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Abstract

:

Automotive coatings are a multi-layered polymer composite structure whose impact resistance is closely related to the appearance and safety of a vehicle. Since experimental methods are of high cost and poor repeatability, in our work, a finite element model is developed for the single-impact failure of automotive coatings. In this model, a multi-mechanism damage model and a large deformation cohesive zone model are employed to account for the polymer-ply and interlaminar failures of the coating, and some rate-dependent material models are adopted to capture the effect of impact velocity. The simulated results indicate that the proposed model can reproduce the failure patterns of automotive coatings well. In addition, the impact failure mechanisms of the coating are revealed. Numerical findings show that both brittle and ductile failures are found in the coating and there are three stages for the propagation of the delamination crack. Finally, we numerically investigate the effects of primer mechanical properties, i.e., Young’s modulus, yield strength, and re-hardening modulus, on the impact resistance of automotive coatings. Our work is helpful to the design of coating, which can improve the impact resistance of automotive coatings.
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1. Introduction


Automotive coatings are a typical multi-layered polymer composite structure, which usually consists of four paint films, i.e., the clearcoat, basecoat, primer, and electrocoat. During the service life of a vehicle, particle impacts are inevitable, which lead to mechanical damage of the coating. Minor damage is just an aesthetic problem, but severe damage means that the material under the coating is exposed, causing corrosion to metal parts, which affects the safety performance of the vehicle. In light of this, it is of great significance for traveling safety to study the impact failure characteristics of automotive coatings, which has concerned researchers and related enterprises.



The experimental methods for the impact resistance of automotive coatings include both multi- and single-particle impact tests. Two experimental standards have been proposed for multi-particle impact tests, i.e., the DIN 55996-1:2001 [1] and the SAE J400 [2]. Through the multi-particle tests, Huang [3] qualitatively evaluated the impact resistance of an automotive coating sample. The effect of paint layer thickness on erosion resistance was also investigated for two acrylic automotive topcoats by Trezona et al. [4]. To avoid the subjective evaluation inherent in these standards, some new indicators and measurement methods have been proposed [5,6,7]. Although the resistance of automotive coatings to stone strike can be rapidly evaluated through the multi-particle impact tests, it is not conducive to parameter studies due to the complex impact conditions. Therefore, more researchers prefer single-particle impact tests to study the impact event. Nichols et al. [8] quantified the influences of impact angle and particle geometry by the lost material volume. The dependence of impact damage area on coating thickness and contact type had also been experimentally studied by Liu et al. [9]. In addition, more experimental research on automotive coatings can be found in [10,11].



In consideration of experimental methods being of poor repeatability and high cost, numerical methods have become an attractive tool for investigating the impact problem. Many studies regarding the multi-particle impact test have been conducted [12,13,14,15]. With regard to the single-impact test, Toi et al. [16,17] established an elasto-viscoplastic-damage constitutive model and evaluated the impact resistance of automotive coatings in combination with a non-coupled analysis method. The mechanisms of impact energy absorption of a polymer coating had been numerically analyzed by Grujicic et al. [18]. Based on the stress field of the coating, Zhang et al. [19] investigated the spalling mechanism of polymer coating material under collision conditions. Furthermore, Xu et al. [20] carried out a debonding analysis of an organic coating–substrate structure under single impact with the help of a GPU parallel computational framework. In addition, the effect of coating thickness on the impact failure was analyzed as well, where the polymer-ply failure of the coating was simulated using the element deletion method [21]. To avoid the problem of mesh distortion and tangling existing in the traditional finite element method, Gong Yi et al. [22] utilized a coupled finite element and meshfree method to investigate the impact issue on a ductile metal pipe with a polymer coating. More relevant research can be found in [23,24,25,26,27,28]. However, the above studies cannot simultaneously reproduce the polymer-ply and interlaminar failures of the coating, which is not conducive to clarifying the impact failure mechanism of the polymer coating. In light of this, Zou et al. [29] proposed a computational framework for impact damage of polymer coatings, which accounts for both polymer-ply and interlaminar failures of the coating, and this method is verified by a single-impact simulation of a single-layered polymer coating. In summary, most existing numerical studies on the impact failure behavior are for single-layered polymer coatings. As for multi-layered polymer coatings, i.e., automotive coatings, there is still a lack of an effective finite element model to simulate the impact event.



Some theories have been proposed to explain the impact failure behavior of polymer coatings. It is reported that a polymer coating can fail in a brittle manner [30,31] or a ductile one [32,33]. In some cases, a transition between these two mechanisms can be observed. Ramamurthy et al. [34] attributed all the impact failure patterns to a tensile failure caused by dynamic effects. They argued that when stress waves propagate through the coating, local stress will exceed the yield strength of the material, which leads to fracture and interfacial delamination of the coating. Papini et al. believed that the impact failure mechanisms of the coatings with a strong interface and a weak interface are different, with the former dominated by toughness erosion [33] and the latter by quasi-static interfacial shear stress [35]. Zouari et al. [28] concluded that coating delamination is the result of three phenomena: Firstly, damage initiates at the interface due to shear stress. Then, radial compressive stress-driven coating buckling in turn exacerbates its debonding. Finally, the delamination propagates in mixed mode. The latest research shows that both brittle and ductile failures are found in the coating, and the interlaminar failure originates from interfacial shear stress and then propagates due to the coating buckling [29,36]. As mentioned above, the impact failure mechanisms of polymer coatings are complex, especially multi-layered polymer coatings, such as automotive coatings, whose properties of four paint films are different, and its impact failure mechanisms need to be further studied.



