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Abstract

:

Soda–lime glass has a wide range of applications in the fields of smart electronics, optical components, and precision originals. In order to investigate the effect of processing parameters on picosecond Bessel laser cutting of soda–lime glass and to achieve high-quality soda–lime glass cutting, a series of cutting experiments were conducted in this study. In this study, it was found that the machining point spacing, the incident laser energy, and the number of burst modes had a significant effect on the machining of the samples. The atomic force microscope (AFM) showed a better quality of roughness of the machined cross-section when the spacing of the machining points was 1 μm, a locally optimal solution was obtained when the number of burst modes was 2, and a locally optimal solution was also obtained when the incident laser power was 11.5 W. In this study, better machining quality was achieved for soda–lime glass of 1 mm thickness, with an average roughness of 158 nm and a local optimum of 141 nm.
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1. Introduction


Soda–lime glass is a kind of amorphous non-crystalline material that is made of quartz sand (SiO2), soda ash (Na2CO3), and limestone (CaCO3). It is the largest producer of industrial glass components [1,2,3,4].



When using traditional metal-processing methods for processing hard and brittle materials, it is easy to break the workpiece. Moreover, there is low processing efficiency, high energy consumption, poor processing quality, and many design requirements that cannot be achieved; thus, these methods are a long-term plague and impact production via their major problems [5,6,7].



In recent years, ultrashort pulsed lasers have become a research hotspot in the field of processing with their advantages of high precision, non-contact, and high energy density [8,9,10,11,12,13,14,15,16]. Pulsed lasers based on Bessel beams are widely used in micro- and nanofabrication of hard and brittle materials, such as surface microstructuring [17,18], drilling, and microchannel fabrication [19,20,21,22,23]. Relevant studies have confirmed the positive impact of laser spatiotemporal shaping on the processing of glass materials [24,25,26,27,28,29]. The work of several scholars has shown that the processing parameters related to spot spacing, laser incident power, and burst mode have a significant effect on the processing quality of the samples [30,31,32,33,34,35]. Multiple groups of scholars agree that the roughness of the sample cross-section is a key indicator of the laser-cut samples [33,34,36,37].



Hoyo et al. investigated the nano-limitation of energy deposition in glass using double ultrafast Bessel pulses [20] but did not study the effect of the number of burst modes on glass processing. Mishchik et al. used an ultrafast laser Bessel beam to cut glass and sapphire, which narrowed the heat-affected zone of the cut samples and improved the sidewall quality by adjusting the energy deposition [35], but there was a lack of exploration of the machining point spacing. Shin et al. used a femtosecond laser Bessel beam to cut thin glass via internal scratching and mechanical crushing and investigated the effect of pulse energy and processing point spacing on the strength of the specimen and edge cross-section morphology [38]. However, they did not investigate the roughness of the cross-section. Liao et al. investigated the effect of laser incident power, processing point spacing, and defocus distance on quartz glass [36], but the optimal roughness of their samples was still higher than 320 nm.



This paper mainly used roughness as a measurement index. In multiple batches of experiments, processing a total of 100 pieces of cutting samples, we studied the impact of different processing parameters on the processing quality. We came up with better processing parameters and processing indicators. The average roughness of the sample with the best processing effect under the processing parameters of this paper was 158 nm, which was a significant improvement.




2. Experiments


The samples used in this paper are experimental soda–lime glass sheets with a thickness of 1 mm and a size of 50 × 50 mm, which are pre-processed to 15 × 15 mm with an error range of ±0.2 mm before the experiment. Mechanical parameters related to soda–lime glass are shown in Table 1. The experimental device is shown in Figure 1. The positioning accuracy of the 3D mobile platform (CE4550-I-PG, HUAYI LASER, Dongguan, China) is ±5 μm, and the repetition accuracy is ±2 μm. The X-Y working table is responsible for the plane movement, and the Z direction is realized by the movement of the camera controlled by the machine tool.



The relevant parameters of the selected picosecond laser (YP-IR-30, HUAKUAI, Jieyang, China) are shown in Table 2. The position synchronized output (PSO) mode can be used in all stages of the trajectory, including acceleration, deceleration, and curve motion, to achieve uniform pulse energy irradiation on the processed object. Burst mode is used to select multiple high-frequency sub-pulses with the same repetition rate as the seed source through a controlled optical switch to form a pulse string output.



