

  photonics-11-00025




photonics-11-00025







Photonics 2024, 11(1), 25; doi:10.3390/photonics11010025




Article



Simulation and Experimental Study of Nanosecond Pulse Laser Removal of Epoxy Paint on 6061 Aluminum Alloy Surface



Yahui Li 1, Jingyi Li 1, Hang Dong 1, Wei Zhang 1,* and Guangyong Jin 1,2,*





1



Jilin Key Laboratory of Solid-State Laser Technology and Application, School of Physical Sciences, Changchun University of Science and Technology, Changchun 130022, China






2



School of Electrical and Electronic Engineering, Changchun University of Technology, Changchun 130012, China









*



Correspondence: 201600034@cust.edu.cn (W.Z.); jgycust@cust.edu.cn (G.J.)







Citation: Li, Y.; Li, J.; Dong, H.; Zhang, W.; Jin, G. Simulation and Experimental Study of Nanosecond Pulse Laser Removal of Epoxy Paint on 6061 Aluminum Alloy Surface. Photonics 2024, 11, 25. https://doi.org/10.3390/photonics11010025



Received: 31 October 2023 / Revised: 8 December 2023 / Accepted: 14 December 2023 / Published: 27 December 2023



Abstract

:

Laser paint removal is a new cleaning technology that mainly removes paint through thermal ablation and mechanical stripping mechanisms. This paper established a thermal-mechanical coupling laser removal model of paint based on the heat conduction equation, Newton’s second law, and Fabbro’s theory. The removal process of epoxy resin paint film on an aluminum alloy surface via a nanosecond pulsed laser was studied using finite element simulations and experimental measurements. The simulation and experimental results show that the nanosecond pulse laser’s primary paint removal mechanism is the mechanical stripping caused by thermal stress and plasma shock. The laser paint removal threshold is 1.4 J/cm2. In addition, due to the different generation times of plasma shock and thermal stress, the mutual superposition of stress waves occurs in the material. This results in a discrepancy between the actual and thermal stress differences. Moreover, the thermal stress difference causes the maximum actual stress difference to fluctuate. The simulation model established in this paper can provide a reference for studying the thermal-mechanical coupling process of laser paint removal.
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1. Introduction


In the industrial field, large equipment surfaces are painted to prevent the corrosion of the underlying material. Due to the influence of the environment, when the paint film ages and falls off, it is necessary to remove and repaint. Traditional mechanical and chemical cleaning techniques have the disadvantages of easily damaging the substrate and polluting the environment. Green, environmentally friendly, high-precision laser cleaning technology can replace traditional cleaning technology. Laser cleaning technology is widely used in aviation [1,2], shipping [3,4], and automotive [5,6] industries. The main mechanisms of laser paint removal are ablation, thermal stress stripping, and plasma shock [7]. These mechanisms can be mainly divided into the following two categories: ablation and stripping mechanisms. Since the efficiency and effect of laser paint removal are related to the paint removal mechanism, studying its mechanism can improve the efficiency and effect of laser paint removal.



In recent years, much research has been carried out on the mechanism of laser paint removal. F Brygo et al. found that the heat accumulation effect can increase the laser ablation efficiency of paints and reduce the laser ablation threshold [8]. Zhao et al. found that the primary laser removal of the paint film from aluminum alloy surface mechanisms was ablation, thermal stress stripping, and plasma shock [7]. Thermal stress stripping was the best removal mechanism [9]. Zheng et al. found that the mechanism of laser paint removal in compressed air and inert gas is the laser gasification effect and thermal stress effect [10]. Zhang et al. found that at a higher laser fluence, the surface roughness of the substrate decreases significantly due to surface melting [11].



In addition, the optimal mechanism for laser paint removal depends on the laser parameters and the paint composition. Roberts et al. found that the laser paint removal mechanism is related to paint film thickness [12]. Kumar et al. found that the laser paint removal mechanism depends on laser wavelength [13]. Tong et al. compared the paint removal efficiency of the Gaussian laser and the flat-top laser and found that the paint removal efficiency of the flat-top laser was 20% higher than that of the Gaussian laser [14]. Sun et al. found that thermal ablation and thermal vibration at the edge of the cleaning area significantly increased the paint removal width to improve the paint removal efficiency [15]. Lu et al. established a nanosecond laser thermal stress cleaning model considering the absorption of the laser by plasma [16]. Zhang et al. found that the mechanism of paint removal for laser-transparent and opaque paint films was thermal stress stripping and ablation, respectively [17]. Therefore, the mechanism of laser paint removal also needs to be discussed in detail for different kinds of material, pollutants, and parameters.