It is reported that primer plays an important role in the impact resistance of automotive coatings [37,38], and studies in this respect have been carried out. Through single-impact tests, Lonyuk et al. [39] revealed that a low glass transition temperature of the primer contributes to the better impact resistance of automotive coating systems. Another experimental study suggests that the crosslinker content of primer can also significantly affect the anti-impact performance of automotive coatings [40]. However, to the best of the authors’ knowledge, the role of primer in the impact resistance of automotive coatings still lacks effective computational verifications.



In this paper, based on the computational framework developed by Zou et al. [29], a finite element model is developed to simulate the single-impact failure of automotive coatings. In this model, a multi-mechanism damage model and a large deformation cohesive zone model are employed to account for the polymer-ply and interlaminar failures of the coating, and some rate-dependent material models are adopted to capture the effect of impact velocity. With the help of this model, the impact failure mechanisms of the coating are numerically revealed. Finally, some parameter studies are conducted to investigate the influences of primer mechanical properties on the impact resistance of automotive coatings. It should be noted that a similar model can be found in a conference paper [41] by the author, and this paper builds on the previous work and studies a different impact condition. The main novelties of this paper can be summarized as follows:




	
A finite element model for single-impact failure of automotive coatings is developed, which accounts for not only the polymer-ply and interlaminar failures of the coating system but also the effect of impact velocity. The numerical results indicate that the proposed model can reproduce the failure patterns of automotive coatings and qualitatively capture the effect of impact velocity.



	
The impact failure mechanisms of automotive coatings are numerically revealed, the results show that both brittle and ductile failures are found in the coating, and there are three stages for the propagation of the delamination crack.



	
The effects of primer mechanical properties, i.e., Young’s modulus, yield strength, and re-hardening modulus, on the impact resistance of automotive coatings are firstly numerically investigated.








The outline of this paper is as follows. Section 2 introduces the single-impact tests and the finite element model. Then, the experimental and numerical results are shown in Section 3, and the impact failure mechanisms of automotive coatings are also investigated. In Section 4, the effects of primer mechanical properties on the impact resistance of automotive coatings are numerically studied. Finally, a conclusion is drawn in Section 5.




2. Experiment and Modeling Descriptions


2.1. Experimental Procedure


A single-impact test on an automotive coating sample was conducted using a multifunctional anti-impact tester [9]. As shown in Figure 1, the sample consists of a metal substrate and four paint films, i.e., clearcoat, basecoat, primer, and electrocoat, whose in-plane size is 200 mm × 90 mm. The metal substrate is pretreated with zinc phosphate prior to painting. Except for the electrocoat, which is first electroplated on the metal substrate, other paint films are quantitatively sprayed by the ABB spraying robot in a specific order. In addition, each paint film is baked in strict accordance with the time and temperature specified by the manufacturer. Table 1 gives the thickness, main ingredient, and preparation process of each part of the sample. In this test, the long edge of the sample was clamped using a fixture, and a 2 mm diameter steel particle driven by a gas gun normally impacted the coating’s center at 91.2 m/s.



Additionally, the chemical composition of each paint film is obtained with the help of a scanning electron microscope (SEM), and the results help to determine the failure patterns of the coating in the single-impact test.



To verify the ability of our finite element model to capture the effects of impact velocity, single-impact tests have been conducted with other impact velocities, i.e., 74 m/s, 83.3 m/s, 99.9 m/s, and 108.1 m/s. The damage degree of the coating is quantified with the radius of the delamination area. Each test is repeated three times to eliminate randomness, and the average delamination area radius is taken as the final result.




2.2. Finite Element Model


2.2.1. Coating Failure Model


In this finite element model, the coatings’ mechanical behavior is simulated using a strain-rate-dependent piecewise linear elastic-plastic model, which is introduced in Section 2.2.3. In addition, it is believed that automotive coatings can fail in a brittle or ductile manner. In light of this, a multi-mechanism damage model accounting for these two damages is employed to simulate the polymer-ply failure of the coating, and the Cauchy stress tensor is calculated by:


   σ  =  (  1 − D  )    σ   eff    



(1)






  D = 1 − ( 1 −  d 1  ) ( 1 −  d 2  )  



(2)




where D is the overall damage variable. D is initially equal to 0, which means the material is intact, and D = 1 indicates that the material fails. Considering that the element deletion may lead to unphysical failure patterns under compression, the upper limit of D is set to 0.95 in this model in the absence of element erosion. Such treatment can be found in the work by Nguyen et al. [42].     σ   eff     is the effective (undamaged) stress tensor; d1 and d2 are brittle and ductile damage variables, respectively. To ease softening-induced mesh size sensitivity, a crack band [43,44] method is used in this work.



The onset of brittle damage is defined by the maximum tensile stress failure criterion, and the brittle damage variable d1 is given by:


   d 1  = max  [  0 , min  (  1 ,    ε   eff , f     (   ε   eff , max    −  ε   eff , 0     )     ε   eff , max    (  ε   eff , f    −  ε   eff , 0    )    )   ]   



(3)




where    ε   eff , f      denotes the ultimate effective strain;    ε   eff , max      is the maximum effective strain accounting for damage irreversibility;    ε   eff , 0      represents the effective strain at damage initiation. In addition, the critical energy release rate Gc,1 for brittle damage is calculated by:


   G   c , 1    =  1 2   σ t   (   ε   eff , f    −  ε   eff , 0     )   L   e , d     



(4)




where    σ t    is the tensile strength, and Le,d is the characteristic length of the element. The effective strain in Equations (3) and (4) is the Rankine equivalent strain [43], expressed as:


   ε  eff   =  1 E    max   i = 1 , 2 , 3    σ  eff , i    



(5)




where E is Young’s modulus, and    σ  eff , i   , i = 1 , 2 , 3   are principal effective stresses.



