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Abstract

:

Laser-induced thermal crack propagation (LITP) is a high-quality and efficient processing method that has been widely used in fields such as glass cutting. However, the problem of trajectory deviation often arises in actual cutting operations, especially in asymmetric cutting. To address this issue, a low-temperature gas cooling trajectory deviation correction technique was proposed in this study. This technique modifies the temperature and stress distribution by spraying low-temperature gas onto the processing surface and maintaining a relative position with the laser, thereby correcting the trajectory deviation. The finite element simulation software ABAQUS was employed to numerically simulate the dynamic propagation of temperature fields, thermal stress, and cracks in the asymmetric linear cutting and circular cutting of soda-lime glass with the proposed low-temperature gas cooling trajectory deviation correction technique, and the correction mechanism was elucidated. In the simulation results, the optimal relative distance (ΔX) between the low-temperature gas and scanning laser was obtained by analyzing the transverse tensile stress. Based on the analysis of the experimental and numerical simulation results, it is concluded that the cryogenic gas cooling technique can effectively correct the trajectory deviation phenomenon of asymmetric linear cutting of soda lime glass by LITP.
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1. Introduction


As a brittle material, glass has been widely utilized in various electronic device screens due to its high transparency, high mechanical strength, uniform texture, smooth surface, and corrosion resistance. With the popularity of smartphones, handheld devices, and tablet computers, the demand for high-quality, high-efficiency, and high-strength glass cutting has been increasing, which has become an important technological challenge in the glass manufacturing industry [1,2,3,4].



At present, the conventional mechanical cutting method is widely employed to cut glass, which involves the use of hard metal tools and physical contact force between them and the glass [5]. C.T. Pan et al. [6] proposed that the size of the median crack increases with the increase of cutting depth and cutting pressure, but an appropriate size of the median crack can eliminate edge chipping and obtain a smooth separation surface. M. Zhou et al. [7] demonstrated that adding ultrasonic vibration to diamond cutting during glass cutting can effectively reduce tool wear and improve the surface finish, which has been verified by experiments. Although this contact scratching method often generates many microcracks and small chippings on the cutting edge, these microcracks may propagate under continuous forces in the subsequent processing, leading to a rapid decrease in the number of products.



Therefore, traditional mechanical cutting methods are gradually being replaced by non-traditional cutting methods [8,9,10]. Finding a suitable cutting technology with high quality and efficiency has become an urgent issue [11,12]. Laser-induced thermal crack propagation (LITP) is a non-traditional and competitive glass processing method with features of non-contact, high-quality, high-efficiency, and high-strength processing [13]. Lumley [14] proposed LITP for cutting brittle materials. Laser-induced thermal crack propagation involves a laser instead of a tool in a non-contact form. The cut section is smooth, clean, and straight, free of contamination and defects, and extremely strong. The material only undergoes separation but is not removed during the crack propagation process, which not only avoids material damage but also greatly improves the material utilization efficiency. Therefore, laser-induced thermal crack propagation is widely recognized as the method with the highest cross-section quality for glass cutting [15,16].



H.S. Kang et al. conducted a study on laser-induced thermal crack propagation for liquid crystal displays (LCDs), plasma displays (PDPs), and flat panel displays (FPDs). The results showed that the uneven distribution of the liquid after being sprayed onto the glass surface resulted in poorer edge quality when using liquid cooling for glass cutting compared to gas cooling [17]. C.H. Tsai et al. [18] used a diamond tool to scribe and scanned along the scribe with a continuous CO2 laser. They found that the uncertainty of the size and direction of cracks at the bottom of the scribe resulted in the separated surface after processing not being perpendicular to the surface of the flat glass. Salman Nisar et al. [19] conducted a study on symmetrically cutting glass using diode laser-induced thermal crack propagation. The results showed that there was a serious trajectory deviation phenomenon at the entry and exit points of the material. During the stable cutting stage, the crack could extend along the trajectory of the laser movement.



However, asymmetric linear cutting (where the cut line does not coincide with the material centerline, including asymmetric straight lines and circular curves) is more common in practical processing. The asymmetry of the material on both sides of the scan line causes the stress distribution asymmetry and the location of the shear minimum does not appear on the scan line, causing the crack trajectory to be shifted; while the trajectory shifting mechanism of circular curve cutting also includes the effect of the asymmetry of the temperature field distribution and the hysteresis of crack expansion, causing the crack trajectory to be shifted. C.Y. Zhao et al. [20] proposed a dual-beam laser trajectory offset correction technique that can effectively correct the trajectory offset phenomenon that occurs when cutting asymmetric glass by laser-induced thermal crack propagation. However, this technique increases the complexity and cost of the equipment and raises the maximum temperature of the material during the cutting process, which may lead to defects in the material separation surface. In addition, the technique is better for the correction of asymmetric straight lines but is less effective for the correction of trajectory offsets with small cutting arc radii.



