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Abstract

:

This work is concerned with the study of the influence of impactor’s velocity parameters, impactor’s geometry, the target plate properties, and thickness, on the response of a tropical wood plastic composite (WPC) Azobé/urea formaldehyde (Az/UF) plate under impact loading. Variations of the impact force, displacement, deformation, and impact energy of the specimens with weight fractions of 10, 20, 30, 40, and 50% have been considered in finite element analysis (FEA) simulations. The simulations of the Charpy and of a drop weight impact test on the WPC were carried out using the explicit dynamics module of ANSYS Workbench, which handles problems of dynamic loading of a short duration for 2D and 3D analyses. Contact laws that account for the compressibility of the interacting bodies (the standard steel impactor and the WPC target plate), have been used. The results show that the displacements decrease in contrast to the increase of the wood filler content, and vary in the 6.8–9.0 mm interval. From an energetic point of view, it is observed that the maximum absorbed energy is between 40 and 50% for the Azobe flour wt.%, with energy absorption rates of 28% and 26% of the total energy. These results are in agreement with those reported in previous experimental investigations on hybrid WPCs filled with wood flour and glass fibers, which produce an energy absorption rate of 24–26%. These results promote the applicability of Azobé tropical wood in fabricating WPCs for impact loading situations.
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1. Introduction


The replacement of organic fibers with plant fillers (PFs) in composite materials presents several advantages, particularly in the field of transportation [1,2]. However, most of the commonly used composites are highly sensitive to impact loading, which can cause internal defects, not visually detectable, and a significant loss of the materials’ mechanical properties [1,3,4,5]. While the static flexural, toughness, and tensile properties of wood plastic composite (WPC) have been addressed in numerous research investigations [2,6,7], their response under impact loading is yet to be elucidated. The evaluation of this response would be important in predicting the strength of the WPC structures as well as the dynamic load limits that a structure can withstand.



The impact properties of wood/polypropylene (wood/PP) composites have been reported in the literature [8,9,10,11,12,13]. Accordingly, the influence of the chemical modification and coupling agents such as maleic anhydride-grafted polypropylene (MAPP), ethylene vinyl acetate (EVA), and ethylene propylene/diene monomer elastomer (EPDM) was assessed. An improvement in the impact resistance of the studied composites was reported. It was shown that the impact resistance of the materials decreases with the increasing stiffness. The impact resistance of WPCs also decreases as the wood content increases, after an optimal value and higher strain rates had been obtained with the composites with highest impact resistance [8,14,15]. The high modulus wood fiber stiffens the polyethylene matrix and gradually changes the composite behavior from ductile to brittle with the increase of the fiber content. As the fiber content increases, the matrix becomes more fragile and the ability of the material to absorb the impact energy decreases, regardless of the type of fibers used. Moreover, an increase in the fiber content involves more fiber–fiber interactions. These interactions have a detrimental effect on most of the mechanical properties if there are fiber agglomerations that cause a stress concentration and that decrease the tensile strength and impact resistance. On the contrary, a strong polymer–fiber interaction increases the tensile and impact resistance, as it enables a better stress transfer. In addition, the matrix coating is another concern. Large particles are easier to coat with molten polymers than small particles. Small particles are more prone to agglomerate; this increases the amount of non-coated agglomerated filler particles in the composite [11].



The impact resistance greatly decreases with the increase, beyond an optimal value, of the filler volume fraction. Likewise, a 20% increase in the wood content causes a gradual decrease of the toughness up to 9 kJ·m−2, whereas for the 0% material, the toughness is 51 kJ·m−2. This is because the linear medium density polyethylene (LMDPE) that forms the matrix is an extremely tough material, whereas this is not the case with wood that is rather rigid. In addition, as mentioned above, wood–wood interactions increase with the wood powder content [11]. So, there are more particles agglomerating and acting as stress concentrator, which weakens the material. Dobreva et al. [11] studied the effect of the coupling agent, monochloroacetic acid, on the properties of wood/PP. A good impact resistance evolving from 2.6 to 4.8 kJ·m−2 was reported. However, they recommended using a fair content of this coupling agent, as an excessive dosage would seriously impair the interfacial interactions between the PP matrix and wood flour (e.g., the formation of a plastic zone around the wood particles and the ductility reduction of the polypropylene matrix). Impact resistance is one of the most interesting properties of WPC, particularly of wood/PP, when it is used for structural applications. As also reported by Cerbu et al. [16], the Charpy impact test (CIT) resistance decreases with the increase of the reinforcement content.



