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Abstract: Ultrafast laser welding technology for transparent materials has developed rapidly in
recent years; however, high-strength non-optical contact transparent material welding has been a
challenge. This work presents a welding method for silica glass using a double-pulse femtosecond
(fs) laser and optimizes the laser processing parameters to enhance the welding performance. The
welding characteristics of silica glass are analyzed under different time delays by controlling the pulse
delay of double pulses. In addition to comprehensively study the influence of various experimental
conditions on double-pulse fs laser welding, multi-level tests are designed for five factors, including
average laser power, pulse delay, scanning interval, scanning speed, and repetition rate. Finally,
by optimizing the parameters, a welding strength of 57.15 MPa is achieved at an average power
of 3500 mW, repetition rate of 615 kHz, pulse delay of 66.7 ps, scanning interval of 10 um, and
scanning speed of 1000 um/s. This work introduces a new approach to glass welding and presents
optimal parameters for achieving higher welding strength, which can be widely used in aerospace,
microelectronic packaging, microfluidics, and other fields.

Keywords: femtosecond laser; laser welding; optical contact; glass

1. Introductions

Glass has good optical properties and physical stability, making it widely used in nu-
merous industries such as construction [1], communication [2—4], the military industry [5,6],
biomedicine [7-9], and other fields. In many applications, connections between two or
more pieces of glass are often required. Various interface bonding methods for glass have
been developed, including adhesive bonding [10], tin welding [11], direct bonding [12],
fusion welding [13], anode bonding [14], and laser welding [15]. Among these methods,
conventional laser welding uses continuous wave or long-pulsed lasers, with CO; lasers
being commonly used [15]. For non-transparent materials, laser energy absorption is linear.
The laser energy is absorbed by the non-transparent material surface through linear absorp-
tion, and then the two processed samples can be connected after the material is melted and
solidified [16-19]. Glass is transparent, making it challenging for CO, laser energy to be ab-
sorbed, which is essential for welding. To facilitate welding with continuous or long-pulsed
lasers, an intermediate absorption layer is required between the glass pieces to capture and
transfer the laser energy [19]. In addition, with the trend toward the miniaturization of
devices, some sophisticated instruments require high welding strength and precision. The
machining accuracy of continuous or long-pulsed lasers is limited and unable to meet the
latest demand.

Twenty years ago, the solution to this dilemma was proposed through glass welding
using ultrafast lasers. Ultrafast lasers are capable of achieving high processing quality and
efficiency [20-22], making it with wide application in material removal [23-25], cutting [26],
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welding [27,28], and other processes. Ultrafast laser welding technology presents several
advantages over traditional welding methods. The ultrashort pulse durations, ranging
from femtoseconds to picoseconds, facilitate nonlinear absorption mechanisms within the
material, enabling localized energy deposition without significantly heating the surround-
ing areas [29]. This capability results in minimal heat-affected zones and reduced thermal
distortion, thereby preserving the integrity of the glass’s material properties. Furthermore,
ultrafast lasers can achieve high peak powers, which induce a “cold welding” effect, allow-
ing materials to be joined without substantial melting—a feature particularly advantageous
for thermosensitive materials like glass. The welding mechanism involves the interaction of
intense laser pulses with the glass, leading to multiphoton ionization and the formation of
a plasma channel. This plasma channel efficiently absorbs laser energy, creating a localized
temperature rise that facilitates the melting and joining of the glass without the necessity
for an intermediate absorption layer. The excited material’s thermal response process is
extremely short, and the heat-affected zone generated by the interaction between laser
and material can be controlled in the scale of micrometers (um) or even nanometers (nm),
which overcomes the limitations of glass welding by continuous or long-pulsed laser. For
example, Tamaki et al. published a work on femtosecond laser glass welding, which could
achieve laser glass welding without adding an intermediate medium. In their research,
a low single pulse energy of 1 uJ was used for welding, while the average power was
1 mW. However, the processing speed was only 5 um/s, and the connection strength was
not given quantitatively [30]. The following year, the same research group proposed the
method of welding different types of glasses with a femtosecond laser, and the parameters
were the same as before. The welding between borosilicate glass and fused silica was
achieved in this experiment, which is difficult to achieve using conventional laser welding
methods, and the welding strength reached 15.3 MPa [31]. Then, Watanabe et al. conducted
a systematic study of femtosecond laser welding strength under different laser parameters
for optimizing glass substrate connection at a low repetition rate, and they obtained a weld-
ing strength of 15.4 MPa by optimizing the welding strategy [32]. Richter et al. reported
the welding of fused silica with ultrafast laser pulses at high repetition rates. By optimizing
the welding parameters, the welding strength could reach 75% of the damage threshold
of the material itself [33]. Hélie et al. used femtosecond laser welding technology to real-
ize the direct connection of optical materials. This connection technology could achieve
the connection of two materials with a large difference in thermal expansion coefficient,
and the welded samples had high thermal shock resistance [34]. Kim et al. proposed a
laser-machined glass microfluidic device manufacturing process. Microfluidic channels
were carved on a glass substrate by femtosecond laser-assisted selective etching. The glass
interface near the microfluidic channel was partially melted by direct welding, resulting in
higher welding strength than the conventional bonding method [35]. Yu et al. used a 75 W
green femtosecond laser equipped with a 255 mm long focal scanning galvanometer to
achieve non-optical contact and high-speed welding of display screen glasses. The welding
speed could reach 6 m/min, and the shear strength could reach 20 MPa [36]. Zhang et al.
studied the transient temperature field and stress field when the small glass pieces were
welded to the solder glass [37]. The effects of laser average power and welding speed on
temperature and stress field during welding were analyzed. They found that the center
temperature of the heat source increased with the increase in the average laser power and
the decrease in the welding speed.