To study the mechanism of pulse laser paint removal, we used the finite element method to study the thermal-mechanical coupling process in laser paint removal. Dimitriou et al. used experiments and finite element methods to study the spatiotemporal evolution process of thermoelastic vibrations, melting, and ablation when the nanosecond laser irradiates thin films. It was found that combining theoretical models and experimental techniques can describe the transient deformation of material surfaces [18]. Gao et al. combined theory and experiment to study the thermal coupling process of 6061 aluminum alloy irradiated by a nanosecond pulse laser and found that the primary mechanism of material surface damage is melting and spattering [19]. Therefore, we can deeply understand the laser paint removal mechanism by combining theoretical and experimental research.



Research on laser paint removal mainly focuses on a single mechanism, such as ablation, thermal stress stripping, and plasma shock. There are few studies on the thermal-mechanical coupling process of laser paint removal. Therefore, studying the thermal-mechanical coupling process of laser paint removal can reveal the primary mechanism of nanosecond laser paint removal.



This paper establishes a thermal-mechanical coupling model for nanosecond laser paint removal based on the heat conduction theory, Newton’s second law, and Fabbro’s theory. The novelty of this work lies in establishing the theory and simulation model of laser thermal-mechanical coupling paint removal. The thermal stress and plasma shock effects on the laser paint removal process were studied theoretically and experimentally. It is worth noting that thermal stress significantly affects the laser paint removal process. The mechanism of laser paint removal can be deeply understood through the thermal-mechanical coupling model of laser paint removal.




2. Theoretical Model


The paint removal process for the nanosecond laser includes ablation, thermal stress, plasma shock, and other phenomena. According to physical processes, the paint removal mechanisms of ablation, thermal stress, and plasma shock can be divided into thermal ablation and stress-stripping. The gasification of the paint film due to high temperatures is called thermal ablation. The paint film’s thermal stress and plasma shock stripping is called stress stripping. Because these three mechanisms affect the paint removal process, it is necessary to study the effect of these mechanisms on the paint removal process. We developed a model for the thermal-mechanical coupling laser removal of paint because the paint film and aluminum alloy substrate are isotropic materials. A two-dimensional axisymmetric model can be used to describe the laser paint removal process.



2.1. Ablation Process


In the process of laser paint removal, the temperature of the paint film absorbing laser energy rises and ablates. Since the nanosecond laser pulse width is short, the heat loss from gasification is much more significant than the natural heat convection and thermal radiation caused by temperature differences. Therefore, the heat loss caused by convective heat transfer and heat radiation can be ignored during laser paint removal. The heat conduction equation can be expressed as follows [20,21]:


  ρ C   ∂ T   ∂ t   − ∇ ⋅ ( k ∇ T ) =  Q  n s   +  q 0  ,  



(1)






      Q  n s   = A ζ ( r )   ( e  /  τ π  r 1 2  )   e x p  (  −  (    t − τ    τ 0     )   )  e x p ( −  κ p   ν p  ( t −  τ 0  ) )      τ 0  < t < 2 τ +  τ 0     ,  



(2)






  ζ ( r ) =  {     0    e l s e      1     r 1  > r > 0       ,  



(3)






   q 0  = − v ρ Δ  H v  ,  



(4)




where Qns is the laser heat source, q0 is the energy loss caused by evaporation, r1 is the spot radius of the pulsed laser, A is the laser absorption rate of the paint film, and v is the gasification rate of materials. τ is the laser pulse width, τ0 = τ/2 is the laser incident time, e is the laser energy, ζ(r) is the spatial distribution function of the laser spot, ρ, C, and k are the density, specific heat capacity, and thermal conductivity of the material, respectively, κp is the plume absorption coefficient, νp is the plume expansion velocity, r is the distance from the center of the spot, T is the temperature of the material, and ΔHv is the latent heat of gasification.



The gasification rate v of the material can be calculated using the Hertz–Knudsen equation [22],


  v = 0.82    m  2 π  k b         p  s a t   ( T )    T    ,  



(5)






   p  s a t   ( T ) =  P 0  e x p  [    Δ  H v     k b     (   1   T b    −  1 T   )   ]  ,  



(6)




where m is the atomic mass of the material, kb is the Boltzmann constant, Tb is the evaporation temperature of the paint film, and P0 is the standard atmospheric pressure.



