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Abstract

:

Based on femtosecond laser glass welding, four different porous structures of welding spots were formed by the manufacturing processes of spatiotemporal beam shaping and alternating high repetition rate transformation. Compared with an ordinary Gaussian beam, the welding spot fabricated by the flattened Gaussian beam had smoother welding edges with little debris, and the bottom of the welding spot pore was flat. Instead of a fixed high repetition rate, periodically alternating high repetition rates were adopted, which induced multiple refractive indices in the welding spot pore. The welding spot pores manufactured by spatiotemporal beam shaping and alternating high repetition rate transformation have a special structure and excellent properties, which correspond to superior functions of porous glass.
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1. Introduction


Due to its particular structure, porous glass has the unique advantages of a large surface area, a controllable pore diameter, stable chemical properties, and high deformation resistance; it has been widely applied in the fields of optical storage, eco-environmental protection, enzyme immobilization, virus filtering, chromatography, optical fiber communication, and so on. It is gradually becoming one of the high-tech materials in a variety of applications [1].



In the 1930s, the Hood group, the father of porous glass from Corning in the United States, employed glass of different compositions as a matrix and obtained a kind of amorphous inorganic nonmetallic material with a porous structure through the processes of phase splitting and leaching. After that, as a new type of functional material, porous glass gradually became used [2].



Currently, the traditional techniques in the manufacturing of porous glass mainly include powder sintering, phase splitting, sol-gel, etc. [1].



In the manufacturing of porous glass, powder sintering is a technique involving first blending of glass powder, aluminum powder, and copper powder together and then flowing the powder into molds after grinding, drying, and filtering. Finally, porous glass is formed into shapes from the molds through heat treatment. However, there are several major drawbacks to this method, such as higher environmental pollution due to the sintering processes, longer manufacturing periods, and higher requirements on the particle size of the base materials [3,4,5].



The method of phase splitting is used to manufacture nanoporous glass by dissolving one of the glass phases by phase-separation technology. The first step is to make a mixture of sodium carbonate, quartz sand, and borax, followed by melting it at 1500 degrees Celsius, eventually forming borosilicate glass with a porous structure. The process is primarily used for manufacturing porous glass in bar, tube, and flat shapes. However, the main defect is that the production cycle is too long [6,7,8].



In the sol-gel process, porous glass is synthesized with boric acid, ethyl silicate and sodium acetate as raw materials, water and ethyl alcohol as solvents, and hydrochloric acid as a catalyst. It often takes several days, even weeks, to achieve the end product. Meanwhile, the process is accompanied by toxic substance emission and has some effects on the accuracy of porous glass due to pore shrinkage [9,10,11].



The three porous glass manufacturing processes mentioned above have the disadvantages of chemical pollution, long periods, high costs and low precision, which have become bottlenecks restricting the entry of glass products into the high-tech application domain.



Femtosecond laser welding as a cutting-edge technology has some significant benefits, such as high precision, high speed, a noncontact character, a low damage threshold, and a small heat-affected zone. In this paper, we performed research on porous glass manufacturing by femtosecond laser welding, which involves the processes of spatiotemporal beam shaping and alternating high repetition rate transformation. The manufacturing processes not only have the advantages of one-time forming, no chemical material involved, a short production cycle, a smaller heat-affected zone, etc. but they also provide a technology for the production of porous glass with multiple refractive indices. This greatly expands the functional application prospects of porous glass in the fields of industry, agriculture, medical treatment, food products, environmental protection, etc.




2. Experimental Setup and Manufacturing Processes


2.1. Experimental Setup


The amplified femtosecond Pharos laser system used for manufacturing porous glass by femtosecond laser welding is sketched in Figure 1. It consisted of a Yb:KGW oscillator and a regenerative amplifier. In our experiments, the system provided pulses at a wavelength of 1030 nm, an average output power of 12 W, a 5-μm-diameter beam spot, and a pulse duration of 1000 fs. The femtosecond laser with a pulse duration of 1000 fs has lower propagation loss [12] and stronger thermal effect accumulation [13], which can facilitate the formation of color center [13] and deeper working depth [14]. We use the high repetition rate ranges from 200 kHz to 2 MHz. In order to investigate the structures of four types of welding spots, the pulse energies were set as 20 μJ, 15 μJ, and 12 μJ, which corresponded to the typical high repetition rates of 600 kHz, 800 kHz, and 1 MHz, respectively. The laser beam was focused by a 20×, 0.4 NA lens onto the interface of two glass substrates (  30   mm × 30   mm × 1   mm  , JGS2, refractive index of 1.45), which was moved by a computer-controlled 3D translation stage (model: Zolix TSMT-4). The Prism-Pro Measuring Instrument was used to measure the refractive index of glass before and after welding. Spatiotemporal beam shaping was performed by a π-shaper beam shaping lens. The welding speed is set to 2 mm/s. Because the welding surface is a square with 30 mm on each side, 15 s are needed to create a welding line in the middle of the surface. To avoid manual errors, we performed each experiment 10 times on average.