Although excellent welding strength has been achieved in previous studies, in most
cases, optical contact between the surfaces of the two glasses was required. This means
that the surfaces facing each other must have an extremely high degree of finish and
flatness, which is difficult to achieve under general processing conditions and increases the
manufacturing cost. Additionally, the method of welding glass directly in a non-optical
contact condition with an ultrafast laser has reached a bottleneck in achieving further
strengthened connections. Recently, researchers have proposed a new method of double-
pulse femtosecond laser welding. Sugioka et al. used an ultrafast laser double pulse
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sequence for direct welding of transparent materials such as glass, where the time-domain
shaping technology of the ultrafast laser was used to precisely adjust the pulse delay of the
double pulse sequence. By optimizing the welding parameters, the strength of the double-
pulse welding was increased by 22% relative to single-pulse welding [38]. However, the
parameters studied were not comprehensive and not fully compared, and the improvement
in welding strength was not very significant.

Therefore, it is more practical to study how to improve the welding strength of silica
glass in a simpler method under non-optical contact conditions. To address these issues,
we propose a jig-free method to weld silica glass by femtosecond laser double-pulse under
a non-optical contact condition. By adjusting the optical path of two pulsed laser beams,
the time difference in reaching the sample to be processed can be controlled, allowing for
double-pulse processing. This method has conducted a multi-level analysis of five factors
and further explored the influence of different experimental conditions on welding. By
optimizing the parameters, the welding strength obtained by this method is higher than
before. Temperature resistance tests have also been carried out in combination with the
extreme environments that may occur in actual applications.