Picosecond laser outputs laser through the laser beam expanding mirror to obtain a radius of 3 mm Gaussian beam and Gaussian beam through the Bessel lens to obtain the Bessel beam. In this paper, the Bessel lens internal selection of the base angle α was 5°, refractive index was n = 1.45 for the axial cones, and the main Bessel beam cone angle θ was calculated using Equation (1) as follows:


  θ =   arcsin     n × s i n α     − α  



(1)







The primary Bessel beam produced the secondary Bessel beam by using a telescope system with a scaling factor M = 8 (4f system). The cone angle φ, the diameter D, and the length l of the secondary Bessel beam were calculated by the following equations:


  φ =   arctan     t a n   ( θ ) × M      



(2)






  D = 4.8096 / k s i n   ( θ )  



(3)






  l =     ω   0   /   M t a n ( θ )    



(4)




where ω0 = 3 mm is the radius of the beam waist of the incident Gaussian beam, and k is the wave number of the medium.



The intensity distribution of the secondary beam can be calculated by Equation (5):


    I   =       I   0     z   l     J   0   2   ( 4.8096 r / D ) e x p   ( − 2   z   2   /   l   2   )    



(5)




where J0 is the 0th-order Bessel function, and I0 is the incident laser energy.



The Bessel spot diagram is shown in Figure 2a, where the center spot and the surrounding interference ring together form the Bessel spot. The Bessel spot energy score was filamentary, its distribution in air was simulated using COMSOL Multiphysics 6.0, and the results are shown in Figure 2b.



In this paper, the cut section of soda–lime glass and the top ablation holes were observed using a metallurgical microscope (BX51M, OLYMPUS, Tokyo, Japan). The partial morphology of the glass cross-section was characterized using a scanning electron microscope (SEM-VEGA3, TESCAN, Brno, Czech). The surface morphology and roughness of the cross-sections were observed using the atomic force microscope (AFM-DSM14049BF-1, Bruker, Billerica, MA, USA). The detection of breaking strength was realized by using a pressure tester (NK-50, AIGU, Zhongshan, China).



The picosecond pulsed laser wavelength is 1064 nm, and the fixed frequency is 100 kHz. In this paper, the cutting first utilized the picosecond laser with Bessel beam to vertically incident the soda–lime glass surface. The beam was focused inside the samples. Due to the long depth of focus of the Bessel beam, the beam covered the entire cross-section of the samples. The cutting was realized along the path by moving the X-Y platform, and the different processing point spacings produced different processing aperture morphology. Then, the stresses were applied to the samples on the two sides of the processing aperture path, as shown in Figure 3a, which induced the small-aperture cracks to expand and complete the sample separation. The maximum detection range of the AFM was 100 × 100 μm. Using the maximum range, the cross-section was sampled four times, as shown in Figure 3b. The average roughness of the four samples was used to characterize the cutting effect of the entire sample cross-section.




3. Results and Discussion


In the experiment, soda–lime glass with a thickness of 1 mm was cut using a picosecond Bessel beam, and the effects of the processing point spacing, the incident laser energy, and the burst mode on the average roughness of the cut cross-section and breaking strength were analyzed.



3.1. Influence of Processing Point Spacing on Cutting Quality


The cutting results of different processing point spacing are shown in Figure 4 with a 100 kHz pulse-repetition frequency. The laser incidence at the morphology of a straight line of micropores was melt sputtering; when the processing point spacing was 1 μm, as shown in Figure 4a, micropores were connected to form an ablation groove. When the processing point spacing was more than 2 μm, the micropores were separated. When the processing point spacing was 4 μm, the micropores were more widely spaced, and cracks formed around the micropores. The microporous area is shown in Figure 4d.



The cross-section roughness increased with the increase in the machining point spacing, and the uniformity of ablation further decreased when the point spacing was 3 μm versus 4 μm and above. The unaltered region increased with the machining spacing of 4 μm, which made the sample separation difficult. As shown in Figure 4d under the magnification of 1.83 k and Figure 4e under the magnification of 6.49 k in the SEM picture, a series of intermittent laser ablation cavities could be observed in the cross-section of soda–lime glass. Further, a series of cavities constituted the nanochannels, with ablation diameters of about 690 nm, and the area between the nanochannels was obviously insufficient for modification. Similar nanochannels were also found at point spacings less than 4 μm. Still, the distance between submicron channels decreased when the processing point spacing was too small to improve the observation difficulty. When the point spacing was 1 μm, the affected areas of submicron channels overlapped, and no obvious channel morphology could be observed.



Roughness characterization of the sample cross-sections produced by different machining point spacings are shown in the results in Figure 5a below, where the roughness increases with increasing machining point spacing, with a relatively large roughness in the region of the sample near the middle, which was in line with the trend of the Bessel beam energy with the Z-axis used in this experiment. When the point spacing was 1 μm, the roughness difference between the regions was not obvious, and as the point spacing increased, the regions of the sample cross-section showed different modified morphology, and the difference in roughness between the regions became larger. The difference in average roughness between regions 2 and 3 reached 157 nm at 4 μm.