Teng and Wierzbicki carried out Charpy impact tests on PP based WPCs [17] test specimens consistent with ASTM D 6110-97 [18]. Their tests were used to monitor the variation of the toughness as a function of the pendulum heights or angular positions. There is a clear drop in the rupture energy for increasing the initial angular positions. A study by Stan [19] focused on the effect of glass fibers on the impact properties of wood flour-based WPCs. In fact, the tests were carried out to evaluate the influence of the initial velocity values, namely, 2, 4, and 5 m·s−1 on the drop weight peak force, peak displacement, and impact energy. The tests were performed according to the ASTM-D 5420-98a protocol for a drop weight test. Cerbu et al. [16], on the other hand, carried out other Charpy impact tests on hybrid WPCs (containing glass fibers). The study accounted for the structural parameters of composites, such as the number of plies and the type of reinforcement so as to evaluate the toughness.



Four broad categories of impact that correspond to very distinct applications and contexts can be defined, low-velocity, intermediate or moderate velocities, high velocity, and ballistic impacts. A low-velocity impact is considered when the impactor’s velocity is less than 10 m·s−1 and its mass is between 50 g and 30 kg, depending on the application [1,20,21]. The damage mechanisms that generally occur are compression and local bending [22]. The low-velocity category is also valid when the propagation of the waves in the thickness do not influence the structural integrity. Specifically, when the impactor hits the target, compression and shear occur, and the Rayleigh (surface wave) waves are propagated. After several round-trips through the thickness, the motion of the structure is initiated [23]. The impacts after which damage is introduced after the motion of the structure are categorized as low-velocity impacts [24]. Some authors clearly identify the area of the intermediate or moderate velocities [25,26]. It can be noted that for moderate-velocity impacts, damage, such as in the case of thin structures, is an intermediate mode between bending and local damage in a transversal shear [23]. The high-velocity impact is studied in the framework of satellite protections or launchers against very low-mass space debris (some milligrams), but can reach speeds of several kilometers per second. Ballistic impacts can be considered as a sub-area of high-velocity impacts and are studied in the context of military applications, and are subject to specific standards [27].



The geometry of the impactor, particularly the shape of the impacting tip, has a significant influence on the fracture mode and the ballistic limit of the targeted plate. Wilkins [28] presented some types of target (thin plates) ruptures that depend on the shape of the impactor’s tip. The most usual studied impactors in the literature have a cylindrical shape and differ from the geometry of the impacting tip, of which the most well-known are the hemispherical, conical, flat, and sometimes a combination of all of these geometries. The most used materials are often metals, including many that are iron-based, ranging from mild steel to the most complex forms of alloy steel, with hardness of up to 64 HRC (σUT ≃ 2500 MPa). Other types of materials are also used for ballistic purposes, such as aluminum (pure or in alloy form), magnesium, copper, brass, titanium, tantalum, tungsten, tungsten carbide, and even depleted uranium, as well as a wide variety of plastics and ceramics, such as polyethylene and glass [29].



Another impactor parameter that was studied by the researchers is the aspect ratio of l/d (where d is the diameter and l the length of the impactor). It is reported to have a significant influence on the penetration capacity of the impactor. In general, the effect of the aspect ratio is examined for a wide range of impact velocities. Studies on the aspect ratio in the range of 1–10 are most found in the literature; aspect ratios that are greater than 10 are subjected to bending during perforation. Other works have shown that the aspect ratio has a significant influence on the perforation process of thick plates, and that this effect vanishes at a high-impact velocity [30,31,32]. However, the influence of a high aspect ratio value has not been investigated. Nevertheless, for thin plate perforation tests (thickness of the plate strictly below the projectile diameter), the important parameters of the impactor are its mass and the geometry of the impacting tip.