An effective plastic strain-based criterion is employed to model the damage onset of ductile failure. It is assumed that the evolution of ductile damage variable d2 is governed by the following law:


   d 2  =  {     0     ε p  <  ε   p , c            ∫     L   e , d       u   p , f      d  ε p          ε p  ≥  ε   p , c           



(6)






   u   p , f    =   2  G   c , 2       σ   y 0       



(7)




where    ε   p , c      is the critical effective plastic strain;    G   c , 2      is the critical energy release rate for ductile failure;    σ   y 0      is the von Mises effective stress when failure criterion is reached. Both characteristic lengths of these two mechanisms are calculated by the approach of Skamnioties et al. [44].



After damage initiation, the elements are susceptible to distortion under compression loading when calculating with Equation (1), and a so-called microdefects closure technique [45] is adopted to deal with it. Equation (1) is reformulated as:


    σ   eff   =  1  1 − D     σ  +  +  1  1 − H D     σ  −   



(8)






     σ  +  =   ∑ i    〈   σ i   〉     (    e  i  ⊗   e  i   )  ,       σ  −  =  σ  −   σ  +    



(9)




where H is a material-dependent microdefects closure parameter, and typically H = 0.2.     e  i   , i = 1, 2, 3, are the principal axes of the Cauchy stress tensor   σ  .   〈 · 〉   is the Macaulay bracket defined as    〈 x 〉  = max  (  x , 0  )   .



Parameters of the damage model are given in Table 2. The tensile strengths of the paint films are chosen as relatively higher values, and these selections are based on the following considerations. Firstly, it is widely accepted that the tensile strengths of the polymer materials are positively correlated with the strain rate [46,47], and the tensile strength can reach as high as 200 MPa at 3800 s−1 [47]. Secondly, impact loadings can bring in extremely high strain rates of the coating, e.g., millions per second. Therefore, during the impact process, the paint films’ tensile strengths are likely to be within this range.



It needs to be declared that since each paint film is of micron thickness and the strain rate is extremely high (about 106 s−1), it is difficult to obtain reliable damage parameters through experimental methods. According to the authors’ review of the literature, there are no reliable damage parameters for reference in the published literature. In light of this, in this model, the damage parameters are adjusted by comparing the simulation phenomenon with the experimental one. In the future, the development of a reliable parameter identification method is an essential step to make it a model of higher fidelity.




2.2.2. Large Deformation Cohesive Zone Model


The experimental results show that there is no interlaminar failure in the paint film’s interfaces, and delamination occurs in the interface between the coating and substrate. In light of this, the interfaces between the paint films are seen as perfect in this model, and only the interlaminar failure between the electrocoat and the substrate is considered. Since a numerical problem may take place when a commonly used cohesive element is employed in this large deformation situation [36], a contact/cohesive-type large deformation cohesive zone model (LDCZM) is developed to ensure the stable calculation of coating delamination under mixed-mode loading. This method enables the use of non-matching meshes, which introduces additional freedom in discretization. In addition, in an impact failure simulation of a single-layered polymer coating, LDCZM produced a smoother stress distribution and exhibited better convergency than the widely used intrinsic cohesive zone model [36].



In the LDCZM, the total mixed-mode relative displacement    δ m    is defined as:


   δ m  =      〈   δ n   〉   2  +  δ t 2     



(10)




where    δ n   ,    δ t    are the normal and tangential relative displacement, with    δ t  =  |    δ  t   |   ,     δ  t    being the tangential relative displacement vector, which is updated incrementally.



For mixed-mode damage initiation, a quadratic stress criterion is adopted, which is written as:


     (     〈   T n   〉   N   )   2  +    (     T t   S   )   2  = 1  



(11)




where N and S are tensile and shear strengths whose values are set to 15.5 MPa [48] in this work. Therefore, the effective damage initiation relative displacement is calculated through:


   δ 0  =  {       δ   n , 0     δ   t , 0        1 +  β 2     δ   t , 0   2  +  β 2   δ   n , 0   2           δ n  > 0        δ   t , 0         δ n  ≤ 0        



(12)






  β =  〈     δ t     δ n     〉   



(13)




where    δ   n , 0    = N / K  ,    δ   t , 0    = S / K   are the damage initiation relative displacements in pure tensile and shear modes, with K being the interfacial stiffness.



The propagation of mixed-mode damage is described by a power law given by:


     (     G n     G  nc      )   κ  +    (     G s     G  sc      )   κ  = 1  



(14)




where Gn and Gs are the energy release rates for mode I and mode II; Gnc and Gsc denote the critical energy release rates for mode I and mode II, and here we set Gnc = Gsc = 150 N/m [49];  κ  is a parameter. Then, the ultimate mixed-mode relative displacement is:


   δ f  =  {        2 ( 1 +  β 2  )   K  δ 0       [   1   G  nc  κ    +    (     β 2     G  sc      )   κ   ]    −  1 κ         δ n  > 0        δ   t , f         δ n  ≤ 0        



(15)




where    δ   t , f    = 2  G  sc   / S   is the ultimate relative displacement in mode II.



It is reported that friction in the damaged area plays a major part in increasing the resistance to model II failure under compression loading [50]. To account for friction effects, Coulomb’s friction law is incorporated into the employed LDCZM. So, the normal and tangential traction components are expressed as:


   T n  = ( 1 − d ) K  δ n  − d K  〈  −  δ n   〉   



(16)






    T  t  =  (  1 − d  )  K   δ  t  +   T    t , f     



(17)




where the damage variable d is initially equal to 0, and it evolves the Kuhn–Tucker condition;     T    t , f      denotes the friction stress on the damaged part of the interface, and it is given by:


    T    t , f    = d   σ    t , coh     



(18)




in which     σ    t , coh      is calculated based on Coulomb’s friction law, so a friction coefficient is needed, and we set it to 0.5.