In this study, a cryogenic gas cooling trajectory deviation correction technique is proposed to solve the trajectory deviation problem in asymmetric cutting. The technique involves directing the cryogenic gas to the side where the temperature gradient needs to be increased in order to change the temperature and stress distribution. Numerical simulations were performed to investigate the temperature field, thermal stresses, and dynamic crack expansion during the correction of a cryogenic gas cooling trajectory deviation for the asymmetric linear cutting of glass. The optimal relative distance (ΔX) between the cryogenic gas and the scanning laser was obtained by combining the experimental results and simulation data. The correction mechanism of the cryogenic gas cooling trajectory deviation correction technique is further explained.




2. Theoretical and Simulation Models


The principle of the low-temperature gas cooling trajectory deviation correction technique is to direct low-temperature gas towards the side that requires an increase in the temperature gradient to form a larger temperature gradient and reduce asymmetric stress, thereby reducing the trajectory deviation. As the gas jet generates a significant amount of pressure, the same arrangement strategy is employed to symmetrically place the nozzle on the upper and lower sides of the specimen to shield the effect of the jet pressure on processing, ensuring that the pressure on both sides of the material is consistent during jetting (as shown in Figure 1).



Upon the laser entering the scanning area, the material temperature rapidly drops, leading to material shrinkage and tensile stress. In the case of laser scanning on asymmetric glass, the asymmetric thermal stress can cause a trajectory deviation. Therefore, low-temperature gas jetting to the side that requires an increased temperature gradient can improve the symmetry of the cutting process and reduce the trajectory deviation. For asymmetric linear cutting, low-temperature gas jetting should be applied to the side with less material to correct the trajectory. For circular arc cutting, low-temperature gas jetting should be applied to the side that requires an increased temperature gradient on the inner side of the arc to correct the trajectory.



The absorption mode of sodium–calcium flat glass for a continuous semiconductor laser with a wavelength of 1064 nm is in the bulk absorption mode, as shown in Figure 2. The expression for the planar Gaussian distribution cone divergent bulk absorption heat source with uniform linear motion can be represented by Equation (1) [21,22].


    q   G     x , y , z   =   2 ( 1 −   R   G   ) · α ·   P   0     π   [   r   G   + (   H   G   − z )   t a n     θ  /  2     ]   2     ·   e   − α · (   H   G   − z )   ·   e   − 2     ( x −   x   0   − v t )   2   −   ( y −   y   0   )   2       [   r   G   + (   H   G   − z )   t a n     θ  /  2     ]   2        



(1)




where     x   0   ,   y   0     are the position coordinates of the scanning start beam center;     q   G     is the heat flux function of the heat source in the glass;     R   G     is the reflectance of the 1064 nm laser incident on the air–glass interface;     P   0     is the laser power;     H   G     is the thickness of the glass layer;     r   G     is the spot radius of the laser beam at the outer surface of the glass layer;   θ   is the divergence angle of the laser beam; and   v   is the scanning speed.



For isotropic and homogeneous materials, the temperature field T(x,y,z,T) is obtained using a transient solver program controlled by the heat diffusion in Equations (2)–(4) based on the conservation of energy and Fourier’s law in the Cartesian coordinate system.
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  T   x , y , z , 0   = 20   ° C  



(3)
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(4)




where   k , Q , ρ   are the thermal conductivity, heat generated per unit volume of laser irradiation and the specific heat. It is assumed that the initial temperature of the glass is at room temperature of 20 °C, W is the thermal convection surface between the outside air and the glass, and   h   is the glass, the convection coefficient between the outside air and the glass.



To investigate the effect of low-temperature gas cooling on trajectory correction, the flow field distribution of the gas jet injected onto a flat plate was simulated using the FLUENT simulation software. The numerical solution of the heat transfer coefficient distribution on the flat plate was obtained through the simulation, and an approximate analytical solution for the heat transfer coefficient distribution was obtained by fitting the numerical solution using MATLAB.



During the FLUENT simulation process, the RNG k-ε model was used to investigate the impinging flow of a single circular jet [23,24,25]. The nozzle was perpendicular to the material surface, and the model and mesh division is shown in Figure 3, where H/D = 10. The boundary condition was Re = 14,000, the indoor temperature was T = 300 K, the solid wall was a non-slip boundary, and the injection method was a fixed-point injection. The heat transfer coefficient distribution cloud map on the solid wall was extracted (as shown in Figure 4), and the heat transfer coefficient on the centerline was obtained and curve-fitted using MATLAB (as shown in Figure 5). The R-square value after fitting was 0.951, indicating that a good fitting curve can be obtained through Gaussian fitting. The final analytical solution for the fitted curve is Equation (5).


  H = 443.4   exp  ⁡    −     x   2       0.00145   2          



(5)







By injecting cryogenic gas, the local convective heat transfer coefficient can be increased and the local temperature of the material can be reduced, thus changing the distribution of the temperature field. Using the approximate analytical solution of the heat transfer coefficient distribution obtained above, it is introduced into the ABAQUS user subroutine for solving the analytical model of the temperature field and studying the effect of the relative position between the center position of the jet and the center position of the laser spot on the temperature field distribution.