2. Materials and Methods

The experimental device is shown in Figure 1, and Figure 1a is the schematic dia-
gram of the double-pulse processing system. The femtosecond laser (Pharos from Light
Conversion, Vilnius, Lithuania) emits laser through a shutter (SH) to a beam splitter (BS).
The beam splitter divides it into two laser beams, which are, respectively, directed at the
mirrors M1 and M2. These two mirrors are fixed on a one-dimensional moving platform.
With the reflection of M1 and M2, the two laser beams are synthesized into one laser
beam and directed to the mirror M3. Finally, the laser beam is focused on the silica glass
sample (S) through the objective lens (OL). The silica glass is placed on a three-dimensional
motion platform (P) controlled by the computer. Additionally, a CCD camera, lens (L), and
objective lens (OL) constitute the microscopic imaging system for real-time detection and
auxiliary control of double pulse. The light (Lt) and semi-reflective mirror (M4) provide
illumination. The CCD camera on the side is used to adjust the position of the focus. For
the experiment, a circular silica glass with a diameter of 10 mm and a thickness of 2 mm
was selected for welding. Prior to processing, anhydrous ethanol and deionized water
were, respectively, used for ultrasonic cleaning, a process lasting for 30 min. As shown in
Figure 1c, the interval between layers (D) is 50 um, the number of layers (N) is 7, and the
scan height (Z) is 300 pm, enabling the silica glass to be melted in the entire processing area
without requiring sufficient smoothness and flatness. The scan line length (1) is 1000 pm,
and the scan line interval (d) is a variable. Figure 1b shows the schematic diagram of
welding silica glass. The silica glass was welded with an objective lens (magnification
10x, numerical aperture 0.25), and the welding area was adjusted at the interface of the
two glasses. After the scanning was completed, a heat-affected zone of 1000 pm x 1000 um
x 300 um was formed. To prevent the stepper motor from instability and excessive laser
energy from damaging the focusing objective lens at high speed, the maximum processing
speed was limited to 2 mm/s, the laser power was limited to 3500 mW, and the energy
ratio of the two laser beams was fixed at 1:1. The welding strength was tested by a tensile
tester (HP-500, HANDPI, Germany), the device has a measuring range of up to 5 N and the
accuracy of the device is 95%.
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Figure 1. (a) Schematic diagram of double-pulse processing system. (b) Schematic diagram of welding
silica glass. (c) Scan strategy diagram. FL, laser; SH, shutter; BS, beam splitter; M1, mirror; M2,
mirror; M3, mirror; M4, mirror; L, lens; Lt, light; OL, objective lens; S, sample; P, three-dimensional
motion platform.

3. Results and Discussion
3.1. Effect of Double-Pulse Delay on Silica Glass Welding Performance

To investigate the effect of pulse delay on welding, the characteristics of femtosecond
laser glass welding under different pulse delays were studied. The delay time between
the two pulses was regulated by adjusting the one-dimensional motion platform. The
displacement of the one-dimensional platform and the pulse delay have a corresponding
relationship given by

T =0.5¢/Ax (@)

where c is the speed of light, taken as 3 x 108 m/s, Ax is the displacement of the one-
dimensional moving platform, and 7 is the delay time between the two pulses. The
corresponding relationship between different displacements and pulse delays is shown in
Table 1. It should be noted that when the displacement exceeds 500 mm, the range of the
one-dimensional moving platform is exceeded. The optical platform ensures the accuracy
within the range of 450 mm. Other experimental parameters are shown in Table 2. As
shown in Figure 2, the relationship between welding strength and pulse delay in the case
of the double pulse was observed. In order to minimize the error, at least five experiments
were performed for each point, after which the average value was taken for graphing. For
convenience of observation, the abscissa is displayed in logarithmic coordinates based on
10, where the point with a pulse delay less than 0 is a single pulse. It can be seen from
Figure 2 that welding strength first increases and then decreases with the increase in pulse
delay time. There are two strength peaks (at 13.3 ps and 66.7 ps, respectively) and one
trough (at 26.7 ps) in the figure. When the pulse delay exceeds about 200 ps, the welding
strength is equivalent to that of a single pulse. It can be predicted that when the pulse delay
further increases beyond 3000 ps, the welding strength will not increase.
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Table 1. The corresponding relationship between different platform displacements and pulse delays.

Platform Platform

Displacement (mm) Pulse Delay (ps) Displacement (mm) Pulse Delay (ps)
0 0 5 33.3
0.5 3.3 10 66.7
1 6.7 15 100
1.5 10 20 133.3
2 13.3 25 166.7
3 20 50 333.3
4 26.7 450 3000
Table 2. Other experimental parameters.
Power of Wavelength Energy of Pulse Pulse Scanning Scanning Repetition
Laser (mW) (nm) Pulse (1)) Duration (fs)  Interval (us) Interval (um) Speed (um/s) Rate (kHz)
3000 1060 4.878 216 1.626 50 1000 615
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Figure 2. Welding strength under different pulse delays.