Finally, the LDCZM is integrated with an element-based mortar algorithm [51,52].




2.2.3. Simulation Configuration


The simulation configuration of impact failure of automotive coatings is shown in Figure 2. The model is composed of a substrate, a multi-layered coating, and a particle. It should be emphasized that the multi-layered coating contains four paint films, i.e., the clearcoat, basecoat, primer, and electrocoat. Additionally, the dimensions of each part are consistent with those in the experiment. The particle has an initial velocity of 91.2 m/s, and the physical time of this simulation is selected as 40 μs to ensure that the whole failure process of the coating can be captured. Thanks to symmetric conditions, one quarter of the model is taken for discretization with fully integrated 8-node hexahedron solid elements. Since the experimental results show that no interlaminar failure occurs at the interfaces between the paint films, these interfaces are simulated by sharing nodes. To minimize the computational cost without compromising the accuracy of the simulation, mesh transitions are adopted, and the coating in the vicinity of the impact location is discretized with a finer mesh with a minimum in-plane element dimension of 10 μm, which is determined by a mesh convergence analysis introduced in Section 3. It is worth noting that the employed LDCZM allows using non-matching meshes at the interface, and the substrate is not the interested component. Therefore, the coarser meshes are used to discretize the substrate for better computational efficiency. As for the boundary conditions, the translational degrees of freedom of nodes on two symmetry planes are restricted in the x-direction (U1 = 0) and y-direction (U2 = 0), respectively, and the nodes of the clamped area outside the model are subjected to fixed constraints (U1 = U2 = U3 = 0). In addition, a contact algorithm based on the element-based mortar algorithm is used to calculate the contact force between the particle and coating, and the friction coefficient is set to 0.3 [53]. In this model, the element numbers of the particle, coating, and substrate are 2088, 60,288, and 10,350.



The steel particle is assumed to behave in a linear elastic manner. A simplified Johnson–Cook model is employed to model the mechanical behavior of the substrate. In this simplified model, the effect of temperature is ignored, and the yield stress is calculated through the following equation:


   σ y  =  (  A + B  ε p n   )   (  1 + C ln   ε ˙     ε ˙  0     )   



(19)




where A is the yield stress of zero plastic strain and unit plastic rate; B is the strain hardening constant;    ε p    is the equivalent plastic strain; n is the strain hardening exponent; C is the strain-rate constant;   ε ˙   is the strain rate;     ε ˙  0    is the reference strain rate. The material parameters of the finite element model are presented in Table 3.



Automotive coatings are a typical polymer coating whose mechanical properties are highly nonlinear and usually exhibit strain-rate dependency. To accurately describe the response of the coating during the impact, its mechanical behavior is simulated using a piecewise-linear-plastic model based on the J2 flow criterion. It is worth noting that since the coatings suffer from large plastic deformation during impact events, the plastic stage of the material mechanical behavior is our focus. For simplicity, the viscoelastic properties of the polymer are disregarded, and the assumption of rate-independent elastic behavior is adopted in this material model. Additionally, the Cowper–Symonds model is used to account for the strain-rate-dependent effect, which is expressed as:


   σ   y , d    =  σ   y , s     (   ε p   )   [  1 +    (    ε ˙    C  CS      )     1   P  CS        ]   



(20)




where    σ   y , d      is the dynamic yield stress;    σ   y , s     (   ε p   )    is given by a yield-stress-effective plastic strain curve; CCS and PCS are parameters. Four paint films’ densities are measured using a DH-300 DahoMeter digital density meter [3]. The Young’s moduli and yield-stress-effective plastic strain data of coating are identified from the high strain-rate compression experimental curves in the literature [57,58], as shown in Table 4. The parameters CCS and PCS are calibrated using the yield stress values at multiple strain rates, and a comparison between the experimental data and predicted stress–strain curves of these four paint films at different strain rates is given in Figure 3.






3. Results and Discussion


3.1. Experimental Results


Figure 4 shows the results of the single-impact experiment on automotive coatings. As can be seen in Figure 4a, there exists a crater centered on the impact point. In addition, coating buckling is found at the edge of the crater, which indicates the occurrence of delamination. It is measured that the radius of the delamination area is about 1.43 mm. The failure patterns of coating observed using SEM are presented in Figure 4b. Material removal can be observed at a circular damaged region (marked with a red dotted circle) near the impact point, which results in the exposures of two bottom layers, with one within the smaller yellow dotted circle and the other located between both circles. What is more, there are multiple radial cracks that are distributed on the periphery of the central damaged region.



The chemical compositions of each paint film determined by SEM are listed in Table 5. As shown in Table 5, there is no Ti in the clearcoat and basecoat, and the Ti concentration of the primer is orders of magnitude different from the ones of Al and Si, while the concentrations of Ti, Al, and Si of the electrocoat are close. For a better understanding of the coatings’ failure patterns, the same treatment is adopted to obtain the chemical compositions of materials in regions I, II, and III (see Figure 4b), and the results are presented in Table 6. According to Table 6, regions I and II contain Ti, and its concentration is orders of magnitude different from the ones of Al and Si. So, it can be concluded that the exposed film in region I within the central damaged area is the primer, which means that the central damaged areas of clearcoat and basecoat are larger than the one of primer. In addition, the material below the radial crack in region II also belongs to the primer, indicating that radial cracks went through the clearcoat and basecoat and reached the primer. Furthermore, the concentrations of Ti, Al, and Si in region III are close, and the material in region III is determined to be electrocoat, which suggests that the central damage propagated to the electrocoat, and no delamination occurs at the interface between the paint films. In other words, interlaminar failure occurs at the interface between the coating and the substrate.