In summary, the optimal processing quality was achieved when the processing point spacing was 1 μm and the overall modification was uniform. Samples with different processing point spacings were tested in terms of breaking strength using a hand-pressure mechanical testing system, and the variation in stress with laser processing point spacing is shown in Figure 5b.



The increase in point spacing led to a similar increase in the unmodified region, and the required stress in the samples increased due to the increase in the unmodified region. Combined with Figure 4, it can be seen that the point spacing increases, the submicron channel spacing increases, the unmodified area between the channels increases, and the influence of the lobes increases, which is the main reason for the increase in sample roughness. Roughness and breaking strength followed the same trend as the point spacing variation.




3.2. Influence of Incident Laser Power on Cutting Results


The incident laser power affects the intensity distribution of the Bessel beam. The effect of different laser incident powers on the machining quality was investigated in this section. The processing point spacing was 1 μm, the number of burst modes was 2, and the defocus distance was adjusted to cover the whole cross-section. As shown in Figure 6a, there was ablation non-uniformity in the cross-section; when the incident energy was greater than 11.5 W, the excessive laser incident energy led to crystallization of the material in the machining region, which improved the roughness of the cross-section.



The roughness of the sample cross-section was characterized with regard to different energies, and the results are shown in Figure 7a below.



The results of different power roughness detections are shown below: when the incident power was 11.5 W, the average roughness was the lowest, and the ablation was the most uniform; when the incident energy was less than this value, the ablation was not uniform and the roughness was relatively high; when the incident energy was higher than 11.5 W, the roughness of the cross-section increased further with the increase in the incident energy, and the roughness uniformity of the cross-section decreased. The standard deviation of roughness decreased when the incident energy was higher than 16 W. The average roughness of the cross-section was the lowest, and the standard deviation of roughness decreased with the increase in incident energy. Also, the standard deviation of the average roughness increased.



This recrystallization phenomenon in regions with large Bessel beam energy distributions increased the roughness of the region. We agreed that locally changed electron densities resulting in several electrical potentials coupled with high local temperatures were the likely causes of this phenomenon. As shown in Table 3, at laser injection powers of 16.83 W and 19.01 W, the maximum difference in roughness in different regions reached 68 nm and 98.67 nm, respectively. As a result, this paper hypothesizes that with a further increase in laser injection power, the internal crystallization increases subsequently, leading to a further increase in the roughness difference between different regions.



The breaking strength of laser incident power was characterized, and the results are shown in Figure 7b.



As shown in Figure 7b, with a laser frequency of 100 kHz, a processing point spacing of 1 μm, and a laser injection power of 8.4 W, the modification was incomplete, and the breaking strength was larger than 20 N. When the power was increased, the main flap energy of the Bessel beam was increased, and the modification area increased. When the laser injection power was 11.5 W, the modified layer completely covered the whole cross-section, and the breaking strength was significantly reduced, and when the power was further increased, the breaking strength was maintained near 10 N




3.3. Influence of the Number of Burst Modes Processed on Cutting Results


Keeping the repetition frequency of the laser at 100 kHz and the energy at 11.5 W, the laser-cut samples were examined with the number of burst modes of 1, 2, 3, 4, and 5, respectively, and the results are shown in Figure 8. The concentration of energy in a single pulse results in relatively severe ablation of the sample cross-section near the upper surface area and incomplete modification of the sample near the lower surface area, as well as the appearance of a diagonal pattern. The overall modification was most uniform and effective when the number of burst modes was 2. After the first sub-pulse in the pulse train acts on the material surface, a large number of free electrons are generated due to ionization. As a result, the above factors led to significant changes in the optical properties of the material surface. After the first sub-pulse, the optical properties of the material surface changed. Therefore, when a second sub-pulse was applied after a certain pulse delay, the energy of the second sub-pulse was redistributed. This changed the light-absorption process, which in turn affected the electron density distribution. As the number of burst modes was further increased, the energy distributed by individual pulses decreased, producing the effect of inadequate modification [22].



The cross-sectional retexturing varied as the number of burst modes increased, and the higher the number of burst modes, the larger the area of inhomogeneous retexturing, as shown in Figure 8 below.



The morphology of local AFM for other sample cross-sections with burst modes 1, 2, 3, 4, and 5 were examined, as shown in Figure 9.