However, since only a single variable was considered, multi-level and multifactor
experiments were carried out. The main welding parameters analyzed based on the above
analysis and experimental experience are listed in Table 3.

Table 3. Experimental factors and their levels.

Average Power Scannin Scanning Speed  Repetition Rate
Pulse Delay (ps) (I%lW) Interval (pgm) (pn:g/s)P i (kHz)
0 1500 10 500 75
13.3 2000 50 1000 307
26.7 2500 100 2000 615
66.7 3000 — — —
166.7 3500 — — —

A close orthogonal table was found according to the manual [39], and the required
number of groups was obtained by combining the horizontal method, combination method,
and juxtaposition method. After verification, the conditions for multivariate analysis of
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variance were satisfied. Each set of experiments was repeated at least five times, and
the average value was taken. As shown in Table 4, the maximum welding strength is
obtained at 615 kHz. When the average power is low, varying the other parameters did
not result in good welding strength. If the scanning interval was too large, the size of the
effective connected part of the welded region would be reduced, thus reducing the welding
reliability. Conversely, if the scanning interval was very narrow, the processing efficiency
would be severely reduced. The laser focus would repeatedly scan the heat-affected area
that had already been processed, causing an increase in the internal residual stress and
negatively affecting the weld quality. These conclusions were drawn from the preliminary
analysis of the table, which will be further analyzed in the following sections.

Table 4. Orthogonal test parameters and results.

Average Power Scannin, Scanning Speed  Repetition Rate Weldin,
Number  Pulse Delay (ps) (I%IW) Interval (pgm) ( un?/s)p P (kHz) Strength (I\%Pa)

1 0 1500 10 500 75 0.5
2 0 2000 100 500 75 9.86
3 0 2500 10 1000 307 1.1
4 0 3000 50 1000 615 29.5
5 0 3500 50 2000 307 5.1
6 13.3 1500 100 2000 615 0.3
7 13.3 2000 50 1000 307 0.1
8 13.3 2500 10 500 75 1.2
9 13.3 3000 10 2000 615 46.7
10 13.3 3500 100 500 75 15.75
11 26.7 1500 50 1000 307 0
12 26.7 2000 10 1000 615 6.75
13 26.7 2500 100 2000 615 5.15
14 26.7 3000 100 500 307 7.175
15 26.7 3500 50 2000 75 0.5
16 66.7 1500 100 500 307 0
17 66.7 2000 10 2000 75 0
18 66.7 2500 50 500 75 0
19 66.7 3000 50 1000 307 16.75
20 66.7 3500 10 1000 615 57.15
21 166.7 1500 50 2000 615 34
22 166.7 2000 100 500 615 0.5
23 166.7 2500 10 2000 307 38.58
24 166.7 3000 100 1000 75 20.78
25 166.7 3500 10 500 75 0

Note: In the welding strength column, a value of 0 indicates a failed weld, while a value less than 1 indicates a
successful weld that requires a tensile force less than the minimum value of the testing instrument or too small to
be measured. A strength slightly greater than 1 indicates a low welding success rate and correspondingly low
strength. When the strength value is much larger than 1, it indicates a good welding effect can be achieved under
that parameter.

3.2. Influence of Fs Laser Parameters on the Heat-Affected Zone

The morphology of the heat-affected zone is closely related to welding strength; there-
fore, the effect of different pulse delays on the heat-affected zone was studied to analyze
the intrinsic relationship between double-pulse femtosecond laser and welding strength.