Because the paint film is in close contact with the substrate, its contact surface temperature is the same. The boundary conditions can be expressed as follows:


   T p  ( r ,  l 1  , t ) =  T s  ( r ,  l 1  , t ) ,  



(7)




where l1 is the thickness of the paint film material, and the subscripts s and p represent the aluminum alloy substrate and the epoxy resin paint film, respectively.



The initial condition can be expressed as follows:


  T ( r , z , 0 ) = 293.25 K ,  



(8)




where z is the depth of material.




2.2. Mechanical Stripping Process


According to Newton’s second law, the governing equation for the propagation of stress waves in solid materials can be expressed as follows:


  ρ    ∂ 2  u   ∂  t 2    = ∇ ⋅ σ ,  



(9)




where σ and u are the stress tensor and displacement vector.



The surface of the paint film is subjected to shock pressure during the laser paint removal process. Shock pressure pulses last 2–3 times longer than laser pulses. The laser shock pressure waveform follows a Gaussian distribution [23]. The plasma shock wave pressure can be expressed as follows [24]:


  P ( r , z , t ) = P  (    t −  τ 0     τ 0     )  e x p  (  1 −  (    t −  τ 0     τ 0     )   )   δ 2  ( r , z )   t >  τ 0  ,  



(10)






   δ 2  ( r , z ) =  {     1    0 < r <  r 1  , z = 0      0    e l s e       ,  



(11)




where δ2 is the step function.



Based on Fabbro’s model [25,26], the peak pressure of the shock wave caused by the laser-plasma shock wave can be expressed as follows [27,28]:


  P =    α  2 α + 3        Z 1  m a x (  Q  n s   ( t ) )   ,  



(12)






   Z i  =  ρ i   D i  ( i = 1 , 2 ) ,  



(13)






   D i  =  V i  +  S i   u i  ( i = 1 , 2 ) ,  



(14)




where α is the energy ratio for the gas ionization, Z is the sound impedance, u is the speed of material motion, S is a dimensionless coefficient, D is the shock wave velocity, and V is the speed of sound. i = 1, 2 represents the paint film and the aluminum substrate, respectively.



Since air is the confining layer, we assumed α ≈ 0.1. The speed of material movement during laser paint removal is much less than the speed of sound of the material, assuming that the shock wave speed of the material is equal to the speed of sound, D ≈ V.



The relationship between pressure and material stress can be expressed as follows:


  σ ⋅ n = − P ( r , z , t ) n + G :  (  β ( T −  T 0  )  )  ⋅ n ,  



(15)




where n represents the ordinary units, β is the thermal expansion coefficient, T is the material temperature, T0 = 293.15 K is the initial temperature of the material, G is the 2nd order elasticity tensor, and “:” is the double-dot tensor product.



Stress waves are reflected and transmitted at the interface between the paint film and the aluminum alloy substrate [29,30]. This is assuming that ideal contact is made between the paint film and the substrate. According to the interaction model between the stress wave and the interface, the stress waves can be calculated as follows [31]:


   P r  =    Z 2  −  Z 1     Z 2  +  Z 1    σ ,  



(16)






   P t  =   2  Z 2     Z 2  +  Z 1    σ ,  



(17)




where Pr and Pt are the reflection and transmission stress waves at the interface between the paint film and substrate, respectively.



Since the shear stress on the plane containing the axis of symmetry (z-axis) in the axisymmetric coordinate system is zero (σzθ = σrθ = 0), the relationship between the stress and strain of the material can be expressed as follows:


  σ = G : ε ,  



(18)






   (       σ r         σ z         σ θ         σ  r z        )  =  [      λ + 2 μ    λ   λ   0     λ    λ + 2 μ    λ   0     λ   λ    λ + 2 μ    0     0   0   0   μ     ]   (       ε r         ε z         ε θ         ε  r z        )  ,  



(19)






  λ =  E i   ν i  / ( 1 +  ν i  ) ( 1 − 2  ν i  ) ,  



(20)






  μ =    E i   /  2 ( 1 +  ν i  )   ,  



(21)




where ε is the Strain tensor, λ, and μ are the first and second Lame parameters, ν is Poisson’s ratio, and E is Young’s modulus.