3.2. Simulation Results


A mesh convergence analysis was performed to ensure a sufficient mesh density for accurately capturing the deformation process. In this analysis, the minimum in-plane sizes of coating elements are chosen as 10 μm, 15 μm, and 20 μm, and the thickness direction dimension is close to the in-plane dimension. A refinement zone centered on the impact point is divided for the substrate, with a radius of 0.6 mm and a depth of 0.24 mm. The in-plane size of elements within this domain is the same as the coating elements close to the impact point. Results simulated using these three meshes are presented in Figure 5 and Table 7. As can be seen, the impact force histories simulated using these three meshes show a high degree of consistency. Taking the prediction corresponding to element size of 10 μm as the exact solution, the maximum error in delamination area size is only 0.54%, which suggests that the adopted element sizes are small enough to achieve a convergent solution. Based on the analysis above, we selected a mesh with the minimum element size of 10 μm to discrete the coating, because we are interested in the coating failure. Additionally, thanks to the LDCZM employed, a coarser mesh is chosen for the substrate. The size of the substrate mesh is almost twice the one of the coating mesh in the vicinity of the impact center, and its minimum element size is about 20 μm. The results simulated using the final mesh are shown in Figure 5 and Table 7. As shown, the final mesh helps to obtain results with acceptable precision at a small numerical cost.



Due to the complex clamping conditions in the experiment, a fixed constraint boundary condition is adopted in the simulation model for simplification. To determine the influence of boundary conditions on the simulation results, various boundary conditions on the long edge of the sample are also taken into consideration with the final mesh, i.e., free, pinned, sliding, and fixed, as shown in Figure 6. Except for the investigated conditions, parameters remain the same as those presented in Section 2. The predicted outcomes of these four boundary conditions are given in Figure 7 and Table 8. As can be observed, the impact force histories are indistinguishable from each other. On the other hand, compared to the fixed condition, the others produce a maximum relative error of around 1.34% in terms of delamination area radius. Hence, when the in-plane size of the specimen is large enough, the boundary condition has little effect on the impact response of automotive coatings due to damage localization.



Figure 8 shows a comparison between the experimental and simulated polymer-ply damage patterns. It is important to note that the elements with overall damage value D in the range of 0.949–0.95 are considered to be completely failed, and here we remove them using the postprocessing software so that the predicted damage phenomenon can be observed more clearly. In addition, if all elements around an area are completely failed, it is believed that the coating material in this area is separated from the sample in the form of fragments, so the elements in this area are also removed. Finally, the numeric results are presented in a half-model manner through reflection. The reflection and removal operations will also be used in the subsequent demonstration of simulation phenomena. As displayed in Figure 8, the simulation reproduces the central damaged region and radial cracks in the single-impact test. It is noteworthy that the simulated crack pattern has differences from the experimental one, such as the size and the number of cracks. However, as one of the earliest simulation studies on automotive coating impact failure, our goal is to build a viable model that can qualitatively capture the crack patterns. In this sense, these discrepancies are acceptable. On the other hand, Figure 9 presents the numerical interlaminar failure between the coating and the substrate. The simulated delamination area radius is 1.41735 mm, and the relative error to the experimental value of 1.43 mm is only 0.88%. Consequently, the competence of the coating impact finite element model in qualitatively simulating the polymer-ply failure patterns and quantitatively predicting the delamination area has been verified.



To have a more intuitive understanding of the in-ply failures, the predicted polymer-ply failure patterns of four paint films are displayed in Figure 10. It is worth noting that the range of legend values for the contour plot is set as 0.949–0.95 without interpolation of the damage variable, so the elements in red are considered to be completely failed. As can be seen, a circumferential crack and radial cracks can be found in the clearcoat. Both the central damage and radial cracks are observed in the basecoat. For the two bottom paint films, only central damage occurs. It is interesting that although elements in region A have not been fully damaged, a circumferential crack has gone around this region. So, it is believed that the coating material in this region is removed from the sample in the form of a fragment.



Figure 11 and Figure 12, respectively, present the evolutions of polymer-ply and interlaminar failures of the coating. As can be seen at the moment of 0 μs, the particle impacts the coating and moves downward. As the particle squeezes the coating, at 0.52 μs, a significant relative tangential displacement is observed at the coating–substrate interface, which suggests that the onset of interlaminar failure is caused by interface shear stress. Then, damage initiation occurs in the primer at about 1.24 μs. At this moment, as demonstrated in Figure 13a, the negative maximum principal stresses distributed in this region do not meet the failure criterion of brittle damage, whereas the effective plastic strain in this area is high enough and has exceeded the corresponding critical value. Hence, a ductile failure of the primer is triggered. Later, as the particle continues to extrude, the damaged area rapidly propagates along the radial and thickness directions.



When the time comes to 4.08 μs, the particle reaches the lowest point, and then it rebounds upward. Since the pressure and friction force on the coating start decreasing, radial compressive stress causes the coating material under the impact point to flow outwards, resulting in coating buckling, and hence the delamination crack extends both outwards and inwards. At the same time, the outward flow of the coating material promotes plastic deformation of the coating, giving rise to the central damages of the basecoat and electrocoat at 4.28 μs and 4.76 μs, and the corresponding contours of maximum principal stress and effective plastic strain are, respectively, depicted in Figure 13b,c. Similar to the primer, these two paint films fail in a ductile manner. Then, the particle continues to move backward, and the plastic deformation of the coating keeps growing. Consequently, the damage of the lower three layers of coating further expands until these paint films completely failed.