2.2. Manufacturing Processes


Nonlinear welding effects occurred when the femtosecond laser interacted with the interface of the two glass substrates. Porous glass was produced by the processes of spatiotemporal beam shaping and alternating high repetition rate transformation, and its pores were on the micrometer scale. On the one hand, we can form structural pores with different sizes and shapes by using spatiotemporal beam shaping. On the other hand, multiple refractive indices come into being in the weld spot pore through alternating high repetition transformation.





3. Mechanism


3.1. Comparison of a Gaussian Beam and a Flattened Gaussian Beam


A Gaussian beam can be converted to a flattened Gaussian beam by the use of spatiotemporal beam shaping. Figure 2 shows a π-shaper beam shaping configuration which consists of two plano-aspheric lenses transforming a Gaussian input into a flat-top output intensity distribution with a gradual roll-off from the uniform to null region. The indicated geometric ray mapping then describes where an initial parallel ray with radial distance r is refracted at the first aspherical surface to be redirected in parallel direction with radial distance R at the second aspherical surface [15].



The energy distribution of the laser spot is more uniform after beam shaping because the bottom of the flattened Gaussian beam is flat instead of a Gaussian curve. Therefore, compared to an ordinary Gaussian beam, the energy of a flattened Gaussian beam is more concentrated, which is favorable for the formation of a smaller heat-affected zone.



We quote the field distribution of a flattened Gaussian beam from F. Gori as follows [16]:


      U N   (  r , z  )      =  A    v  0 N      v  N  ( z )      e x p  {  i  [  k z −  Φ N   ( z )   ]   }  × e x p  [   (    i k   2  R N   ( z )    −  1   v  N  ( z )   2     )   r 2   ]        ×                      ∑   n = 0  N    c n   L n  (   2  r 2     v  N  ( z )   2    ) e x p  [  − 2 i n  ϕ N   ( z )   ]       



(1)




where



   v  0 N   =  w 0  /  N   , with    w 0    is the waist radius at the plane z = 0,



   R N   ( z )  = z +  z R 2  / z  ,



   Φ N   ( z )  = t a  n  − 1    (   z   z R     )   ,



   L n    is the nth Laguerre polynomial,



   c n  =    (  − 1  )   n    ∑   m = n  N  (  )    n m   1   2 m     ,



  k = 2 π / λ   is the wavenumber ( λ  is the wavelength),



   v  N  ( z )    =  v 0    1 +    (   z   z R     )   2     ,



   z R  = k  v 0 2  / 2   (   z R    is called the Rayleigh distance),



r is the radial distance from the center axis of the beam,



z is the axial distance from the beam focus (or “waist”),



i is the imaginary unit,



   v 0    is the spot size at the waist, and



 N  is the order of the flattened Gaussian beam.



A comparison of a Gaussian beam and a flattened Gaussian beam is shown in Figure 3.




3.2. Formation of Multiple Refractive Indices


In fused silica, for high repetition rates, the time between femtosecond laser pluses is less than the time for heat to diffuse away, resulting in an accumulation of heat in the focal volume. Nonlinear effects such as self-focusing, plasma defocusing, and energy depletion influence the propagation of focused femtosecond laser pulses in glass, which alters the energy distribution at the focus and changes the refractive index [17,18,19]. Therefore, multiple refractive indices are formed in glass by periodically changing the repetition rate within the high repetition rate range.




3.3. Three Modification Physics


Figure 4 illustrates the three-modification physics of femtosecond laser pulses interacting with fused silica. First, the laser beam is focused on the interface of two fused silica substrates. Then, nonlinear multiphoton ionization, tunneling ionization, and avalanche ionization from absorbed femtosecond laser pulses are responsible for the creation of a free electron plasma. Finally, the plasma transfers its energy to the lattice, resulting in three types of permanent modification: smooth refractive index, birefringent refractive index, and empty voids as the high repetition rate increases [20].





4. Results and Discussion


4.1. Results and Discussion of the Welding Spot Structure


Figure 5 shows the structure of four types of welding spots under a scanning electron microscope (SEM), 2000×. These welding spots were marked by the appearance of special porous structures by the use of spatiotemporal beam shaping, alternating high repetition rate transformation (the high repetition rate was periodically changed among 600 kHz, 800 kHz and 1 MHz as one cycle), both processes, or neither process. The corresponding welding spots presented detailed structures of deep pores, partial deep pores, shallow pores and no pores, as shown in Figure 5a–d.



