mass, G, travelling with an initial velocity, Vo, Fig. 10. According to Ref [29], the external rate of work equals the internal energy dissipation, and is given as:

[image: image63.emf]
Figure 10: A rigid cylindrical mass G, striking a fully-clamped circular plate. 
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(4)


The terms on the left hand side in Eqn. (4) are associated with the rate of work due to the inertia forces, where A is the surface area of the plate and 
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 is the mass per unit area. The first integral term on the right hand side is the energy dissipated by the continuous axisymmetric deformation field. The second integral term represents the energy dissipated in creating n axisymmetric plastic bending hinges, each having an angular velocity 
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 across a hinge of length Cm. The final term in the equation is associated with the plastic energy absorption in creating 
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 axisymmetric transverse shear hinges, each having a velocity discontinuity 
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 and length Cu.

The dynamic response of the circular plate was split into two phases of motion. It can be shown that transverse shear effects are important only during the early phase of motion, while membrane forces dominate the subsequent phase. Thus, Eqn. (4), with membrane forces neglected, controls the behaviour during the first phase of motion, while, Eqn. (4) without the transverse shear deformation term governs the final phase of motion. The kinematically admissible transverse velocity profile 
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 for a<r<R and 
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 for 0<r<a, shown in Fig.11 (a), was employed. The profile was employed in the theoretical solution for a plate. The bending moment, M0, and the membrane force, N0, are coupled according to the requirements of plasticity, as indicated in Fig.11 (b).

(a)[image: image71.png]Y




 (b) [image: image72.png]Circumscribing Yield Curve
M

(Oer = 0p) \ ;

<4\
S

-1

Maximum Normal Stress Inscribing Yield Curve
Yield Curve (0= 0.6180)




Figure 11: (a) Axisymmetric transverse velocity profile at time t for a circular plate and (b) the uncoupled square yielding condition for the circular plate [28].

Using the general procedure described in [29-30] for solving Eqn. (4), when disregarding the transverse shear term, the residual central displacement, Wf, of the plate is obtained when the initial kinetic energy of the striker has been absorbed plastically by a plate, which then remains stationary, is:
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(5)

where 
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are dimensionless mass, striker radius and energy terms, respectively, 
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is the plastic bending moment. The yield stress term, 
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, will be discussed in Section 4.1.

It is important to emphasize that the model presented here assumes a rigid plastic approximation and can only be used to predict the degree of denting, or residual deformations after elastic unloading, of a restricted class of TFMLs. The method cannot be used when material elasticity dominates the behaviour (typically, for 
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ratios larger than 50), or if the permanent deformations are very small (e. g., 
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, approximately). Also, it cannot be used to predict the detailed internal damage in a TFML due to an impact event.

The mechanical properties of the 2024-T3 aluminium and the SRPP were measured experimentally during tests conducted by Santiago et al. [19] and these values are listed in Tab. 10. The flow stress
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 for the SRPP was taken as the stress level corresponding to the strain at which the aluminium yields, assuming that both materials are fully bonded. 

The properties of the TFML were predicted using a rule of mixtures approach, whereby:
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(3)
where P is the property parameter of the given material (that is, the TFML, aluminium or SRPP) based on its corresponding volume fraction, V. The TFML 4/3 is constituted by 58% aluminium (VAL) and 42% of SRPP (VSRPP) in volume. A secondary 
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estimative was extracted from the material strain-stress response, presented also in Tab. 10.
Table 10: Properties of the Aluminium 2024-T3, SRPP and TFML 4/3.

	Aluminium 2024-T3
	SRPP
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	229.40 MPa
	1
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	24.12 MPa
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	2780 kg/m3
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	780 kg/m3

	TFML 4/3
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	155.30 MPa


1: estimated as the stress level corresponding to the strain at which the aluminium yields.

Due to coupling between the membrane forces and bending moments for plate yielding, the theoretical model introduces the upper and lower limits for the maximum transverse displacement corresponding to the inscribing and circumscribing yield curves in Fig. 11(b). The results for theoretical prediction of TFML residual central displacement are presented in Fig. 12, being the yield stress, 
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,  estimated by the rule of mixtures (RM) and from tensile test (TT).
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 Figure 12: Comparison of experimental data with numerical and rigid-plastic predictions for the residual displacement of the centre of the TFML 4/3 panels following low velocity impact loading, with properties estimated by Rule of Mixtures (RM) or tensile test (TT).
The theoretical predictions essentially bound the experimental data, though the upper limit of the theoretical model provides reasonably good agreement and is defined by the material equivalent yield stress 
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 which is associated with the inscribing yield curve in Fig. 11(b). Similar results were found by using the rule of the mixtures and the material strain-stress response for estimating
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. It was also noted that the theoretical model predicts a similar panel response with increasing impact energy, Eimp.  Given their simplicity, it is encouraging to note that theoretical models are promising for predicting preliminary the residual central displacement of the 4/3 TFMLs, when subjected to impact loading of 15J to 50J.
However, the rigid-plastic neglect internal characteristic of the FMLs, such internal layers thickness, composite damage, polymer-metal deboning; which might drive the energy absorption during impact, and justifies the stiffer estimative given by the formulation. Beside this, the TFML strain-stress response presented significant elastic response and high strain hardening, which contrast with the rigid-plastic assumptions, due to low strength of PP-based reinforcement when compared to thermoset composite used in [21]. Nevertheless, the results provided by this formation were substantially close to experimental results, which encourage further development on this area. The Authors believe that efforts might be done in modelling internal mechanism of TFML and including strain hardening the formulation for a properly modelling of TFML under impact loading. 
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