Damage mechanisms under impact loading are also of interest, from the material structure design viewpoint. Steel parts absorb impact energy through plastic deformation, while composite materials absorb it through damage mechanisms [32]. The interest of composites here is their ability to absorb energy through inelastic damage and deformation [32]. According to Sutherland et al. and Hirai et al. [33,34], impact damage occurs in the following two stages: internal damage to the material at a low energy, and then finally, the perforation of the plate. The damage mechanisms may vary with changes in the many material parameters, such as fiber/resin type, ratio, architecture and interface, and the laminate fabrication method [24,35]. Therefore, theories to describe the overall response, such as energy balance and mass spring methods, are more realistic. Moreover, as these damage mechanisms also strongly depend on the exact nature of the impact event [36,37], the response to the impact of a composite material is very difficult to standardize.



In general, the damage mechanisms in the composite consist of micro-cracking of the matrix, fiber curvature, fiber–matrix interface de-cohesion, and fiber failure. The first three processes often cause a gradual degradation of the material, resulting in a dissipation of high energy, while the last mechanism precedes the collapse of the material [38]. Cracks in the matrix and the breakage of fibers are produced during the impact tests, where the material offers the least resistance, while the impactor makes its way into the thickness of the plate [39]. According to Espinosa et al. [40], the fiber fracture is mainly located on the external face of the impacted plate. These fiber breakages are located in the imprint area and have a material/impactor contact, but on the opposite side of the plate, the fiber breakages result from the traction forces. This type of damage is low in the impacted plate.



The evaluation of the energy dissipation during impact is crucial in characterizing the material impact behavior. For low-velocity impacts, the potential energy provided by the impactor is converted into a damage creation energy (rupture, debris, etc.), an elastic deformation energy of the impacted structure, and an energy dissipated by vibration damping [39]. During an impact, the energy corresponding to the rebound height of the impactor is directly related to the energy causing the damage [34].



For high-velocity impacts (velocity greater than 100 m·s−1), the impact duration is extremely short, and the elastic deformation energy becomes low. A great part of the initial energy is thus transferred to the creation of damage in the plate. The duration of the impact decreases, depending on the increase in the stiffness of the impacted structure. The impact time increases when the damage appears (decrease of the local stiffness of the impacted plate). For the analysis of low-velocity impact damage, many analytical and numerical models were developed by various authors. Anderson [41] published an extensive review of the analytical penetration models developed to describe the mechanics of penetration into metallic targets. The applicability of these models to wood, polymers, or WPCs requires further investigation.



While most of the research work on WPCs is concerned with the analysis of the static flexural, traction, and Charpy impact properties, their response under dynamic impact is yet to be elucidated. The knowledge of this response would be of major use in predicting its impact resistance under various dynamic loads that are to be exerted on. As mentioned above, previous investigations have reported that the mechanical properties of the WPCs are closely related to the content of the filler material, a variable that significantly influences the density and therefore the response to impact stresses. To the best of our knowledge, to date, the finite element analysis (FEA) work on WPC impact behavior has been limited to specialized problems, and no work has been done on low-velocity drop weight or Charpy tests of Azobé/UF WPC. A good agreement between the experimental and FE results is to be achieved when comparing the dynamic force, strain histories, and damage patterns between the experimental measurements and finite element simulations.



Therefore, in this work, we purpose to numerically analyze the mechanical behavior Azobé/UF WPCs, as function of their material structural parameters. The results will help to better evaluate the impact performance and to understand the damage mechanisms of these materials. Hence, our study focuses on the following objectives: numerically assessing the response under low-velocity impactors, predicting the WPC behavior in non-perforating impact load situation, and numerically evaluating the energy required for the rupture of the WPC Azobé/UF.




2. Materials and Methods


2.1. Materials


Azobé/UF WPCs plates of 300 × 120 × 7 mm3 and varying Azobé flours wt.% were used herein for testing. Table 1 summarizes their relevant mechanical properties, as obtained from the literature [42]. The longitudinal and transverse moduli for direction i, Ei, and Gi are in MPa. The number and the A in the specimen label stand for the wood flour wt.% and Azobé wood, respectively.    ν i    represents the Poisson’s ratios.




2.2. Methods


The consideration of various WPCs’ real service conditions, like dropped tools, bird strikes, and runaway debris, has led to the choice of impactors’ geometry, particularly the shape of the impacting tip, which has a significant influence on the fracture. Two standard tests were carried out in this work, the drop weight and Charpy impact tests.



