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Abstract

:

To effectively improve the cutting quality of sapphire and optimize ultrafast picosecond laser cutting technology, this paper presents a new numerical simulation method and an experimental study of the ultrafast double-laser cutting of sapphire materials. The optimal cutting technology and the numerical simulation of the temperature field of the ultrafast picosecond laser cutting of sapphire were designed independently. The principle is based on double-laser-beam cutting using an ultrashort pulse and a CO2 beam; the ultrashort pulse is focused on the material through a laser filamentous cutting head and perforated, and it moves at a speed of up to 200 mm/s to form the desired cutting line. Then, a CO2 beam is used for heating, and the principle of heat bilges and cold shrink causes the rapid separation of products. Furthermore, an SEM tester was used to characterize and analyze the microstructure and properties of sapphire materials. A microscope was used to analyze the composition of the cutting micro-area and explore the general mechanism of laser cutting sapphire. The results showed that the proposed method greatly improves efficiency and precision; in addition, the chipping size of sapphire is less than 4 μm.
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1. Introduction


Sapphire materials have become important materials widely used in many industries due to their excellent characteristics; however, their high hardness also presents cutting difficulties. As such, it is crucial to improve the cutting technologies used for sapphire. In recent years, with the rapid development of laser technology, information technology, and computer technology, great progress has been made in ultrafast laser cutting. Since the invention of chirped pulse amplification (CPA) technology in 1985 [1], it has led the development of laser technology. Ultrafast laser cutting mainly causes phase transition through electrons, which leads to material removal [2,3]. Depending on the mechanism, ionization can be divided into linear and nonlinear ionization. Linear ionization occurs when the laser energy density is less than 1012 W/cm2 and the photon energy is greater than the bound barrier, which follows the Beer–Lambert law [4]. Laser cutting technology and cutting methods for nonmetallic materials have been studied [5,6]. The field in which the double-pulse laser is most studied is laser-induced breakdown spectroscopy (LIBS). In LIBS, the double-pulse laser can blend laser energy into the material more effectively [7,8]. Kondratenko V. S. et al. [9] are devoted to developing new cutting technologies for semiconductor wafers on crystals using laser-controlled thermocracking. Some scholars have researched sapphire cutting by means of a femtosecond laser [10] and a picosecond laser [11]. Cai Z. et al. [12] proposed a new method for the fiber laser cutting of sapphire substrates in 2015. Yan T. et al. [13] established the modification characteristics of filamentary traces induced by a loosely focused picosecond laser used to cut sapphire. Hao Y. et al. [14] investigated the picosecond laser damage growth behavior of multilayer dielectric gratings by the 1053 nm pulses. The characteristics of a nanosecond double-pulse laser and the processing parameters for the presented technique were studied, and the processing parameters for realizing the high-precision cutting of sapphire were obtained [15,16]. Numerous studies have investigated the material removal and surface formation mechanisms of C-Plane sapphire in multipass ablation by means of picosecond laser and nanosecond UV laser [17,18,19]. Lin J. et al. [20] investigated a molecular dynamics simulation of nanoindentation on C-Plane sapphire. Zhang Q. et al. [21] studied the surface micro-structuring of sapphire by a Q-switched nanosecond pulsed laser, the results indicate that the nanosecond pulsed laser is high-efficiency for micro-structuring of sapphire material. Walton C. D. et al. [22] conducted micro-machining of sapphire using a pulsed nanosecond laser. Wen Q. et al. [23] showed that a femtosecond laser was an effective tool for processing sapphire materials.



In previous research, sapphire crystal materials exhibited easy edge breakage in mechanical cutting, and a single-beam laser was used in laser machining; the direct laser processing of sapphire using ultrafast lasers still presents some challenges. In summary, researchers have studied the mechanisms of the ultrashort pulsed-laser processing of brittle materials. With existing single-laser processing technology, it is easy to cause material surface damage or even produce defects due to excessive laser heat input. In this work, we establish a new processing model for the ultrafast laser machining of sapphire using ultrafast double-laser cutting, and we establish, using an ABAQUS simulation, a finite element model of the hot-crack cutting of a sapphire microcrack. In the picosecond laser-cutting experiment, sapphire material is taken as the test object, the laser process parameters are optimized, and the microstructure and properties of sapphire are characterized and analyzed. The general mechanism of ultrafast double-laser cutting sapphire is discussed, and the surface morphology characteristics and evolution rules of ultrafast double-lasers are revealed.