The sequential coupled thermoelastic and extended finite element method (XFEM) analysis was conducted using the ABAQUS software, with a modeled size of   30   m m × 15   m m × 2   m m  . The mesh and initial crack state (200 μm) of the specimen are illustrated in Figure 6. The total number of elements used was 63,720.



In asymmetric cutting, both the crack extension direction and the crack plane may be deflected, and these two types of deflection (as shown in Figure 7) are tilt type and twist type, respectively. The tilt type means that the crack plane is rotated around the     O   z     axis by   θ   (tilt angle), and the rotation of the crack face in the   θ   direction is achieved by continuous adjustment of the crack leading edge; the twist type means that the crack plane is rotated around the     O   x     axis by   ϕ   (twist angle), and the rotation of the crack face in the   ϕ   direction is achieved by “step” splitting of the crack leading edge. The main type of deflection is tilted, and it is the transverse shear stress that affects the direction of crack expansion in asymmetric cuts.
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3. Experimental Steps


In the trajectory offset correction technique with cryogenic gas cooling, the schematic diagram of the trajectory correction system is shown in Figure 8. The equipment used in this study is a fiber-coupled 300 W continuous-wave, diode-pumped, solid-state laser with a wavelength of 1064 nm, and the specifications of the main lasers used in the experiment are shown in Table 1. The gas pump (The gas flow rate is 5 L/min) is placed in a space with an ambient temperature of −20 °C. The gas was fed through a tee and a gas guide tube, which was fixed to the machine through a snakeskin tube, and the relative positions of the laser and the jet were adjusted by an XY trimmer table. To ensure that the two lasers irradiate vertically onto the material surface, the two lasers are arranged on either side of the material. The material is placed above the focal point and the distance to the focusing lens is varied to obtain the desired laser beam size on the material surface.



The specimens used were soda-lime flat glass with a sample size of   30 × 15 × 2     m m   3    . The physical properties are shown in Table 2. An initial crack of more than 200 μm was prefabricated on the edge of the glass sample with a diamond wire saw. The best cutting quality was achieved at this time when the laser scanning trajectory was at a distance   Δ L = 5   m m   from the nearest edge of the specimen, and the processing parameters were laser power   P = 30   W  , scanning speed   V = 4   m m / s  , and spot diameter   D = 2   m m  , while in the circular curve cutting process, the specimen size was   20 × 15 × 2   m   m   3     and the cutting arc radius   R = 10   m m  , and the processing parameters were laser power   P = 30   W  , scanning speed   V = 3   m m / s  , and spot diameter   D = 3   m m  .




4. Results


Figure 9 shows the temperature field distribution during asymmetric cutting. When the relative distance between the laser spot and the jet center is   ∆   X   C L     =   ∆   X   C Y     = 0.7 mm, the temperature distribution of the low-temperature gas-cooling trajectory correction technique is shown in Figure 10. It can be observed that introducing low-temperature gas on the right side of the scanning line during the trajectory correction process of the asymmetric straight cutting path using low-temperature gas cooling reduces the temperature in that area, and the highest temperature of the specimen is lower than that without correction. The same effect is achieved when introducing low-temperature gas on the inner side of the scanning line for trajectory correction during circular arc cutting with low-temperature gas cooling.



Figure 11a shows the influence of the relative distance   ∆   X   C L     between the laser spot center and the jet center on the temperature distribution perpendicular to the scanning direction at the crack front during the process of correcting the asymmetric straight cutting path using low-temperature gas cooling when the laser is scanned to 10 mm. It can be observed that the highest material temperature always appears on the laser scanning line, and as   ∆   X   C L     increases, the highest temperature gradually increases, and the temperature gradient on the left side of the scanning line changes less than that on the right side. However, when   ∆   X   C L     further increases to 1 mm, the rate of change of temperature gradient on both sides of the scanning line decreases compared to that when   ∆   X   C L     = 0.7 mm, and the symmetry of the temperature distribution increases. Figure 11b shows the influence of the relative distance   ∆   X   C Y     between the laser spot center and the jet center on the temperature distribution perpendicular to the scanning direction at the crack front during the process of correcting the circular arc cutting path using low-temperature gas cooling when the laser scanning time is T = 3.2 s. It can be observed that as   ∆   X   C Y     increases, the temperature gradient on the inner side (center of the circle side) of the scanning line is significantly larger than that on the outer side (away from the center side of the circle), and when   ∆   X   C Y     = 1 mm, the position of the highest temperature deviates to the outside of the scanning line, causing a change in the direction of the temperature gradient on the outer side of the scanning line.



The temperature field obtained from the low-temperature gas cooling trajectory correction technique described above is loaded into an extended finite element model to obtain the corresponding stress field distribution and crack propagation status. Figure 12 shows the stress field distribution of asymmetric cutting. Figure 13 shows the stress field distribution during crack propagation when the relative distance between the laser spot center and the jet center is   ∆   X   C L     =   ∆   X   C Y     = 0.7 mm. Compared with the stress field distribution before correction, low-temperature gas cooling increases the symmetry of the cutting process, and the compressive stress distribution on both sides of the crack is more symmetrical during the stable propagation stage.