On the other hand, as the particle moves backward, outward coating material flow increases the radial tensile stresses near the impact center, which brings about a circumferential crack in the clearcoat at around 11.24 μs. Subsequently, the coating material outside this crack further flows outward, increasing the circumferential tensile stresses in the area that is slightly far away from the impact site, as shown in Figure 14. As a result, radial cracks appear. After that, these cracks propagate along the radial and thickness direction and finally extend to the basecoat at 13.8 μs. At the same time, the outflow of coating material also intensifies coating buckling and interlaminar failure. Until 13.08 μs, the particle disengages from the coating. Then, the coating vibrates at different frequencies from the substrate due to the stress wave, which leads to the further extension of the delamination. Finally, at 40 μs, the outer radius of the delamination region reaches 1.41735 mm, and it is close to the experimental counterpart.



To verify the capacity of this finite model in capturing the effect of impact velocity, the impact behaviors of automotive coatings are simulated with different impact velocities, i.e., 74 m/s, 83.3 m/s, 91.2 m/s, 99.9 m/s, and 108.1 m/s. The predicted results are shown in Figure 15. As can be seen, since a higher impact velocity means that the coating is subjected to a greater loading, the outflow of the coating material is intensified. As a result, the delamination area size is positively correlated with the impact velocity, which is consistent with the experimental outcome. However, in the range of 74~91 m/s, the predicted trend is quite different from the experimental one, which may be attributed to many factors, such as the absence of rate-dependent damage models, the rate-independent assumption of automotive coating elastic behavior, and the effects of the rate-independent cohesive zone model. Finally, we conclude that the rate-dependent material model is somewhat helpful in considering the effects of impact velocity, but some improvements are still needed for the finite element model to capture the effect of impact velocity more accurately.





4. Parametric Studies


In this section, with the help of the finite element model built in Section 2, the influences of primer mechanical properties on the impact resistance of automotive coatings are investigated, and the primer mechanical properties include Young’s modulus and yield behavior. It needs to be emphasized that in this section, except for the parameters studied, the others are consistent with those in Section 2. Since the single impact does not lead to a large, damaged area of the coating, only a local region centered on the impact point is displayed in the following figures. What is more, the range of legend values for the contour plot is set as 0.949–0.95 without interpolation of the damage variable, so the elements in red are considered to be completely failed. Last but not least, in our work, the interlaminar failure area size is employed to quantitatively evaluate the impact resistance of automotive coatings.



4.1. The Effect of Young’s Modulus


The polymer-ply failure patterns of automotive coatings with different Young’s moduli of primer are exhibited in Figure 16. It should be mentioned that the damage degree of the clearcoat is tightly related to the outflow of the coating material. As can be seen, a higher Young’s modulus means a stiffer primer, which limits the outflow of the coating material. Consequently, the damage degree of the clearcoat decreases with the increase of this parameter. In addition, a stiffer primer is less prone to plastic deformation; hence, the ductile damage of the primer is inhibited. Meanwhile, since the basecoat and electrocoat have failed, the undamaged primer needs to bear higher radial stresses induced by the coating buckling so that circumferential cracks occur in the primer.



The dependence of interlaminar failure on Young’s modulus of the primer is presented in Figure 17a. As is shown, increasing Young’s modulus of the primer results in a growth of the overall stiffness of the coating; hence, the degree of coating buckling is reduced, which leads to a decrease in the delamination area. However, when the modulus is large enough, this effect becomes weaker.




4.2. The Effect of Yield Behavior


In this sub-subsection, we studied the effect of the yield behavior of the primer on the impact resistance of automotive coatings, focusing on the yield strength and re-hardening modulus. Considering that a piecewise-linear-plastic model is employed to characterize the mechanical behavior of the coating in our work, manipulation of    σ   y , s    −  ε p    data of the primer listed in Table 4 is needed. With reference to the method of Zou [36], the third value of    σ   y , s      is considered as the yield strength, which is scaled by a parameter scale, and linear interpolation is performed to obtain the modified one of the second yield stress data. Except for these two values, the others are kept constant. As for the modification of the re-hardening modulus of the primer, the sixth value of    σ   y , s      is scaled by the parameter scale, and the other data remain unchanged. The modified curves are plotted in Figure 18.



Figure 19 plots the polymer-ply damage patterns of automotive coatings with different yield strengths of the primer. As shown in the figure, the polymer-ply damage patterns with different yield strengths are largely similar. The dependence of interlaminar failure on the yield strength of the primer is shown in Figure 17b. If the result of scale = 1.0 is taken as the reference value, the maximum relative bias in the interlaminar failure area radius is only 1.36%. In other words, the yield strength of the primer has a minor influence on the impact response of automotive coatings. The analysis shows that when a particle impacts the coating at a high speed, the resulting von Mises effective stresses on the primer are far higher than its yield strength. Therefore, increasing the yield strength has little effect on the response of the primer under particle extrusion and makes little difference to the damage degree of coating.



Failure patterns of the coating systems with different re-hardening moduli are illustrated in Figure 20. It is noted that damage of the primer is sensitive to the re-hardening modulus, and a slight increase in the re-hardening modulus will result in no damage to the primer. This is attributed to the fact that a larger re-hardening modulus corresponds to a stiffer curve in the re-hardening phase of the primer; hence, the ductile failure of the primer is inhibited. At the same time, the outflow of coating material is limited due to the undamaged primer, so the damage degree of clearcoat is alleviated.



The influence of the re-hardening modulus on the delamination area is given in Figure 17c. As analyzed above, a slight increase of the re-hardening modulus will result in no damage to the primer, and then the outward flow of the coating material is restricted and the coating buckling degree decreases. Therefore, when the scale = 1.1, a reduction in delamination area size is observed. After that, the further growth of this parameter cannot change the damage state of the primer, so the interlaminar failure degree keeps constant. In other words, when the re-hardening modulus reaches a certain value, the effect of further increasing this parameter on the impact failure of automotive coatings is negligible.