2. Machining Principle of Ultrashort Laser Cutting and Numerical Simulation


2.1. Sapphire Material


Sapphire material is composed of Al2O3, which has a hexagonal lattice structure. The physical and chemical parameters of sapphire are shown in Table 1. It is commonly used in A and C sections. Figure 1a shows a molecule formed by the covalent bonding of three oxygen atoms and two aluminum atoms; Figure 1b shows the crystal structure of sapphire material, where the red dots are oxygen ions, and the green dots are aluminum ions. The cut surface of sapphire material is shown in Figure 1c, and Figure 1d is the cutting schematic diagram. The c-direction cutting is flat and easily cut; in addition, it does not easily split. However, the cutting edge collapses easily, and the cutting process is not mature. In addition, the processing modes of planes C and A are different, and the efficiency and quality of processing are also affected.



Some studies indicate that the cutting surface cracks of A-Plane sapphires include radial and transverse cracks, while the cutting subsurface cracks of C-Plane sapphires are mainly transverse cracks [24,25,26]. This is shown in Figure 1d, where red lines are radial cracks and blue lines are transverse cracks. Due to sapphire being a hard and brittle material, it easily cracks, fragments, and delaminates; in addition, problems such as edge collapse, edge fracture, tool wear, and other defects are observed during traditional mechanical processing. Moreover, it is difficult to process sapphire by traditional mechanical processing methods. Figure 2 shows microscope photos of sapphire processed by mechanical action at 50 times, 100 times, and 200 times magnification.




2.2. Principles of Ultrafast Double-Laser Cutting Machining


In the process of ultrafast laser photochemical processing, energy is injected into a very small action area very quickly. The instantaneous deposition of high energy density changes the electron absorption and motion mode, which avoids the linear absorption, energy transfer, and diffusion of other laser-based methods and fundamentally changes the interaction mechanism between laser and matter. In the removal process, effective control and machining accuracy are realized according to the dynamic law of the material and the ultrashort pulse photon.



Updated from previous studies [27,28,29,30], Figure 3a shows that the double-laser-beam cutting method controls the picosecond laser beam through the laser cutting head, focusing on material perforation; with the X/Y high-speed platform moving at a speed of up to 200 mm/s, it forms the required cutting line. A CO2 laser is then used to heat the cutting line; Figure 3b shows a picosecond laser beam focused according to the preset cutting path and the sapphire material’s relative movement. The laser beam is focused on the sapphire material to form a cutting layer by controlling the laser’s spot energy; the focal depth of the laser beam focuses on the sapphire material, and the laser energy and action time directly affect the temperature gradient of the action area. Figure 3c shows that the two lasers cutting path of are the same, and the cutting lines completely overlap. The rapid separation of sapphire was carried out by the CO2 laser that repeated the picosecond laser’s cutting route. By using this method that combines a fiber picosecond laser with a CO2 cutting laser, the cutting of sapphire material was greatly improved, particularly in terms of efficiency and accuracy.




2.3. Analysis of Laser Cutting


The change in the temperature field during the interaction between the ultrafast laser and the sapphire material was simulated. The modified three-dimensional heat conduction equation is as follows (Ref. [31]):


  ρ ⋅ c   ∂ T   ∂ t   −  ∂  ∂ x   ( K   ∂ T   ∂ x   ) −  ∂  ∂ y   ( K   ∂ T   ∂ y   ) −  ∂  ∂ z   ( K   ∂ T   ∂ z   ) =  Q 1  ( x , y , z , t ) +  Q 2  ( x , y , z , t )  



(1)




where  K  is the thermal conductivity,  ρ  is the density, c is the specific heat capacity,  T  is the temperature,  t  is the time,    Q 1  ( x , y , z , t )   is the intensity of the picosecond laser heat source, and    Q 2  ( x , y , z , t )   is the intensity of the CO2 laser heat source. In practice, the above parameters are different under different temperature conditions. Assuming that each parameter is independent of temperature, the equation can be simplified as follows:


  ρ ⋅ c   ∂ T   ∂ t   − K ⋅  ∇ 2  T =  Q 1  ( x , y , z , t ) +  Q 2  ( x , y , z , t )  



(2)







According to the spatial distribution of Gaussian beams, the ultrashort pulse and the CO2 beam pulse can be expressed as follows (Refs. [32,33]):


  I ( x , y , z ) =   2  I 0    π  R L    2  ( Z )   exp ( −   2 (  x 2  +  y 2  )    R L 2  ( Z )   )  



(3)




where    I 0    is the peak power and    R L    is the spot radius.    R L  ( Z )   is expressed as in [33,34].