The boundary conditions are shown below:


   P r   |  z = 0   =  P r   |  z = −  (   l 1  +  l 2   )    = − σ ,  



(22)






   P t   |  z = −  (   l 1  +  l 2   )    =  P t   |  z = 0   = 0 ,  



(23)




where l2 is the thickness of the aluminum alloy substrate.



Because the stress wave propagates inside the material, to simplify the model set the material’s right boundary as a low reflection boundary. It can be expressed as follows:


  σ ⋅ n  |  r = d   = −  ρ i   c p   (    ∂ u   ∂ t   ⋅ n  )  n −  ρ i   c s   (    ∂ u   ∂ t   ⋅ t  )  t ,  



(24)






   c p  =      E i     ρ i      ( 1 −  ν i  )   ( 1 +  ν i  ) ( 1 − 2  ν i  )     ,  



(25)






   c s  =      E i    2  ρ i  ( 1 +  ν i  )     ,  



(26)




where t represents the tangential vectors at the boundary. The cp and cs are the speeds of the pressure and shear waves in the material. d is the length of the material of the finite element model.



The initial conditions can be obtained as


  σ ( r , z , t )  |  t = 0   = 0 .  



(27)








2.3. Paint Film Removal Conditions


Since the laser paint removal process involves the separation of the paint film from the substrate and the fracture between the paint films, the laser paint removal threshold is the maximum value of these two processes [31].



The transmitted stress wave at the interface between the paint film and the substrate is in the opposite direction to the reflected stress wave. The stress difference ΔP between these two stress waves causes the paint to separate from the substrate. This is obtained by calculating the Hugoniot elastic limit (HEL). The separation condition between the paint film and the substrate can be expressed as follows:


  Δ  P i  =   λ + 2 μ   2 μ    F w  ,  



(28)




where i = 1, 2, 3 represent the actual stress, thermal stress, and plasma shock stress, respectively; Fw is the adhesion strength between the epoxy resin paint film and the aluminum alloy substrate, which is 18.9 MPa [32].



When the stress difference ΔPr at the boundary of the paint film exceeds its Hugoniot elastic limit (HEL), the paint film fractures. The fracture situation can be obtained by calculating the Hugoniot elastic limit (HEL) of the paint film, which can be expressed as follows:


  Δ  P  r i   =   λ + 2 μ   2 μ   Y ,  



(29)




where Y = 70 MPa is the yield stress [33].



The laser paint removal threshold can be expressed as follows:


  σ > m a x ( Δ  P i  , Δ  P  r i   ) ,  



(30)







The materials used in this study were epoxy resin (paint) and 6061 aluminum alloy (substrate), and the corresponding mechanical parameters are listed in Table 1.





3. Experimental Section


This study used a nanosecond pulsed laser to remove the paint film on the aluminum alloy’s surface. The aluminum substrate and epoxy resin paint film thickness were 1 mm and 26 µm, respectively. The experimental setup is shown in Figure 1.



The laser pulse width is 12 ns with a wavelength of 1064 nm, and the laser is in the single pulse mode. The laser spot is a flat top beam, and the stability of the beam energy is less than 3% (Vlite-300 Beamtech, Beijing, China). A beam splitter splits the laser pulse into two beams (2:8 reflectance to transmittance ratio): one for paint removal and one for capturing the laser pulse energy. The focusing lens focuses the pulsed laser light (f = 500 mm) onto the surface of the paint film. The laser spot radius is 0.5 mm. We simultaneously utilize a DG645 pulse retarder to activate a high-speed camera and a nanosecond pulsed laser. We use a 532 nm continuous laser, a beam expander, a focusing lens (f = 50 mm), and a high-speed camera (SA-Z Fastcam, Yonezawa, Japan) to form a shadow imaging system. We also use shadow photography to observe the evolution of shock waves. The high-speed camera has an image resolution of 384 × 160, an exposure time of 159 ns, a pixel size of 20 μm, and the camera can capture 210,000 frames per second. The effect of laser paint removal was obtained using a metallographic microscope (DMI5000 Leica, Heidelberg, Germany). The resolution of the metallographic microscope is 2560 × 1920.




4. Numerical Model


Figure 2 is a flowchart of the simulation steps. According to the process in Figure 2, the finite element model of thermal coupling is established through COMSOL finite element software. By solving this finite element model, we obtain the temperature and stress changes in the material during laser paint removal.