Figure 14 shows the simulation results of the crack trajectory offset after low-temperature gas cooling trajectory correction. It can be seen that the crack propagation trajectory almost overlaps with the separated laser scanning trajectory, but in the initial stage of trajectory correction, the crack propagation is unstable due to the edge effect, and the crack trajectory shows some deviation. As the processing continues, low-temperature gas cooling can effectively correct the trajectory deviation, and the overlap between the crack propagation trajectory in the stable stage and the laser scanning trajectory is higher.



The stress distribution curve of the crack front perpendicular to the scanning direction during the correction of the asymmetric linear cutting trajectory by low-temperature gas cooling is shown in Figure 15. It can be seen that the compressive stress on the left side of the scan line is greater than that on the right side due to the edge effect at the beginning and end of processing, while the compressive stress on the right side is greater than that on the left side at the stabilization section, and the difference between the compressive stresses on both sides of the scan line is smaller, which is beneficial to the trajectory correction. During the whole processing stage, the position of the minimum value of transverse shear force is basically maintained on the laser scan line, but the direction of transverse shear force changes at the end stage, which is due to the introduction of low-temperature cold air, which makes the temperature gradient in the scanning direction larger and the distance of the crack front lagging behind the laser spot smaller, and the crack front is closer to the edge of the material at the end section, and the effect of the edge is greater, thus changing the direction of the transverse shear force. Combining the distribution characteristics of tensile stress and transverse shear force, it can be seen that low-temperature air cooling can effectively correct the crack trajectory of asymmetric linear cutting in the stable extension section, but still cannot eliminate the effect of the edge effect, and the crack extension in the first and last sections is not stable.



Figure 16 shows the stress distribution curve perpendicular to the scanning direction at the crack front during the process of correcting the circular arc cutting trajectory using low-temperature gas cooling. From the figure, it can be seen that in the initial stage, the compressive stress on the inner side of the laser scanning line is greater than that on the outer side of the arc, and the position of the minimum value of lateral shear force appears on the laser scanning line, which suppresses the unstable state of the crack in the initial stage to some extent. In the stable and final stages of trajectory correction, the compressive stress on both sides of the laser scanning line always shows that the inner side of the arc is smaller than the outer side, which is beneficial for trajectory correction. The position of the minimum value of lateral shear force appears on the separated laser scanning line in the stable stage and deviates from the laser scanning line position in the final stage.



Based on the simulation results obtained, experimental research on trajectory correction using low-temperature gas cooling was conducted by changing the relative position relationship between the jet center and the laser spot center.



Figure 17 shows the correction effect of the deviation of the asymmetric straight cutting trajectory with respect to the relative distance   ∆   X   C L     is between the laser spot center and the jet center. It can be seen that the trajectory deviation decreases first and then increases with the increase of   ∆   X   C L    . Low-temperature gas cooling is applied to the right side of the scanning line, which increases the temperature gradient on the right side of the scanning line and promotes the position of the minimum value of lateral shear force to approach the scanning line. When   ∆   X   C L     is 0.7 mm, the temperature gradient on both sides of the scanning line is the largest, the temperature distribution is the most asymmetrical, and the trajectory deviation is the smallest, achieving the best trajectory correction. At the same time, when   ∆   X   C L     is 0.6 mm and 0.8 mm, the trajectory deviations are both below 50 μm, which can effectively reduce the deviation of the cutting trajectory.



Figure 18 shows the best correction effect of the low-temperature gas cooling trajectory correction technology, with a minimum trajectory deviation of 27 μm and high-quality separation surface. This is because the low-temperature gas cooling trajectory correction technology introduces a cooling mechanism based on the original separation laser, making the stress change during the crack propagation process smoother, resulting in a better-quality separation surface.



Figure 19 shows the correction effect of the different relative distances of the laser optical axis and jet center   ∆   X   C Y     on the cutting trajectory of the circular arc curve. It can be seen that the minimum trajectory offset after correction appears at   ∆   X   C Y   = 0.7   m m  , when   ∆   X   C Y   < 0.7   m m  , with the increase of   ∆   X   C Y    , the inner temperature gradient of the scan line becomes larger and the outer temperature gradient becomes smaller, the asymmetry of temperature distribution increases and the trajectory offset decreases, but when   ∆   X   C Y   > 0.7 m m  , with the further increase of   ∆   X   C Y    , the outer temperature gradient of the scan line direction changes and the trajectory offset becomes larger.



Figure 20 shows the correction effect of the low-temperature gas cooling trajectory correction technology on a cutting arc with a radii of R = 5 mm and R = 10 mm. The trajectory deviation after correction for the R = 5 mm arc radius is 27.0 μm, and for the R = 10 mm arc radius is 28.5 μm, indicating a better correction effect for a smaller cutting arc radius. This is because the introduction of low-temperature gas increases the temperature gradient in the scanning direction, reducing the distance between the crack front and the laser spot. Without considering the influence of other correction effects, the smaller the distance between the crack and the laser, the closer the crack extension trajectory is to the laser scanning trajectory during the process of machining the circular arc curve, reducing the trajectory deviation compared to the asymmetric case (show in the Figure 21).