5. Conclusions


In this paper, a finite element model is developed for the single-impact failure of automotive coatings. In this model, both polymer-ply and interlaminar failures of the coating are considered, and the results show that with appropriate parameters, the simulation can reproduce the impact failure patterns of the automotive coating well, which can potentially support the development of higher-fidelity models. In addition, the proposed model can qualitatively capture the effect of impact velocity.



The impact failure mechanisms of coating are numerically revealed. Results show that both brittle and ductile failure can be found in the coating. In addition, there are three stages for the propagation of the delamination crack. Firstly, during the particle pressing process, the shear stress dominates the initiation of damage. Secondly, when the particle moves backward, the radial compressive stress motivates the coating material to flow outward, which makes the delamination crack propagate outward in a mixed mode. Finally, after the particle disengages from the coating, the out-of-sync vibrations between the coating and the substrate aggravate the interlaminar failure.



The effects of primer mechanical properties on the impact resistance of automotive coatings are studied. The main numerical findings are summarized as follows:




	
The increase of Young’s modulus can significantly improve the impact resistance of automotive coatings, which is manifested as the negative correlation between the interlaminar failure area and Young’s modulus.



	
Since the resulting von Mises effective stresses on the primer are far higher than its yield strength during the single-impact process, changing the yield strength does not affect the impact resistance of automotive coatings.



	
Damage of the primer is sensitive to the re-hardening modulus, and a slight increase in the re-hardening modulus will result in no damage to the primer. However, when the re-hardening modulus reaches a certain value, the effect of further increasing the re-hardening modulus on the impact failure of automotive coatings is negligible.








There are still several points that need to be addressed in the current study. The first is the problem of parameter identification and developing a reliable parameter identification method is an essential step to make it a model of higher fidelity. Secondly, the parametric results show that Young’s modulus of the primer has a great influence on the impact response of the automotive coating, which indicates that we should consider the viscoelastic properties of the polymer in subsequent studies. Lastly, to achieve quantitative prediction of the influence of impact velocity, some improvements of this model are needed. All of the above will be our key research directions in the future.
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Figure 1. SEM photograph of the cross-section of the automotive coating sample. 
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Figure 2. Meshes, main dimensions, and boundary conditions of the finite element model in the single-impact simulation of the automotive coating system. The particle has an initial impact velocity of 91.2 m/s. 
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Figure 3. Comparison between experiment data [57,58] and predicted stress–strain curves of four paint films, i.e., (a) clearcoat, (b) basecoat, (c) primer, and (d) electrocoat, at different strain rates. 
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Figure 4. (a) The appearance of the sample after impacting. (b) SEM photograph of the sample. 
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Figure 5. Impact force histories simulated using different meshes. 
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Figure 6. Boundary conditions. 
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Figure 7. Impact force histories simulated using different boundary conditions with final mesh. 
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Figure 8. A comparison between the experimental (left) and simulated (right) polymer-ply damage patterns. The area displayed is a part of the finite element model. 
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Figure 9. The predicted delamination area between coating and substrate. The model shown has been reflected in Y-Z plane. 
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Figure 10. The predicted polymer-ply failure patterns of four paint films. 
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Figure 11. Polymer-ply damage evolution of automotive coatings. (a) 1.24 μs, damage initiation occurs in the primer. (b) 4.28 μs, the central damage of the basecoat appears. (c) 4.76 μs, the central damage of the electrocoat occurs. (d) 11.24 μs, a circumferential crack appears in the clearcoat. (e) 13.80 μs, the radial cracks occur in the clearcoat and finally extend to the basecoat. The contour plot is displayed without interpolation of the damage variable. 
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Figure 12. Interlaminar failure evolution of automotive coatings. (a) Histories of delamination area sizes. (b–e) Damage evolution: (b) 0.52 μs, delamination onset. (c) 4.08 μs, the particle reaches the lowest point. (d) 13.08 μs, the particle disengages from the coating. (e) 40 μs, the final state of interlaminar failure. The contour plot is displayed without interpolation of the damage variable. 
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Figure 13. Distributions of maximum principal stress and effective plastic strain of (a) primer at 1.24 μs, (b) basecoat at 4.28 μs, and (c) electrocoat at 4.76 μs in the vicinity of the impact location. 
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Figure 14. Vector of the maximum principal stress of clearcoat at 11.56 μs. 
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Figure 15. Experimental and predicted delamination area radius with different impact velocities. 
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Figure 16. Final failure patterns of automotive coatings with different Young’s moduli of primer. 
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Figure 17. Dependence of the delamination area size on primer mechanical properties. (a) Young’s modulus, (b) yield strength, and (c) re-hardening modulus. 
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Figure 18. Stress–strain curve of primer at 5 s−1. (a) Modification of yield strength. scale is the ratio of modified yield strength to its initial value. (b) Modification of re-hardening modulus. scale is the scale factor of the 6th value of yield stress in Table 4. 
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Figure 19. Final failure patterns of automotive coatings with different yield strengths of primer. 






Figure 19. Final failure patterns of automotive coatings with different yield strengths of primer.



[image: Coatings 13 00309 g019]







[image: Coatings 13 00309 g020 550] 





Figure 20. Final failure patterns of automotive coatings with different re-hardening moduli of primer. 
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Table 1. The thickness, main ingredient, and preparation process of each part of the automotive coating sample.






Table 1. The thickness, main ingredient, and preparation process of each part of the automotive coating sample.





	Part
	Clearcoat
	Basecoat
	Primer
	Electrocoat
	Substrate





	Thickness (mm)
	0.0387
	0.0229
	0.0308
	0.0199
	0.850



	Main ingredient
	Solvent-based acrylic resin.
	Waterborne acrylic resin.
	Waterborne polyester resin.
	Epoxy resin.
	Cold rolled steel.