2.2.1. Drop Weight Test


The drop weight test (DWT) specimen, shown in Figure 1 (dimensions unit is mm) and in Figure 2 (FEA 3D model), is a WPC plate and is 7 mm thick, on which a steel projectile is projected at its center. The composite plate has built-in ends and the projectile is launched at speeds less than or equal to 10 m·s−1; namely 5 m·s−1, 8 m·s−1, and 10 m·s−1.



To evaluate the occurring damage mechanisms, three impactors of different impacting tip shapes (Figure 3, with dimensions in mm), including hemispherical, conical, and ogive, were used.



The impactors’ material properties are as follows: density of 7850 kg·m−3, tensile and compressive modulus of elasticity of 2 × 1011 Pa and 1.67 × 1011 Pa, respectively. Poisson’s ratio is 0.3 and Heat Capacity of 434 J·kg−1·°C−1.




2.2.2. Charpy Impact Test


Figure 4 shows a 3D model of the standard Charpy V-notch (CVN) impact specimens, with a V-notch of 2 mm in depth, used for the impact test simulations.




2.2.3. ANSYS Simulation Procedures


The simulations were carried out within the Explicit Dynamics module in ANSYS Workbench, which handles problems of dynamic loading with short durations, for 2D and 3D analyses. Contact laws, which account for the compressibility of the interacting bodies (the standard steel projectile and the WPC target plate), were used. The Lagrangian three-dimensional AUTODYN-3D calculation code was used for the simulations, as it is designed for dynamic response in large deformations of nonlinear solid contacts, explosions, shocks, blows, and penetration. The explicit version of AUTODYN-3D that uses an explicit integration scheme over time was the main algorithm. This scheme corresponds to the centered finite difference method and leads to a system of linear equations, of which resolution is direct, requiring no iterative process. The kinematic friction coefficient between the plate and impactor was kept constant at 0.1.



The impactor and the targeted WPC plate were 3D-discretized. The field equations of the physics of continuous media were evaluated by finite difference techniques. In order to take into account the compressibility of the interacting materials, contact laws were used to model the interaction between the impactor and the targeted WPC plate. The CVN was used to determine the fracture resistance of the materials under the effect of a shock through the rupture energy. Finally, the representation of the drop weight situations on a section of this composite made it possible to study the deformations and stresses, and to consider its damage mechanism further. The simulations were carried out for low-velocity impacts.



The material and kinematic properties of each element of the mesh were chosen in such a way that the mass, the amount of motion, and the internal energy be kept constant, and that the constitutive equations can be fulfilled. This would allow for evaluating the WPC damage through the resulting strains and stresses, impact force, displacement, and energy.



The stability condition of this method is associated with the time increment that must be less than a certain critical value. This value is determined by the time taken for the elastic expansion waves to travel the length of the smallest element in the mesh,   Δ t ≤ Δ  t  c r   = m i n  (     L e     C o     )   , where   Δ t   represents the time increment, and subscript cr denotes the time critical value, Le is the characteristic length of the element, and Co the speed of the elastic waves expansion.




2.2.4. Description of the Models


Drop Weight Test


The dynamic response of the composite plates to impact loading was studied using the following basic assumptions: the friction between the projectile and the plate is neglected. The impactor is assumed to be a rigid body.



Using the resultant membrane, bending, and shear moments forces of (Nx, Ny, Nxy), (Qx, Qy), and (Mx, My, Mxy), respectively, the constitutive equation is expressed as follows:


   {     N     M     Q     }  =  [     A   B   O       B T     D   0     0   0   F     ]   {       ε 0       κ     γ     }   



(1)




where (D), (B), (A), and (F) are the membrane, coupling (bending-stretching), bending, and shearing stiffness matrices, respectively, of the plate considered.



By neglecting the effect of damping, the dynamic equation of the plate is governed by the following Equation (2):


   ( M )   { ü }  +  ( K )   { u }  =  { F }   



(2)




with {F}= {0, 0, 0, 0, …, Fc, … 0}; (M) and (K) are the mass and stiffness matrices, respectively; {u} and {ü} are the displacement and acceleration vectors of the motion, respectively. {F} is the equivalent of the external forces vector.



The dynamic equation of motion of the impactor is given by the following:


   m i     w  i    ¨  = −  F C   



(3)




where mi is the mass of the impactor, FC is the contact force exerted at the center of the plate, and by the impactor. The characteristics of the WPC plate are reported in Table 1.