5. Conclusions


To conclude, the trajectory correction technique of cryogenic gas cooling is proposed for the trajectory shift problem that occurs in the stable extension stage in the asymmetric cutting commonly processed in laser-induced thermal crack propagation (LITP). Through a finite element simulation of the effect of cryogenic gas cooling on the temperature field distribution during the trajectory correction process, it is concluded that during the trajectory of asymmetric linear cutting, cryogenic gas cooling loaded on the side with less material in the stable expansion section can effectively correct the crack trajectory of asymmetric linear cutting, and the compressive stress on both sides of the laser scan line in circular arc cutting always shows that the inner side of the arc is smaller than the outer side of the arc, and cryogenic gas cooling. In the stable extension section, loading on the inner side of the arc can effectively correct the crack trajectory of asymmetric linear cutting. The test was carried out by the constructed low-temperature gas cooling system. The results show that in the trajectory correction technique for asymmetric linear cutting, cryogenic gas is injected on the side with less material in the scan line, while in the trajectory correction technique for circular arc curve cutting, cryogenic gas is injected on the inner side of the circular arc curve. The optimal relative distance between the center of its cooling gas and the center of the laser spot are both   ∆   X   C L   = ∆   X   C L     = 0.7 mm. For asymmetric linear cutting, the corrected minimum offset is 27 μm, while for the circular arc curve cutting the smaller the radius is, the better the correction small effect is; at R = 5 mm, the offset is 27 μm. The analysis of experimental results and numerical simulation results shows that the low-temperature gas cooling correction trajectory offset technology can effectively revise the deviation of the separation path in asymmetry linear cutting glass with LITP.



The results of this paper have important implications for improving the application rate of LITP technology in practical glass processing. However, in order to expand the application of this technology, more work is needed to investigate closed shaped cutting with LITP.
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Figure 1. Low-temperature gas cooled revising the trajectory deviation technology. (a) Asymmetric line. (b) Circular arc curve. 
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Figure 2. The schematic of the laser irradiates the glass–silicon double layer wafer. 
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Figure 3. Model and mesh generation. 
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Figure 4. Heat transfer coefficient distribution. 
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Figure 5. The fitted curve of heat transfer coefficient. 
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Figure 6. Mesh of the specimen and the initial crack state. (a) Mesh of the specimen; (b) initial crack state. 
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Figure 7. Model of crack nonplanar extension (a) sloping type; (b) distortion type. 
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Figure 8. Experimental setup for cryogenic gas cooling trajectory correction technology during asymmetric cutting with LITP technology. (a) Diagram of laser and experimental setup equipment, (b) diagram of air pump equipment. 
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Figure 9. Temperature field distribution of asymmetric cutting. (a) Asymmetric line; (b) circular arc curve. 
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Figure 10. Temperature field distributions of low-temperature gas cooled revising the trajectory deviation. (a) Asymmetric line; (b) circular arc curve. 
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Figure 11. Temperature distribution graphs perpendicular to the scan path at the crack tip with the different transverse distance between the jet center and laser spot. (a) Asymmetric line; (b) circular arc curve. 
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Figure 12. Stress field distributions of asymmetric cutting. (a) Asymmetric line; (b) circular arc curve. 
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Figure 13. Stress field distributions of low-temperature gas cooled revising the trajectory deviation. (a) Asymmetric line; (b) circular arc curve. 
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Figure 14. Simulation result of low-temperature gas cooled revising the trajectory deviation. (a) Asymmetric line; (b) circular arc curve. 
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Figure 15. The stress distribution curve perpendicular to the scan path at the crack tip in low-temperature gas cooling revising the trajectory deviation for asymmetric linear cutting glass. (a) Tensile stress distribution curve. (b) Transverse shear stress distribution curve. 
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Figure 16. The stress distribution curve perpendicular to the scan path at the crack tip in low-temperature gas cooling revising the trajectory deviation for circular arc cutting glass. (a) Tensile stress distribution curve; (b) transverse shear stress distribution curve. 
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Figure 17. Deviations of separation path in low-temperature gas cooling revising the trajectory deviation for asymmetric linear cutting glass. 
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Figure 18. Best revised result in low-temperature gas-cooled revising technology. (a) Minimum trajectory deviation; (b) Cutting surface quality; (c) Asymmetric cutting. 
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Figure 19. Deviations of separation path in low-temperature gas cooling revising the trajectory deviation for circular arc cutting glass. 
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Figure 20. Best revised results with different cutting arc radius in low-temperature gas cooling revising the trajectory deviation technology. (a) R = 5 mm; (b) R = 10 mm. 
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Figure 21. Trajectory offsets for different arc radius cuts under asymmetry. (a) R = 5 mm; (b) R = 10 mm. 
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Table 1. The main parameters of the laser used in the experiment.
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	Laser beam wavelength
	(nm)
	1064