As mentioned in Section 3.1, a Gaussian beam can be converted to a flattened Gaussian beam through spatiotemporal beam shaping. The corresponding flattened Gaussian beam possesses flat bottom characteristics. The energy is more uniformly distributed and concentrated on the focal position with little energy loss. Therefore, the laser energy is sufficient to drill deep pores and partial deep pores, as shown in Figure 5a,b, respectively. A heat-affected zone and oxidization are not apparent for the flattened Gaussian beam, which corresponds to the mechanism in Section 3.1. We can see that the deep pores and partial deep pores in Figure 5a,b have a fair quality of smoother welding edges with little debris. The bottom of the welding spot pore is flat.



However, comparing the deep pores in Figure 5a to the partial deep pores in Figure 5b, which both use spatiotemporal beam shaping, a possible reason for their difference is that the high repetition rate of 1 MHz as a key determining factor reaches the condition of the void formation mechanism, as previously described in Section 3.3. As a result, more fully deep pores are presented in Figure 5a. A similar phenomenon is proven once again in Figure 5c,d without spatiotemporal beam shaping, and the high repetition rate of 1 MHz may be beneficial to void formation.



As stated in Section 3.2, the heat built up at high repetition rates induces changes in the refractive index. If we periodically alternate the high repetition rate as in Figure 5a,c, then multiple refractive indices form in the welding spot pore.



Figure 6 illustrates the refractive index changes with the high repetition rate. The high repetition rate ranges from 200 kHz to 2 MHz. We can see that the refractive index rapidly grows with increasing high repetition rate from 200 kHz to 1 MHz. Above 1 MHz, the refractive index sharply decreases as the high repetition rate increases up to 1.7 MHz. The most likely cause of the sharp decline in the refractive index may be crack initiation and thermal stress generation due to excessive heat accumulation in the pore of the welding spot. Above 1.7 MHz, the curve becomes gentle as the high repetition rate increases to 2 MHz. A possible explanation for this is that cracks and thermal stress may reach a low threshold, and the refractive index will not decrease further. Consequently, high repetition rates from 200 kHz to 1 MHz are a proper range for manufacturing porous glass with multiple refractive indices in our experimental conditions. In the meantime, by measuring the bonding strengths of two welded glass substrates, the maximum value (71.3 MPa) appears at the high repetition rate of 1 MHz, which has obvious uniformity with the trends of refractive index.



By comparing Figure 5a–c or Figure 5b–d, we can tell that the pore formation is largely attributed to using spatiotemporal beam shaping rather than alternating high repetition rate transformation.



From what has been discussed above, we can make four conclusions. (1) In comparison to a Gaussian beam, a flattened Gaussian beam has greater drilling capacity. (2) The periodic change in the high repetition rate contributes to the formation of multiple refractive indices. (3) Higher repetition rates are favorite for void formation in the welding spot pore. (4) In comparison to alternating high repetition rate transformation, spatiotemporal beam shaping dominates the formation of pores.




4.2. Corresponding Functions of Porous Glass


According to the above results and discussion of manufacturing processes based on femtosecond laser welding, we can infer the potential functions and application prospects of porous glass as follows.



(1) The pores fabricated by a flattened Gaussian beam have a larger surface area, a deeper depth, a lower surface roughness, and a more regular shape. All of these properties are beneficial for manufacturing porous glass with an absorption or separation [21] function and the ability to serve as a catalyst carrier or photocatalyst carrier [22,23].



(2) Previous research demonstrated that the refractive index change induced by femtosecond laser irradiation of glass can be applied to optical storage [24,25] and structural color [26,27]. Higher storage capability and read efficiency can be obtained as the refractive index changes. Different colors can be observed in irradiated areas with different refractive indices of glass. Therefore, in our work, the multiple refractive indices obtained through alternating high repetition rate transformation provide favorable conditions for manufacturing porous glass with a multidimensional optical storage function or abundant structural color.



(3) In addition, empty voids created by microexplosions are a favorable structure for optical memory technology [28]. Thus, void formation is also conducive to manufacturing porous glass with the function of optical storage.