   R L  ( Z ) =    R  0 L  2  + 4  θ L 2    (  z 0  − z )  2     



(4)







The finite element method is used to solve for the cutting temperature distribution of sapphire material at the next moment for cases involving short time intervals. In this way, the finite element method is used to divide the grid in the spatial domain. The finite element equation of temperature control is as follows:


  [ K ]  { T }  + [ C ]  {  T ˙  }  =  {  Q 1  }  +  {  Q 2  }   



(5)




where   [ C ]   is the ultrafast double-laser specific heat capacity matrix;   [ K ]   is the ultrafast double-laser heat conduction matrix;    { T }    and    {  T ˙  }    are column vectors of node temperature change and node temperature change rate, respectively;   {  Q 1  }   and   {  Q 2  }   is the ultrafast laser and CO2 laser energy vector.



It is assumed that there is no radiation or heat convection on the surface of the processed sapphire materials, and the sapphire is regarded as an adiabatic surface. Different models and methods are adopted to obtain approximate analytical or numerical calculations for determining temperature field changes. Our hypotheses were made as follows: (1) the sapphire material being heated is isotropic; (2) each thermal parameter of the sapphire material is treated as a constant; (3) for the radiation and convection of the surface, only the heat conduction of the sapphire material surface is considered. By setting double-laser cutting parameters consistent with the design to simulate the changes in the temperature field, the temperature changes in the sapphire slices along the thickness direction are observed.



Sapphire cracking depends on technological parameters, such as the temperature gradient. If the temperature gradient in the sapphire is too large, it increases the thermal stress, causes an increase in dislocation density, and leads to sapphire cracking. If the temperature field is not reasonable, then the temperature gradient is too large, the cooling rate is too fast, etc. This can cause thermal stress on the sapphire material; relative deformations can be produced, and sapphire cracking occurs. Therefore, the temperature gradient in the sapphire material must be reduced to prevent sapphire cracking.




2.4. Temperature Simulation and Analysis


The change in the temperature field during the interaction between the ultrafast laser and the sapphire material was simulated. In the simulation process, parameters such as temperature, heat flux, thermal conductivity, and the specific heat of the surrounding environment were defined. The initial temperature field of the solid module was defined in ABAQUS software. When the initial temperature field of the shell element is defined, the temperature of the cross-section and the temperature in the element plane must also be defined. Like the body element, the temperature of the shell element can be read from existing heat transfer analysis results. ABAQUS provides definitions of conductivity, specific heat, density, modulus of elasticity, Poisson's ratio, and other parameters that vary with the temperature field and field variables. The temperature simulation flow diagram is shown in Figure 4.



In terms of types of thermal analysis, ABAQUS provides steady-state analysis, transient analysis, and nonlinear analysis. The numerical simulation parameters are shown in Table 2.



ABAQUS provides various forms of temperature designation, heat flux designation, convective boundary condition designation, definitions of radiation in the surrounding environment, and the setting of natural boundary conditions and initial conditions. For the contact problem in thermal analysis, ABAQUS provides a thermal “contact” method that simulates heat transfer in the contact position through interfacial heat transfer, thermal interaction, gap heat transfer, gap radiation, and other methods.



The relationships between the thermal expansion coefficient varies with the temperature of sapphire crystal are shown in Figure 5. It can be seen from Figure 5 that the thermal expansion coefficients of these three crystal directions all increase with increases in temperature. In the temperature range of 50–750°C, the thermal expansion coefficients increase greatly with increases in temperature. Such large increases promote the generation of strong thermal stress in the crystal and make the crystal more likely to crack. It can be seen that at the same temperature, the coefficient of thermal expansion in the c-direction is the largest. This is consistent with the reports in [35,36,37]. Curves illustrating the thermal diffusivity vs. the temperature of sapphire are shown in Figure 6. It can be seen from Figure 6 that the thermal conductivity of sapphire crystal decreases with increases in temperature. Regarding heat conduction in sapphire crystal, the main mechanism is phonon heat conduction. With increases in temperature, phonon vibration energy increases and frequency accelerates, so the phonon free path further reduces, thus reducing the thermal conductivity.



The finite element simulation mesh model of sapphire is shown in Figure 7a, and it is a finite element mesh division; the temperature simulation is shown in Figure 7b. It can be seen from Figure 7 that the temperature gradient changes differently in the top and bottom regions of the laser. At Point 1-Top, the temperature is 4300 degrees, which is greater than the boiling point; this value is higher than the temperature change at Point 3-Bottom.