	Range of output power
	(W)
	0–300



	Launch angle
	(mrad)
	   ≤ 10   



	Beam mode
	
	   T E   M   00     



	Output mode
	
	Continuous



	Output power stability
	(RMS)
	   ≤ 2 %   
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Table 2. Physical properties of soda-lime glass.
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	Density
	   D   k g /   m   3       
	2480



	Thermal Conductivity
	   λ   W / m · ° C     
	0.8



	Specific Heat
	   C ( J / k g · ° C )   
	836



	Poisson’s Ratio
	   ξ   
	0.23



	Young’s Modulus
	     G P a     
	74



	Expansion coefficient
	   α     10   − 6   / ° C     
	9.1



	Fracture toughness
	   ( M P a     m     1  /  2     )   
	30
















	
	
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/).






media/file13.jpg
Cracked surface

Cracked surface
after tilting

after twisting

Original crack surface .
Original crack surface

(a) (b)





media/file4.png
Laser beam

A A4

YVYYY

Convection
heat transfer
and heat
radiation





media/file21.jpg





media/file44.png
Glass sample

cutting edge

Standard arc curve

Standard arc curve

Glass sample
cutting edge






media/file26.png
S, S11

(Avg: 75%)
+5.686 x 107
+4.920 x 107
+4.154 x 107
+3.388 x 107
+2.621 x 107
+1.855 x 107
+1.089 x 107
+3.229 x 10°
-4.433 x 10°
-1.209 x 107
-1.976 x 107
-2.742 x 107
-3.508 x 107

(a)

S, S11 (CSYS-1)
(Avg: 75%)

+4.031 x 107
+3.358 x 107

! +2.685 x 107
- +2.011 x 107

+1.338 x 107
+6.650 x 10°
-8.201 x 10*
B 63814 x 10° S X
— —1.355 x 107 c8vYs-1
- —2.028 x 107
-2.701 x 107

-3.374 x 107
-4.047 x 107

(b)





media/file7.jpg





media/file28.png
S, 511
(Avg: 75%)

+7.760 X 107
+6.717 x 107
+5.674 x 107

L +4.632 x 107
+3.589 x 107
+2.546 x 107
+1.504 x 107
= +4610 x 10°
—+ -5816 x 10°
- —1.624 x 107

-2.667 x 107

-3.710 x 107

-4.752 x 107

S, S11 (CSYS-1)
(Avg: 75%)

+3.195 x 107
+2.652 x 107
+2.110 X 107

+1.567 x 107
=t +1.024 X 107
= +4.815 x 10°
= -6.118 x 10°
== -6.039 x 10°
—+ —1.147 x 107

~ —2.232 x 107
i -1.147 x 107
-2.775 x 107
-3.317 x 107

(b)






media/file10.png
Heat transfer coefficient W /(m? - K)

T

450 - e Numerical value

— Fitting the curve

400 +

350+

.300 -

250 +

200 ¢

150}

100 +

General model Gaussl:

f(x) =al*exp(-((x-bl)/cl) "2) |
Coefficients (with 95%
confidence bounds) :
al=443. 4(434.4, 452.4)

B1=2. 387e¢-07 (-3.971e-05,
4. 019e-05)
>1=0. 00145 (0.001385, 0.001515)
Goodness of fit:
SSE: 1.016e+05
R-square: 0.9521
Adjusted R-square: 0.9511
RMSE: 31.72 1

Centerline length  (mm)





media/file19.png
NT11

+161.04
+149.88
+138.02
+126.21
+114.42
e
+90.

+79.01 d
+67.21
+55.41
+43.60
+31.80
+20.00






media/file11.jpg





media/file6.png





media/file36.png
130 -

160 -

140 4 \

~ 120 -
£

e B
100 - /
80 A .
- B
60 - /
40 - /
4 R_.

20 4

Track Offset

I I I I I
0.0 0.2 0.4 0.6 0.8 1.0
Relative distance between laser spot and jet center AX¢,(mm)





media/file15.jpg
XY fine tuning
platform

Laser head

Laser Generator
Laser beam

Glass

...

1
Computers XY working platform

—






nav.xhtml


  processes-11-01493


  
    		
      processes-11-01493
    


  




  





media/file2.png
(a)

%,

(b)

Cutting path
Laser

Initial crack
|ocation
Low temperature
gas

20

Cutting path

=

@

zmnﬁ‘ Low -

v“temperature gas

Initial crack
location

N





media/file23.jpg
100

10
— [r—

B o
g g
fe Se
Ew )
# e AXo=0.3mm

AXer=0.5mm
20; 20 AXo=0.7mm
— AXomlmm
S B e N
Perpendicular to the scan path length(mm) Perpendicular to the scan path length(mm)
(a) (b)





media/file24.png
Temperature(°C)