It can be observed through the local topography that there were more un-modified areas when the number of burst modes was 1; the overall modification was the most uniform and fine when the number of burst modes was 2; when the number of burst modes was 3, due to the decrease in the energy contained in the individual pulses, there were localized un-modified areas, which were reflected in the image by the increase in the height of the highest protrusion in the modified area and the appearance of the sticky area. When the number of burst modes was 4, the sticky area of the un-modified area was further enlarged, and when the number of burst modes was 5, there were blocky areas of the unmodified area. The peak heights of the samples showed an overall increasing trend starting with burst mode 2.



The roughness of the cross-section of the sample was examined using AFM, and the results of the variation in roughness with the number of burst modes are shown in Figure 10a.



The roughness of the cross-section of the samples was examined by using AFM, and the results of the variation of roughness with the number of burst modes are shown in Figure 10a. The optimum results were obtained with the number of burst modes of 2, with an average roughness of 158 nm, and when the number of burst modes was increased, the roughness was also increased. At burst mode number 3, the roughness of the sample cross-section was increased slightly, but the overall modification was relatively uniform, and the roughness of different areas did not differ much. With a burst mode number of 4, areas near the incidence plane (area) had better texture modification than other areas. The inner region of the sample was more affected by the increase in the number of burst modes, and the increase in roughness was noticeable. When the number of burst modes was 5, the energy distribution of each sub-pulse was smaller, and the modified layer in the incident region was also affected by this. The modification was incomplete, which produced the phenomenon of increased roughness. Also, the overall roughness was higher with the number of burst modes of 5.



The variation in breaking strength with the number of burst modes for the laser injection power of 11.5 W at the processing point spacing of 1 μm is shown in Figure 10b.



As shown in Figure 10b, it can be seen that when the number of burst modes was 2, the breaking strength of the samples was the smallest, and when the number of burst modes was further increased, the breaking strength also became larger. The trend of the stress with the change of burst mode was consistent with the trend of the change in the roughness, and the reforming of the reformed area affected the breaking strength and the roughness of the sample cross-section at the same time.





4. Conclusions


In this paper, cutting experiments were carried out on soda–lime glass using different laser-processing parameters, and a series of characterization tests were carried out on the samples. In this study, the effect of different processing point spacings on the cross-sectional quality of the samples was first investigated. We found that when the point spacing is large, the sample fracture is mainly caused by the extension of cracks between the processing points, the Bessel beam produces high-aspect-ratio nanochannels when performing the modification, and the energy absorption mainly occurs in the main flap. The results of the roughness characterization indicate that the overall processing quality is best when the processing point spacing is 1 μm. Secondly, the effect of different laser injection energies on the cross-sectional quality of the samples was investigated in this paper, and the most suitable incident laser power for this experiment was obtained as 11.5 W. The increase in both processing point spacing and laser injection power resulted in greater differences in the roughness of different areas of the samples. Combined with the data analysis, the point spacing was a greater factor in the overall cross-section roughness when cutting could be achieved. Then, the laser processing quality was investigated with regard to different numbers of burst modes, and it was found that the best processing quality was obtained for the burst mode number of 2. It was hypothesized from other articles that this variation was due to the fact that the first pulse produces plasma consisting of free electrons and holes or ions that decayed into self-trapped excitons and color cores. These defects increase the absorption efficiency of the second pulse. When the number of burst modes is further increased, the energy distributed by a single laser pulse decreases, resulting in non-uniform local ablation modification, which affects the processing quality of the cross-section.



When the sample was incompletely modified, the roughness and breaking strength had the same trend, as shown in Section 3.1 and Section 3.3, and when the modification was more complete, the breaking strength was stabilized at about 10 N.



In this study, the processing index of roughness was practically improved by changing the corresponding processing parameters. In this experiment, when the processing laser frequency was set to 100 kHz, the laser power was 11.5 W, the processing point spacing was 1 μm, and the number of burst mode was 2, the soda–lime glass achieved excellent processing results, realizing an average roughness of 158 nm and a local minimum roughness of 141 nm. It was proved that the mastery and reasonable use of processing parameters had obvious effects on improving the processing quality of the samples.
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Figure 1. Schematic diagram of picosecond laser with Bessel beam cutting soda–lime glass experimental system. (a) The structure diagram of the cutting system. (b) The physical diagram of the system. 
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Figure 2. Schemes of Bessel beam simulation results. Picosecond laser with Bessel beam cutting soda–lime glass experimental system. (a) The structure diagram of the cutting system. (b) The physical diagram of the system. 
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Figure 3. Schemes of sample separation and sample cross-section. (a) Scheme of sample separation force application. (b) Scheme of sample cross-section and the yellow boxes in the figure indicate the area tested by AFM. 
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Figure 4. Diagrams of the samples with different processing point spacings and local SEM scans at a laser re-frequency of 100 kHz, an incident laser power of 11.5 W, and burst mode of 2. (a–d) represent the cross-section and the upper surface of the samples with processing point spacing of 1–4 μm, respectively, and (e,f) represent the SEM schemes of the edges of the modified layer at the processing point spacing of 4 μm. 