Figure 8 shows the distribution map of the sapphire temperature field at a certain time; it is symmetrically cut along the center of one side of the model. The dark color is the temperature field, and the light color is the laser’s heat-affected zone. The heat-affected zone on the sapphire surface is small, and its outer edge is parallel to the cutting line. The temperature field describes the relationship between temperature distribution and time at a given point in the sapphire. As can be seen from Figure 8a–d, the laser cutting completed one circle in 0.4 s. The temperature field of the cut surface of the sapphire material at 0.1 s is shown in Figure 9, where the ultrafast laser’s energy is transferred to the inside in 0.1 s, which is a very short period of time, and the temperature of the laser’s heat-affected area is gradually reduced.





3. Experimental Equipment and Method


3.1. Experimental Equipment


The test-bed consisted of an ultrafast picosecond laser, a CO2 laser, a beam conversion system, a cooling system, a control system, a working system, etc. The maximum power of the picosecond laser was 40 W. The experimental equipment was an SEM and an optical microscope, and the edge-breaking size [38,39] and edge visual effect of the cutting edge were evaluated. Details of the ultrafast double-beam test are shown in Figure 10. A schematic diagram of dual-beam picosecond laser cutting is shown in Figure 10a, and a photograph of the laser-cutting equipment is shown in Figure 10b.




3.2. Test Materials, Laser Parameters, and Methods


To remove the brittle material more uniformly and improve the removal efficiency, the trajectory was scanned several times in a cycle, and the focus compensation was realized using a dual beam. Sapphire materials were selected for the experiment. Laser parameters were as follows: the picosecond laser wavelength was 1064 nm, the picosecond power was 40 W, the repetition frequency was 100 kHz, the beam quality M2 was 1.3, and cycle scanning times were 10–100. The CO2 laser power was 100 W, the wavelength was 10,600 nm, and the single-pulse energy was 1 mJ. The parameters are shown in Table 3. After the experiment, the surface cutting precision of the samples was observed and measured by field emission scanning electron microscopy and an optical microscope. The influences of average power, scanning speed, repetition frequency, and scanning times on the heat-affected zone were studied. The overall focus was the optimization, by experimental research, of double-beam laser processing parameters for edge preparation in the cutting of sapphire materials using a picosecond laser and CO2 laser.





4. Results and Discussion


With an increase in the intensity of the ultrafast picosecond laser, the chipping size of the top and bottom regions of sapphire increases, but the chipping size of sapphire is less than 4 μm. The serrated surface of the top after machining is mainly caused by the spot separation phenomenon due to the low laser frequency. The serrated surface can be avoided by changing the cutting speed of the ultrafast picosecond laser as well as its repetition frequency; when the laser energy density increases to a certain level, the front edge collapse size reaches saturation.



4.1. Influence of the Laser Cutting of Sapphire on the Chipped Edge Phenomenon


The power and cutting speed of the double laser affect the quality of sapphire cutting. Laser energy is the main energy source in the laser cutting of sapphire [40,41]. The energy of sapphire irradiated per unit of time is determined by the laser power and scanning speed, and laser power has an important impact on cutting quality. For a given sapphire material and laser power, the cutting speed of sapphire is proportional to the laser power as long as it is above the threshold value. That is, increasing the power of the picosecond laser can improve the cutting speed. When cutting sapphire materials with a picosecond double-laser beam, if other process parameters remain unchanged, the picosecond laser cutting speed has a relative adjustment range, and the CO2 laser slices through the material by cutting along the same path as the picosecond laser.



The chipping size test, as analyzed by microscope, is shown in Figure 11. Chipping size under varying laser powers is shown in Figure 12, which shows the changes in edge breakage on the top and bottom sapphire surfaces. Laser energy is a very important factor affecting the amount of sapphire edge breakage. The greater the laser energy density is, the more obvious the edge breakage phenomenon is, and the larger the edge size is. It can be seen from the figure that the edge breakage length is very small, less than 4 μm, after picosecond and CO2 cutting. Under the same material conditions, the laser power directly determines the change in the temperature gradient. This is seen in Figure 12, the results of which represent experiments that were each repeated more than three times in different regions to form error bars for the roughness measurements. Point D’s error bar, with scale, is shown in Figure 12 to reveal the difference in roughness.




4.2. Test for Sapphire Cutting


After optimizing the process parameters and comparing picosecond single-beam cutting with infrared picosecond and CO2 laser double-beam cutting, the test for sapphire ultrafast double-laser beam cutting is shown in Figure 13.