1 ——— 100 — . . .
100 | i L
Laser scanning Laser scanning '
position position
80 | | 80
&)
_
)
60 | . S 60 T
+
©
fi. )
Q
40 | i ; ] £ 40 | .
/7 - AXa=0.3mm =
7 AXa=0.5mm § o) e AXo=0.5mm
20 prevsT AXa=0.7Tmm N ! 20 p..o o AXer=0.7mm :
. — A Xa=1mm N I — AXcr=1mm
0.0 1.0 2.0 3.0 40 5.0 0.0 1.0 2.0 3.0 40 5.0
Perpendicular to the scan path length(mm) Perpendicular to the scan path length(mm)

(a) (b)





media/file29.jpg
e scaming vack

[p——

S ks otk

oo et of ok iy






media/file1.jpg
(b)

Cutting path

*“temperature gas

Laser =
« Sy,
Initial crack &
location I gu o
Low temperature =<
gas .
20m™
Laser
Cutting path ,
e
Y .
iX( X
Initial crack
2 Low‘ Jocation

-~





media/file12.png





media/file9.jpg
450

Numerical value
— Fitting the curve

400 -

4.0190-05)
C1=0. 00115 (0. 001
Good
SSE: 1. 016020
R-square: 0.9521
Adjusted R-square: 0.9511
RUSE: 31.72

350 -

300+

250+

200+

Heat transfer coefficient W/(m? - K)

=4 =3 =) =1 0 1 2 3 4

Centerline length  (mm)





media/file42.png
200 -

130 4 \

160 -+

o

140 -
120 - \ .
100 -

30 -+

Track Offset (um

60 -~

" \./_,.l

20 ~

L] L] L] L] L]

1 1 1 1 I
0.0 0.2 0.4 0.6 0.8 1.0
Relative distance between laser spot and jet center AXcy(mm)





media/file17.jpg
NT11

+161.04
+149.88
+138.02
+126.21
+114.42
+102.68
+90.81
+79.01
+ +67.21
+55.41
+43.60
+31.80
- +20.00






media/file30.png
(a)

Laser scanning track

Simulation results of crack
expansion trajectory

““““ Laser scanning track

Simulation results of crack
expansion trajectory

(b) ;






media/file35.jpg
Track Offset (um)

180 4

160 4

8 8 8B

s @
s &

8
S

0.0

T T T T T
02 04 0.6 0.8 1.0

Relative distance between laser spot and jet center AXc,(mm)





media/file39.png
Straight edge of standard
measuring block

‘ (1]
o T

27.0um

\

Glass sample cutting

edge






media/file27.jpg
5,51

(hvg:

(a)

75%)
780107
lami7xio
“Saran
e
g0
L2507
Hadaer
ety
Ssaoxa0e
Saiar
iy
i
g

5, S11.(CS¥5-1)
(hvg: 75%)
a0
s xior
ey
a0
perciing
Tagisx a0t
Sohexio
5039100
Thare
Zmar
Sarao
Zmsar
S0

(b)






media/file3.jpg
Adda

Laser beam

Body heat

absorption

vrvey

Convection
heat transfer
and heat
radiation





media/file18.jpg
NT11

+125.92
+117:12.
+108.34
+99.46

B8
i
+55:31
Higdo

505






media/file22.png





media/file40.png
Straight edge of standard
measuring block

237.8um Glass sample cutting
edge

(c) y sl 500um





media/file33.jpg
Transverse tensile stressoyy (Mpa)
Transverse tensile stressai, (Mpa)

it : .
00 10 2.0 3.0 40 5 X 0 3.0 4.0 5
Perpendicular to the scan path length(mm) Perpendicular to the scan path length(mm)

(a) (b)





media/file32.png
Dk

Perpendicular to the scan path length(mm)

W Uy Q ¥
<t N ' : 25 ' '
fr—— 1 ] L Mg ' '
o/O-S ! [ ellf/l ' '
3 R el Bl } - -eole -l
22 [ "- ¥ 7, o.d. .I/ ] "
~
Il Il €N : ! wfa - :
. ] .\I\A .._» N 1 0
'— .— :‘— L] al R Saa [
] i " Vol Y o . -
W 0___ ' \\\‘"\ \" ' N N o
' ".T i»® [ a -, ' [
o o il el A ) ! vy
- VIR X SEEPY - TR ¢ EEEE P SRS B R
w2 A\ Ly, (Mg ' ' A\ '
31.. @ 1 ] []
4 .‘oa 4] ' il [ (e ]
10.3_ -5 " . \I.\ i =
& o Se b NP N ' -7 M
Y — | ~ &y - ' '
__ __. ..ll- HWIIFI \\.A ] [
| [ “rv¥e L~ ' '
VIR TEE PR ST B O e i S
' ...L ] . l:!lllv:nll. '
LI o4 r, wel
I : e TR WY S
| \.u\"‘\\ o ; u\\ mv - “,.2
'
N @ . = m ' \‘\ ' s A v
“.uln.rull c = |.|||...\|U..|||r|||l\Q|l"|\|. - o
! ' m w \.v . - " e [
| '
l/ ' Q ml \\u ! \_\q \\.-\\. . 0
' m o I =0 =
Bs g . T [ i ] ' =
l/. %. 7y ] 4 3ol \\ ' '
‘I T ! ﬂ ] o _. - ] ]
[N - ' ’ ¥y P | [
T SRR TR TR S PR R T SRR R
' ~ ] \ ] ' W ] ]
' Ry o (-3 ue ' ’
n e, N . =)
< s -
o
N o LN o n o
i i | i