Figure 3 shows the side view of the heat-affected zone when the pulse delay time
value is 166.7 ps under double pulses, and the pulse number ranges from 100 to 107. The
width of the heat-affected zone cannot be observed under pulse numbers 100 and 101,
respectively. When the pulse number exceeds 104, the area of the heat-affected zone reaches
saturation. Figure 4 shows the side view of the heat-affected zone for a range of pulse
numbers from 100 to 107 for a single pulse. It can be observed that the width and height of
the heat-affected zone gradually increase with an increase in the number of pulses, and
the heat-affected zone shows a comet-like shape structure. It can be concluded that the



Photonics 2024, 11, 945 7 of 16

number of pulses has an effect on the heat-affected zone generated by both single-pulse
and double-pulse welding. Based on these observations, eight groups of pulse numbers are
selected, as shown in Table 5, which correspond to different radiation times.

Increase in pulse number

Figure 3. Side view of the heat-affected zone corresponding to different pulse numbers under
double-pulse fs laser irradiation.

.
-

ihege e g

v

Figure 4. Side view of the heat-affected zone corresponding to different pulse numbers under
repetitive single pulses fs laser irradiation.
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Table 5. Number of pulses used in the experiment and corresponding irradiation time.
Number of pulses 30 70 100 400 700 1000 5000 10000
Irradiation time 48.8 us 113.8 pus 162.6 us 650.4 ps 1.1ms 1.6 ms 8.1 ms 16.3 ms
Based on the pulse number of 8 groups, as shown in Table 5, the width of heat-affected
zone, the pulse number, and the pulse delay curve were studied under different pulse
delays. Figure 5a shows the variation curve between the width of the heat-affected zone
and the number of pulses under different pulse delays. With an increase in the number
of pulses, the width of the heat-affected zone gradually increases. However, the rate of
increase is different for different pulse delays.
(a) (b)
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Figure 5. (a) The relationship between the heat-affected zone width and the pulse number. (b) The
relationship between the heat-affected zone width and the pulse delay.

The growth rate of the width of the heat-affected zone is slow at 0 ps, maximum at
100 ps, and decreases relatively as the pulse delay time increases. The relationship between
the width of the heat-affected zone and the pulse delay was studied under different pulse
numbers, as shown in Figure 5b. When the number of pulses is small, the relationship
between the width of the heat-affected zone and the pulse delay is not altered significantly
but gradually becomes significant with an increase in the pulse number. When the pulse
number reaches 104, the shift law of the curve is similar to the change law of welding
strength (Figure 2) but not exactly the same. Therefore, the relationship between the area of
the heat-affected zone and the pulse number and pulse delay was also investigated.

As shown in Figure 6a, the variation curve between the area of the heat-affected zone
and the number of pulses under different pulse delays is presented. The area of the heat-
affected zone increases with the pulse number, with a higher growth rate observed when
the pulse number is small, and a lower growth rate when the pulse number is large. In
the case of small pulse numbers, there is a slight difference in the area of the heat-affected
zone formed by different pulse delays. Figure 6b shows the relationship between the
area of the heat-affected zone and the pulse delay in different pulse numbers. When the
pulse number is small, the curve is relatively smooth. When the pulse number reaches
10*, the heat-affected zone formed at the pulse delay of 0 ps and 26.7 ps is at different
troughs, respectively. The welding strength increases as the pause delay increases from
33 ps to 100 ps, and the corresponding heat-affected zone area also increases. As the pulse
delay continues to increase, the heat-affected zone decreases, and the welding strength
also decreases.
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Figure 6. (a) The relationship between the area of the heat-affected zone and the pulse number.
(b) The relationship between the area of the heat-affected zone and the pulse delay.

As shown in Figure 7, the heat-affected zone formed at a pulse delay value of 66.7 ps
is larger than that formed at a pulse delay value of 3000 ps. Furthermore, from the vertical
view, as shown in Figure 7b, a clear crack is observed, with the ablation region in the home
view accounting for about 25%. On the left, it is only 15%. Therefore, it can be concluded
that the welding strength corresponding to the 66.7 ps pulse delay is much larger than that
corresponding to 3000 ps.

(a) (b)

Vertical view “ : s E
£ 7 FSEE

Home view &
50pm 50pm

Figure 7. Vertical view and home view when (a) the pulse delay was 66.7 ps and the pulse number of
5000 and (b) the pulse delay of 3000 ps and the pulse number of 104, respectively.