Equations (1)–(3) were implemented in ANSYS and enabled the evaluation of the displacements stresses and strains undergone by the impacted WPC plate.




Charpy Impact Test


The rupture energy is given by the relationship,   KCV =    W 1  −  W 0   A    (J·m−2)



with   KV =  W 1  −  W 0  = m g  (   h 1  −  h 0   )    being the energy required to break the test coupon.



Assuming the impact speed, Vo, and the speed after impact, Vf, the expression is equivalent to the following:


   W 1  −  W 0  = m g  (   h 1  −  h 0   )  =  1 2  m  (   V f 2  −  V o 2   )   



(4)







The ANSYS element type used for the mesh is the Shell element 181-3D, for thin structures (in this case thin composite plates) under bending stresses. This is a four-node element with six degrees of freedom at each node (Rx, Ry, Rz, Tx, Ty, and Tz; R and T are the translation and rotation, respectively, the subscripts specify the reference directions).



The constitutive WPC law for strain εij and stress σij is given by:


   ε  i j   =  S  i j k l    σ  k l   +  α  i j    (  T −  T 0   )  +  β  i j    (  H −  H 0   )   



(5)




where Sijkl is the compliance tensor; αij and βij are thermal and hygrometric expansion coefficients on i and j directions, respectively; and T and H represent the temperature and relative humidity, respectively.




Energy Absorbed during the Impact


The impactor kinetic energy is absorbed by the overall deformation of the plate during the impact, the plastic deformation located in the impact zone, and the rupture, as well as the elastic work. The residual kinetic energy is therefore simply the residual energy of the impactor after impact. In the event that the impactor’s velocity is lower than the ballistic limit, the energy absorbed by the plate is directly the kinetic energy of the impactor    (   1 2   m i   V 0    2   )   , with mi being the mass of the impactor and V0 its initial velocity. The deformation energy balance absorbed by the plate is thus established as follows in Equation (6):


   W  P l a t e   T o t a l   =  W  P l a t e  K  +  W E  +  W P  +  W F  +  W  D é b r i s  K  =  1 2   m i   (   V 0 2  −  V B 2   )   



(6)








	
   W  P l a t e  K   : Energy related to the overall deformation of the plate;



	
   W E   : Elastic deformation energy;



	
   W P   : Plastic deformation energy;



	
   W F   : Energy related to internal friction;



	
   W  D e b r i s  K   : Kinetic energy transferred to debris induced by the impact the internal energy dissipation through Coulomb friction work and of debris ejection can be assumed negligible in the total energy balance during the impact;



	
WF ≈ 0 (friction between the impactor and the plate is neglected); and



	
   W  D é b r i s  K  ≈ 0  . Moreover, due to the low impact velocity, only elastic distortions occur; therefore,    W p  ≈ 0   the energy balance reduces to Equation (7), as follows:


   W  P l a t e   T o t a l   =  W  P l a t e  K  +  W E  =  1 2   m i   (   V 0 2  −  V B 2   )   



(7)
















3. Results and Discussion


3.1. Drop Weight Test


3.1.1. Displacements of the Plate and Impactor


The observation for all of the WPC wood flour wt.% reveals that the plate underwent a perfectly elastic distortion. In addition, important displacement amplitudes were observed for low reinforcement wt.% and for larger speeds (Figure 5).



As a result, the reinforcement of the WPC with wood flour is important in absorbing the impact loading. In addition, a maximum displacement of 9 mm is reached for the 10% reinforced WPC specimen, WPC 10A. This result is higher than that of hybrid composites, as reported in previous studies [19]. In fact, the hybrid specimens reinforced with glass fiber show a very good resistance to impact loading [26,43].



Figure 6 shows the same trend, reflecting the overall behavior of the WPC during impact, namely: the ascending part represents an absorption phase, whereas the descending part indicates a partial restitution phase to the projectile in terms of kinetic energy required for the rebound.




3.1.2. Energy Absorbed


Figure 7a represents the energy curves and shows that the maximum absorbed energy is reached with the WPC 50A and WPC 30A test coupons, with 28% and 26% energy absorption rates of the total energy, respectively (Figure 7b). These results are in agreement with the experiments on hybrid WPC made up of glass fibers, where the energy absorption rate ranges from 24–26% [19].