(nd ) “Xossans a|Isua) asisAsuel |

—
-
—

1.31s ]
5.0

|

«—= T=1.03s

T:

:\L'V .
4.0

Perpendicular to the scan path length(mm)

- - - - ol
e o

1

1

o0——a

1

1

3.0

'
)
L BT T
]
'
]
'
'
)
'
T
'
'
-
'
L}
Ll
'
'
'
]
]

2.0

t A l

1
!
'
'
L
'
'

lllll

position

]
Do

Laser scanning

e s cdeccsnjlcccahres==
I I S

N T P

o
O 1w o o
N H -

0

LN o n
| = ..._..

(ndpy)¥0ssa11s 9|ISUB] 9SISASUR. |

(b)

(a)





media/file14.png
Cracked surface
after twisting

—

Cracked surface
after tilting

Original crack surface ;

¢
)
’ ’
i’ ’,
f ’
¢ ”~
i P
'] ”
’ -~
.
L
.






media/file41.jpg
Track Offset

100 4

204

0.0

T T T T T
02 0.4 0.6 08 1.0
Relative distance between laser spot and jet center AXcy(mm)





media/file37.jpg
Straight edge of standard
measuring block

Glass sample cutting
edge






media/file46.png
Standard arc curve | |
Standard arc curve |

%

Glass sample
cutting edge

Glass sample
cutting edge






media/file45.jpg
223.1pm
g

(b) 1mm






media/file16.png
Fiber

XY fine tuning

platform Eail

Laser head Catheter

Laser Generator

Laser beam

Glass

! —1 Control Cards
A

Computers XY working platform






media/file20.png





media/file5.jpg





media/file38.jpg
Susigh edge o
messunng|

237.8um Glass sample cutting
edge

©) 5004m





media/file31.jpg
stressay, (Mpa)

Transvers tenilesressaey (Mpa)

1020 5.0 40 50 00 10 20 30 40
Perpendicular to the scan path length(mm) Perpendicular to the scan path length(mm)

(a) (b)





media/file25.jpg
s, s11
(Avg: 75%)

45686 % 107
“a920 %107
4154 x 107
3388 %107
‘2621 %107
1856 %107
1089 % 107
3229 % 100
4433 x 10°
= 1209 % 107
B 1o 07
“27ie 107
3508 % 107

(@

S, 511 (CSYS-1)
(Avg: 75%)
4031 x 107
3358 % 107
+2.685 % 107
201 x107
133 X107
6650 x 10°
~8201 x 10
6814 x10°
~1385 x 107
2028 x 107
2700 %107
-3374 107
~a047 X107

(b)

(5





media/file0.png





media/file8.png





media/file43.jpg
jass sample
cuttin






media/file34.png
! L o’ . _ I T o
m A B, vy D
: At 17 O
T S— Cmme g o 41D AD — O I~ -
L o B FI AP O g
h\\"\\ \L\ [ =
h\\-. F - 4 _TTTTT <
! g LA 1% ® e o 4
(R i S I Y S
| I 4’ ' 8
u.,..Jf. -m, 4 ' ile o4 o
i T TR ” " ;
S N L
(R I T O
.II_ " " 1#1_71-“04" 0-
E " AL R
o m S {-=--- SRR R S SLEEE 3 2-Ng--u-
Q 3 " \L " \Q\ " -]
llm m . \A\ t»_\\ l\"\\"”u\ 0.
Uhm \_m.\ b\\\ m U\H\aﬂ\ @
uuuuu . == uuux...n-uui.-uu-."uuuuu“ub.\u -
; v F T
. 2 oo Ll p o
o n o 7)) o
— | —
dmn) 4 I
(ndp)**0ssais o|I1Sua) asIansuel |
HSHSHSHS”w) . - ne '\ | m 0-
> QYN n | " “ :
SO =i _ _ _
o edtenrsF T 5 i ¥ 3 3
AR el -
b~ “ ” e
i " 4 " \l\. § ' 4
ine H\\% S
0 \ﬂ\—\l i £ [ [ (2]
: ; ; v E S . ;

- allceassds I PR P S— [ [ R Pr—— = o
| e § 2 "
AN T~ [~ 58 . o
" T T e R e
" ///f/f “ "

m. 111111 dtlt:%%‘ﬁwﬂ”lt!t"il

S0 O .- S e SO e SYH

: " " // . Mol

" : : : o

" n o 7 o o o
— - |

(nd ) “*ossais 9|ISua) asIaAsuLl |

Perpendicular to the scan path length(mm)

Perpendicular to the scan path length(mm)

(b)

(a)