	Preparation process
	(1) Sprayed with ABB robot.

(2) Let it sit for 7 min.

(3) Baked at 140 °C for 30 min.
	(1) Sprayed with ABB robot.

(2) Pre-dried at 80 °C for 5 min.

(3) Cooled down to room temperature.
	(1) Sprayed with ABB robot.

(2) Pre-dried at 80 °C for 5 min.

(3) Baked at 150 °C for 30 min.
	(1) Electrophoresis process.

(2) Cleaned with ionic water.

(3) Baked at 150 °C for 30 min.
	-
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Table 2. Parameters of the damage model.






Table 2. Parameters of the damage model.





	Paint Film
	    σ t     (MPa)
	     ε   p , c       
	Gc,1 (N/m)
	Gc,2 (N/m)





	Clearcoat
	400
	1.3
	290
	15



	Basecoat
	310
	1.06
	85
	16



	Primer
	330
	0.92
	180
	13



	Electrocoat
	350
	1.23
	220
	10
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Table 3. Material models and parameters of the finite element model.






Table 3. Material models and parameters of the finite element model.





	Part
	Material Model
	Parameters





	Clearcoat
	Strain-rate-dependent piecewise-linear-plastic model
	ρ = 1325 kg/m3, E = 8.1 GPa, v = 0.15,

CCS = 3.2476 ms−1, PCS = 10.2033



	Basecoat
	Strain-rate-dependent piecewise-linear-plastic model
	ρ = 903 kg/m3, E = 4.5 GPa, v = 0.15,

CCS = 1.558 ms−1, PCS = 7.7133



	Primer
	Strain-rate-dependent piecewise-linear-plastic model
	ρ = 1663 kg/m3, E = 3.2 GPa, v = 0.15,

CCS = 2.5461 × 10−6 ms−1, PCS = 17.392



	Electrocoat
	Strain-rate-dependent piecewise-linear-plastic model
	ρ = 1435 kg/m3, E = 2.96 GPa, v = 0.15,

CCS = 12.3505 ms−1, PCS = 2.8723



	Particle

[54,55]
	Linear elastic model
	ρ = 7860 kg/m3, E = 199.6 GPa, v = 0.29



	Substrate

[49,56]
	Johnson–Cook model
	ρ = 7860 kg/m3, E = 210 GPa, v = 0.29, A = 610 MPa,

B = 425 MPa, C = 0.03, n = 0.547,     ε ˙  0   = 1.68 ms−1
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Table 4. The yield-stress-effective plastic strain data of each paint film.






Table 4. The yield-stress-effective plastic strain data of each paint film.





	
Clearcoat

	
Basecoat

	
Primer

	
Electrocoat




	
Effective Plastic Strain

	
Yield Stress (MPa)

	
Effective Plastic Strain

	
Yield Stress (MPa)

	
Effective Plastic Strain

	
Yield Stress (MPa)

	
Effective Plastic Strain

	
Yield Stress (MPa)






	
0.00008

	
37.2353

	
0

	
2.7105093

	
0.005724

	
20.60382

	
0

	
12.772




	
0.0055191

	
53.113362

	
0.000598

	
31.66019

	
0.024861

	
39.24316

	
0.0125

	
86.33883




	
0.0225235

	
66.738064

	
0.0179

	
47.805988

	
0.03502

	
43.01446

	
0.02835

	
100.1326




	
0.120563

	
77.49831

	
0.0418

	
57.72799

	
0.061612

	
47.30946

	
0.04835

	
102.6869




	
0.1519405

	
79.43251

	
0.0852

	
69.904982

	
0.113637

	
50.54532

	
0.221

	
78.15169




	
0.21885

	
89.99594

	
0.119

	
72.61098

	
0.18513

	
67.48708

	
0.315

	
81.70818




	
-

	
-

	
0.171

	
80.72898

	
-

	
-

	
0.4285

	
97.575623
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Table 5. Chemical compositions of each paint film determined by SEM.






Table 5. Chemical compositions of each paint film determined by SEM.





	Elements (at.%)
	Clearcoat
	Basecoat
	Primer
	Electrocoat





	C
	74.89
	77.11
	57.38
	70.84



	O
	24.92
	19.05
	33.64
	23.90



	Ti
	-
	-
	6.63
	1.58



	Al
	0.19
	3.11
	0.23
	1.74



	Si
	-
	-
	0.95
	1.59



	Others
	-
	0.73
	1.17
	0.35
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Table 6. Chemical compositions of materials in regions I, II, and III in Figure 4b, determined by SEM.






Table 6. Chemical compositions of materials in regions I, II, and III in Figure 4b, determined by SEM.





	Elements (at.%)
	Region I
	Region II
	Region III





	C
	38.68
	54.11
	63.68



	O
	19.63
	28.89
	28.50



	Ti
	37.47
	14.54
	4.28



	Al
	0.46
	0.69
	1.42



	Si
	1.41
	0.73
	1.55



	Others
	2.35
	1.04
	0.57
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Table 7. Predicted delamination area sizes using different meshes.






Table 7. Predicted delamination area sizes using different meshes.





	Mesh
	20 μm
	15 μm
	10 μm
	Final Mesh





	Delamination area radius (mm)
	1.49654
	1.48854
	1.49657
	1.41735
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Table 8. Predicted delamination area sizes using different boundary conditions with final mesh.






Table 8. Predicted delamination area sizes using different boundary conditions with final mesh.





	Boundary Condition
	Free
	Pinned
	Sliding
	Fixed





	Delamination area radius (mm)
	1.43639
	1.43640
	1.43638
	1.41735
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