3.1.3. Impactor’s Rebound Speed


Figure 8a shows that the rebound velocity increases with the wood flour content to reach its maximum at around 20%, after which it decreases with the increasing density of the test specimens.




3.1.4. Effects of the Impactor’s Tip Shape


The results show an almost identical evolution for the three types of impactor’s tip used herein, during the impact and rebound phases. The peak values of the impact force and displacement are probably ascribable to the propagation of elastic waves accompanying the impact. A maximum contact force value of 1680 N is reached for the WPC 50A specimen and for the hemispherical impactor at time 1.15 ms, as seen in Figure 9. Continuous loading beyond that point leads to a continuous increase in damage through the thickness of the WPC plate, which increases with impact load until time 1.15 ms, when there is permanent damage caused to the plate, and hence a decrease in the impact force. The same trend is observed for other impactors. In fact, the conical and ogive impactors produced 1478 N and 1537 N, respectively. It is eventually observed that the principal failure mode here was attributed to bending stress. Table 2 gives a comparative overview of the effects of the impactors used.




3.1.5. Strains and Stresses


We have monitored the deformation field of the WPC plate at regular time intervals of 0.6, 1, and 1.4 ms. The results shown in Table 3 are identical to the conical and ogive impactors, and yet superior to the results of the hemispherical type. Figure 10 and Figure 11 show the maximum strains and equivalent von Mises stresses at the center of the plates, respectively.





3.2. Chapy Impact Test


Figure 12 and Figure 13a represent the time dependence of the absorbed energy obtained from the energy curves of WPC 50A test coupon, from where the Azobé flour content dependence of the toughness curve (Figure 13b) for each specimen is derived.



The absorbed energy being evaluated between the beginning and the end of the equilibrium position of the Charpy pendulum, the amount of energy required for the complete or partial rupture of each test specimen, it is identifiable by the following scheme of principles (Figure 12).



The toughness ranges from 34.8 kJ·m−2 to 34.8 kJ·m−2 (Figure 13b) for the minimum and maximum load rates, respectively. Compared with a hybrid WPCs, the Azobé/UF WPCs absorb less energy before rupture. This difference is certainly due to the fibrous reinforcement of the hybrid WPCs, which enhances the bending performance of the material.




3.3. Discussion


The above FEA results roughly compare well with the known existing experimental results. More accuracy in the simulations could be achieved by the numerical modeling of realistic WPC material structures, including details of the wood anatomy and variations in the structure within the specimens. However, the FEA is a popular continuum method used here to model the WPC particulate material problems. The continuum approach has shown that it can provide useful quantitative information on the macroscopic behavior of particulate materials. The continuum approach can be successful in the simulation of particulate systems, when the size of the particles is much smaller than the entire system [44]. Moreover, continuum models have constitutive equations for bulk materials, which contain some macroscopic parameters. The lack of information about these parameters may limit the application of the continuum method for the study of particulate materials. To account for the material particular structure, Nairn [45] used the material point method (MPM) to perform an analysis of the realistic wood structures. For the WPC material studied herein, numerical discrete element methods (DEM) that have been used [46,47] as an alternative for research involving particulate behavior could be advantageously applied. Apart from the common issues of model formulation and validation, the major constraint on this approach is the number of particles that can be modeled if the computing times are to be kept within the feasible limits. Definitely, numerical investigations need to be pursued, given that the experimental investigations of the behavior of the particulate systems can provide useful information, but are often constrained by the limitations of the measuring methods.