A thermal-mechanical coupling laser removal model is established using COMSOL 6.0 finite element modeling (FEM) software. Figure 3 shows the model’s mesh details and boundary conditions. The coordinate system is a two-dimensional axisymmetric coordinate system. The r-axis and the z-axis are coordinate axes, and the z-axis is a symmetry axis. The aluminum alloy substrate and paint film thickness are set to 1 mm and 0.026 mm, respectively. The right boundary is a low reflection boundary, and the upper and lower surfaces are total reflection boundaries. We use free triangle meshes to mesh the substrate and paint film, and the meshes are finer and ultrafine, respectively. The full mesh contains 12,152 domain elements and 597 boundary elements. Since the laser spot radius is 0.5 mm, the length of the material is set to 1.5 mm.




5. Results and Discussion


5.1. Simulation Results


Figure 4 shows the evolution of the material surface temperature with time during laser paint removal. Figure 4a–c shows the thermal distribution of the material at different times when the energy density is 2.3 J/cm2. Figure 4d shows the spatial distribution of the thermal radiation flux to the paint film at 12 ns. It is found that during laser paint removal, the material temperature rises rapidly and reaches a peak at 10 ns. The paint film’s subsequent gasification processes cause the material’s surface temperature to drop rapidly. Since the gasification rate of the paint film is related to temperature, the temperature slowly decreases after the laser pulse.



During laser paint removal, the absorption of laser energy by the material and the surface plume causes the temperature of the material to rise and generate a plasma shock on its surface. Figure 5 shows the evolution of the temperature difference over time between the paint film and the substrate ((0, −0.022) and (0, −0.03)) and between the paint films (0.48, −0.026) and (0.52, −0.026). Simulation research shows that the temperature difference between the paint film and the substrate is much smaller than the temperature difference between the paint films. Therefore, the difference in thermal stress between the paint film and the substrate is significantly smaller than between the paint films.



In addition, since we assumed there would be ideal contact between the paint film and the substrate, the stress difference between the paint films at the interface when the plasma shock propagated was equal to that between the substrates. According to Formulas (28) and (29), it is found that the stress difference between the film and the substrate is significantly smaller than the stress difference between the paint films. Therefore, the actual stress difference between the paint film and the substrate is significantly smaller than the actual stress difference between the paint films.



Figure 6 shows the changes in the maximum stress difference with laser fluence. When the laser fluence exceeds 0.66 J/cm2, the stress difference between the paint film and the substrate is higher than its adhesion strength. The paint film and substrate begin to separate. When the laser fluence is higher than 1.1 J/cm2, the stress difference between the paint films exceeds its fracture strength. The paint film begins to fracture.



In addition, plasma shock and thermal stress have different generation times, causing a discrepancy between the actual and thermal stress differences. Figure 6 shows that when the laser fluence is higher, the actual stress difference is almost equal to the thermal stress difference. Since the plasma shock force is significantly smaller than the thermal stress, the difference in thermal stress can instead be the actual stress difference. The primary mechanism for nanosecond laser paint removal is thermal and plasma shock.



Figure 7 shows that the actual stress difference between the paint films decays rapidly after the laser pulse. As the laser fluence increases, the relaxation of the actual stress difference between the paint film and the substrate after the end of the laser pulse becomes stronger and stronger, as shown in Figure 7. This relaxation is due to the reflection of the stress wave at the paint film and substrate interface.



Figure 8 shows the evolution of stress difference with time under different laser fluence. The generation time of the plasma shock and the thermal stress is different, resulting in a difference between the actual stress difference and the thermal stress difference. As the laser fluence increases, the distance between the thermal and the plasma stress peak between paint films increases, as shown in Figure 8a,b. As a result, the difference between the paint films’ thermal and actual stress becomes smaller, as shown in Figure 6b.



When the laser fluence is small, the distance between the peak of the thermal stress wave and the peak of the plasma shock wave is significant, resulting in a slight difference between the actual and thermal stress. As the laser fluence increases, the thermal stress waveform shifts to the left relative to the plasma waveform. There is a significant difference between the troughs of thermal stress waves and the peaks of plasma shock waves, as shown in Figure 8c,d. This significant difference increases the difference between thermal and actual stress as the laser fluence increases, as shown in Figure 6a.