Figure 4. Diagrams of the samples with different processing point spacings and local SEM scans at a laser re-frequency of 100 kHz, an incident laser power of 11.5 W, and burst mode of 2. (a–d) represent the cross-section and the upper surface of the samples with processing point spacing of 1–4 μm, respectively, and (e,f) represent the SEM schemes of the edges of the modified layer at the processing point spacing of 4 μm.



[image: Applsci 14 01885 g004a][image: Applsci 14 01885 g004b]







[image: Applsci 14 01885 g005] 





Figure 5. (a) Scheme of variation in cross-section roughness with processing point spacing with an incident laser power of 11.5 W and burst mode of 2. (b) Scheme of variation in breaking strength with processing point spacing with an incident laser power of 11.5 W and burst mode of 2. 
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Figure 6. Diagrams of the samples at different laser incident powers when the processing point spacing was 1 μm and the burst mode was 2. (a–e) represent the cross-sections at different laser incident energies, and (f) represents the enlarged pattern of the location of the local ablation crystals when the laser incident power was 19.01 W. 
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Figure 7. (a) Schemes of the variation in the sample cross-section roughness with the laser incident power for a processing point spacing of 1 μm and burst mode of 2. (b) Schemes of the variation in the breaking strength with the laser incident power for a processing point spacing of 1 μm and burst mode of 2. 






Figure 7. (a) Schemes of the variation in the sample cross-section roughness with the laser incident power for a processing point spacing of 1 μm and burst mode of 2. (b) Schemes of the variation in the breaking strength with the laser incident power for a processing point spacing of 1 μm and burst mode of 2.



[image: Applsci 14 01885 g007]







[image: Applsci 14 01885 g008] 





Figure 8. Diagrams of the sample cross-section for different burst mode numbers with 1 μm spacing and 11.5 W laser incident power. (a–e) represent cross-sections of the samples for burst mode numbers of 1–5, respectively. 
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Figure 9. Schemes of the local AFM morphology of the sample cross-section at different number of burst mode with a processing point spacing of 1 μm and a laser incident power of 11.5 W. (a–e) represent the local AFM morphology of the samples for burst mode numbers of 1–5, respectively. 
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Figure 10. (a) Scheme of the local AFM morphology of the sample cross-section with different numbers of burst modes with a processing point spacing of 1 μm and laser incident power of 11.5 W. (b) Scheme of breaking strength at different numbers of burst modes with a processing point spacing of 1 μm and laser incident power of 11.5 W. 






Figure 10. (a) Scheme of the local AFM morphology of the sample cross-section with different numbers of burst modes with a processing point spacing of 1 μm and laser incident power of 11.5 W. (b) Scheme of breaking strength at different numbers of burst modes with a processing point spacing of 1 μm and laser incident power of 11.5 W.



[image: Applsci 14 01885 g010]







 





Table 1. Table of mechanical parameters related to soda–lime glass.






Table 1. Table of mechanical parameters related to soda–lime glass.





	Mechanical Properties
	Standard Values





	Density
	2.2 g/cm3



	Poisson’s ratio
	0.14~0.17



	Thermal conductivity (20 °C)
	1.4 W/m °C



	Mohs hardness
	7



	Refractive index
	1.45845



	Coefficient of thermal expansion
	5.4 × 10−7



	Young’s modulus
	72,000 MPa



	Specific heat capacity (20~350 °C)
	670 J/Kg °C










 





Table 2. Table of parameters related to processing systems.
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	Parameters Related to Processing Systems
	Standard Values





	Laser operating frequency
	50 kHz~1000 kHz



	Pulse width
	15 ps



	Maximum output power
	30 W



	Wavelength
	1064 nm



	Positioning accuracy of the platform
	±5 μm



	Repetition accuracy
	±2 μm



	Scaling factor of telescope system
	8



	Refractive index of the axial cones
	1.45










 





Table 3. Table of average roughness of cross-section and maximum difference in the regions for different incident powers.
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	Incident Laser Power (W)
	Average Roughness of Cross-Section (nm)
	Maximum Difference in the Regions (nm)





	8.4
	185.92
	7.33



	11.5
	159.58
	15.67



	14.2
	204.83
	13.33



	16.83
	236.58
	68



	19.01
	315.5
	98.67
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