4. Conclusions


The aim of the work presented herein was to study the predictability of the dynamic response of WPCs during the Charpy impact and low-velocity drop weight impact tests. The Az/UF WPC test coupons were used for the parametric investigation based on the FEA simulations performed in ANSYS code. These simulations are aimed at investigating the influence of some geometrical and/or mechanical parameters of the impactor on the global response of the plate during the impact test. The displacements, contact force, energy stresses, and strains were monitored for the wood flour contents in the 0–50 wt.%. The results show that the displacements decrease with increasing the wood filler content, and vary in the 6.8–9 mm interval. From an energetic point of view, the maximum absorbed energy is observed between 40 and 50% of Azobé flour wt.%, with energy absorption rates of 28% and 26% of total energy. These results are in agreement with those reported in previous research work on hybrid WPCs filled of wood flour and glass fibers, producing an energy absorption rate of 24–26%. In addition, an evaluation of the toughness by numerical simulation of the Charpy test shows a decrease compared with the wood flour content in the 34–34.75 kJ·m−2 interval. Unlike the hybrid WPCs, Azobé/UF WPCs absorbs less energy before rupture. In general, the matrix reinforcement plays a major role in the shock dampening of the WPCs. Thus, an increase in the wood flour content decreases the toughness of the composite. Future work will refine the numerical results obtained herein, by using the discrete element method (DEM) for numerical simulations. Laboratory tests on these materials will also be considered in order to validate the numerical results.
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Figure 1. The modeled drop weight tests in the wood plastic composite (WPC) plate. 
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Figure 2. Applied initial and boundary conditions. 
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Figure 3. Geometry, shapes, and dimensions of impactors for (a) hemispheric, (b) conic 55°, (c) conic 90°, or Ogive. 
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Figure 4. The WPC specimen model and impactor tip used for the Charpy impact test (CIT) test. Initial and boundary conditions on the Charpy V-notch (CVN) specimen. 
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Figure 5. Variation of the displacement during impact (a) of the impactor and (b) of the WPC 10A plate. 
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Figure 6. Energy balance during the impact. 
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Figure 7. Absorbed energy (a) energy absorption rate (b) for each fabricated Azobé/UF WPC specimen. 
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Figure 8. Wood flour content dependence of (a) impactor’s rebound velocity (b) WPC density. 
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Figure 9. Time dependence of (a) the impactor’s contact force and (b) the impactor’s displacement. 
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Figure 10. Maximum strains at the center of the plate. 
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Figure 11. Equivalent stress at the center of the plate. 
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Figure 12. Time dependence of energy absorbed during the Charpy impact. 
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Figure 13. CIT Energy as (a) a function of time and (b) Azobé flour content. 
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Table 1. Physical properties of different Azobé/urea formaldehyde (UF) wood plastic composite (WPC) formulations used.
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	WPC Specimen
	    ρ   (  k g  /   m  3  )    
	     E 1     
	     E 2     
	     E 3     
	     G 1     
	     G 2     
	     G 3     
	     ν 1     
	     ν 2     
	     ν 3     





	WPC 0A
	852.1
	288.9
	390.8
	288.9
	120.4
	162.8
	120.4
	0.2
	0.2
	0.2



	WPC 10A
	700
	313.2
	292.7
	313.2
	130.5
	121.9
	130.5
	0.2
	0.2
	0.2



	WPC 20A
	666.7
	508.7
	315.9
	508.7
	211.9
	131.62
	211.9
	0.2
	0.2
	0.2



	WPC 30A
	1000
	313.3
	337.1
	313.3
	122.4
	131.7
	122.4
	0.2
	0.2
	0.2



	WPC 40A
	1125
	307.6
	535.8
	307.6
	120.2
	209.3
	120.2
	0.2
	0.2
	0.2



	WPC 50A
	1285.7
	429.4
	379.9
	429.4
	178.9
	158.3
	178.9
	0.2
	0.2
	0.2
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Table 2. Comparative effects impactors, displacement contact force and energy produced. “+”, ”++”, and “+++” used for low, moderate, and high values, respectively.
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	Type of Impactor
	Displacements
	Contact Force
	Energy





	Hemispherical
	+
	+++
	+++



	Conical
	++
	+
	++



	Ogive
	+++
	++
	+
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Table 3. State of the deformations of the WPC 50A composite plate observed at regular intervals of 0.4 ms for each type of impactor.
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	Impactor
	0.6 ms
	1 ms
	1.4 ms





	Hemispherical
	 [image: Jcs 02 00060 i001]
	 [image: Jcs 02 00060 i002]
	 [image: Jcs 02 00060 i003]



	Conic
	 [image: Jcs 02 00060 i004]
	 [image: Jcs 02 00060 i005]
	 [image: Jcs 02 00060 i006]



	ogive
	 [image: Jcs 02 00060 i007]
	 [image: Jcs 02 00060 i008]
	 [image: Jcs 02 00060 i009]
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