The material temperature changes during laser paint removal are shown in Figure 4. Due to the rapid change in material temperature, thermal stress waves are generated inside the material and propagate outward. Figure 9 shows the evolution time of the thermal stress difference at different locations. From Figure 9, we found that the intensity of the thermal stress wave increases as the laser fluence increases. As a result, the difference in thermal stress increases with the increase in laser fluence. However, the longitudinal thermal stress wave speed increases, causing the (0.52, −0.026) and (0.48, −0.026) point waveforms to move relatively to the left, as shown in Figure 9a,b. The thermal stress difference between these two points fluctuates due to the relative displacement of the waveform to the left. As the laser fluence increases, the relative displacement of the waveform causes the maximum thermal stress difference to fluctuate, as shown in Figure 6b.



When stress waves propagate between the paint film and the substrate, relative displacement occurs between the stress waves due to the different speeds of the reflected and transmitted stress waves. As the laser fluence increases, the relative displacement between the stress waves changes the stress difference between point (0, −0.022) and point (0, −0.03). When the laser fluence is 2.3 J/cm2, the relative speed of the thermal stress wave at the paint film interface is faster. Therefore, the thermal stress wave at the (0, −0.022) point produces a relative displacement to the left, as shown in Figure 9c,d. This relative displacement causes the maximum thermal stress difference to decrease with the increasing laser fluence. Therefore, the maximum stress difference fluctuates with the increase in laser fluence, as shown in Figure 6a.




5.2. Experimental Results


According to the theoretical model, when the stress difference exceeds the adhesion strength between the paint film and the substrate, the paint film and substrate separate, as shown in Figure 10a. When the laser fluence exceeds the fracture threshold between the paint films at the point boundary, a fracture occurs between the paint films. However, when stress waves propagate between the paint films, they attenuate as the transmission distance increases. The fracture between paint films only occurs near the center of the light spot, and the fracture range of the paint film is very small, as shown in Figure 10d.



As the laser fluence increases, the paint removal effect increases. When the laser energy density is 1.2 J/cm2, the stress difference between the paint films is slight, and only the paint film in the center of the spot can be removed. The stress difference between the paint films increases as the laser energy density increases. When the laser fluence is 1.4 J/cm2, the paint film can be broken at the center and the boundary of the spot, as shown in Figure 11b.



However, with the increased laser fluence, the competition between thermal ablation and the stress stripping mechanism leads to contaminants on the substrate surface after laser paint removal. The temperature of the paint bottom increases and melts or pyrolyzes. If the stripping speed is fast, there are no residual pollutants. However, if the pyrolysis rate is fast, the pyrolysis products are deposited on the substrate and cause residual pollutants. Therefore, choosing the best laser paint removal parameters can improve the effect of laser paint removal.




5.3. Discussion


Figure 12 compares the experimental results of the laser ablation depth simulation and paint removal. During pulse laser paint removal, the ablation depth of the paint film increases with the increase in the laser energy density, as shown in Figure 12. There is a linear relationship between the pulsed laser fluence and ablation depth. The ablation depth of the nanosecond pulse laser is much smaller than the thickness of the paint film. By comparing simulation calculations and experimental results, it was found that the paint film stripping caused by thermal stress and plasma shock is the primary paint removal mechanism of the nanosecond pulse laser.



Figure 13 shows the surface plume evolution during laser paint removal. The rise in temperature of the paint film’s surface leads to ablation, while thermal stress and plasma shock cause the mechanical stripping of the paint film. After stripping, the paint film splashes outward due to inertia, as shown in Figure 13b.



When the laser fluence is small, the surface ablation plume and splashed paint film are smaller, resulting in a smaller stripping paint film area. When the laser fluence exceeds the paint removal threshold, as the laser fluence increases, the surface ablation plume and splashed paint film increase significantly, and the area where the paint film is stripped off increases significantly. Therefore, the nanosecond laser’s primary paint removal mechanism is mechanical stripping caused by plasma and thermal stress.



By comparing Figure 6b and Figure 9d, it is found that when the stress difference between the paint films exceeds the paint film fracture threshold, the paint film begins to fracture. When the laser fluence exceeds the paint film stripping threshold, the paint film quickly fractures and splashes outward, exposing a bright substrate, as shown in Figure 13b and Figure 11b. Therefore, the threshold for laser paint removal is approximately 1.4 J/cm2.