In summary, when the number of pulses is sufficiently large, the relationship between
the area of the heat-affected zone and the pulse delay follows a similar trend to that between
the welding strength and the pulse delay. Therefore, Figure 6b can be used to predict the
change in welding strength to some extent and find the optimal welding interval.

Other processing parameters were added to the original basis for the multi-factor
study, and the three factors that had the greatest impact on the experimental results were
chosen: pulse delay, average power, and repetition rate. The number of pulses was the
same as above. Orthogonal experiments with three factors and three levels were designed,
as shown in Table 6. Table 7 shows the size of the modified area obtained for different laser
parameters in Table 6. The table shows that the largest modified area is number 6, and
the smallest is number 4, which corresponds to the maximum and minimum laser power,
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respectively. Figure 8 shows a side view of the glass modification area for different laser
parameters corresponding to the numbers in the table, with a pulse number of 5000 in the
figure. At a repetition rate of 615 kHz, a relatively pronounced thermal melting area is
observed, and the modified area increases with the average power. When the repetition
rate is low, the ablation area is more pronounced, and it increases with the average laser
power. It can be concluded that the ratio of the ablation area to the thermal melting area
can be controlled by controlling the repetition rate, and the size and shape of the modified
area can be controlled by adjusting the repetition rate, pulse delay, and average power.

Table 6. Orthogonal experiment parameters.

Number Pulse Delay (ps) Average Power (mW) Repetition Rate (kHz)
1 0 1500 75
2 0 2500 615
3 0 3500 307
4 66.7 1500 615
5 66.7 2500 307
6 66.7 3500 75
7 166.7 1500 307
8 166.7 2500 75
9 166.7 3500 615

Table 7. Size of modified zone area.

Number 1 2 3 4 5 6 7 8 9
Area (umz) 1522 706 1050 113 678 3542 359 2496 2550
Number 1 2 3 4 5 6 7 8 9
2 - A
b L P 3
b PR L
£
50 pm

Figure 8. Side view of glass modification area under different laser parameters.

Tables 6 and 7 have been combined for a multivariate analysis of variance to analyze
the relationship among repetition rate, average power, pulse delay, and modified area.
The results of the multivariate analysis of variance are presented in Table 8. The R? value
of 0.9786 suggests that these three factors can account for 97.86% of the variation in the
modified area. The average power is significant (F = 19.294, p = 0.049 < 0.05) and has
a differential relationship with the area. Similarly, the repetition rate is also significant
(F=23.306, p = 0.041 < 0.05), and it has a differential relationship with area. However, the
pulse delay is not significant (F = 3.217, p = 0.237 > 0.05) and does not have a differential
relationship with area. Therefore, it can be concluded that the effect of the former two
factors on the modified area is larger than that of the pulse delay.
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Table 8. Results of multivariate analysis of variance(The three factors).

Sum of Squares Df Mean Square F p
Intercept 18,824,028.444 1 18,824,028.444 160.627 0.006 **
Repetition Rate 5,462,414.889 2 2,731,207 444 23.306 0.041 *
Average power 4,522,171.556 2 2,261,085.778 19.294 0.049 *
Pulse delay 754,037.556 2 377,018.778 3.217 0.237
Residual 234,381.556 2 117,190.778 — —
Note: R? =0.9786, * p < 0.05, ** p < 0.01.
3.3. Significance Analysis of Fs Laser Parameters on Welding Strength

After analyzing the data in Table 4, the relationship between fs laser parameters
and welding strength can be preliminarily established. To determine the effect of these
factors on welding strength, the data were analyzed quantitatively using SPSS data analysis
software. Table 9 shows that five influencing factors were analyzed, and based on an R?
value of 0.938, it can be inferred that these factors can explain 93.8% of the variation in the
modified area.