5. Conclusions


In this paper, we proposed two porous glass manufacturing processes based on femtosecond laser welding technology: spatiotemporal beam shaping and alternating high repetition rate transformation. Four kinds of welding spots were fabricated by a Gaussian beam or a flattened Gaussian beam with various high repetition rates. As a result, the welding spots exhibited different porous structures with multiple refractive indices. Compared to the traditional porous glass manufacturing methods, the processes have the advantages of one-time forming, no chemical material involved, a short production cycle, and a smaller heat-affected zone. The pores in welding spots formed through the above processes exhibit special structures and excellent properties, providing a prospective technology by which to manufacture functional porous glass. Additionally, reasonable selection of the high repetition rate range is a key factor in manufacturing functional porous glass. The porous glass manufacturing processes based on femtosecond laser welding may be further extended to other functional applications concerning super hydrophobicity, luminescence, sound absorption, etc. in our future work.
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Figure 1. Schematic of the experimental setup. 
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Figure 2. The π-shaper beam shaping configuration consists of two plano-aspheric lenses. The first surface redistributes while the second surface recollimates the rays [15]. 
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Figure 3. (a) Gaussian beam; (b) corresponding flattened Gaussian beam. (   w 0    = 3 and (a) N = 0; (b) N = 50). 
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Figure 4. Three modification physics of femtosecond laser pulses interacting with fused silica [20]. 
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Figure 5. Structures of four types of welding spots. (a) Deep pores (depth: approximately 12 μm) (manufacturing processes: spatiotemporal beam shaping (flattened Gaussian beam); alternating high repetition rate transformation (600 kHz, 800 kHz and 1 MHz as one cycle)). (b) Partial deep pores (depth: approximately 5–12 μm) (manufacturing processes: spatiotemporal beam shaping (flattened Gaussian beam); high repetition rate set to 800 kHz). (c) Shallow pores (depth: approximately 5 μm) (manufacturing processes: no spatiotemporal beam shaping (Gaussian beam); alternating high repetition rate transformation (600 kHz, 800 kHz and 1 MHz as one cycle)). (d) No pores (manufacturing processes: no spatiotemporal beam shaping (Gaussian beam); high repetition rate set to 800 kHz). 
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Figure 6. Relationship of the refractive index and high repetition rate (the original refractive index of JGS2 is 1.45). 






Figure 6. Relationship of the refractive index and high repetition rate (the original refractive index of JGS2 is 1.45).



[image: Micromachines 13 00765 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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
1.84

500 1000 1500
High repetition rate (kHz)

T
2000





media/file4.png
|

U=






nav.xhtml


  micromachines-13-00765


  
    		
      micromachines-13-00765
    


  




  





media/file11.png
17INOVI7 20K\ X2,00






media/file2.png
Diaphragm 2 Beam Expander Diaphragm 1

Hi
3

LEL L=

Mirror 5

‘2 Mirror 4 ’
n-shaper \E@R)

Pharos Fs Laser

Objective Lens

Glassl
Glass2

Mirror -

Mirror 3 3D Translation
Stage(model:Zolix TSMT-4)





media/file10.jpg
ey _xacon Town - amounr

2000 x2000 Tom mnourr 20 xao00 o smmounT






media/file5.jpg
10,
09
08
07
08

Sos|
04
03
0z
01

00
%4201 23 45

10,
09

07
08
Sos

03
02
01

(a)

00
%






media/file3.jpg
U —






media/file1.jpg
Diaphragm 1

Pharos Fs Laser
Objective Lens

_Glasat
Glass2

Mivor3 3D Traadlation
‘Stage(model:Zolix TSMT-4)





media/file7.jpg
Muliphoton

AN

Tunneling

Laserfocused o the
interfaceof two fused
dllles hannies

Lonization

AN

Tonization

Nonlinear
absorpion

‘Smooth refractive
index(melting)

Bicingent ercive
ndesaanogratin)

Plasma rasers
energy o latice

Emply voids
(micro-explosion)

modification






media/file12.png
20kv  X2,000 ; 10pm 1AZINOVIHT

\ |
& \ =

20kv  X2,000 10pm : 17INOV/17 20kV  X2,000 10pm 17INOV/17






media/file9.jpg
TvovHT






media/file0.png





media/file14.png
— —
4 =)}
1 1

Refractive index

—
~J
1

t

1.0
0

500 1000 1500
High repetition rate (kHz)

2000





media/file8.png
Laser focused on the
interface of two fused
silica substrates

Multiphoton
Ionization

Tunneling
Ionization

Avalanche
Tonization

Nonlinear Plasma transfers
absorption energy to lattice

Smooth refractive
index(melting)

Birefringent refractive
index(nanograting)

Empty voids
(micro-explosion)

Permanent
modification

High
repetition
rate





media/file6.png
ST 05}

1.0

0.9}
0.8}
07}
06"

=205
0.4}
03}
0.2}
01}

0.0

-5 -4

&

-3 -2 -1 0

(b)