6. Conclusions


This paper establishes a thermal-mechanical-coupled laser paint removal model based on the heat conduction equation, Newton’s second law, and Fabbro’s theory. We used the COMSOL finite element software to simulate the model. By comparing the simulation and experimental results, we found that the thermal ablation depth of the nanosecond laser is relatively shallow. We found that the nanosecond pulse laser’s primary paint removal mechanism is the mechanical stripping caused by thermal stress and plasma shock. The threshold for laser paint removal is about 1.4 J/cm2.When the laser fluence is small, the surface ablation plume and splashed paint film are smaller, resulting in a smaller stripping paint film area. When the laser fluence exceeds the paint film stripping threshold, the paint film rapidly fractures and splashes outward, revealing a bright substrate. In addition, when the laser fluence is high, thermal stress is significantly greater than the plasma shock stress. Therefore, thermal stress can be used instead of actual stress when the laser fluence is high. Furthermore, the mutual superposition of stress waves occurs in the material due to the different generation times of plasma and thermal stress waves. This results in a discrepancy between the actual and thermal stress differences. The thermal stress difference causes the maximum actual stress difference to fluctuate.
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Figure 1. Experimental schematic diagram of pulsed laser paint removal. 
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Figure 2. Flowchart of simulation steps. 
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Figure 3. Mesh division of 2D axisymmetric finite element model: (a) Nanosecond laser paint removal principle (b) Finite element meshing. 
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Figure 4. Evolution of material surface temperature with time during nanosecond pulse laser paint removal: (a) t = 10 ns, (b) t = 50 ns, (c) t = 200 ns, (d) t = 12 ns. 
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Figure 5. Evolution of material temperature difference with time: (a) temperature difference between the paint film and substrate, (b) temperature difference between the paint films. 
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Figure 6. The changes in maximum stress difference with laser fluence: (a) maximum stress difference between the paint film and substrate ((0, −0.022) and (0, −0.03)) and (b) maximum stress difference between the paint films ((0.48, −0.026) and (0.52, −0.026)). 
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Figure 7. The evolution of the actual stress difference with time under different laser fluences: (a) the actual stress difference between the paint films, and (b) the actual stress difference between the paint film and the substrate. 
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Figure 8. The evolution of stress difference with time under different laser fluence: (a) the thermal stress difference between paint films, (b) the plasma shock stress difference between paint films, (c) the thermal stress difference between the paint film and substrate, and (d) the plasma shock stress difference between paint film and substrate. 
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Figure 9. Evolution of thermal stress difference with time at different locations: (a) E = 2.3 J/cm2, (b) E = 0.636 J/cm2, (c) E = 2.3 J/cm2, (d) E = 0.636 J/cm2. 
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Figure 10. Paint removal effect changes with laser fluence: (a) E = 0.72 J/cm2; (b) E = 0.83 J/cm2; (c) E = 0.96 J/cm2; (d) E = 1.12 J/cm2. 
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Figure 11. Paint removal effect changes with laser fluence: (a) E = 1.2 J/cm2; (b) E = 1.4 J/cm2; (c) E = 1.78 J/cm2; (d) E = 2 J/cm2. 
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Figure 12. The laser ablation depth simulation and experimental results of laser paint removal are compared. 
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Figure 13. Plume evolution on the surface of the paint film. (a) E = 1.2 J/cm2; (b) E = 1.4 J/cm2; (c) E = 1.78 J/cm2; (d) E = 2 J/cm2. 
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Table 1. Material parameters of aluminum alloys and paints.
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	Properties
	Paint
	Aluminum Alloy





	Density ρ (kg/m3)
	1700 [33]
	2736 − 9.4 × 10−3 T − 6.04 × 10−4 T2 + 8.99 × 10−7 T3 − 5.41 × 10−10 T4



	Sound speed V (m/s)
	2580 [34]
	5341 [35]



	Thermal conductivity k (W/(m·K))
	0.2 [36]
	165 − 0.06 T + 3.97 × 10−4 T2 − 3.63 × 10−7 T3



	Specific heat capacity Cp (J/kg·K)
	1800 [37]
	−5.6 + 6.73 T − 1.54 × 10−2 T2 + 1.6 × 10−5 T3 − 6.2 × 10−9 T4



	Thermal expansion coefficient α (1/K)
	6 × 10−5
	1.32 × 10−5 + 8.31 × 10−8 T − 2.91 × 10−10 T2 + 4.99 × 10−13 T3 − 3.13 × 10−16 T4



	Young’s modulus E (GPa)
	4.16 [33]
	7.66 × 1010 + 2,007,396 T − 186,458 T2 + 419 T3 − 0.349 T4