Table 9. Results of multivariate analysis of variance(The five factors).
Sum of Squares Df Mean Square F 4
Intercept 2908.821 1 2908.821 13.003 0.005 **
Pulse delay 433.666 4 108.417 0.485 0.747
Average power 1765.244 4 441.311 1.973 0.175
Scanning interval 542.791 2 271.396 1.213 0.338
Scanning speed 148.720 2 74.360 0.332 0.725
Repetition rate 526.056 2 263.028 1.176 0.348
Residual 2237.032 10 223.703 — —
Note: RZ = 0.938, ** p < 0.01.

In SPSS data analysis software, the three-factor variance was selected from the Ad-
vanced Method TAB for the data in Table 8. The pulse delay, average power, and repetition
rate were set as X variables, and the intensity was set as the Y variable. The analysis results
in Table 10 show that the pulse delay, average power, and repetition rate have a differential
relationship with welding strength. Additionally, a three-factor analysis of variance was
performed on scanning interval, scanning speed, and pulse delay to determine their influ-
ence on welding strength. Table 11 indicates that the scan spacing and scanning speed do
not have a differential relationship with intensity, while the pulse delay does.

Table 10. Results of three-factor analysis of variance for pulse delay, average power, and repetition rate.
Differences between the Source Sum of Squares Df Mean Square F p
Intercept 3239.786 1 3239.786 14.783 0.002 **
Pulse delay 545.779 4 136.445 0.623 0.049
Average power 2220.383 4 555.096 2.533 0.007
Repetition rate 903.582 2 451.791 2.061 0.04
Residuals 3068.268 14 219.162 — —

Note: R? = 0.828, ** p < 0.01.

Based on the above analysis, the order of the influencing factors on welding strength,
from most significant to least, is average power > repetition rate > pulse delay > scanning
interval > scanning speed. In multiple experiments, when the average power is 3500 mW,
the repetition rate is 615 kHz, the pulse delay is 66.7 ps, the scanning interval is 10 um, and
the scanning speed is 1000 um/s, the optimal welding strength is 57.15 MPa, which is about
50% higher than that of the single pulse welding strength shown in Figure 2. It is important
to note that higher single pulse energy can cause severe ablation on silica glass. When
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it exceeds hundreds of microjoules, SiO, will be directly eroded in the form of powder,
forming a micro-shock wave at the focus, which significantly increases the probability of
glass cracking. Therefore, femtosecond lasers with high pulse energy at higher single pulse
energy are not suitable for silica glass welding.

Table 11. Results of three-factor analysis of variance for scan spacing, scan speed, and pulse delay.

Differences between the Source Sum of Squares Df Mean Square F P
Intercept 2923.835 1 2923.835 10.762 0.005 **
Scanning interval 569.667 2 284.833 1.048 0.181
Scanning speed 1034.944 2 517.472 1.905 0.373
Pulse delay 438.232 4 109.558 0.403 0.05
Residuals 4347.015 16 271.688 — —

Note: RZ =0.297, ** p < 0.01.

3.4. Analysis of Fs Laser Parameters on Welding Strength through Fracture Morphology of the
Welding Interface

The fracture morphology of the welding interface was observed to analyze the charac-
teristics under different parameters. Figure 9 shows the welding fracture patterns corre-
sponding to the numbers in Table 4, which reveals the laser power range of 1500 mW to
3500 mW with a repetition rate of 75 kHz. The higher single pulse energy was obtained
with higher laser power, resulting in a stronger ablation effect on glass.

| 11 14

Figure 9. The fracture morphology of the welding interface under different processing parameters

(the numbers in the figure correspond to those in Table 4).
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The scanning interval of No. 24 is larger than that of NO. 25, with other parameters
being the same. Large cracks were observed in NO. 25 due to the strong ablation effect
and large internal stress, resulting in a failed welding. A proper interval benefits to reduce
internal stress and obtain high welding strength.

Although reducing the average power can reduce the ablation effect, it is still difficult
to achieve glass welding at low repetition rates. When the repetition rate increases to
307 kHz, the heat accumulation effect of multiple pulses is enhanced with a simultaneous
reduced ablation effect, resulting in higher welding strength than that obtained at a lower
repetition rate. But the welding strength is different under different average power. The
laser power and pulse energy of NO. 11 is low, producing not enough molten pools for
successful welding. As the power increases and the scanning interval decreases, the
produced molten pool is able to fill the gap between the pieces for good welding strength,
as shown in NO.14. However, for large pulse energy and small scanning intervals, as used
in NO. 23, cracks were generated due to internal residual stress.