A photograph of cutting micropores is shown in Figure 13a. SEM scanning images of the sapphire microporous cutting surface are shown in Figure 13b. A microscope observation edge collapse effect test is shown in Figure 13c, with a cutting surface length of 700 microns; surface roughness changes are evaluated by means of the confocal microscope test. Surface 3D morphology and Sa are shown in Figure 13c,d, respectively. Sa is roughness based on cutting regional topography, which was found to be as high as 0.4128 μm. Ra is a parameter used to evaluate roughness based on the line contour method, and its values are shown in Figure 13e,f. This represents the shape and roughness of the cut end face area. The average Ra is as high as 0.3913 μm, and the minimum Ra is 0.2594; because this is a low roughness number, we can clearly see that the cutting quality is very good. It can be seen that the cutting surface quality produced by the picosecond double-beam method is smooth and exhibits no obvious carbonization, with low thermal stress and thermal influence.





5. Conclusions


The simulation of the laser cutting temperature field provided guidance for the experiment and was consistent with the experimental results. Using an ultrafast double-laser-beam cutting test-bed and employing optimized matching with reasonable laser process parameters, the characteristic size and micro-morphology of sapphire materials after processing were studied. The new ultrafast double-laser processing method proposed in this paper can prevent the problem of cutting edge breakage in sapphire crystal materials and provide an effective processing method for the cutting of hard and brittle materials, as demonstrated by the fact that the average Ra of the cutting surface was 0.3913 μm and the chipping size was less than 4 μm.
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Figure 1. Structure of sapphire material. (a) Al2O3 covalent bonding. (b) Sapphire crystal structure. (c) Cutting surface of sapphire material. (d) Cutting schematic diagram. 
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Figure 2. The fragmentation of sapphire material under mechanical action. (a) 50×. (b) 100×. (c) 200×. 
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Figure 3. Schematic diagram of ultrafast double-laser-beam cutting. (a) Double-laser-beam cutting method; (b) Picosecond laser cutting; (c) CO2 laser cutting. 
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Figure 4. The temperature simulation flow diagram. 
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Figure 5. Thermal expansion coefficient varies with temperature of sapphire crystal. 
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Figure 6. Thermal conductivity varies with temperature of sapphire crystal. 
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Figure 7. Simulation of the temperature field of brittle sapphire material based on ABAQUS. (a) Finite element mesh division. (b) Temperature curve varies with time. 
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Figure 8. Temperature field variation of sapphire laser cutting material based on ABAQUS at different times. (a) t = 0.1 S. (b) t = 0.2 S. (c) t = 0.3 S. (d) t = 0.4 S. 
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Figure 9. Temperature field variation of cut surface at 0.1 S. 
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Figure 10. Ultrafast double-laser beam cutting machine equipment. (a) Schematic diagram of ultrafast double-laser beam cutting. (b) photograph of the laser-cutting equipment. 
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Figure 11. Chipping size test analyzed by microscope. 
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Figure 12. Chipping size under varying laser powers. 
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Figure 13. Test for double-beam cutting sapphire. (a) Photograph of cutting micropores. (b) SEM scanning of microporous sapphire surface. (c) 3D roughness of the cut surface. (d) Sa roughness of the cut surface. (e) Roughness of the cut surface. (f) Ra roughness of the cut surface. 
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Table 1. Physical and chemical parameters of sapphire.
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	Chemical Elements
	Density

(g/cm3)
	Hardness (HV)
	Thermal Coefficient of Expansion
	Refractive Index
	Melting

Point (°C)
	Boiling Point (°C)





	Al2O3
	3.95–4.1
	1700
	5~40 W/(m·°C)
	1.762~1.770
	2050
	3500
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Table 2. Numerical simulation parameters.
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	Parameters
	Numerical Value
	Parameters
	Numerical Value





	Diameter
	51 mm
	Laser spot radius
	0.05 mm



	Thickness
	0.3 mm
	Cutting speed
	200 mm/s



	Thermal coefficient of expansion
	5 W/m2
	The grid size
	0.25 mm



	Picosecond laser power
	40 W
	Density
	4000 Kg/(m3)



	Conductivity
	5~40 W/(m·°C)
	Specific heat
	0.7788 J/(g·K)



	Indoor temperature
	25 °C
	Expansion coefficient
	5.2~9.51/10−6 K−1
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Table 3. Double-beam laser processing parameters.






Table 3. Double-beam laser processing parameters.





	
Picosecond Laser

	
CO2 Laser






	
Wavelength

	
1064 nm

	
Wavelength

	
10,600 nm




	
Optical quality

	
<1.2

	
Optical quality

	
<1.3




	
Power

	
>40 W

	
Power

	
100 W




	
Pulse width

	
<10 ps

	
Pulse width

	
1 ns




	
Cutting speed

	
100–200 mm/s

	
Cutting speed

	
50–200 mm/s




	
Pulse frequency

	
200 kHz–8 MHz

	
Pulse frequency

	
10–600 kHz
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