	Poisson’s ratio ν (1)
	0.3 [33]
	0.329 + 3.75 × 10−6 T + 2.21 × 10−7 T2 − 6.565×10−10 T3 + 4.21 × 10−13 T4 + 3.17 × 10−16 T5



	Plume expansion velocity νp (m/s)
	340 [20]
	



	The absorption coefficient of the plume κp (1/m)
	2.5 × 104 [12]
	



	Laser absorption rate of paint film A (1)
	0.8
	



	Latent heat of gasification ΔHv (J/kg)
	2.05 × 105 [38]
	
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
]

o
10]@ et 1] ) iy
= Eioven| iy
¥ 35. — sy 12 25470 /cm)|
g0 H
£
i g
S 5
g s, g
£ I
2o H
g i
200 £o
as 2
LR T T

Time(ns)

LT T
Time(ns)





media/file13.png
0.5
200

160

80 120
Time(ns)

40

120
Time(ns)

80

40

(BJIN)Q2UIDJJIP SSANS





media/file26.png





media/file12.jpg
‘Stress difference(MPa)

210
s
120

-0
is0],

(@)

®)

g 8 g
(TR 1 s &
| §
o £ o
s 2 s
o H v o o

me(as)






media/file18.jpg
Breakage

=






media/file9.png
40

.QJ .UQ
o G
L.

25

15-

Temperature difference (K)
N
(a)

° L =
o O O
M T B |

o
&

——0.637(J/cm?)
(a) 1.732(J/cm?)
1.91(J/cm?)
2.547(J/cm?)
0 200 400 600 800

Time(ns)

Temperature difference (K)

14

— —_
S N B~ O o O N
IR R S TR SRR B

|
N

—0.637(J/cm?)
——1.732(J/cm?)
——1.91(J/cm?)

——2.547(J/cm?)

1000

2000

Time(ns)

3000

4000






media/file14.jpg
— oaend)
2290

p——)
ot ouzszzd

o0

®)

—oeren?)
—22900em?)

E)

o0
Time(ns)

o am

— oaT0en?)
229

a

2

Stess diffrence(MP)

L3

B

2290

o w0
Time(ns)





media/file20.jpg
Breakage






media/file23.png
W
N
l

29
)
1

Plcln

=
()
1

Simulation Ablation depth(um)
o

[
(e}

—— Simulation Ablation depth

E=1.12J/cm2

E=0.72 J/cm?

E=1.78 J/cm?

M E=1.4J/cm?
E=1.2J/cm?

0.5 1.0 | 955} 2.0 P
E(J/cm?)





media/file5.png
(a)

Paint

Nanosecond Laserl

b mm lll Laser Paint
(b) )

Al ~

AN

0.75 1

Total reflection
boundary

Low reflection
boundary

r





media/file15.png
Stess difference(MPa)

Stress difference(MPa)

—— 0.637(J/cm?) = —— 0.637(J/cm?)
200 - _ 2 . 2
(a) 2.29(J/cm=) 80 - (b) 2.29(J/cm*<)
150 1 = 60 -
100 § 401
50 7 207
o] -~
= 5 22 '
g Y]
-501 S 40
-100 - 8 -60-
N
-150 -80
-100
-200 -
T T T T T '120 T T ¥ T ¥ T ¥ T
0 50 100 150 200 0 50 100 150 200
- Time(ns) | 0.637(J/cm?) _ Time(ns) — 0.637(J/cm?)
- ——2.29(J/cm?) | ——2.29(J/cm?)
ol (©) 204 (d)
| =) 1
[a )
40 - S 101
20 A g 0-
' =
0- 5
3 -10+
220+ 7
_4()_. -20
0 50 100 150 200 0 50 100 150 200

Time(ns) Time(ns)






media/file19.png
(@)

(¢)

#
s %
1 L s
g
bl
¥ Aaar
’1

Breakage






media/file2.jpg
Finite element model |

Create geometric Select physical I
model field
Preprocessing T
Mesh dividing input material |
propert
1
Select analysis Input boundary and
type initial ccndiﬁons
Soluti Input laser Select madlated
olution fluence location
N S
Solve
Post Temperature T ‘ Stress P (MPa) I

processing

(K)






nav.xhtml


  photonics-11-00025


  
    		
      photonics-11-00025
    


  




  





media/file11.png
— AP,

— AP
— AP,

2.5

<
@\
i
—
5
O
2
2«
1 E =
% = / —
g
O =