When the repetition rate continues to increase to 615 kHz, its multiple pulse heat
accumulation effect is significant. As a result, the maximum welding strength is obtained
for the No. 20, it produces a molten pool that adequately fills the gaps between the sample.
The shrinkage effect produced after cooling pulls the distance between the samples to A/4,
while the cracks in the figure are produced after conducting the shear test. The area to be
welded is fractured as a whole, also indicating that the molten pool it produces adequately
fills the gap between the samples. No. 21 and No. 22 show the shape formed by further
reducing the pulse energy and increasing the scanning interval, which makes it difficult to
weld effectively because the molten pool produced by welding is not sufficient to fill the
gap. A high welding strength can be obtained by proper interval and average power. When
the average power is 3500 mW, the repetition rate is 615 kHz, the pulse delay is 66.7 ps, the
scanning interval is 10 um, and the scanning speed is 1000 um/s, high welding strength
can be obtained.

3.5. Temperature Resistance

The temperature resistance of the silica glass has been tested, as it may be subjected to
high temperatures during use. Optimal parameters were selected for the test, including an
average laser power of 3500 mW, a repetition rate of 615 kHz, a pulse delay of 66.7 ps, a
scanning interval of 10 um, and a scanning speed of 1000 pm/s. The samples were bonded
with Fix-All adhesive (SOUDAL, Turnhout, Belgium) and left for 20 min before being
compared to the welded samples. As shown in Figure 10a, the two sets of samples were
placed on a heating table and heated according to the method shown in Figure 11. The tem-
perature was increased at room temperature and recorded every minute, reaching 300 °C at
the 12th minute, holding for 20 min, and then cooling every 10 min. The temperature was
lowered to 39 °C at around the 62nd minute, and three temperature changes were carried
out for each group of samples. Three sets of experiments were carried out in total. The
adhesive-bonded samples failed to maintain their connection during the first temperature
rise and could be easily separated by tweezers, while the welded samples maintained good
connection performance throughout the entire process. As shown in Figure 10b, the welded
samples on the left maintained good connection performance, while the adhesive-bonded
samples on the right could be easily separated. Therefore, it can be concluded that silica
glass welded by femtosecond laser has excellent high-temperature resistance and thermal
shock resistance compared to silica glass bonded with adhesive.
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Figure 10. (a) Two samples in heating (the left is the welded sample, and the right is the adhesive
connection sample). (b) The thermal insulation state of the sample.
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4. Conclusions

A method for welding silica glass with a double-pulse femtosecond laser is presented.
This method increases the heat-affected zone more efficiently and achieves higher welding
strength than previous laser welding methods. By optimizing the parameters, a welding
strength of 57.15 MPa is obtained when the average power is 3500 mW, the repetition rate is
615 kHz, the pulse delay is 66.7 ps, the scanning interval is 10 um, and the scanning speed is
1000 um/s. The efficiency of this method and the quality of the resulting welds underscore
its potential applications in aerospace, microelectronic packaging, and microfluidics. The
research also emphasizes the significance of pulse delay in influencing the heat-affected
zone and, consequently, the welding strength, with optimal performance observed at a delay
of 66.7 ps. Temperature resistance tests further confirmed the robustness of the welded
silica glass, which maintained its integrity under extreme thermal conditions. Femtosecond
laser welding demonstrates superior performance compared to other methods, including
nanosecond lasers, by minimizing heat-affected zones and reducing thermal distortion. This
leads to faster, more efficient, and precise welding of transparent materials, which is crucial
for high-throughput applications that require minimal material alteration. Future research
should focus on optimizing the welding process for various types of glass and transparent
materials, automating systems for industrial applications, and assessing the long-term
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stability of these welds under different conditions, particularly for critical applications in
aerospace and medical devices.
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